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OPTIMUM DESIGN OF SOFC BASED POLYGENERATION SYSTEM FOR
RESIDENTIAL AREA WITH VEHICLE CHARGING OR FUELING STATION

ABSTRACT

The residential sector is one of the energy consumers in the world generally, and in
Malaysia, especially. Integrated energy supply which can simultaneously generate multi-
energy types for fulfilling the demand of residential and vehicle users called
polygeneration system is promising as the future and modern energy supply design. This
study proposes a modern energy supply design for the residential area with considering
stationary power and vehicle applications. The proposed system can generate electricity,
hot water, and cooling system for the building. The system also provides power and
hydrogen supplied to vehicle charging or fueling station in the private area. The
polygeneration employs solid oxide fuel cell as a prime mover for heat and power
generation. This study optimizes the design of polygeneration through four steps to
overcome the deficiency in the system, increasing energy savings, cost savings and
minimizing carbon emission generated from the system. The first step, four
configurations of the proposed design based on grid connection and type of vehicle to be
served was evaluated. Next, the reliability of polygeneration system was improved by
adding renewable energy, a thermoelectric device, and energy storage to increase the
efficiency of the system. The third step was to design the optimum operating strategy to
increase the reliability and primary energy saving reduce the energy cost and carbon
emission. The last step was to develop the optimum size for the system component by
using evolutionary and swarm based optimization algorithm. The results in the first step
revealed the advantages of the SOFC based polygeneration system over the conventional

separated system with several improvements in energy saving, energy cost savings and
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carbon emission of about 36%, 50% and 33%, respectively. Amongst four configurations
studied in the first step, the standalone polygeneration with electric vehicle becomes the
optimum configuration chosen as it has high energy saving, energy cost saving, and a
good emission reduction. This study also proved the effect of the hydrogen selling
strategy in decreasing the energy cost of the polygeneration system by about 51% and
improves the system to be more economically competitive against the conventional
separated system. The results of the second step of this study confirmed that the
polygeneration with added extra heat recovery system achieves the gains of reliability,
efficiency, and energy saving by about 35.91%, 14.36%, and 11. 58%, respectively. The
optimum operating strategy based on Fuzzy operation gives significant improvements on
the efficiency, energy saving, and cost saving by about 4%, 112%, and 33% respectively
compared to the conventional polygeneration. The optimal polygeneration capacity using
genetic algorithm achieves improvements in primary energy saving, cost saving and
carbon reduction by up to 65.1%, 42.4% and 62.6% respectively. It also confirms the
stability of the optimizing process by running the optimization cycles in several times and

attaining the deviation by about 2%.

Keywords: Solid oxide fuel cell, polygeneration, electric vehicle, hydrogen vehicle,

residential application



REKA BENTUK TERBAIK SISTEM POLIPENJANAAN MENGGUNAKAN
SOFC UNTUK KAWASAN KEDIAMAN DENGAN STESEN PENGECASAN
ATAU PENGISIAN BAHAN BAKAR KENDARAAN

ABSTRAK

Sektor kediaman merupakan salah satu pengguna tenaga terbesar secara amnya di
dunia dan terutamanya di Malaysia. Bekalan tenaga bersepadu yang boleh menghasilkan
pelbagai jenis tenaga secara serentak untuk memenuhi permintaan pengguna kediaman
dan kenderaan yang dipanggil sistem polipenjanaan adalah menjanjikan untuk masa
depan dan reka bentuk bekalan tenaga moden. Kajian ini mencadangkan satu reka bentuk
bekalan tenaga moden untuk kawasan kediaman dengan menimbangkan aplikasi pegun
dan kenderaan. Sistem yang dicadangkan ini boleh menghasilkan sistem elektrik, air
panas dan penyejukan untuk bangunan. Sistem ini juga boleh menyediakan kuasa dan
hidrogen bekalan untuk stesen pengecasan kenderaan atau stesen minyak di kawasan
swasta. Sistem polipenjanaan menggunakan sel bahan bakar oksida pepejal (SOFC)
sebagai penggerak utama untuk penjanaan haba dan kuasa. Kajian ini mengoptimumkan
reka bentuk sistem polipenjanaan melalui empat langkah untuk mengatasi kekurangan
dalam sistem tersebut, meningkatkan penjimatan tenaga, kos tenaga dan mengurangkan
pelepasan karbon yang dihasilkan dari sistem tersebut. Pertama, konfigurasi reka bentuk
yang dicadangkan telah dinilai berdasarkan sambungan grid dan jenis kenderaan yang
akan disampaikan. Seterusnya, kebolehpercayaan sistem polipenjanaan telah
ditambahbaik dengan menanbah tenaga yang boleh diperbaharui, peranti thermoelektrik
dan penyimpanan tenaga untuk meningkatkan sistem kecekapan. Fasa ketiga adalah
untuk mereka strategi operasi yang optimum untuk mengurangkan penggunaan tenaga
utama dan juga kos tenaga dan pelepasan karbon. Langkah terakhir adalah untuk

menghasilkan saiz optimum untuk komponen sistem dengan menggunakan algoritma
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pengoptimuman berasaskan evolusi dan kawanan. Hasil penyelidikan dalam fasa pertama
menunjukkan kelebihan sistem polipenjanaan berasaskan SOFC berbanding dengan
sistem berpisahan konvensional dengan beberapa penambahbaikan dalam penjimatan
tenaga, kos tenaga dan pelepasan karbon masing-masing sebanyak 36%, 50% dan 33%.
Di antara empat konfigurasi yang dikaji dalam fasa pertama, polipenjanaan mandiri
dengan kenderaan elektrik (EV) merupakan konfigurasi optimum yang dipilih kerana ia
mempunyai penjimatan tenaga, kos tenaga yang tinggi dan pengurangan pelepasan yang
baik. Kajian ini juga menunjukkan kesan strategi jualan hidrogen dalam mengurangkan
kos tenaga sistem polipenjanaan sebanyak 51% dan menambahbaik sistem ekonomi
untuk menjadi lebih berdaya saing dengan sistem berpisahan konvensional. Hasil kaijan
fasa kedua mengesahkan bahawa sistem polipenjanaan dengan sistem pemulihan haba
tambahan boleh mencapai peningkatan kebolehpercayaan, kecekapan dan penjimantan
tenaga sebanyak 35.91%, 14.36% and 11.58% masing-masing. Strategi operasi optimum
berasaskan operasi Fuzzy memberikan peningkatan yang ketara dalam kecekapan,
penjimatan tenaga dan kos sebanyak 4%, 112% dan 33% berbanding dengan sistem
polipenjanaan yang tidak menggunakan Fuzzy sebagai strategi operasi. Kapasiti
polipenjanaan yang optimum dengan menggunakan algoritma genetik mencapai
penambahbaikan dalam penjimatan tenaga utama, kos dan pengurangan karbon sebanyak
65.1%, 42.4% dan 62.6% masing-masing. la juga mengesahkan kestabilan proses
pengoptimuman dengan menjalankan beberapa kitaran pengoptimuman dan mencapai

sisihan sebanyak kira-kira 2%.

Kata kunci: Sel bahan bakar oksida pepejal, polipenjanaan, kenderaan elektrik,

kendaraan hidrogen, sektor kediaman
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CHAPTER 1: INTRODUCTION

1.1 Overview

Globally, the necessity of energy has been rapidly increasing from year to year and the
growth of energy supply cannot equilibrate the demand requirements due to these
increasing needs. For the last decades, conventional energy types such as fossil fuel and
coal have become a tremendous energy source that has been consumed for electricity
generation, heat, and cooling applications. However, these types of energy have caused
several issues such as energy depletion, high energy cost and high air pollution in all

applications related to public facility, industrial, residential and transportation.

As one of the energy consumers, most of residential applications have been adopting
the conventional design for energy supply. The design utilized conventional energy
sources to generate electricity and to fuel in heating, cooling, and vehicles components.
The overwhelming consumption of this type of energy leads to spike of energy price,
environmental pollution and creates frictions amongst some countries. Furthermore, the
issue of climate changes that harms the environment must be considered seriously by
improving the energy supply design into a modern, efficient and environmentally friendly

form.

In Malaysia, the residential sector faces excessive electricity consumption issue from
year to year. This sector consumed 14,365 GWh in 2006 or about 19% of the entire
electricity consumption in Peninsular Malaysia (Saidur et al., 2006). The increase in
energy consumption also occurred in ten years later based on the latest data from the
Electricity Commission Board (Suruhanjaya Tenaga, 2016) which reported that the

electricity usage from the residential sector has risen to 31,128 GWh or 21% of national



energy consumption in 2016. The electricity and fuel are commonly consumed for five
significant appliances such as cooking (45%), cooling (29%), lighting (8%), laundry and
cleaning (7%) and others electronic devices (11%) (Kubota et al., 2011) for a typically

terrace house.

Several modern technologies of energy supply such as integrated sources, multi-
generations and smart grids concepts have been developed to cope with the massive
energy loss occurring in the conventional energy generation. The designs come from the
idea of integrating electricity and other energy types to improve the efficiency of the
system. This integration between energy sources can generate two (cogeneration), three
and more (trigeneration/polygeneration) energy types in a single operation. These
systems are developed based on its necessity by preferences of users, the energy cost, and
environmental matters and can achieve better performances in reducing primary energy

consumption (PEC), system costs and air pollution issues.

For further development, integration of supply in the residential area should not focus
on the stationary application only but also expanded to the automotive industries. The
technology growth in the automotive sector explores the future of the transportation
system, which is more efficient, technically advanced and environmentally friendly.
Utilization of electric-based and hydrogen-based vehicles have been replacing
conventional vehicles fueled by gasoline gradually. Development of those electrification
vehicles has been promisingly growing since the last decade and on the

commercialization stage to build fuel stations since 2015 (Eberle et al., 2012).

As one of advanced emerging energy sources, solid oxide fuel cells (SOFCs) have
been implemented as the prime mover in energy generation system. Besides its high-
quality of exhaust heat, SOFCs are flexible in regard to the hydroxide fuel and more

resistant to Sulphur contents compared to the other fuel cell types (Akikur et al., 2015;



Tonekabonimoghadam et al., 2015). SOFC is categorized as purely renewable energy
when it is fueled by pure hydrogen and half renewable energy when it is fed by natural
gas. However, both are less harmful to the air compared to coals and fossil fuels. All these

advantages make SOFC an ideal source as the prime mover in polygeneration systems.

Regarding this polygeneration system as a modern energy generation, this emerging
concept needs a comprehensive design of the energy supply system. Further when
integrating SOFC with other energy sources, these phases would maximize its design
complexity. Moreover, since the energy requirement in the residential sector is increasing

attractively, robust design of modern energy generation should be considered.

1.2 Problem statement

Polygeneration system is expected to be a promising technology of energy generation
for public and private places such as in residential buildings. This system can enhance
energy generation performance by producing more than one types of energy. Defining
the prime mover and the auxiliary components can affect its overall efficiency, its design
cost and environmental effects to the system. SOFC is an emerging prime mover
technology for the polygeneration system which is more efficient, less noises, and
environmentally friendly compared to combustion-based engines (Al Moussawi et al.,
2016). Therefore, employing SOFC as the prime mover can enhance the overall efficiency

of the polygeneration system and lessen the carbon emission effect to the environment.

Integrating SOFC to the polygeneration system means to deal with its high component
cost and high-temperature operation. These issues can be handled by optimally designing
the polygeneration system based on its optimum requirements. In the literature, design of
the system based on the load requirement, climate changes of the area and the specific

operation of the system revealed their superiority in energy planning (Facci & Ubertini,



2018; Rokni, 2018; Sigurjonsson & Clausen, 2018; Ullvius & Rokni, 2018). Modeling
the system is the first step in optimally designing the polygeneration. The existing studies
mostly used several module-based software types such as ANSYS (Calise et al., 2017d)
and others applied mathematical-based modeling software such as MATLAB (Al
Moussawi et al., 2017). Although several SOFC models have been developed for
polygeneration systems, the formulation of the models was too specific. Those models
were referred to the particular parameters, components and configurations used. To
design the polygeneration system suitable for evaluation, management and optimization
purposes, a simple yet comprehensive model should be considered to reduce the
complexity of the system. The modeling process not only taking into account the prime

mover but also the other components in the polygeneration system.

Furthermore, integrating the polygeneration system with vehicles power supply is a
promising technology for residential applications, however there are only few studies
focused on this design for management and optimization purposes. Several studies
integrated cogeneration system with electric vehicle power supply in residential
applications (Hiroaki, 2013; Tanaka et al., 2014; Vialetto et al., 2017; Wakui et al., 2012).
Meanwhile, another study focused on the development of the polygeneration with
hydrogen vehicle power supply (Fernandes et al., 2016). However, the energy generation
used, system components, energy management and sizing attempts were designed for a
particular case study and demand requirements. Moreover, all studies considered only
either electric or hydrogen vehicles power supply that was integrated into the stationary
system. Since different energy requirements, system components, and weather conditions
were used in the existing studies, they presented different analyses on the optimal design
and the evaluation results. Therefore, considering a specific study case, load profiles,

climate changes and user behaviors in Malaysia, it is essential to evaluate the best



configuration of the polygeneration design combined with vehicles power supply in the

residential area considering vehicles supply and grid connection types.

Furthermore, high demands for heating and cooling in residential applications can
reduce the reliability of the polygeneration system. Several existing studies tended to add
an auxiliary boiler to the system to cope with this issue (Al Moussawi et al., 2017; Jing
et al., 2017; Weber et al., 2006b; Zhao et al., 2015). However, utilizing a boiler leads to
environmental issue due to carbon emission released by the fuel combustion process.
Another approach is by generating power from renewable energy sources. Integrating a
renewable energy source such as photovoltaic thermal to the polygeneration system has
been proposed by Calise et al. (2017c). However, in a larger capacity, photovoltaic-
thermal panels are initially costly. Therefore, an approach for combining the photovoltaic
for recovering the heat production of the polygeneration system is needed to increase the

efficiency and the reliability of the system.

Due to the high complexity of polygeneration components, designing an optimal
system is challenging when considering its operation and component capacities. The
existing studies are either considering optimal operating strategy or sizing the component
based on the specific configuration design, criteria, weather condition, and energy
requirements (Al Moussawi et al., 2017; Baghernejad et al., 2015; Hajabdollahi & Fu,
2017). Moreover, since more components considered in a polygeneration system, the
complexity of the design increases. Therefore, a multi-objective, multi-parameter, and
multi-level optimization mechanism is necessary to be proposed for this sophisticated
design which generates a set of non-dominated solutions of the operating strategy and the
component capacities. Therefore, conducting optimization for this system is vital as the

final approach in designing an optimal polygeneration system.



Following the issues stated for the SOFC based polygeneration system, it is essential
to design an optimal system to overcome the high investment cost of the components.
Moreover, the proposed design is expected to have higher energy saving and more
environmentally friendly compared to conventional separated system. In the end, the
polygeneration system designed should overcome other issues such as energy loss and
reduce its independence to the national grid. Therefore, the polygeneration system can be
seen as an alternative power generation which can be developed not only for residential

area in the capitol city but also in remote areas.

1.3 Objective
This thesis primarily aims to design an optimum polygeneration system employing
SOFC as the prime mover. The design is evaluated through simulation studies and the

following are its main objective satisfied during the course.

1. To develop a mathematical model of an SOFC based polygeneration system

through zero-dimensional modeling.

2. To analyze different configurations of the SOFC based polygeneration system

based on grid connectivity and vehicle types.

3. To maximize the reliability and energy saving of the SOFC based polygeneration
system by combining heat recovery with photovoltaic and thermoelectric

components.

4. To design an optimum operating strategy and size of polygeneration system based

on the energy saving, cost saving, power loss and carbon emission of the system.



14 Research scope and contributions

The scope of this research is based on guard steps for energy supply design in the
residential area. Firstly, four configurations of the SOFC based polygeneration system
are studied based on the connection of grid and vehicle types. Next, the performance of
the overall polygeneration system is improved by adding renewable energy sources and

thermoelectric devices to maximize heat and electricity generations of the system.

Furthermore, an optimum operating strategy is developed using artificial intelligence
method. Three fuzzy membership shapes based on demand profiles and sunlight
irradiance are compared to optimize the operation strategy of the SOFC and the
absorption chiller based on the demand requirements, photovoltaic power and battery
condition. Lastly, optimal sizing the capacity of system components is conducted by using
evolutionary-based and swarm-based optimization methods comparing their
performances to overcome the energy, economic and environmental issues in the

polygeneration system.

* On/off grid * SOFC with basic heat
connection recovery system
« Vehicles * SOFC with extra heat

fueling/charging recovery system

station types

« Intelligence based * Evolutionary-
management system based optimization
* Swarm-based
optimization

Figure 1.1: Research scope of this study



Moreover, this study has several contributions in gaining knowledges of energy
generation system design especially for multi-purposes system such polygeneration.
Analysis in the system integration between the polygeneration system and vehicles supply
is also mentioned as a novel knowledge which is beneficial for future design of energy
supply in residential applications. This integration has been researches only in the
developed countries such as the UK, US, Japan and European countries. With taking into
account Malaysia as the case study, this research is the first in this area which considers
the climates, consumption profiles and house type in a tropical country. The
comprehensive design resulted by this study could be favorable for the next developments

and prototype stages before going to commercialization.

1.5 Thesis outline
The sequences for this study are explained as follows. Chapter 1 presents the
introduction of this study which covers the background of this study, the problem

statement, the objective of the research, the research scope and the outline of the thesis.

Chapter 2 provides the literature review of this study. This chapter discusses energy
supply designs in residential applications. It also explains the current technologies in
energy generation based on the number of energy types generated from the system. The
overview of the polygeneration system and several applications of SOFC as the prime
mover in power generation system are also provided. Furthermore, energy planning steps
and optimization algorithm needed for the system are presented. Lastly, synthesis and

analysis of the literature are summarized along with the summary of the chapter.

In Chapter 3, the methodology of this study is explained through four steps in energy
planning for residential applications. The general working principal of the proposed

SOFC based polygeneration system is presented. Residential load profiles including



homes and vehicles energy consumptions are presented as the case study. Evaluation and
optimization criteria are also explained through energy, economic and environmental

aspects.

The development of the polygeneration system is explained in Chapter 4. It starts with
the mathematical modeling of the polygeneration system. Mathematical modeling of the
auxiliary components such as photovoltaics thermal, thermoelectric generators and
battery storages are also designed. Parameter analysis of three crucial elements such as
SOFC, absorption chiller and electrolyzer are explained. Lastly, discussion and summary

of the findings are presented.

Chapter 5 presents the first and second stages of energy planning for the
polygeneration design. Firstly, the evaluation of the polygeneration configuration is
conducted, then improving the polygeneration components for the second. Configuration
analysis is conducted based on energy, economic and environmental criteria. The study
of performance is also conducted in a comparison between the polygeneration with basic
heat recovery and the improved polygeneration with additional heat recovery. Discussion

of the findings and summaries are presented in the last sub-section.

Chapter 6 provides the third and fourth of energy planning steps started by applying
optimization of operating strategy and sizing the polygeneration components capacity.
The design of operating strategy is explained using artificial intelligence-based energy
management. Performance of operating strategy is analyzed through a comparison
between three membership shapes of a multi-level fuzzy energy management strategy
(FEMS). Moreover, optimal sizing of the system components is also proposed using
evolutionary-based and swarm-based algorithms to find the best capacity considering
multi-objective criteria. Sizing analysis is performed for six essential components in the

polygeneration system namely SOFC, electrolyzer, absorption chiller, photovoltaic



thermal, thermoelectric generator and battery storage. Discussion of findings and

summaries are presented.

Chapter 7 presents the conclusions of the energy planning including achievements and
contributions of the proposed polygeneration system. This chapter also provides possible

future works that could be conducted.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This chapter presents a review of the SOFC based power generation system including
the technologies in energy generation for residential application in conventional and
modern perspectives. Several types of energy generation especially for residential such
as single power, cogeneration, and polygeneration systems is also discussed along with
several applications of solid oxide fuel cell (SOFC) as the prime mover in power
generation systems. Focused on the integrated supply in stationary power and vehicle
power supply, this chapter provides energy planning strategies in designing an SOFC
based polygeneration system. The energy plan includes evaluation of the configurations,
development of operating strategy and optimization of the components capacities in the
polygeneration system. Lastly, synthesis and analysis of reviewed studies are explained

to identify the gaps filled by this study and the summary of Chapter 2.

2.2 Energy supply technologies in residential applications

Residential users are one of the primary energy consumers that contribute to the effects
of the greenhouse gas (GHG) emissions in the world. More than 40% of electricity and
21% of GHG radiation are produced from residential sectors (Department of Energy,
2015). The increase in energy consumption is predicted to be more than 67% in 2050 in
line with the population growth, the number of households and new types of energy
services (International Energy Agency, 2011) which affects the national energy

generation, the cost of energy and carbon dioxide production.

From 1990 to 2009, the national energy consumption and carbon emission in Malaysia

had increased by 210.7% and 235.6% respectively (Zaid et al., 2013). These issues will

11



become worse in the future due to the lack of effective strategies in the Malaysian building
sector. Therefore, several policies concerning energy generation and consumption should
be made to reduce the greenhouse gas (GHG) emission of buildings and to increase the

efficiency of the energy supply in Malaysia.

Several technologies of energy generation have been developed starting from the
conventional stationary power to the integrated stationary power systems. To keep up to
current and future trends, the integrated stationary power system can be further combined
with automotive applications such as for vehicles charging and fueling systems in these

residential areas.

221 Conventional separated power supply system

Conventional stationary power supplies are energy generation system which generates
electricity from non-renewable sources and distributes to residential areas. By using
conventional supplies, electronic devices, heating, cooling water and space for homes are
powered by electricity from the national grid. The increase in electricity used can reduce
the efficiency of overall delivery system since more losses occur through the distribution
line from the grid. The efficiency of electricity generated by the grid is about 0.4% —
0.48% (Akikur et al., 2015), hence the more electricity is used the more primary energy
sources is reduced and the energy cost increases. Moreover, conventional supplies also
cause problem for the environment since the usage of non-renewable sources increases

the greenhouse gas (GHG) emission in the air.

As depicted in Figure 2.1., conventional separated power supply in residential
applications does not consist of electricity supply for electronic devices, heating and
cooling but also fuel supply for gasoline vehicles. Conventional cars use gasoline as fuel

which has a high energy cost and a high GHG emission. The gasoline car has an efficiency

12



of 236.8 MJ per 100 kilometers which equals 20 km per liter or 30% from the fuel
utilization (Dennehy et al., 2018; Wakui & Yokoyama, 2012). Moreover, vehicles fueled
by gasoline generate 2.344 kilograms of carbon emission per liter which is harmful to the
air (Wakui et al., 2012). Therefore, the utilization of petroleum products must be reduced

or substituted by other primary sources such as natural gas, electricity or hydrogen.

©
;
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q Hot space
J_J_JJ and water
]

Electric heater

]
]
(] - Gasoline
(0) .= cars =

|
(] ]
oToo
Gas Boiler

Figure 2.1: Conventional separated power supply and consumption for
residential applications

222 Integrated stationary power supply system

To minimize dependency on main grid, integration of two or more power generation
as a standalone or micro-grid system is essential. For small-scale application, 1kW to
2kW of independent power generation can supply a single house as standalone or
connected to the national grid. As depicted in Figure 2.2, this integration will minimize
power losses by shortening the distribution line and optimize the usage of electricity. For
multi-family houses area or apartment buildings, a mini-grid power supply can be built
from two or more integrated power generation consisting of non-renewable or renewable

energies.
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Figure 2.2: Integrated energy supply design for residential applications

Furthermore, the integrated energy supply does not provide electricity only but also
heating and cooling supplies. In its structure, the system consists of a single or combined
energy sources acting as a prime mover to generate electricity and heat simultaneously.
The exhaust heat from the prime mover which is usually released to the air can be
recovered to provide hot water and heating space for residential buildings which is called
combined heat and power (CHP) or cogeneration system. For further applications, the
CHP system can be evolved into combined cooling, heating and power (CCHP) or
trigeneration system which provides three types of energy, i.e., electricity, heating and
cooling. Trigeneration is formally categorized as polygeneration system since it
generates more than two energy supplies from a single source or integrated primary
energy sources. The polygeneration system can not only generate electricity, heat, and
cooling but also produce fresh water, oxygen, hydrogen and other energy types. Section

2.3 presents the detail explanations of cogeneration and polygeneration systems.

223 Integrated stationary power and vehicle power supply system
Integrated stationary power and vehicle power supply could be promising in the

current and future developments of energy generation design for residential uses. As
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depicted in Figure 2.3, the idea comes from the trend in transportation that focuses on
electricity and hydrogen as fuels instead of gasoline for driving vehicles. Due to the
development of electric and hydrogen cars in hybrid or pure fuel systems, the opportunity
for developing a micro-scale or a mini private charging or fueling stations is promising.
Private vehicle charging systems could be implemented for single and multi-family uses
in the residential application. Meanwhile, fueling station systems could work with
electrolyzer or combustion and purifier systems to produce hydrogen from non-renewable

and renewable energy sources (Al-Zareer et al., 2018; Im-orb et al., 2018).

.-------------->
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Figure 2.3: Integrated energy supply design with vehicle charging/fueling
system for residential applications

Integrated stationary power and vehicle power supply can reduce PEC from non-
renewable energy sources, increase the efficiency and minimize the power loss of the
system. Moreover, by using renewable energy as prime mover, the integrated system can
significantly reduce the GHG emission. Economically, the integrated system can also

reduce the energy cost and be beneficial for long-term usage with a short payback period
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(Jana et al., 2017). Therefore, the system should be well designed based on the

requirements from the users.

2.3 Types of energy generation in residential applications

From the number of energies produced, energy generation system can be divided into
single-power generator, cogeneration, and trigeneration or polygeneration systems.
Single-power generator produces energy such as electricity, district heating or cooling in
a separated system based on the user requirement. Meanwhile, the cogeneration system
can generate two types of energy from sole or combined primary source. It could be
electricity and heat water and space, cooling water and space, hydrogen or fresh water.
On the other hand, polygeneration system can generate three or more energies from a
single or integrated source. In certain applications, polygeneration could be a
trigeneration or combined cooling, heating and power (CCHP) when the system produced

three types of energy.

2.3.1 Single-power generation system

In stationary power applications, a single generator is used for generating electricity
in standalone or grid-connected configurations. Several non-renewable energy sources
have been used before as the prime mover such gas turbine, combustion engines and
stirling engines. However, due to environmental and fuel efficiency issues, renewable
energies are more popular and widely implemented for residential applications compared
to non-renewable energy sources. Photovoltaics, wind turbine generators, geothermal and
fuel cells are several types of favorable renewable energy sources which have been used

as prime movers in power generation systems.

To improve the prime mover performance, several types of renewable and non-

renewable energy sources could be integrated into a hybrid system. Hybrid SOFC-gas
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turbine was implemented by Jens Palsson (2000) for residential building using the prime
mover size of 500 kW. Chachuat et al. (2005) developed an optimal design and operation
of power generation system employing hybrid fuel cells as the prime mover. Dicks et al.
(2000) also conducted a study of the hybrid SOFC and proton-exchange membrane fuel

cell (PEMFC) for increasing system efficiency.

Another method to increase prime mover efficiency has been conducted by adding
thermoelectric materials in the exhaust heat recovery line. Several studies revealed the
increase of electricity production by attaching thermoelectric generators in the burner, air
preheater or fuel preheater of the single-power generation system (Islam et al., 2017,
2018; Zhang et al., 2017a; Zhang et al., 2017b). For non-renewable energy sources, most
of the prime mover types can be combined with thermoelectric generators to produce the
auxiliary electricity. However, not all renewable energy sources are suitable for
thermoelectric materials due to their low-temperature operation. Photovoltaics and fuel
cells are some of the promising renewable energies which work well with thermoelectric
materials, but due to heat quality and temperature limitations, the fuel cells work better

than the photovoltaics.

Besides generating electric power, a single-power system can also produce heat or
cooling using separated systems. Several district heating or cooling systems have been
developed for multi-family in residential applications (Ameri & Besharati, 2016; Franco
& Versace, 2017; Li et al., 2017b; Verrilli et al., 2016). The district heating or cooling
system is produced by a single or hybrid prime mover which commonly uses combusting
engines in heat generation. Udomsri et al. (2012) studied the performance of a district
heating network for a multi-family residential area. A comprehensive analysis was also
conducted regarding power-sharing mechanisms between district heating and combined

heat and power systems for supplying to residential homes (Gtadysz & Zigbik, 2013).
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2.3.2 Cogeneration system

In several applications, especially for offices and residential, electricity is not the sole
required energy. Other energies such as heating, cooling and purified water are also
needed continuously. There are several types of energy that are mostly required for
residential in areas such as electricity, hydrogen, fresh water and oxygen (Ahmadi, 2013).
However, most office and residential buildings utilized separated system (SP) in
generating electricity, heating and cooling energies to meet those requirements which
caused inefficiency in energy usage and significantly raising the energy cost. Therefore,
an integrated system which can cover more than one energy demand is desired to enhance

the system efficiency, energy utilization and the energy cost.

Cogeneration system consists of a single or hybrid energy source as the prime mover
that generates one or two types of primary power simultaneously and auxiliary
components to recover the generated energy by the prime mover. In several applications,
a cogeneration system is also equipped with storage devices such as hot water tank or
battery. The storages are used to store excess energies generated by the system. By using
this configuration, cogeneration can reach efficiency of up to 80% compared to the single-

power generation system (Chen & Ni, 2014).

Combined heat and power (CHP) system is one of the most favorable types of
cogeneration system which generates electricity and heat. The CHP is efficient since it
does not require additional fuels to produce heat power as in the separated system. This
system was the first energy generation commercialized for residential applications which
had been successfully developed by several companies such as Hexis (Switzerland) and
Ceres Power (UK), in partnership with British Gas and Ceramic Fuel Cells Ltd (Australia)

(Irvine & Connor, 2012).
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233 Polygeneration system

Even though the development of cogeneration systems has been successful, they could
not fulfill the requirements in electricity, heat and cooling at the same time. Moreover,
for the CHP system, when the heat requirement was lower than its production, the exhaust
heat from the prime mover would be useless then reduces the overall efficiency of the
system. Recent technology in the energy generation has developed polygeneration to
overcome those issues. A polygeneration system can produce three or more types of
energy simultaneously. The system consists of a single or hybrid energy source as the
prime mover in providing one to three types of energy and several auxiliary components
for generating more energy productions. Since the fuel is utilized optimally to generate
more types of energy, polygeneration is more advanced than cogeneration and single-

power generation systems.

Polygeneration systems are adapted to optimize the utilization of the exhaust energies
from the prime mover and to optimize the fuel consumption. In polygeneration systems,
by using similar amount of fuels, more energy types can be produced to satisfy more than
two demands. For instance, it has better energy waste recovery as well as higher energy
efficiency. In its applications, polygeneration systems are named by trigenerations when

they produce three types of energy and quad generation when it generates four energy

types.

Combined cooling, heating and power (CCHP) is one example of trigeneration systems
which generates three types of energy simultaneously. As the essential energy types
required in offices and residential applications, electricity, heat and cool powers should
be generated sustainably. The CCHP system utilizes one or two energy sources as the
prime mover to generate electricity and heat, then recovers the exhaust heat in producing

cooling. In several systems, the cooling system uses chillers and refrigerators as part of

19



the auxiliaries (Ciampi et al., 2014; Liu & Leong, 2006; Malico et al., 2009; Palmero-

Marrero & Oliveira, 2011; Szega & Zymelka, 2017).

Several existing research topics in polygeneration revealed the performance of this
system as the future promising energy generation to be applied for residential
applications. Chen and Ni (2014) concluded that the trigeneration system is more efficient
than the cogeneration system by taking a hotel building in Hong Kong as a case study.
The study found the efficiency for the trigeneration and cogeneration systems were
93.86% and 84.02%, respectively. However, extra cost had to be incurred for the
trigeneration system since it had an additional cooling device which caused a more
extended payback period of about 4.3 years. Chitsaz et al. (2015) also reported that the
trigeneration system achieved exergy efficiency of 46% which was higher by about 5%
than the exergy efficiency for the single-power generation system. For residential
applications, polygeneration proved to generate more productions such as hydrogen for
vehicles, fresh water aside from electricity, heating and cooling for water and room
(Calise et al., 2017d; Ghaem Sigarchian et al., 2018; Rokni, 2018; Sigurjonsson &
Clausen, 2018). Therefore, implementation of the polygeneration systems which are
integrated with vehicles power supplies are also promising for future residential

buildings.

24 Overview of polygeneration system
A polygeneration system consists of two or more components acting as the prime
mover and auxiliary elements such as heating, cooling, storages, hydrogen generators,

purifying devices or other recovery components.
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24.1 Prime movers

A prime mover is a component that generates energies as the end products by
consuming coal, natural gas, oil and hydrogen. Different designs of polygeneration
system result in different types of prime mover. Based on the literature, Jradi and Riffat
(2014) divided the prime mover technologies into combustion-based technologies such
as gas turbines, stirling engines, reciprocating engines and Rankine cycle engines and
electro-chemical-based technologies such as fuel cells. Some of them are mature
technology and have been commercialization such as reciprocating engines and gas
turbines. However, some others such as organic Rankine cycle engines, Stirling engines
and fuel cells are still under research stage. Table 2.1 presents the comparison of the prime

mover technologies that have been implemented in polygeneration systems.

Amongst the prime mover types, internal combustion engines (ICEs) are the oldest
technology which has been developed for single-power and multi-power generation
systems. Due to its low efficiency (about 30%) and high investment cost, ICEs are
suitable for the broader application in medium and large scales cogeneration and
polygeneration systems (Badami et al., 2008). ICEs are powered by diesel, natural gas
and gasoline as fuels and its waste heat can be recovered using the exhaust heat channel
and jacket water cooling (Arteconi et al., 2009). The overall efficiency of combustion
engines reaches about 80%, however, its noisy operation and high maintenances become
the disadvantages of this technology. Furthermore, the engines also generate a large
number of gases emissions such as nitrogen oxides and carbon dioxides which cause

environmental issues which are restricted in residential applications (Badea et al., 2008).

Another type of prime mover which has mature technology is the gas turbine. Gas
turbines in the polygeneration system generally consist of several parts such as generators,

recuperators, a single shaft for connecting turbines, combustion chamber and compressors
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(Arteconi et al., 2009). A gas turbine is operated by the Brayton thermodynamic principle
and is usually fueled by natural gas, light fuel oil or diesel (Al Moussawi et al., 2016).
The combustion gas turbines have been used since the 1930s for electricity generation
purposes such as micro-scale polygeneration systems (Liu et al., 2014). For micro-scale
applications, a micro-turbine is preferred rather than the general gas turbine. The micro-
turbine has smaller capacity, faster response, compact design, low weight, lower noise

and low maintenance compared to the general gas turbine (Sonar et al., 2014).
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Beside the gas turbines, stirling engines (SE) are another typical type of prime mover.
SE are external combustion engines which use a simple ambient pressure combustor to
provide a constant source of heat to move a piston for doing work (Sonar et al., 2014).
Different from ICEs which have limitations in the fuel flexibility and producing high
noise, SEs are well known for its fuel flexibility and quiet operation. Other advantages of
the engines are related to its long-life engine characteristic and low carbon generation as
it could be fueled by biofuels besides natural gases. However, due to its limitations at
lower power output compared to other combustion engines, high costs and not
controllable, the engines become challenging to be implemented in the energy generation

systems.

Steam turbines (ST) are one of the early developed technologies in the multi-purpose
generators which have been used over 100 years ago (Al Moussawi et al., 2016). The
turbines contain a mechanical device that uses an extraction of thermal energy from the
pressured steam and convert the energy into rotary motions. ST has higher efficiency and
lower energy cost compared to reciprocal engines, hence have been implemented for
larger applications (Mago et al., 2010). The capacity of ST is up to 50kW for small power
generation and up to 100 MWs for large power generations (ICF International Company,
2008). ST is implemented in large-scale systems especially for industrial applications.
However, due to the limitation in efficiency during the part-load operation, the ST is not

suitable for small-scale residential applications.

Besides, the rankine cycle is also generally used for polygeneration systems. A rankine
cycle works with the principle of converting the heat into electricity. Similar to the steam
turbine, the rankine cycle works using organic fluids instead of water (Al Moussawi et
al., 2016). The organic liquids are preheated and the evaporated gas from the steam

process is used to turn the engine which connects to the generator (NewEnCo, 2017). This
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technology received high attention since it has a low-cost investment, high safety,
simplicity, durability and can be operated at lower levels of temperature and pressure
(Jradi & Riffat, 2014). However, since the rankine cycle is still an emerging technology,
it could face technical issues. Therefore, long-term research becomes necessary if needed

to implement this technology for commercialization.

In recent applications, utilization of renewable energy sources such as wind, sunlight
and geothermal are attractively developed as these sources are reliable and can be
replenished continuously. Integrated photovoltaic in a cogeneration system was studied
by Akikur et al. (2014) and they concluded that the overall cogeneration efficiency for
standalone SOFC, PV-SOSE and PV-SOFC systems were 83.6%, 20% and 23%
respectively. Anatone and Panone (2015) optimized the design and management of
combined ICE-PV based CCHP system for a residential house. Boyaghchi and
Heidarnejad (2015) also combined PV and ORC as the prime mover of a tri-generation
system also for a residential house. Parameters analysis and optimization of operating
conditions were performed to maximize both thermal and exergy efficiencies and

minimize product cost rates.

Lastly, fuel cells (FCs) are also promising candidates as a prime mover in
polygeneration systems. Fuel cells have similar characteristics to a battery in converting
chemical primary sources into electrical energy through electrochemical reactions. The
reactions occurring between hydrogen, oxygen and other oxidizing agents generate heat
and water as the by-products and electricity as the primary product. This technology has
been attracting much attention due to its environmentally friendly nature compared to the
conventional generators which generated harmful gases as the by-products. FCs are
commonly divided into six types based on the electrolyte characteristics namely proton

exchange membrane fuel cell (PEMFC), direct methanol fuel cell (DMFC), alkaline fuel
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cell (AFC), phosphoric acid fuel cell (PAFC), molten carbonate fuel cell (MCFC),
microbial fuel cell (MFC) and SOFC. Each type has the advantages and drawbacks which

is presented in Table 2.2.

Amongst the fuel cell types, SOFC is the most favorable generator for power and heat
energy supply applications and becomes attractive to be implemented in polygeneration
systems. Generally, three essential components drive the SOFC operation namely balance
of plant, SOFC stack and power conditioning unit (PCU) as depicted in Figure 2.4. The
balance of plant extracts the hydrocarbon gases and the air into hydrogen through shifting
and reforming reactions. The hydrogen, then, is reacted with the oxygen through a
chemical reaction in the anode of the cell. The electricity generated is converted into
alternate current (AC) power using the PCU. SOFC based trigeneration system that
utilizes natural gas can reach higher system efficiency of up to 55% (Jradi & Riffat, 2014).
Lately, a micro-scale cogeneration system has been successfully developed powered by

a 4.6 kW Vaillant PEMFC and a 1 kW Sulzer Hexis SOFC (Bernard, 2008).

Power Conditioning

Balance of plant SOFC STACK

Figure 2.4: Diagram of SOFC system

Several research works have been conducted on polygeneration systems using SOFC
as a prime mover. Perdikaris et al. (2010) designed a tri-generation system based on
combined SOFC — solid oxide electrolyte cell (SOFC-SOEC) as the prime mover and
energy storage for a standalone configuration. The proposed system claimed to have
exergy and energy efficiencies of about 28.25% and 18.55% respectively. Kazempoor et

al. (2011) conducted a performance analysis between a cogeneration and polygeneration
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systems employing SOFC as the prime mover for a residential house. It revealed the
improved performance of the SOFC based trigeneration system by reducing non-
renewable source as the primary energy and carbon dioxide equivalent values by about

66% and 35% respectively.

Performance analysis on several parameters of SOFC such as fuel cell cost, absorption
chiller cost, auxiliary component cost, subsidiary, fuel cost and maintenance cost was
conducted by Chen and Ni (2014). The study was performed under pessimistic and
optimistic scenarios. The study found that the tri-generation system has a higher
efficiency of 9.84% than the cogeneration system, yet it had a more extended payback
period of about 5.7 years due to the additional auxiliary parts in meeting both heating and
cooling demands. Sigurjonsson and Clausen (2018) developed a novel polygeneration
system integrating biomass and reversible SOFC (RSOFC) to generate electricity, heat
and bio-synthetic natural gas (SNG). This system reached efficiencies by about 46% and
69% respectively in relation to the produced electricity and syngas. Calise (2011)
designed a polygeneration system combining SOFC and photovoltaic thermal (PVT)
using a simulation-based software, TRNSYS. The results showed that the SOFC based
polygeneration was profitable in the feed-in tariffs scenario as funded by their
government. Almansa (2010) developed a polygeneration system based on SOFC fueled
by biomass for residential applications, then study focus on waste management in

protecting the environment and generating more energy.
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24.2 Heat-recovery units

Heat-recovery units work to recover thermal energy of gas streams exhausted from the
prime mover to meet heating demands (Al Moussawi et al., 2016). The units can increase
overall efficiency without additional fuels. It consists of heat exchangers with different
specifications based on the requirements. In a CHP system, the units were divided by
unfueled and fueled units. These units can be used concurrently or separately according

to the design of the system (Oland, 2004).

Heat exchangers are the simplest heat recovery devices due to its flexible forms such
as tube and shell, plate, fins and micro-channel. Those devices are slightly different with
the heat recovery and steam generation (HRSG) which can produce heat and steam water
from the rejected exhaust gases. The heat muffler is commonly used to recover the
exhaust heat in reciprocating engines. The HRSG also generates pressured steam and hot
water as it works in the range of 370°C to 540°C with less noise (Oland, 2002). However,
the exhaust gas compositions affect the exit temperature of the mufflers and the amount
of heat which can be recovered (Oland, 2004). Regular maintenance and cleaning are
needed to keep up performance of the engine since the excessive back-pressure issue

could reduce the capacity of the mufflers.

Another option for the heat recovery device is the thermoelectric generator (TEG).
TEG components consist of materials that convert heat to electricity. The role of TEG is
to increase the efficiency of the prime mover by recovering the exhaust heat into
electricity. Using a temperature gradient across the TEG material, the electrons from n-
type flow to p-type semiconductor and establish the voltage to drive the external load
(Bensaid et al.,, 2012). The performance of TEG (ZT) is different based on the

semiconductor types for p and n as well as the range of operating temperatures.
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In its application, TEG has been widely used for heat recovery purpose in stationary
and vehicle machines. By placing TEG in several parts of the heat recovery systems such
as air and fuel preheaters, burner and exhaust heat, the overall efficiency can increase up
to 5% from the base case (Terayama et al., 2013a). Currently, TEG has been
commercialized as backup power of the prime mover in single and multi-power

generation systems.

For trigeneration or polygeneration system, heating units have been implemented by
few researchers in different applications. Dorer et al. (2005) assessed a micro-generation
system in the residential area consisting SOFC and PEMFC in a separated system with
gas boiler and solar collector as the heating units. Entchev et al. (2013) proposed a
combined internal combustion engine (ICE) with the fired furnace as a heating unit for
the residential house. Santo (2014) integrated HSRG and hot water circuit as the heating
units for a trigeneration system using the ICE as a prime mover for hospital building
applications. From the study, it showed that the steam engine contributes to the increase
in the energy utilization factor (EUF) and exergy efficiency during part-load operation

instead of the full-load operation.

Sadeghi et al. (2015) combined an SOFC and a heat exchanger as the heating and
cooling units with added absorber for a standalone system. The study revealed that the
heat exchanger gives significant effect to the destruction in exergy efficiency. Utilization
of an absorption heat pump, solar thermal collector combined with a gas boiler was
proposed by Anatone and Panone (2015) combining an ICE and photovoltaic (PV) as the
prime movers. In another study, Entchev et al. (2014) conducted a performance analysis
of a trigeneration system based on a combined ground source heat pump (GSHP) —
photovoltaic thermal (PVT) to meet the power, heating and cooling demands in the

residential and office buildings. It achieved the overall energy savings of 46% and 58.5%
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respectively by implementing the GSHP and the integrated GSHP-PVT systems

compared to the conventional system.

243 Cooling units

Instead of utilizing an extra fuel to meet the cooling demand, polygeneration system
produces cooling from the exhaust heat of prime movers. The waste heat can be in the
form of hot water, steam and exhaust gases that fall into different temperature ranges (Al
Moussawi et al., 2016). Therefore, the best design of polygeneration system should
consider the best combination between the prime mover, heating units and cooling units
and other units based on their specifications to meet the power, heating, cooling and other

demands.

Sorption cooling technologies (including absorption and adsorption) works with a
thermal compression in producing cooling power instead of a mechanical compression
which is adopted by refrigerator machines. An absorption cooling works with a pair of
working fluids namely refrigerant and absorber, while an adsorption cooling produces
chilled air or water based on a solid substance that adsorbs the refrigerant vapors (Sonar
et al., 2014). A simple absorption cooling cycle consists of four main components;
generator, absorber, evaporator and condenser. Typically working absorbent/ refrigerant
pairs for an absorption cooling are lithium bromide-water (LiBr/H20) and water ammonia

(H2O/NH3).

Numerous studies can be found regarding the cooling units used for power and heat
generation systems. Cardona and Piacentino (2003) designed the size of a trigeneration
system consisting of a power generation unit (PGU), boiler and absorption chiller in the
Mediterranean areas. The study also analyzed the effect of part load operation of the

absorption chiller with 70%, 85% and 100% of cooling load requirements. Utilization of
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an absorption chiller was also studied by Chen and Ni (2014) for commercial buildings
in Hong Kong. The study conducted parameter analysis from an economic aspect
regarding the cost variations for SOFC, absorption chiller and other auxiliary components
in a cogeneration and trigeneration systems considering the pessimistic, optimistic cost

scenario and the government subsidy scenario.

Arcuri et al. (2015) optimized the design of a tri-generation system for residential
applications. Some aspects were considered including topologies, sizes, and operation
strategies to increase the overall efficiency in the part-load operation. Some parameters
such as inlet electrical power to compressor interval for cooling production, outlet cooling
power interval from the compressor, outlet cooling power interval from the absorber and
cooling power range for the absorption cooling were examined in details. Li et al. (2014)
installed an air conditioning system as the backup for an absorption chiller used in a
trigeneration system for an integrated residential and office buildings. The ratio of air
conditioning to the cooling unit was examined with respect to the increase in the power
energy saving (PES), annual total cost reduction (ATCR), and carbon dioxide emission
reduction (CER). The study generated the best strategy using a combined air conditioning
and heat storage topology with increased in energy saving of 12.9% and 23.68% for

residential and office buildings respectively.

24.4 Hydrogen generation units

In reducing the utilization of primary energy sources such as oil, natural gas, electricity
and renewable energy, some strategies have been made to produce a new type of fuel.
Compared to petroleum and natural gas, the combustion process of hydrogen is much
cleaner for the environment. However, due to its new technology, the prices of buying

and selling the hydrogen are expensive. Therefore, the development in hydrogen
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production has been further studied, especially for fueling applications in the residential

area (Siyal et al., 2015).

Establishment of hydrogen as fuel for the future is developed by the various hydrogen
production systems using non-renewable and renewable energy sources. Several ways in
producing hydrogen include steam methane reforming, gasification coal, biomass,
nuclear and hydrolysis water (Sharma & Ghoshal, 2015). Amongst these, hydrogen
formation from electrolysis of water is environmentally friendly. The advantages in
producing extremely pure hydrogen using hydrolysis have been known since 1700, yet it
was only used for small applications (Stojic et al., 2003). Currently, the hydrogen
production from water electrolysis is about 4% of the world’s hydrogen production. The
large-scale applications of hydrogen production have been employed for private fueling
stations, marines, rockets, spacecraft, electronic industries and food industries (Dunn,

2002).

2.4.5 Storage units

For the heat and power generation, fluctuation and asynchronicity in the power,
heating and cooling supplies cause a decrease in the overall efficiency and an increase in
energy cost. To address these issues, storage units are needed to store the excess energy
when the demand is low and use the stored energies during peak hours. By utilizing
storage units, the operating hour of the system will be increased. It will also minimize the
fuel utilization and maximizing the overall efficiency. Moreover, the size of energy
generation units should be optimized to minimize the energy loss and energy cost during

its operation in the peak load hours.

In combined power, heat and cooling generation systems, two storages type are

typically used namely electrical storage and heat storage. Electrical storage is used for
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saving the excess electricity from the prime mover, while heat storage is for saving the
excess heat and the recovered heat from the prime mover and heat recovery units
respectively. Although in many applications, the utilization of heat storage is more than
electrical storage, the fluctuations in electrical demand can lead to be higher than the heat
depending on the imported grid and its fluctuated prices. The electrical storage can reduce
the dependence of the system to the grid source and recover the limitations of the prime

mover in starting and in following the load (Napoli et al., 2015).

Utilization of electrical energy storage becomes more important to minimize electrical
supply from the grid. It also improves working hours of the system during peak load
period, when electrical tariff from the grid is high. Battery energy storage (BES) is
considered as storage to store excess energy from the prime mover and other power
sources. BES uses electrochemical reactions to convert the stored chemical energy into
electricity by generating voltage between the terminals. Some recent technologies in BES
have been implemented based on its chemical components, namely Lead-Acid (LA),

Nickel (Ni), Sodium (Na), Lithium-Ion (Li) and metal-air batteries.

The BESs have become the most promising electrical energy storage device which
have been implemented for hybrid and combined power generations. Napoli et al. (2015)
studied the effect of utilizing a battery as the electrical storage for a combined SOFC and
PEMFC cogeneration system in a residential house. The study revealed that the battery
could reduce the independence of the system to the grid. It also could solve the issue for
the high electricity price during peak load by connecting the system to the electrical
storage. The study also conducted optimization on the design and structure of the
cogeneration system using SOFC and PEMFC separately (Napoli et al., 2015). The

increase of the primary energy saving (PES) was reached by adding a series of battery
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where decision-making and battery management were needed to increase the battery

performance as backup power during peak load.

For trigeneration systems, Basrawi et al. (2014) added a battery for a combined
photovoltaic-gas turbine (PV-GT) based trigeneration system and studied the economic
and environmental effects of the proposed operation strategies considering base load,
heat-match and power-match operations. In another study, similar proposed operation
strategies as the combined gas turbine-battery trigeneration system considered the
capacity of the battery, gas turbine, heat storage, chiller and the inlet precooling (Basrawi
et al., 2016). The optimum design combined with the optimum strategy reduced the

emission cost of the system about $92,407 per kg of carbon emissions.

Besides electricity, fluctuations in the heat and cooling demands also give significant
effects in the reduction of the overall efficiency. For residential applications, heating and
cooling demands are based on the occupant’s behaviors where sometimes electricity is
needed more than heating or cooling and vice versa. It increases the electricity
requirement, hence making the exhaust heat from the prime mover become unusable at
specific times. Therefore, thermal energy storage becomes just as essential as electrical

storage in increasing the overall trigeneration efficiency.

Sensible heat storage (SHS) is a common type of heat storage used for combined heat
and power generation systems. It works by adding energy to the material and increase its
temperature without changing its phase (Mabhlia et al., 2014). SHS capacity depends on
the temperatures of the materials which are used for the heating or cooling transfers
(usually solid or liquid materials), the changes of the temperature inside the storage and
the amount of material stored. Water, sands, oils, and rock beds are commonly used as
the materials to transfer heat for many applications. Water gives more advantage amongst

other materials due to its low price and availability, yet utilization of solid materials such
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as metals, rocks concrete and bricks can also be used. Selection of the proper material to
be used in the sensible heat storage has been conducted to minimize the initial and
operational costs (New Mexico Environment Department, 2011). Availability and
environmental effects such as the carbon footprint were also considered as part of the

multi-objective optimization in the study.

For several fuel cell-based power generations, requirement of hydrogen as fuel can be
met by using electrolyzer and stored in the hydrogen tank. Hydrogen-based energy
storage (HES) has some advantages since its environmentally friendly component for
stationary and vehicle applications. It also serves continuity in the electricity generation
which cannot be provided from intermittent renewable energy sources such as
photovoltaic and wind turbine generators. Applications of hydrogen-based storage are
commonly coupled with a hybrid renewable energy system (HRES) (Ministry of Energy
Green Technology and Water, 2015). The criteria such as safety, operational and the
energy as well as its exergy performances are considered in the storage design.
Furthermore, in line with the increasing attention in fuel cell-based heat and power
generation, the utilization of hydrogen-based storage tanks is also increasing steadily. The
use of employing an electrolyzer to convert available electricity into hydrogen which can
be reused to feed fuel cells has also been actively studied. Akikur et al. (2014) conducted
a performance analysis for combined power and heat generation system consisting of
SOFC, photovoltaics and an electrolyzer. Sadeghi et al. (2015) performed optimization
for the design of a combined photovoltaic, SOFC and an electrolyzer system to provide
the optimal prime mover and storage capacities. Modeling and optimization of a
combined SOFC-SOEC and hydrogen storage system were also performed by
Shariatzadeh et al. (2015). Ozlu (2015) studied three configurations in a combined
renewable energy and hydrogen storage system to provide electricity, domestic hot water,

heating, cooling space and hydrogen. The increase in the exergy efficiency and the
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reduction in environmental emission were obtained by applying the proposed

configurations.

2.5 SOFC based power generation system for residential applications

Fuel cells (FCs) has been identified as a promising future source in the recent
development of renewable energy sources. There are six types of fuel cell as presented in
Sub-section 2.4.1 based on the literature, where the existing studies classified PEMFC,
DMFC, and PAFC as low-temperature operation cells, while MCFC and SOFC were
classified as high-temperature operation cells. The low-temperature fuel cells are
potential to be implemented in mobile applications as vehicle transportations, military
and public facilities (Isa & Rahim, 2013; Ramadhani et al., 2017). On the other hand, the
high-temperature fuel cells have higher temperature operation and higher efficiency that
make them suitable for stationary applications such as the power generation systems

(Choudhury et al., 2013; Mohamad et al., 2010).

SOFC has been developed for stationary power generations due to its advantages in its
electrolyte material flexibility and versatility in the use of hydrocarbon fuels (Burer et al.,
2003). Its high efficiency and its heat to power ratio make the SOFC useful to be
integrated in the hybrid power generation to increase the electrical output and to be
combined for the heat and power generation system. As depicted in Figure 2.5, the
number of publications regarding the use of SOFC as a power generator has been
increasing from year to year. Based on the type of power generated, the SOFC
applications are divided into the single power generation, cogeneration, and

trigeneration/polygeneration systems.

Researches use SOFC as a prime mover in the single power generation as early as

1992. Most of the studies concerned improving the performance of the stack SOFC to
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generate more electricity and to increase its electrical efficiency. From 1994 onwards,
research in hybrid systems involving SOFC and gas turbines increased since the hybrid
configuration gives significant effect to the increase in system efficiency. The
investigation regarding the utilization of the exhaust heat from SOFC begun in 1995 and
been increasing year to year drastically. Based on this data, it can be seen that the
applications of cogeneration system were growing with the peak in 2014. However, in
2016 to 2017, the number of publications regarding cogeneration SOFC in residential was
decreasing as many commercial products have been launched and more advanced systems

were developed.
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Figure 2.5: Double year-wise number of publications researching SOFC power
generation in residential application

On the other hand, research topics in the trigeneration or polygeneration SOFC
systems were increasing even though not as significant as the cogeneration system.
Research in this area is categorized as a new topic which started in early 2000 and is still
attractive for the next five to ten years. The increase in interest for applying SOFC in

polygeneration systems is in line with the prediction of a price reduction in the SOFC
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investment cost for the next five to ten years (Akikur et al., 2015; Al Moussawi et al.,

2017; Mahlia & Chan, 2011).

Moreover, the increase of polygeneration applications for residential buildings or areas
has been caused by environmental issues along with non-renewable energy sources. As
reported in the energy plan of the government, Malaysia targets to reduce emission carbon
by 45% in 2030 (Eleventh Malaysia Plan, Strategy Paper 17: Sustainable Usage of
Energy to Support Growth, 2017). Therefore, the applications of SOFC based
polygeneration system could be promising in relation to the PES strategy and reducing

carbon emissions in Malaysia.

Based on its design for residential energy planning, SOFC applications are divided
into two configurations, i.e. integrated stationary power without and with vehicles power
supply. The stationary power supply consists of varies forms of single power generation,
cogeneration, and trigeneration/polygeneration systems. On the other hand, the integrated
stationary power with vehicles power supply combines those stationary power systems
with vehicles charging or refueling stations. An example is the single/multi-family house
with an electric vehicle charging system or a small-scale fueling system placed in its

residential area.

2.5.1 Integrated stationary power supply

At the end of 1989, research on the combined single-cell SOFC into the stack system
was started by the new energy and industrial technology development organization
(NEDO) of Japan. During the first period of the research, it had fabricated the 100W class
of SOFC stack. From 1992, development of planar SOFC stack started to increase the
power density of fuel cells and develop a larger active area of the cell and planned to

manufacture several-kW class of SOFC stack. Until 2000, the investigation was focused
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on increasing the stability and reliability of the stack which initiated in the development

of tubular SOFC cell.

In the USA, initiated by Siemens Westinghouse Power Corporation, the Department
of Energy (DOE) National Energy Technology Laboratory (NTRL) developed a tubular
SOFC power plant and commercialized the high efficiency, low cost and flexibility of the
fuel types of an SOFC stack in the 3kW and 10kW powers. Moreover, Delphi Corporation
also started to fabricate the stack SOFC for auxiliary power unit (APU) in a mobile
application to supply a power engine-independent system that had high efficiency and
low emissions. By taking the high efficiency of SOFC, the overall effectiveness of the
APU was increased from 10 to 20% to up to 30 to 35% compared to the engineered-power
generator. SOFC is an attractive power generator for APU since it does not have water
management for the electrolyte. Also, it has compatibility in regards to the temperature
between reformer and stack and it has a high tolerance for fuel impurities (Williams &
Strakey, 2003). In its development, Delphi fabricated a 5 kW SOFC based APU system
which had a compact design, fueled by gasoline and had a low mass system (Singhal et

al., 1999).

Besides developing the stack and APU systems, the heat generation from the SOFC
can be used to develop a hybrid system. The hybrid SOFC-heat generator came from the
idea to optimize the utilization of exhaust heat. Siemens Westinghouse Power
Corporation took the challenge to develop a hybrid project focused on the tubular SOFC
stack after its achievement in successfully developing the SOFC stack project. It
combined the fuel cell with the turbine to utilize its heat as byproduct. The increase in the
power generation and the overall efficiency were achieved in line with the decrease in the
energy cost since no extra fuel were consumed. With this hybrid project, related industries

such as Rolls Royce and General Electric also developed a stack SOFC combined with
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GT for the distributed generation following requirement of clean energy in “The Vision

21” energy plan (Singhal et al., 2003).

The development of the hybrid SOFC-turbine generator (SOFC-GT) have led to the
other developments in combining SOFC with different heat generator types such as the
stirling heat engine (SHE) and steam turbine (ST). Arsalis (2007) studied a hybrid SOFC-
GT-ST model and conducted a parametric study of the system using thermo-economic
analysis. The model was developed based on thermodynamic, kinetic, geometric and
costing with sizes ranging from 1.5 MW to 10 MW. The study considered four different
steam turbine cycles to design the hybrid system adequately. Implementation of
regenerator for the hybrid SOFC-SHE system was performed by Chen et al. (2013). It
acted as a counter-flow heat exchanger which absorbs the heat at high temperature to
preheat the reactants in attaining the reaction temperature. Based on their study, the hybrid

SOFC-SHE was considered as an efficient power generator and flexible fuel utilization.

Since the 1990s, the SOFC based cogeneration system has been studied by several
researchers. Riensche et al. (1998) developed a 200kW SOFC based cogeneration system
and studied its parameters such as air temperature, the degree of internal reforming, cell
voltage and fuel utilization. According to the study, temperatures of the stack cooling and
active cell area of the chimney were the two parameters affecting the cost of the
cogeneration system. Adjusting the fuel utilization, increasing the air temperature and
adapting an internal reforming system bought cost reductions about 5%, 20%, and 50%,

respectively.

The study by Entchev (2003) optimized and managed a cogeneration system for the
residential area using soft computing methods. The control mechanism was adopted for
adjusting the water temperature according to the number of occupants. Two sensors were

employed in the water storage tank and the thermostat was used to monitor the room
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temperatures. The advanced control revealed the increase in the efficiency by about 8 to
10% and pollutants reduction by 25 to 30%. In a recent development, the SOFC based
cogeneration system focused on reducing the cost and unwanted gas emissions as well as
commercializing the micro-rated power (1-50kW) to be implemented for office and

residential buildings (Adam & Fraga, 2013; Napoli et al., 2015).

By using the SOFC as a prime mover, the trigeneration/polygeneration system have
been implemented to supply energy for single and multi-family residential homes. Al
Moussawi et al. (2017) designed an SOFC based trigeneration system by employing
energy management for a multi-family residential building. Chitsaz et al. (2017) studied
the effect of the recycling system in an SOFC based trigeneration system from the thermo-
economic aspect. Moradi and Mehrpooya (2017) designed an optimal SOFC based
trigeneration system and conducted an economic analysis. A multi-criteria evaluation has
also been made by Jing et al. (2017) for an SOFC based trigeneration system for public

buildings in China.

2.5.2 Integrated stationary power and vehicles power supply system

In line with the future of energy supply technology for residential applications,
integrated systems for stationary and vehicle power supply have also been developed by
researchers. By employing the SOFC as a prime mover, a combined heat and power
generation coupled with an electric vehicles charging system has been developed in
several research topics. Vialetto et al. (2017) analyzed a cogeneration system with an
electric vehicle charging system designed for a single-family residential home. The
analysis was conducted from the economic and energy aspects. Rosato et al. (2017)
analyzed a micro combined heat and power system with electric cooling and electric
vehicle charging systems for a residential house. The study performed energy, economic

and environmental assessments to the system. Tanaka et al. (2014) designed and analyzed
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a micro-combined heat and power generation system employing SOFC as the prime
mover and integrated it with an electric vehicle charger for a single-family application
and analyzed its achievement for energy savings. Most of the existing research focused
on the design and analysis of the integrated SOFC based stationary power and electric

vehicles charging systems.

2.6 Energy planning for SOFC based polygeneration system in residential
applications

Due to its high investment cost, energy planning should be designed for a

polygeneration system efficiently. Three strategies were found in the literature regarding

energy planning for residential applications, i.e. evaluation of configuration, operating

strategy design and optimization of the system capacity as will be presented in the next

sections.

2.6.1 Evaluation of configuration design

Structure evaluation or topology assessment is an important aspect in the design of
polygeneration systems. Optimizing polygeneration structure begins from selecting the
prime mover and components topology. Normally on SOFC based polygeneration, a stack
SOFC is used as the prime mover using either standalone or hybrid configuration. In a
standalone configuration, electricity generation and exhaust heat are generated from the
single stack SOFC, while for hybrid configuration, SOFC is combined with other prime
movers to increase the power generations. Combined prime movers between SOFC and
renewable energy have also been studied including the organic rankine cycle (ORC),
biomass and photovoltaic system. Moreover, evaluation of polygeneration could be

conducted by choosing one or more than one prime movers as studied in the literature
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(Wakui et al., 2016). The study did an optimization of the trigeneration structure based

on the chosen prime mover between gas engine, PEMFC, and SOFC.

Structure evaluations are not only focused to choose the right prime mover, but also to
design the proper heating, cooling, storage components and the connection to the grid. A
study by Al Moussawi et al. (2016) provided a guideline in choosing the configuration of
a trigeneration system based on energy, economic and environmental aspects. In
particular, the study focused on the SOFC combined cooling, heating and power systems
including the characteristics of heat to power ratio and the initial costs which were helpful

in designing sufficient heating and cooling units.

Burners and heat exchanger are also commonly used for recovering the exhaust heat
from the SOFC. Some studies recovered the exhaust gas from the SOFC using unfired
heat recovery steam generator (HRSG) to provide hot water and space heating
(Behbahani-nia et al., 2010; Takeshita et al., 2005; Zhang & Cai, 2002). For cooling units,
due to the high temperature of the SOFC exhaust heat, a double or triple effect absorption
chiller is most suitable to increase the overall efficiency. However, for unpredicted spikes
in the peak load of heating and cooling, additional heating and cooling units such as an

auxiliary boiler and an electric chiller can be used respectively.

Battery and sensible heat storages are also commonly used for electrical and heat
storages due to having a direct power to capacity ratio. For the battery, the capacity which
means the rates of charge and discharge are measured in voltage, while for sensible heat
storage, the capacity is based on the temperature and pressure of the tank. Both electrical
and heat storages give significant effect to the continuity of the system operations and
reduce the dependence of the system from grid connectivity. However, the capacity and

configuration of components should be evaluated to optimize its cost and efficiency.
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Several studies have been done in evaluating the design and topology of combined
cooling, heating and power systems based on energy, economic and environmental
criteria (3E). Weber et al. (2006a) evaluated five configurations of the trigeneration
system considering grid connected and standalone configurations. Their study simulated
three configurations, i.e. the reference system, GSHP system and combined GSHP-SOFC
system. Chitsaz et al. (2015) assessed four configurations of SOFC based power and heat
generation system where the electrical power generator was used as the reference case,
while cogeneration cooling, cogeneration heating and trigeneration were used as the
proposed cases. Facci et al. (2016) conducted the technical and economical assessments
for a trigeneration system with SOFC as the prime mover. The study considered boiler as
an auxiliary heating unit and both absorption and electric chillers as the cooling units. It
studied four configurations consisting of the prime mover, heating and cooling units and

determined the optimum design which had minimum cost and lowest PEC.

Wakui et al. (2016) examined several configurations of the heat and power generation
for residential houses considering the cogeneration, heating and storage components. The
cogeneration candidates consisted of the gas-engine with constant power output, PEFC
with the start-stop operation and SOFC with continuous operation at minimum power
output. The candidates of the heating unit were the latent heat recovery type gas-fired
boiler (LGB), electric heater, air-cooled heat exchanger and conventional type gas-fired

boiler (CGB).

2.6.2 Operational strategy design

To reduce energy consumptions and increase the energy saving, optimization in the
operating strategy has been conducted through several management approaches. Unlike
the single power generation, managing the polygeneration system does not only consider

electrical demand but also cooling, heating and other demands. Synergy in each
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component to meet all the requirements in the optimum energy flow has to the most
considered as the main objective in the operational strategy. Based on the approach, the
existing operation strategies which have been implemented for trigeneration or
polygeneration systems can be divided into conventional, objective-based and intelligent-

based approaches.

2.6.2.1 Conventional operating strategies

Conventional operational strategies work to manage the prime mover, cooling and
heating units based on the required loads. For trigeneration or polygeneration system,
electrical and thermal loads become the references in controlling the energy sources.
Conventional operating strategies consider three approaches; following electrical load

(FEL), following thermal load (FTL) and the combined FEL and FTL strategies.

Following electrical load (FEL) or electrical demand management (EDM) is an
operational strategy to manage energy source in satisfying electrical load without
considering the thermal load. In the applications, the prime mover is designed and
operated optimally following the electrical load profile. In the FEL, the thermal
requirement becomes the second priority to be satisfied by the prime mover. If the primary
heating and cooling could not meet the demands, then an auxiliary boiler is used to
generate additional heat. For dry and tropical countries, following electrical load strategy
is more beneficial to increase the energy savings due to the fewer requirements for heating
and cooling units (Wang et al., 2015a). The FEL strategy is also implemented for
trigeneration system for heating, ventilation and air conditioning (HVAC) with an

electrical heater, chiller, air conditioning and refrigeration units.

Conversely, following thermal load (FTL) or thermal demand management (TDM) is

a strategy to fulfill the thermal demand firstly in designing and operating a polygeneration
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system. The prime mover capacity is designed to meet the thermal demand, while if the
electrical demand could not be satisfied, extra electricity imported from the grid is
required. The FTL strategy is usually implemented for countries which have high thermal
demand such as the four-season countries. In summer, the prime mover generates more
heat to be recovered by cooling units to satisfy the cooling requirement, while in the
winter season, the exhaust heat is required for the space heating and domestic heat water
system. During the peak load period, a heat storage unit can be used to increase the

continuity of the trigeneration system and decrease its fuel utilization.

Operating the trigeneration system using both conventional strategies cause some
issues on the energy saving and the overall efficiency as well as its operating cost. The
excess energy from the electrical or thermal sources cannot be utilized and counted as an
energy waste. Therefore, some studies considered in employing both of these strategies
into a combined approach. Mago et al. (2009) analyzed both FEL and FTL strategies for
a trigeneration system. In another study, authors proposed a combined FEL and FTL
operating strategy to reduce the energy consumption, operation cost and carbon dioxide
emission (Mago et al., 2010; Smith et al., 2010). Zheng et al. (2014) proposed a novel
operating strategy called minimum distance (MD) and matching performance (MP)

evaluations to optimize both the excess energy from the FEL and FTL.

2.6.2.2 Objective-based operating strategies

Intense developments on the optimization strategy for the combined heating and power
system have resulted in several approaches such as the seasonal operation strategy, energy
storage strategy, time-based, economic-based strategy and emission-based strategy.
Seasonal operating strategy considers a climate change during a year to operate heat and
cooling systems in satisfying both demands. The heating unit is intensively used during

the winter season while the cooling unit is used thoroughly during the summer season.
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During the peak load period, some options to utilize auxiliary heating or cooling units is
considered. An auxiliary boiler and electric chiller could be an option as a power back up

for a secondary heating and cooling units.

Kavvadias and Maroulis (2010) optimized a trigeneration system by applying two
operation strategies based on climate changes in the summer and winter seasons. The
study also considered an energy tariffs scenario to minimize the energy cost and maximize
energy saving. The study proposed variable electricity to the cooling ratio based on the
climate change to optimize the operating strategy of a trigeneration system. The study
took into account three climate temperatures, i.e. hot, cool and moderate to define the
variable electricity to the cooling ratio compared with the static electric to cooling ratio
(SECR). Basrawi et al. (2014) considered three operation strategies for optimizing the
design of an SOFC based trigeneration system operated in the baseload, thermal match
and electrical match operations. Energy storages are considered in the supply
performance enhancement and the energy saving. There were several studies which
employed heat energy storage to increase the heat energy savings (Jiang et al., 2016;
Kavvadias et al., 2010; Lietal., 2017b; Vogelinetal., 2017; Yao et al., 2017) while others
preferred to utilize batteries as the electrical storage to increase the energy saving
(Antonucci et al., 2017; Isa et al., 2016; Jabari et al., 2016; Misra et al., 2016; Vigneysh

& Kumarappan, 2016).

Time-based operation or scheduling is a strategy to operate the system components for
a defined time and period to satisfy the load demand. Operation of the prime mover,
heating and cooling units are turned on and turned off in time specifically. Martinez-Lera
et al. (2013) proposed a time-based operation to maximize energy saving and increase the
coverage ratio of heat storage in the trigeneration system. Ondeck et al. (2015) carried

out a scheduling strategy to improve the economic profit of a cogeneration system. The
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study proposed the selling electricity, cooling, and heat energies to the neighbors and
selling electricity to the grid. Adam and Fraga (2013) also applied the strategy for
designing the SOFC based heat and power generation. Three schedules proposed were

for winter peak day, summer day and combined winter-summer day for two days.

In the economic-based strategy, energy tariffs scenario is mostly applied to reduce the
energy cost of the system. Kavvadias et al. (2010) applied the energy tariffs scenario
which were used for the electrical following, base, continuous operation and peak saving
loads operating strategies. The study considered the tariffs for buying or selling from the
grid. Several studies also implemented cost optimization to be compared with the FEL
and FTL in reducing the system cost and the carbon emission (Hawkes & Leach, 2007;

Hawkes et al., 2007).

2.6.2.3 Management-based operating strategies

To optimize the energy flow of the prime mover, the heating and cooling units,
management in energy dispatch should be conducted. The objective is to satisfy the load
demands and to increase profits from the system. Artificial neural network (ANN) is one
of the methods that has been applied for energy management, modeling and predicting
the loads. Taghavifar et al. (2015) developed an optimum design based on a predicted
model using the Levenberg-Marquardt ANN method. The study implemented the
intelligence technique in designing a trigeneration system and analyzed the energy
destruction and the exergy efficiency from the optimum model. Anvari et al. (2015)
carried out optimization in a trigeneration design using the ANN back propagation
method considering energy and exergy analysis. The study claimed that the prediction

model had an error of about 0.1% compared to the real model.
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Fuzzy logic (FL) has been also implemented in several studies regarding power and
heat generations. It determines the outputs from several fuzzy inputs which are regulated
by several rules between the input and output. FL runs with multiple inputs and single or
multiple outputs. Entchev (2003) employed the FL in controlling the energy output,
temperature from the storage tank and the current room temperature. Linde (2016) applied
a fuzzy selection to optimize the capacity and the operating strategy of a PGU unit in the
trigeneration system. The study considered seven prime mover models, the operating
strategy and three sub-models including energy-based, economic-based and
environmental-based models. The fuzzy selection method analyzed the preferred
optimum design based on an energy, economic and environmental criteria. Shaneb et al.
(2012) performed an optimal operating strategy using FL-based energy management. The
study considered thermal load, electrical load and storage temperature as the inputs to
generate electricity from the prime mover and aim to reduce the energy cost and carbon

emission.

2.6.3 Optimum size of polygeneration systems

Due to the fluctuations in the load pattern, climate condition, government regulations
and other reasons, the design of the combined cooling, heating and power system should
be well designed. The immature design leads to the decrease in the overall efficiency,
extremely high investment cost and increases in the emission rate of the system.
Moreover, overdesign the polygeneration system causes energy-wasting from the prime
mover, while smaller design of the system leads to unreliable supply. The design of the

polygeneration capacity are effluence by internal and external factors.

The internal factors such as specifications and capacity of the components cause
different designs. For a polygeneration system, the prime mover capacity becomes the

most crucial aspect of designing the overall system. The types of heating and cooling

52



units and their efficiencies are also responsible for the increase in the overall efficiency.
The size of storage units is also essential to the prime mover life cycle, continuity of the

system and improve the system reliability during peaks hours.

As for external factors, some parameters such as the system applications, behavior of
loads, climate conditions, regional conditions and government regulations become factors
that influence the design of the polygeneration system. Based on its capacity,
polygeneration can be categorized into the large, medium, small and micro-sizes. For
industrial applications, the large-size and the medium-size are commonly used, while for
office and academic buildings, the medium-size and the small-size are widely
implemented. However, residential applications prefer to apply the small-size and the
micro-size polygeneration systems which could be combined with a micro-grid power

generation.

Different climates and regional conditions cause various heating and cooling
requirements. For the four-season countries, heating units are highly required due to the
cold weather during the fall and winter seasons, while cooling units are preferred during
the spring and summer seasons. On the other hand, the countries in hot and tropical
climates require higher cooling than heating for space and water. In several countries such
as China and Japan, regulation does not allow exporting the excess electricity to the grid
(Chen & Ni, 2014; Weber et al., 2006b), while some countries in UK and US allowed

exporting electricity to the grid with feed-in tariffs regulation.

In the ASEAN countries, feed-in tariffs regulation for renewable energy sources such
as solar and geothermal have been adopted in Thailand, Vietnam, Singapore, Indonesia
and Malaysia (International Renewable Energy Agency, 2018). However, for other
renewable energy types such as fuel cells, the regulation for exporting back to the grid

has not been formalized yet. In practical, the government regulation that allows exporting
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the excess electricity from the user to the primary grid influence the operating strategy
and design of the polygeneration system in decreasing its operating cost and increase the
profits from the feed-in tariffs. For several applications in standalone configuration,
utilization of battery as energy storage are essential in saving the excess energies and
increasing its overall efficiency (Antonucci et al., 2015; Isa et al., 2016; Jabari et al., 2016;

Misra et al., 2016; Nataf & Bradley, 2016).

After the optimal configuration is reached, sizing the components is needed to avoid
discrepancies in the sources that occur during the operation. In a combined cooling,
heating and power system, optimization of the capacity should be conducted for power,
heat and cooling generators. Even though the prime mover is the main component
influencing the heat and power generation, heating and cooling units should also be
adequately designed in line with the load requirements. For a system with storage units,
sizing the storages can reduce the energy cost of the system and increase its reliability in
satisfying the load. An appropriate sizing is useful for auxiliary devices such as power
electronic units (inverter and converter), BOP units (reformer, preheater, and combustor),
boiler and electrical chiller as the secondary heating and cooling supplies. For the systems
which combine the SOFC into a trigeneration system with renewable energies such as
geothermal, wind and photovoltaic, sizing is needed to design the simultaneous energy

generator which can meet the electrical load requirements.

Optimization in the polygeneration size has been attractive in recent years. The
optimization strategy aims to design an efficient and compact system for research and
commercial applications. Cardona and Piacentino (2003) optimized a trigeneration
system for the Mediterranean area considering the prime mover size and absorption
chiller partial load. Baghernejad et al. (2015) conducted optimization in sizing the SOFC

capacity and SOFC power share for combined cooling, heating and power system. Some
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parameters such as electric-to-heat ratio and electric-to-cooling ratio were considered to
determine the best combination between the SOFC and others prime movers. Arcuri et al.
(2015) also optimized the cogeneration capacities in line with the topology evaluation.
The study also considered an auxiliary boiler, selling and buying electricity scenario from
the national grid. Elmer (2015) designed a trigeneration system consisting of SOFC,
dehumidifier and cooling units to provide heat and power generation in a residential
house. The study focused to size the SOFC capacity, dehumidifier and cooling capacity
and increased its efficiency while decreasing the system cost, CO; emissions and primary
energy demand. In another study, Wakui et al. (2016) also optimized the size of the prime

mover, battery and hydrogen tank besides performing a topology evaluation.

For combined heat and power generation, the storage system is a crucial part which
can affect the overall efficiency and energy saving in a trigeneration system. Martinez-
Lera and Ballester (2010) proposed a novel method to design optimum heat storage
system which considers heat storage volume and operation period to estimate the
contribution of heat storage to maximize PES, the coverage ratio of heat load and
estimated profit return. Hawkes et al. (2007) optimized the SOFC capacity and heat
storage to proportionally meet the power and heat requirement of a residential home. It
also analyzed the effect of utilizing a battery for energy savings in a heat and power
generation system. The study considered four operating strategies and four combinations
of the prime mover and heating units. Windeknecht and Tzscheutschler (2015) designed
hot water storage with its operating temperature for optimizing the heat and power
generation. The study focused on the effect of the operating temperature of the heat
storage to the PES. Liso et al. (2015) modeled and optimized the heat storage capacity
based on the input temperature of a power and heat generation system. The study was
aimed to get an optimum heat accumulation during the night hours (approximately 8

hours).
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Continually, many of previous studies considered the grid-connected configuration as
the power back up when a polygeneration system could not fulfill the electric demand
(Facci et al., 2016; Guo et al., 2013; Kavvadias et al., 2010; Wang et al., 2010a; Wang et
al., 2010b, 2010c; Weber et al., 2006b). Sizing the prime mover is conducted for
satisfying the load base requirement, while during the peak load duration electricity is
imported from the grid. Import and export tariffs from the grid fluctuate based on the load
requirements. Especially for a residential building, the rate of electricity consumption at
night is frequently higher than in daylight. Regulations for the grid-connected and feed-
in tariffs are not available in several countries. For example, China and Japan allow for
importing electricity from the grid, yet the export regulation to the grid is still not defined
(Chen & Ni, 2014). Therefore, further studies are needed to design, analyze and manage
an integrated polygeneration system to be fully independent in the power source from the

national grid.

2.7 Meta-heuristic-based optimization algorithms

Meta-heuristic algorithms are highly applicable in optimizing the design and operating
strategy of a polygeneration system. Different from linear and non-linear programming,
this method is more straightforward to define the solutions for multi-variable and non-
linear problems. Meta-heuristic methods have also an excellent performance to reach the
global optima instead of being trapped in the local optima. Another advantage of meta-
heuristic methods over mathematical programming lies in its independence on
mathematical equations to be solved. These methods use intelligence steps by generating
a new, better and plenteous solutions to reach the global optimum. In conclusion, meta-
heuristic methods can solve the multi-objective and multi-parameter problems and their
complexities better than the mathematical programming although could take a longer time

for the computation process.
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Some meta-heuristic methods have been favored in optimizing the design and
operating strategy of polygeneration systems including genetic algorithm (GA) and
particle swarm optimization (PSO). Both methods have their advantages and
disadvantages based on the applications. GA searches the solutions in a population-based
searching method which is similar to PSO. However, GA can avoid a locally optimal
solution by regenerating its previous solution to be a better solution for the next
generation. It mimics a natural process in generating solutions with steps such as creating
population, selection, mutation and crossover. Creating population and selection are

natural habits to eliminate the weak candidates over the strong candidates.

Furthermore, mutation and crossover are performed to change the solutions (which are
the best among others) to be better for the next generation. These two steps are the
advantages of the GA to avoid from being trapped in a local optimum. However, using
these methods could not guarantee that the next solutions (which have been changed)
should be better than the previous. Therefore, an elitism process is applied to save the
best solution and is compared to the next solution. Najafi et al. (2014) performed an
analysis from exergetic, economic and environmental aspects to an SOFC based
trigeneration system using multi-objective genetic algorithm method (MOGA). Li et al.
(2014) carried out the optimization of power generation unit (PGU) and air conditioning
unit (AC) to increase the PES of the system. Wang et al. (2015b) employed NSGA 1I to
maximize the average useful output and minimize the heat transfer area by optimizing
several operating parameters of the solar driven trigeneration system. Boyaghchi and
Heidarnejad (2015) analyzed and optimized several operating conditions of a solar micro-
trigeneration system to maximize its thermal and exergy efficiencies and to minimize the

system cost.
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On the other hand, PSO reaches solutions by generating better steps in each iteration.
It mimics the social behavior of animals to catch prey in population. Without
coordination, each particle will make a step to reach that prey in different step changes.
Similar to this social behavior, PSO works with three levels: evaluation, update position
and the best solution (global optima) and update the speed and location for each solution.
The advantages of PSO is that it is more straightforward and takes less computational
time. In PSO, the particle or solution movements can be tracked to control the particle
step changes from being trapped into a stochastic searching. Therefore, in the
optimization process, the particle velocity needs maximum and minimum constraint

values to avoid the stochastic searching and enhance the overall performance of PSO.

2.8 Synthesis and analysis of the literature review

Based on the review regarding SOFC based polygeneration system, our study chooses
an integrated supply for stationary power and vehicle applications to be optimized. This
topic is new and beneficial for the future developments on the energy supply technology
for residential applications. Based on the existing researches presented in Table 2.3, a
comprehensive design which considers analysis for both electric vehicle (EV) and
hydrogen vehicle (HV) has not been found yet. The existing research studies are mostly
on the electric vehicles (EV) and few others focusing on hydrogen vehicles (HV)
separately. Moreover, most of the existing studies only consider the heat demand. From
the presented literature in Table 2.3, only one study considered both heat and cooling
applications to be satisfied. However, since our study takes a tropical country such as
Malaysia as the case study, cooling energy is also essential to be considered besides hot
water. Therefore, a comprehensive energy supply is designed to satisfy the needs in a

residential area.
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In general, this study proposes an energy plan for a polygeneration system in the
residential area. By using SOFC as the prime mover, the proposed system is evaluated,
improved, managed and optimized based on the energy, economic and environmental
aspects. Those aspects are considered to develop a comprehensive design and analysis
study which is effective to be implemented into a real system. As presented in Table 2.3,
none of the existing studies considered all these three aspects comprehensively. Most of
the current studies considered efficiency and energy saving and some also discussed the
economic criteria such as energy cost and payback period. However, there was no study
considering the environmental criteria such as carbon emission and carbon savings.
Therefore, to fill the gap in the system evaluation, this study considers all these criteria

together.

As for improvement of the system, a renewable energy source such as photovoltaic
thermal (PVT) is used as the backup for electricity and heat requirements. Compared to
other types of renewable energy supply, the PVT is mostly suitable for heat and power
generation (Calise et al., 2014). The combination between the PVT and low-temperature
fuel cells has been studied for a polygeneration system (Awad et al., 2016; Calise et al.,
2017c). From this point of view, integration between the PVT and the high-temperature
fuel cells such as SOFC is also promising for the increase in the polygeneration

performance.

Moreover, integrating the heat recovery with a thermoelectric generator has been
shown to increase the prime mover efficiency (Zhang & Yamanis, 2007). A coupled
system between the thermoelectric generator (TEG) and the SOFC has been studied by
several researchers (Chen et al., 2010; Rosendahl et al., 2011; Terayama et al., 2013a;
Terayama et al., 2013b; Yang et al., 2014; Zhang et al., 2017b). However, the existing

studies combined the SOFC and TEG were only applied for single power generation
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where the thermoelectric generator could maximally recover the exhaust heat and
increased in the system efficiency by about 2 to 5% (Zhang et al., 2017a). In this study,
the heat recovery system utilizes the exhaust heat from the prime mover to generate
cooling and hot water, which means the thermoelectric generator would be placed after
or before the recovery system line. This improvement from the energy aspect will be

analyzed in line with the economic and environmental criteria.
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In the existing literature, most of the studies only considered about either size
optimization or operation optimization. Some studies focused on the size optimization
with defined operating strategy of the system (Al-Zareer et al., 2018; Anvari et al., 2017;
Bahlouli, 2018; Eveloy et al., 2017; Gimelli et al., 2017; Roshandel et al., 2018). Several
other studies also considered sensitivity analysis based on single or multi-criteria to the
parameters of the system design (Calise et al., 2017b; Moradi & Mehrpooya, 2017; Yao
et al.,, 2017; Yin et al., 2018). On the other hand, the optimum operating strategy was
conducted separately by other researchers based on defined sizes and design of the system
(Ben Ali et al., 2018; Calise et al., 2017a; Hussain et al., 2017; Li et al., 2017a; Luo &

Fong, 2017; Wakui et al., 2017).

Bi-level method optimizes the size and operation in the sequential process to reach the
optimum design for single or multi-objective problems. It can be robust and
comprehensive for complex system such the polygeneration. The optimization
approaches method for the size optimization on the outer and the operation strategy in the
inner of optimization cycle. With this approach, both size and operation points can be
thoroughly optimized to reach the global optima and generate the best result to satisfy all
the objectives. In several studies (Al Moussawi et al., 2017; Baky, 2010; Evins, 2015;
Stojiljkovi¢ et al., 2014; Stojiljkovi¢, 2017; Takama & Loucks, 1981) bi-level or multi-
level optimization have proven to give performance better than the separated optimization
in optimizing the design of the system. Therefore, by considering the complex
components and operation in the polygeneration system, we propose to perform the
design optimization using the bi-level optimization approach. The proposed optimization
mechanism performs the operating strategy as the inner and the sizing as the outer layer

in the optimization cycle.
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From the previous studies, management-based operating strategy has been
implemented for combined heat and power generation system. Compared to conventional
operating strategies, the management-based operation has not been much explored to
manage polygeneration system in real-time operation. Although this method is slightly
complicated, management-based operating strategies can represent real-time operation
strategy. It can also define the dynamic behavior of the system which can be implemented

in simulation and real experimental models.

From the existing management-based methods, this study considers employing fuzzy
logic (FL) due to its simplicity to be used for multi-input and multi-output (MIMO)
parameters. Different from previous studies which considered multi-input and single-
output parameters (MISO), this study does not only consider electricity and heat demand
but also cooling demand. This study also includes the current condition of three energy
storage devices, i.e. battery, heat storage, and hydrogen storage as the input management
for multi-output parameters. The output parameters consist of fuel utilization and
temperature of fuel cell that represent full load/part load condition of the prime mover.
Moreover, charging or discharging rate for three types of storage and on/off control of
electric chiller is also considered as the output of management. Due to the complexity of

input and output, FL is the best management method to be applied in this study.

Due to the complexity of the design capacity and its operating strategy, the
mathematical-based algorithms are not considered for solving this problem. The
programming-based algorithms are also frequently trapped to local optima. Therefore, the
metaheuristic-based algorithms are chosen due to its flexibility and ability to deal with

the complex, multi-parameters, multi-objective problems.

Among the types of the evolutionary-based algorithm, GA and PSO are widely used

to deal with the complex problems. In several cases, PSO could be suitable to solve certain
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problems compared to GA (Firozbakht et al., 2016; Martinez-Soto et al., 2014; Soheyli
et al., 2016; Tafreshi & S.M.Hakimi, 2007). However, the performance of the algorithm
depends on the complexity of the problem and parameters where any method could be
suitable than others. Therefore, our study implements these two approaches for
optimizing the size of a polygeneration system. The chosen method is based on the
literature review done on the optimization topic in the polygeneration and tri-generation
system. It is also found that this comparative study has never been conducted in previous

works, especially for polygeneration systems.

2.9 Summary

Based on the review, SOFCs have been widely implemented for single and multi-
power generation namely combined heat and power generation systems due to its high
quality in the exhaust heat. In its application, the system also provides hydrogen and extra
electricity for electric and hydrogen vehicles supply which is called the polygeneration
system. Integration between a polygeneration system with automotive applications such
as vehicle powers supply is a new topic which is interesting for future technology. As
presented in Table 2.3, most of the existing studies considered particular cases,
components, parameters and configurations of the system. However, due to its complexity
in the design, as an emerging technology, this system should be configured and analyzed
comprehensively to study the opportunity of this type of system to be developed for real

applications.

Proposing a comprehensive energy planning for the polygeneration system is
conducted through stages such as evaluating the configuration, improving the
components, following by energy management strategy and finalizing by an optimally
sizing. This chapter provided a literature survey on the way to optimize the design of a

polygeneration system consisting of the evaluation of the structure before it is
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implemented. It also presented some previous works regarding the existing approaches in
the operating strategy for a polygeneration system which had been implemented using
conventional, simulation-based and management-based approaches. Several meta-
heuristic algorithms which have been widely used for trigeneration and polygeneration
systems were also discussed to gain information for researchers who interest in
optimization topics, especially for the energy generations. Lastly, synthesis and analysis
were presented as the critical review to analyze the gaps between this study with the

previous works.
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CHAPTER 3: METHODOLOGY

3.1 Introduction

This chapter discusses the methods of research conducted in this study. In Section 3.2,
the explanation about the general method in conducting the research related to the
optimization and management approaches for the polygeneration system is explained.
The working principle of the SOFC based polygeneration system and several parameters
influencing the performance of the overall system are discussed in Section 3.3. Section
3.4 provides information regarding the energy policy from the government and load
profiles of residential areas in Malaysia as the case study. Evaluation criteria for the

assessment of the design are presented in Section 3.5.

3.2 The general methodology of research

Collecting information from the literature was the first step to understand the state-of-
art of this study. References gathered from research articles, conferences, books and
electronic sources were extracted and synthesized related to the topics in the SOFC
application, polygeneration, and tri-generation system as well as optimization and energy
management. From the literature, analysis and synthesis of information were done
regarding the highlights and limitations of existing studies to find gaps when initiated the
proposed system in this study. Analysis of the previous studies was carried out firstly for

the current topology of the polygeneration system.

For the SOFC application, this study focuses to explore the optimum configuration of
polygeneration system which employs SOFC as the prime mover. In the literature review,
the research gap regarding the objectives, criteria, and methods used in the topology

evaluation was also analyzed to propose the relevant strategies for this study. Malaysia
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as a tropical country with the electrical, heat and cooling load requirements based on its
climate and temperature changes was chosen as the case study to implement the proposed

polygeneration system.

Load profiles were collected from the literature concerning the Malaysian residential
and vehicle usage (Akikur et al., 2014; Mahlia & Chan, 2011). Based on the collected
data, this study developed four topologies to be evaluated based on energy, economic and
environmental criteria to analyze the performance of each polygeneration system. The
proposed polygeneration design with the basic heat recovery system is referred to as
system 1. Designing system | and evaluating the proposed topologies were the points in
the first and second objectives of this study as given in Chapter 1 and depicted in Figure

3.1.

Figure 3.1: Research methodology of this study (Phase 1)

From the proposed system in Phase 1, several improvements were conducted to
increase the performance of the polygeneration system. This study proposed integration

between the SOFC and the renewable energy source such as the photovoltaic thermal. A
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thermoelectric generator was also employed to maximize utilization of the exhaust heat
from the SOFC. Moreover, to prevent the system from higher supply losses, a series of
battery is used as the storage. The improved system is referred as system 2. System 2 is
compared to system 1 and the conventional separated system (CSS) to analyze the
improvements in energy, economic and environmental aspects. The flow of methodology

is depicted in Figure 3.2.

)

v

Design the extra heat recovery >
system from SOFC

Int te th tra heat Define the objective of
ntegrate the extra hea - evaluation for optimizing

recovery components to the #| system component of the poly-
poly-generation system generation system

A

Develop the model of
photovoltaic thermal and
thermoelectric generator

Compare the system 1 with
base heat recovery (from obj.
1) and system 2 with extra heat
recovery

No Analyze the influence of added
components to the
improvement of the system
performance

For system 1 to 2

Evaluate the system
performance based on its B
efficiency, energy saving,
reliability, energy cost and
emission reduction criteria

OBJECTIVE 3

Figure 3.2: Research methodology of this study (Phase 2)

Furthermore, the improved polygeneration system will be enhanced by proposing an
optimum operation strategy based on an intelligent energy management (IEM) approach.
The objective of this management is to increase the PES and reduce the national grid
dependence with good reliability in satisfying the electrical, cooling and heating
requirements. The management is also applied to reduce the power loss of the system and

improved the benefits in the economic aspect.

Since multi input and multi output parameters are included, the system is more difficult

to be solved with conventional operation strategies. Therefore, fuzzy-based energy
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management system (FEMS) is chosen to manage the multi-level and multi-input-multi-
output (MIMO) parameters of the system. Several inputs such as electrical, heat and
cooling demands were considered in line with the condition of the battery. For 7860
hours, the operation strategy was simulated with several outputs, i.e. fuel utilization of
SOFC, fuel temperature, chiller temperatures and electrolyzer power. Assessment of the
FEMS was performed after the operation strategy was finished. Three types of fuzzy
membership were also assessed to analyze the optimum operating strategy applied for the

polygeneration system.

After the optimum configuration has been achieved, improvements of the system
component and optimum operating strategy had been analyzed, the size of the
polygeneration elements is optimized. Several decision variables regarding the SOFC,
heating, cooling, storages, photovoltaic and thermoelectric generator capacities are
included to satisfy the energy, economic and environmental criteria as the desired
objectives. In this phase, two optimization methods based on the meta-heuristic approach
namely GA and PSO were examined. Those methods were applied to analyze their
performances in getting the best results for PES, the reliability of the system as well as
reduction of system cost, and carbon emission as the objectives. This phase also performs
analysis of several operating conditions in polygeneration which affect the overall
performance of the system. The third phase of the research methodology from this study

is to fulfill the fourth and fifth objectives is depicted in Figure 3.3.

33 SOFC based polygeneration system: working principle

Depicted in Figure 3.4, the polygeneration system consists of an SOFC stack as the
prime mover, heat recovery system, hydrogen production system, storages and load
demands. The SOFC operates by consuming fuel from natural gas and produces

electricity and heat simultaneously. Electricity from the SOFC in the direct current (DC)
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form was used for the EV charging system and hydrogen production. The excess power

was stored in a battery bank to reduce the supply loss during the peak load period.

v
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Figure 3.3: Research methodology of this study (Phase 3)
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Furthermore, the generated electricity from the SOFC is also converted into alternate

current (AC) and supplied to a residential area. For the hydrogen production system,

electricity was consumed by the electrolyzer in generating hydrogen to supply the HV

fueling station. The excess hydrogen is stored in the buffer tank, compressed and stored

in the high-pressure and medium-pressure tanks or sold to gasoline retailers.

At the same time, the heat energy produced from the SOFC is used for the hot water

supply as well as space and water cooling for residential users. The exhaust heat was

processed in a heat recovery system consisting of the heat exchanger to produce hot water.

Moreover, the exhaust heat energy is also absorbed using an absorption chiller to provide

cooling space for the residential building. The unused heat from the absorption chiller

was stored in a storage tank during the low consumption periods to avoid the heat loss.
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Figure 3.4: General design of SOFC based polygeneration system for the

residential

area

In this study, the evaluation of the performance from the system considered the

continuous operation of the SOFC with full electrical power. To extend its life cycle, the

continuous operation of SOFC was recommended rather than load-following operation
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as recommended by the company that produced the commercial SOFC for residential
applications (Li et al., 2013). This operating strategy was combined with the on-off grid
connection to analyze the performance of the prime mover such as the energy efficiency
and PES from the system. Moreover, the evaluation also takes into account the optimal
size of the prime mover to generate maximum energy and economic savings and to reduce

the carbon emission from the system.

34 Residential load profile
34.1 Home load profile

This research considers Kuala Lumpur as a region for the case study. As one of the
tropical countries in Asia, Malaysia has two seasons in a year, rainy and summer that
makes the weather warm and humid throughout the year. It has an average rainfall of 250
centimeters a year with the average temperature of 27°C (Mahlia & Chan, 2011). It has
the maximum and minimum high temperature with an average of about 33°C and 23°C,
respectively starting from January until May. Meanwhile, the maximum and minimum
low temperature average about 31°C and 22°C, respectively in August until December
(Akikur et al., 2015; Mahlia & Chan, 2011). The details of the daily temperature during

a year is depicted in Figure 3.5.

Figure 3.5: Hourly temperature in Kuala Lumpur (Akikur et al., 2015)
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Moreover, the hourly solar radiation was also taken throughout the year to define the
energy captured by the photovoltaic units (Isa & Rahim, 2013). From the data depicted
in Figure 3.6, Malaysia has a solar radiation range of about 600 to 700 Wh/m? in the day
which is mostly homogeneous throughout the year. This condition adds a value for

implementing of the photovoltaic in generating electricity continuously.

Figure 3.6: Hourly solar radiation in Kuala Lumpur (Khatib et al., 2011)

A residential area in Kuala Lumpur is considered as the case study to design the SOFC
based polygeneration system consisting of 50 house units which consume electricity,
cooling and heating energies. Based on a typical house in Malaysia, this study considers
home with width ranging from 16' (5.48m) to 30'(7.32m) and length ranging from 50'

(19.8m) to 85'(24.4m) (Abdul-Razak & Nair, 2015).

For a conventional separated system (CSS) as the reference, electricity consumption
consists of heating and cooling for the electrical-based water heater and air conditioner.
The amount of electricity consumed depends on the number of occupants, occupant’s
activity and climatic conditions in the area to determine the cooling and heating

consumptions.
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The annual electricity consumption is about 4387kWh per family with the yearly
payment of $269 per year according to the electricity tariffs in Malaysia (TNB, 2016).
Since Malaysia has a tropical season with high temperature and high humidity, water
heating is considered in this study instead of room heating. Domestic water heating
(DWH) is commonly used for cooking, bathing, dishwashing, face and hand washing
(Mahlia & Chan, 2011). DWH consumed for a family is about 20 liter per month and the
temperature of the hot water depends on the weather condition, air, water received and

the ground temperature (Akikur et al., 2015).

Air conditioning normally consumes large energy which takes more than 20% of the
total building energy usage in the residential house and has the highest energy cost among
other appliances (Mahlia & Chan, 2011). Utilization period of the air conditioning
dramatically increases from six hours to eight or ten hours per day. A high cooling profile
considered in this study takes into account the utilization of ten hours per day for a single
family. This scenario is considered in line with a survey mentioned that air conditioning
is the highest electricity consumer for thermal comfort in residential building and 40%
from occupants are willing to pay more to achieve comfort (Abdul-Razak & Nair, 2015).
The cooling demand is calculated based on the outside temperature and the desired indoor
temperature which is usually between 22 to 29°C, where, the data represent the thermal
comfort range of the residential building in the tropical region (Tang & Chin, 2013). The
profile of the air conditioning used for the Malaysian residential building is also taken
from the literature (Ponniran et al., 2007). Based on these data, the cooling demand profile
for a home is calculated by multiplying the electricity consumed with the coefficient of
performance (COP) from a commercial air conditioning. The average COP for the
commercial air conditioning is 3.0 to 3.5 and we consider the maximum COP (Koh, 2015)
for this study. The hourly electricity, heat and cooling demands are depicted in Figure

3.7.
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Figure 3.7: Hourly electric, heat and cool demand data of residential occupants
(Akikur et al., 2015; Ponniran et al., 2007)

34.2 Vehicle load profile

The profile of the electric vehicles (EV) charging system and the hydrogen vehicles
(HV) fueling system were calculated based on the driving distance per day. This study
assumes that each family had an EV car for the polygeneration with EV charging and an
HV car for the polygeneration with HV fueling in their house. The average driving
distance in the city is about 15,600 km per year or 42.7 km per day (Vialetto et al., 2017).
Due to the consideration of a real load profile for vehicle occupations, this study looked
at three cases of driving distance based on the behavior of occupants (Tie et al., 2014).
The average driving distance for the office-worker occupants (40% of the overall
occupants) is approximately 36.75 km per day and for the business-worker is around
53.45 km per day (40% of the overall occupants), while for the housewife is about 36.75
km per day (20% of the overall occupants). The average driving distance per day was
used to generate the hourly charging or fueling profile by multiplying with the efficiency

of an electric vehicle which is about 0.2 kWh/km (Nansaia et al., 2002).

For each vehicle, it needs about 3.3 kWh per day with charging time of 2.1 hours for
office-workers and housewife, while for business workers, it requires about 6.6 kWh of

energy per day with charging time of about 1.5 hours. Based on the calculation of energy
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consumption each day, one plug-in charger can serve 9.9 kWh per day for each vehicle.
The maximum demand load for ten plug-in chargers is about 39.6 kWh with the

assumption that all the chargers are fully employed.

The profile of EV and HV consumption is depicted in Figures 3.8 (a) and 3.8 (b)
respectively. Figure 3.8 (a) illustrates the charging pattern during weekdays, while Figure
3.8 (b) shows EV consumption during the weekends. In Figure 3.8 (a), distribution of
charging time is maximum in the night from 16:00 to 23:00. with peak hour at 20:00. This
study assumes that all the occupants charge their cars in private stations (outstation
charger is not considered), while the workers and businesspeople charge their cars upon
returning home or before they travel the office (in the forenoon). Housewives have a
slightly flexible time to charge their vehicles, therefore the slot in the morning until noon

is the best time to charge the car.

In Figure 3.8 (b), it is assumed that the consumption of electricity is spread evenly for
each hour with an average consumption of 17 kWh per day. The occupants tend to charge
their cars in the daylight between 12:00 to 20:00. Nonetheless, the plug-in charge is
likewise employed in the morning for occupants who travel during the weekend. The
residential charging station is assumed to be fully used during the weekend. The random
data was generated from the ten charging stations in the residence with charging time of

about 1 to 3.5 hours per vehicle per day.

3.5 Analysis criteria for optimum polygeneration design
3.5.1 Energy criteria

Performance evaluation based on energy criteria is an essential part of the system
analysis, especially for a polygeneration system which generates more than one type of

energy. This study considers three criteria for energy evaluation, i.e. efficiency, reliability
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and energy savings. Based on these criteria, the feasibility of the system was analyzed
and compared to the conventional separated system (CSS) which consisted of grid supply
(for the household electric device), natural gas fed to the boiler for heating and electrical

air conditioning for the cooling system.

(2)

(b)
Figure 3.8: Electric and hydrogen consumption of vehicles for (a) weekday and
(b) weekend

Efficiency of the polygeneration system was calculated based on the energy source

from fuel and imported electricity from the grid for the grid-connected system. The
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outputs from the polygeneration system are electricity, hydrogen, domestic hot water and

room cooling and the polygeneration efficiency is given by (Ramadhani et al., 2019)

EsorctHpwtHactHy2—Hst—Hex

Foid for grid — connected polygeneration
HsorctEH2+ 'g/ng (3.1)

npoly EsorctHpwtHactHH2—Hst—Hex

for standalone polygeneration
HsorctEH2

Where Egypcis electric energy generated from the SOFC for households and EV
charger (for EV connection), Eqqq,4 1s electrical energy imported from the grid with
efficiency, n4 and Hy,, and H, are heat generated from hot water and cooling demand,
respectively. Hy, and Ej, are the hydrogen energy generated by electrolyzer and the
electric energy needed for running the electrolyzer, while Hg; and H,, are the energy
stored in the heat storage tank and the exhaust heat energy from the polygeneration
system. Since different systems had different performances, each of the configurations

was analyzed compared to the CSS system.

Furthermore, the system reliability criterion was also applied for evaluating the
performance in serving the loads. The reliability of the system expresses the capability of
the system to satisfy the load demand without additional supply from the grid hourly
throughout the year. Loss of power supply probability (LPSP) was applied as a criterion
for the supply reliability to feed the demand (Ould Bilal et al., 2010; Ramadhani et al.,
2013; Zhongshi et al., 2009). The LPSP calculated for electricity, heat, cooling and

hydrogen demand is given as respectively

E —E
LPSPe = Z’{j:o—DMNT SOFC fOI‘ ESOFC < EDMN (3.2)
_ vT Hew—Hpaw
LPSPH —_ thof fOI‘ HDHW < HHW (3.3)
_ T Hc—Hac
LPSPC — thoT for HAC < HC (34)
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Q -Q
LPSPy, = ZZ:ow for Quz < Quv.a (3.5)

To determine the overall reliability of the system with an EV charging station and HV

fueling station, the following equations are used

LPSP,1y gy = (LPSP, + LPSPy + LPSP;)/3 (3.6)
LPSP,1yny = (LPSF, + LPSPy + LPSP; + LPSPy;) /4 (3.7)

The LPSP value ranges between 0 and 1 to describe the reliability performance of the
system. An LPSP of 1 identifies the lowest performance, which means the system had the
highest losses throughout the year. On the other hand, an LPSP of 0 shows the highest
performance, which means the system has no failures to satisfy the demand throughout
the year. Since the grid-connected system always has available excess electricity, the
criteria are calculated for heating, cooling and hydrogen demands. The calculation of
LPSP in this study is presented in percentage from 0% to 100% referred from the LPSP
0 as the highest and the LPSP 1 as the lowest performance to define capability of the

polygeneration supply.

The evaluation of energy saving was also considered to assess the configuration of the
polygeneration system. PES is calculated to define the excess of energy from the
integrated system as compared with the conventional system. Most of the PES evaluation
only considers the primary energy used based on the nominal value of the supply without
considering the fluctuated energy demand and energy allocated to the storage. This study
considers a comprehensive approach in calculating the energy saving based on fuel
consumption from the prime mover, for electricity, heating and cooling demand, imported
electricity and gasoline demand profile as proposed from the previous literature (Pohl &

Diarra, 2014; Pohl et al., 2016). For the conventional separated system, the PES is
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calculated based on the conventional power supply as well as traditional electric fuel

using gasoline. The calculation of PEC of the conventional system is calculated as

__Peta |, Qnwd Qc
PECref = "o + T +COPC+FC‘" (3.8)

For each case, the PEC for the polygeneration systems can be calculated based on its

configuration. When the electric is imported from the grid, the PES is calculated as

P Q Q P -P
_ poly th,poly cpoly poly eld
PECyo1y,p1 = + cop T (3.9)
Nel,poly Nth,poly abs Ng

When Ppoiy < Peras Qtnpoty < @rwa and Qcpory < Qcq, the operation of the
electrolyzer is turned-off without production surplus, hence the hydrogen must be
imported from retailers since it cannot support the hydrogen requirement by the vehicles

fueling station. The PES is calculated as

Ppol Qthpol Qcpol Whaetect=Wha,d
PECpoly e _ poly + poly + c,poly + 2,elect 2, (310)
’ Nelpoly  Mthpoly  COPgps Nh2
PECpoly
PES = 1 — =POY
sys PECref (3.11)
3.5.2 Economic criteria

The economic evaluation of this system was conducted based on the energy unit cost
and energy saving for each of the configurations. Energy per unit price was estimated
based on annual operation and maintenance cost added to the investment cost. It can be

calculated as follows

Cs = Ciny + Com (3.12)

Where C;,,,, refers to investment cost of polygeneration component and C,,,, refers the

operation and maintenance cost. The investment cost of the component was calculated
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from the initial total purchased price multiplied by the individual replacement cost during

its lifespan, given as

Cinv = Cinit * CRF (3.13)

Where capital recovery factor (CRF) is defined as the replacement cost of the

component during its lifespan of n years with an interest rate of i% over a year, given by

i@+t
CRF = o1 (3.14)
Hence, the energy cost of i components is defined as
Cs,i
COE; = - (3.15)

14

Where COE; is the energy cost of component i (SOFC, absorption chiller, electrolyzer)
which was calculated based on the overall cost per unit energy generated from each of

the components throughout the year. The system energy cost is estimated as

COEpoly = COESOFC + COEabs + Celectr + Cstorage + Cgrid + CHZ,buy + Caux -

COEyz,s01a (3.16)

Apart from the energy cost, another criterion is used to evaluate the economic
feasibility of the system is the cost saving ratio (CS) which is defined as the viability of
the system to be implemented from the economic aspect compared to the conventional
system. This criterion calculates the profit from cost saving of the proposed system

compared to the conventional energy supply which is derived as

COEyef — COEpoly

CSS =
COEref

(3.17)
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Where COE,. is the energy cost of the conventional separated system as the reference.

Table 3.1 shows the overall component cost of the system which includes initial cost,

maintenance cost, component lifetime and interest rate.

Table 3.1: Cost of polygeneration system components

Components Cinit () Coum n i Reference
SOFC 2000/kW 4% of Cinir | S years 5% (Akikur et al., 2015)
Absorption Chiller | 576/kW 0.02% of (Bryant, 2011)

Cinit
Electrolyzer 900/kW 2% of Cipyr | 7 years 5% (Saur & Ramsden,
2011)
Heat storage tank 135/m? - (Bryant, 2011)
BOP system 2% of SOFC - 20 years 5% (Akikur et al., 2015)
Cinit
Converter/Inverter | 57.14/kW - (Akikur et al., 2015)
Heat exchanger 536/m? - (Akikur et al., 2015)
Hydrogen tank 160/Kg Ha - 15 years | 5% (Nistor et al., 2016)
EV charger station | 1800 for 2 3.5% of 12 years 7% (Madina et al., 2016)
plug-ins Cinit
HV fueling station | 3600/Plug-in | 2% of C;,;r | 12 years | 7% (Nava et al., 2011)

The payback period analysis is also calculated to evaluate the potential of this system

going to be implemented into the commercialized application. The calculation generates

a period to earn the amount invested in the asset back from its present net cost as followed

C
P Ps _é sref

Cs,refﬂ_ Cs,poly

(3.18)

Where Cj 5 is the annual net present cost of the reference system, while Cs 41 1s the

net present cost of the polygeneration system.

Moreover, electricity purchased price from the grid was based on the data given by the

reference (TNB, 2016). The multi-level price scenario was considered based on the real

price of electricity for residents in Malaysia. The price changes based on the rate of

electricity consumption from the first 200 kWh to 901kWh onwards. The first 200 kWh

of electricity purchased has a price of 0.051 $/kWh and with an increase of 100 kWh, the
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electricity price becomes 0.078 $/kWh and for the next 300kWh, it increases to 0.121$
per kWh. The next 300kWh purchased has a rate of 0.127 $/kWh and the last increase of

100kWh onwards has a price of 0.132$/kWh.

This scenario for the electricity price has a significant effect on the economic
feasibility of the polygeneration implementation in Malaysia. Based on these tariffs, in
general a family house in Malaysia spend on average of about $25 of electricity per month
(Mahlia & Chan, 2011) (USD1 = MYR 4.27). The natural gas tariffs in Malaysia were
referred from the data given by Malaysian government in January 2017
("http://www.gasmalaysia.com/index.php/our-services/at-your-service/bills-
payments/tariff-rates," 2017). Table 3.2 provides the electricity, natural gas, hydrogen

and gasoline prices for this study (DEIA, 2016; MIDF, 2016; TNB, 2016).

Table 3.2: Cost of electricity and fuels bought from the supply

Items Price Units Reference
Electricity 0.051 —0.132 | $/kWh | (TNB, 2016)
Hydrogen (buy/sell) | 4.15/4.01 $/kg (Seyezhai & Mathur, 2012)
Natural gas 0.202 $/Kg (MIDF, 2016)
Gasoline 0.7 $/Kg (Almeida et al., 2015)
353 Environmental criteria

Since this system utilizes natural gas as fuel for the SOFC, carbon emission from the
refinement process in the fuel processor should be considered. Carbon (C0,) emission
equivalent is used as an indicator of environmental evaluation. For polygeneration

systems with HV and EV fueling/charging stations, carbon emission can be calculated as

follows (Sibilio et al., 2017)

COzps yy = Esorc B+ Egriapuy @ + FuySny (3.19)

COZP&EV = Esorc B+ Egriabuy @ (3.20)

while for the CSS, carbon emission is calculated as
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COZ_ref = QnwB + Egrid a+ Fqry (3.21)

then, carbon emission reduction (CO,Red) and the percentage of reduction

(CO,R%) are calculated as

COzRed = COy rof — COy, (3.22)
_ CO,Red

CopR% = <02 g 100% (3.23)

Where a, f and y are emission factors associated with electricity consumption from
the grid, SOFC and conventional car, respectively. For the grid consumption, the emission
factor equals 573 gCO,/kWh , while for natural gas equals 207 gC0O,/kWh (Rosato
etal., 2017). The emission factor for the conventional car which equals 2343 gC0,/Kg,
(Sullivan et al., 2004) where § is an emission factor, according to the utilization of

hydrogen from HV equal to 112 gC0, /K gy (Granovskii et al., 2006).

3.6 Summary

The methodology to design an optimum polygeneration system using SOFC as the
prime mover has been presented in this chapter. The flow chart of the research framework
is explained and the general working principles of polygeneration system are presented.
To optimize the polygeneration system, this study considers residential load profiles
consisting of home and vehicle energy consumptions. Lastly, energy, economic and

environmental criteria are described for the evaluation and optimization purposes.
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CHAPTER 4: MATHEMATICAL MODELING OF THE SOFC BASED

POLYGENERATION SYSTEM

4.1 Introduction

Development of SOFC based polygeneration system is the first step to design the
optimal supply for residential energy needs. This chapter presents the mathematical
modeling of the SOFC for generating electricity and heat. The heat recovery system is
also modeled to provide hot water and cooling space for residential houses. Hydrogen
production using electrolyzer is modeled based on electrochemical equations. Moreover,
two types of storage are modeled using energy balance equations for saving electricity,
heat and hydrogen. The last section presents the parameter analysis of the polygeneration
components to study the performance of the prime mover, heat recovery system and

hydrogen production.

4.2 Mathematical modeling of polygeneration system

The proposed polygeneration system consists of SOFC as the prime mover, absorption
chiller (AC), heat exchanger (HEX) and storages as shown in Figure 4.1. In generating
power, the stack SOFC system needed a balance of plant (BOP) to reform natural gas into
pure hydrogen and preheated the hydrogen and air before injected into the cell. Moreover,
PVT model was also integrated to increase the amount of electricity and heat generations,
hence improving the system performance. An electrolyzer was included to the
polygeneration system for hydrogen production purpose in the vehicle fueling station.
TEG was also applied to the prime mover in maximizing the heat utilization, increasing

the total efficiency of the polygeneration system. HEX was considered to provide hot
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water for residential houses, while the double-effect absorption chiller was employed in

producing the cooling space for the homes.

The storages consist of a battery bank as the electrical storage, a hot water tank as the
heat storage and a hydrogen tank as the hydrogen storage. The battery model was
formulated to define the capacity of the storage for preserving the excess electricity from
the prime mover, grid (for the grid-connected system) and thermoelectric generators.
Sensible heat storage model was employed for saving the excess heat from the prime
mover and PVT. Meanwhile, hydrogen storage was also modeled for storing the hydrogen

production from the electrolyzer.

The design and evaluation of the proposed polygeneration systems were simulated by
using MATLAB. There were several assumptions in the operation of the system which is

described as follows:

1. All of the system components operate in steady state condition

2. All of the system capacities and operating conditions had been initially defined,

any calculations for optimum size will be studied in Chapter 6

3. The auxiliary electrical components such as inverter and DC/DC converter has an

efficiency of 95% based on the literature (Petrucci & Di Felice, 2009)

4. All the gas used in the stack SOFC were treated as ideal gases

5. The size of each component was based on the literature in (Akikur et al., 2015;

Calise et al., 2017c; Napoli et al., 2015)

6. The specific design of the EV or HV supply station and the investment cost of the

station were taken from the literature (Carr et al., 2014; Carr et al., 2016)
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7. Greenhouse emission calculated in this study considered for vehicle fuel

utilization stage.

4.2.1 SOFC stack system

a. SOFC cell

A stack tubular SOFC was used as the prime mover in the polygeneration system. It
generates electricity and heat as the excess energy based on thermodynamic and
electrochemical phenomena as depicted in Figure 4.1. This study developed a zero-
dimension model of the SOFC for simplification to be integrated with other system

components in developing a simulated polygeneration system.

Oxidant feed ) ;
02 o Oxidant

* * exhaust
4__ —_
0, +4e~ - 20~ de
Cathode *
0~ Solid 0~ l Load
+ Electrolyte + ¢
Hz + 0 - HzO + 2e”
CO+0" - COy+ 2e”
Anode —T1» o~

f v

Fuel feed
Hz2, CO H20, CO2
Fuel
» » exhaust

Figure 4.1: SOFC principles

From the thermodynamic principle in the gas inlet chamber, the movement of absorbed
gas such as hydrogen, oxygen, and water change the partial pressure in the channel. The
pressure change of the gas species in the channel could be calculated as follows

(Gebregergis et al., 2009)
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dPy, RT

= V(Nzifz‘ — Ky, Py, — 2K I¢.) (4.1)
a
dPy., RT, .
— =7 (N0 = Ku,oPu,0 + 2K Iyc) (4-2)
a
dP,, RT , .
dtz =3 (NG — Ko, Po, — Krlrc) (4.3)
(o

Where N, ”2‘, N,i,’zlo, NO”Z‘ are the mole flow rate of the gases (Hz, H20O, and O») entering
the channel. The amount of hydrogen consumed is equal to the current input from the
load I¢.. Based on the Equations. (4.1) to (4.3), the partial pressure of hydrogen and

oxygen decreased in line with the increase in vapor water pressure.

Moreover, electrochemical equations were used to model the terminal voltage of fuel
cell based on Nernst voltage and losses caused by activation, ohmic resistance, and
concentration of gases in the fuel cell channel. The open voltage of the fuel cell was

calculated as

2
(¢is) P53 pg';l (4.4)

_ rr, |(
ECl = EO,Cl + NEln[ (Plflleo)z

Where E,; is a reference potential of the cell which depends on the operating
temperature, while Pf,i‘, P,_C,ZO, P(‘jg are the partial pressure of the gases in the channel.

When the fuel cell was connected to the load, several losses occurred and decreased the

output voltage given as
Var = Ect = Vace = Vonm — Veon 4.5)

Where V. is voltage loss caused during the activation moment before chemical
reaction takes place. It depends on the current limit of the fuel cell (Iy) and current input
from the load (I¢.). To calculate the activation losses, Butler-Vomer Equation was used

as below
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Vacr = = In (L) (4.6)

F Io

The ohmic loss (V,,m) Was caused by the resistance of the electrolyte, electrodes, and

interconnection between the fuel cell. The overall voltage drop could be calculated as

. 1 1
Vornm = algc€xp (5 (m — T—ﬁ)) 4.7)

Where a and ¢ are ohmic resistant constant, T, is temperature gas input and Ty, is fuel

cell temperature. Voltage loss due to the increase of fuel concentration in line with the

increase in load current (V,,,,) calculated as

Veon = o2 In (1 — L) (4.8)

2F Io

b. Fuel processor and air preheater

Since natural gas is used as the primary fuel for the SOFC stack, the BOP unit is needed
to generate pure hydrogen from the natural gas. Fuel processor and air preheater consist
of the reformer, water gas shifter and preheater. In the fuel reformer and water gas shifter,
natural gas (CH4) is converted into CO and then converted into CO; and H» through

chemical reactions as follows:

Reforming: CH, + H,0 = CO + 3H,
Water gas shift: CO + H,0 — CO, + H,

The preheater is utilized to increase the temperature of inlet gases before being injected
into the channel. In this work, the preheated chamber is considered to preheat the inlet
gas from endotherm reactions. A burner generated the heat power with a temperature
range of about 850°C to 950°C while the inlet gases entered the preheated chamber with
a temperature of 25°C. The working temperature of the fuel cell is modeled based on the

principles energy balance (Li et al., 2015) given as
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MsCps— = X qi"(hi* — hY) + L qxhg — P (4.9)
where mC,, is mass-specific heat product of the cell and h, is the xt™" gas per mole

enthalpy written as:

hy = hysta + CpiAT (4.10)

where h, o4 is the xt™" gas per mole at the standard pressure of 0.1 MPa and the
standard temperature of 283K, C,,; is the average constant-pressure of the gas specific
heat and AT is the temperature change. By substituting Eq. (4.9) and Eq. (4.10) into Eq.
(4.11), the temperature of the cell can be expressed as:

dT _(A/B—T - P/B)
dc 7

(4.11)
where

A= [C_'pHZCIzi{nz + (Cpoz + kCC_'pNZ)q(i)rzl]Tin — K lrcToea(2Con aify + Cooz — 2Cpiz0) —

2Ky IrcHyny (4.12)

B = Cpu» (Qilnz - ZKTIFC)+CTp02(CI6T£ - KrIFc) + 2K IrcCpnzo + k¢ _pqug% (4.13)

— T B (4.14)

The low heating value (H ) is 241.83 kJ/mole at standard pressure and temperature.

Table 4.1 demonstrates the input information for the SOFC model.

Table 4.1: Input data for SOFC model (Ramadhani et al., 2019)

Parameter Value Unit
Stack power nominal 100 (kW)
Operating temperature range 923 -1123 (K)
Inlet gas pressure 1-3 (atm)
Hydrogen to air ratio 2.5-3 -
Current density 49 (A/m?)
Cell active area 0.02 (m?)
Fuel utilization 0.85 -
Number of cells 200 -
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4.2.2 Heating unit

The heat exchanger is utilized to supply domestic hot water for multi-family homes
from a water tank. Water input temperature depended on the soil temperature which is
about 25°C to 30°C. Since this study considered Malaysia as the case study, the ground
temperature was almost the same throughout the year. The heat exchanger model is given

as

Quex = MpexCyp (Tin — Toue) (4.15)
where my,, and C,, express mass fluid flow rate (kg/s) and specific heat of fluid, T},
and T,,; define input and output temperatures of fluid through the heat exchanger
respectively. In this study, the fuel cell size is set to encompass the overall heat demand

from the domestic heat water and the usage of a boiler is not considered.

4.2.3 Double effect absorption chiller

For the cooling unit, this study considered in employing a double-effect absorption
chiller which generates cooling by recovering the exhaust heat from the fuel cell system.
The absorption chiller had a higher coefficient of performance (COP) compared to the
single-effect absorption chiller and a larger cooling capacity could be produced for the
cooling space. The absorption chiller works with lithium-bromide/water as
absorber/refrigerant with two generators attached, i.e. high and low-temperature
generators. The model of the double effect absorption cooling was based to the literature
(Lansing, 1976) by modifying the generator model from a single high-pressure to the
double high and low-pressure generators. The equations of the absorption chiller model

are given from Equations (4.16) to (4.34) as below:

49.04+1.125t,—t,

Absorber concentration (X4)= 3,027
L L a

(4.16)

49.04+ .125tpg—tyg
134.65+0.47tpg

High temperature generator concentration (Xyg) = (4.17)
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49.04+1.125t;5—t,
134.65+0.47t4

Low temperature generator concentration (X;;) = (4.18)

Enthalpy of saturated liquid water (H;)= (t, — 25) * 4184 J /K g (4.19)

Enthalpy of saturated water vapors (H,) = (572.8 + 0.417t,) » 4184 ] /Kg (4.20)

Qe

Refrigerant flow rate (m,.) = Ho—H, (4.21)
Strong solution flow rate (mg) = m, * XAX_L;LG (4.22)
Weak solution flow rate (m,,) = m, * XA)jI)q(LG (4.23)
Medium solution flow rate (M) = m, * XAX_#)?LG (4.24)
Liquid-liquid high-temperature heat exchanger = % (4.25)
Liquid-liquid low-temperature heat exchanger = tlt‘i;—f;? (4.26)

Specific heat of weak solution (Cy,,) = (1.01 — 1.23X,, + 0.48X2) *4184 J/Kg  (4.27)

Specific heat of strong solution (C,s) = (1.01 — 1.23X,; + 0.48X7;) *4184 J/Kg (4.28)

Enthalpy of superheated steam water (H,,,,) = 572.8 + 0.46t,, — 0.043t, (4.29)
Heat balance of the condenser (Q.) = m,.(H,,; — H;) (4.30)
Heat balance of the high generator (Qy¢) = m,,H,, + m,,,H,,,, — m,, H,, (4.31)

Heat balance of the low generator (Q.;) = mgHs, + my,;H,,; — My, Hy — My, Hypy

(4.32)

Heat balance of the absorber (Q,) = m,,H,, — mgH;, — m,H, (4.33)
and the coefficient of performance (COP) could be calculated as

cop=—26__ (4.34)

QHG+Wp/Np
W, and 1, are defined as the compressor consumption and efficiency which has
values of 0.1 and 0.33 respectively (Huicochea et al., 2011). The input data of the model

is shown in Table 4.2
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Table 4.2: Input data for heating and cooling units

Parameter Value Unit
Domestic hot water

Temperature of hot water 333 (K)
Double-effect Absorption Chiller

Cooling capacity 70 (kWth)
Generator high temperature 454 (K)
Generator low temperature 414 (K)
Condenser temperature 309 (K)
Absorber temperature 304 (K)
Evaporator temperature 277 (K)
High-temperature heat exchanger effectiveness 0.7 -
Low-temperature heat exchanger effectiveness 0.7 -

4.2.4 Electrolyzer

In this study, the electrolyzer is used to produce hydrogen from the electrolysis
process. A high-pressure alkaline/water electrolyzer is modeled using electrochemical
equations to develop the cell model. The stack electrolyzer consisted of 45 cells linked in
series with a total capacity of hydrogen producing about 1.9 Kg/h. The amount of
hydrogen produced was calculated as (Calise et al., 2017c¢)

Ve = Vyep + 1" 22 + §'log [2£ + 1] (4.35)

cell Acell

where
7”' =" + rzTEL
S’ = S]_ + SZTEL + S3TE2L

t t
L 13

t'=t; +
Ter  Té

where the hydrogen production rate is proportional to the input current and number of

the electrolyzer cell. Therefore, the total hydrogen production could be calculated as

i
Ny, = ancellﬁ (4.36)
where 1y is the Faraday efficiency that takes into account the parasitic current

phenomena calculated as
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.2
Ny = [ld—"] a, 4.37)

@1+iGens
The electrolyzer efficiency is calculated based on its thermoneutral voltage (U,) and
actual cell voltage. The thermoneutral voltage occurs due to heat generated during the
electrolysis process which decreases the efficiency of the electrical consumption. Table
4.3 describes the input data of the stack electrolyzer. All the equations of the electrolyzer

are adopted from the previous study (Pino et al., 2011).

Table 4.3: data for electrolyzer

Parameter Value Unit
Stack power 90 (kW)
Operating temperature 423 (K)
Cell area 0.1 (m?)
Number of cells 45

4.2.5 Storage units

The storage units consist of two tanks which are used for relieving the excess heat and
the hydrogen as presented in Table 4.4. The heat storage is used to save the latent thermal
from the fuel cell heat power. The storage has a maximum temperature of 80°C where the
size is estimated based on the requirement of domestic hot water (DHW) for the multi-

family houses. The modeling of heat storage tank is calculated as (Vogelin et al., 2017)

dar
m,C, YA 2 QrcNenrc — CueNioss — Couw (4.38)

Where the heat storage temperature T depends on the heat generated by the SOFC Qg
and its temperature 1., rc. The heat generated is diminished by self-loss in the tank 7,
and heat reduction Q. as well as hot water consumption by users Qpyy,- Heat capacity
of the tank depends on the mass fluid mg and heat capacity of water C,,. The volume of

heat storage depends on its capacity (Qrgs), the density of fluid inside the storage (p,,),
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the specific heat of fluid (C,,,) and temperature difference (Tin,TES — Tout,TES) in the

storage which is calculated as

QTES

Vigs = (4.39)

PwCpw(TinTESTout TES)

The hydrogen tank is likewise utilized to store the hydrogen production from the
electrolyzer. Since this study analyzes both electrical charging and hydrogen usage of the
vehicle, the hydrogen tank is an essential component to the fueling vehicle station. The
high-pressure hydrogen storage is considered due to its wide usage and low investment
cost based on reference (Carr et al., 2016). Three types of hydrogen tank were considered
in this study which are buffer hydrogen tank, middle-pressure hydrogen tank, and high-
pressure hydrogen tanks. The buffer tank operated with an operating pressure of 200 bar,
while the middle and the high-pressure tanks operated at 350 bar and 700 bar, respectively
(Nistor et al., 2016). The buffer tank was integrated with the electrolyzer to store the
hydrogen before being compressed and transferred to the high-pressure and the middle-

pressure tank. The stored amount of hydrogen can be calculated as

t
MHZ_Stored = fO (MHZ_produced - MHZ_consumed)dt (4-40)

Table 4.4: Input data for storage units

Parameter Value Unit
Heat storage

Capacity 453 (kWth)
Temperature of storage 353 (K)
Volume of tank 10 (m?)
Hydrogen storage

Volume of tank 20 (m?)
Temperature of storage 353 (K)

Where the size of hydrogen can be determined by calculating the volume of the tank
using the ideal gas law equation and considering the amount of hydrogen stored

throughout the year (Assaf & Shabani, 2016).
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4.3 Mathematical modeling of extra heat recovery system
4.3.1 Photovoltaic thermal collector (PVT)

In this study, a series of PVT panel was used to generate electricity as well as heat for
the users. The model considered in this study was based on the literature (Amrizal et al.,
2013), consisting electrical and heat generation models. The electrical power generation

(Pe;) considers the depletion zone in the single diode (I;), ideal current source (I,,) and

current losses (Ig,) governed as

NpN.
Per =775/ g o, Velpn + 1 + Isn) (4.41)

Where Np and N are the numbers of PVT panel and A,; is the area of the collector.

The diode current is modeled as

I = I, [exp (V/nVT) - 1] (4.42)
The electrical characteristic of the diode is influenced by the potential of photovoltaic

(V) as well as thermal potential (V). I, is thermal dependence diode current from ¢ (T),
where @(T) = T2exp (— i—g TC) is the thermal dependence factor of the band gap energy
B

(Eg) from the cell which is considered as a constant value. T, is the junction temperature

(K), while kp is the Boltzmann-constant. By modifying Equation (5.2) with the

temperature dependence factor, it can be written as

la = dyo(T) [exp (" T/ ) - 1] (4.43)

Where d; is the temperature dependence of the saturation diode current. For ideal

current source current losses, the equation is written as

Iph = dykg (9)(Ta)genG (4.44)

Igp, = dj (Vc + rslc) (4.45)

97



Where V, and I, are the potential voltage and current from the photovoltaic thermal
cell. On the other hand, the thermal generation of the PVT was calculated using the

following equation as

Pep = mep(Tour — Tind /Acor (4.46)
Where m is the mass flow rate of the fluid, c,, is the fluid heat capacity, (Toye — Tin)
is a temperature difference between the inlet and outlet of the PVT pipeline and A,; is
the absorber area of the photovoltaic-thermal plate. In this study, the PVT cell temperature
was assumed homogenous throughout the absorber plate area. Therefore, the cell

temperature from the collector plate is calculated as

P '
T, =T, + th/F,UL (1-F") (4.47)

Where F' and U}, are the collector efficiency factor and overall convective heat loss of

the PVT collector respectively.

4.3.2 Thermoelectric generator

To maximize utilization of the exhaust heat from the SOFC, a coupled thermoelectric
device was used in the heat recovery system which converts the heat into electricity. There
were two types of TEG used in this system namely high and low-temperatures TEG. The
high-temperature TEG was placed on the air preheater and fuel processor pipes while the
low-temperature TEG was located on the generators of the absorption chiller. Both of the
TEGs generated electricity which was stored in the battery and was used as backup to the

prime mover during the high period of electricity consumption.

The model of the TEG is based on the literature (Terayama et al., 2013a; Terayama et
al., 2013b; Terayama et al., 2013c). For the high-temperature TEG, the inlet flow changed

based on the exhaust heat from the SOFC stack system with temperature of 181°C flows
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to the high temperature side of the TEG. For the low temperature side, the inlet flows
temperature changed based on the output flow temperature from the heat exchanger with
temperature of 100°C. For the low-temperature TEG, the temperature of about 141°C
flows to the high-temperature of TEG from the high-pressure generator of the absorption
chiller. Meanwhile, the cooling side temperature was based on the exhaust flow from the

photovoltaic thermal fluid. The heat transfer at the high temperature side is calculated as

Qin = hexApi(Ty — Trj)
= aTpjlrgc — 1/2 Rrclfec + K(Thj - ch) (4.48)
while the heat transfer for the low temperature side is governed as
Qout = hwApi(Te; = Tc)
= aT;jlrgc — 1/2 Rrclfec + K(Thj S ch) (4.49)
the TEG power is calculated as

Prge = RLITZ"EG

alTp; — T
Itge = ( " C])/(RTEG +R)) (4.50)
Where h,, and h,, are the heat transfer coefficient between the exhaust gas and the

TEG modules and between the TEG modules and the water respectively. T, and Ty; are

the temperatures from the exhaust gas and the TEG module in the high temperature side.

T.j and T, are the TEG and water temperatures at the low temperature side respectively.

K is the thermal conductance (W/K), calculated as K = /1Ael/ ¢» Where t is the module
height (m), A, is the element cross-sectional area (m?) of the TEG module, «a is the
Seebeck coefficient (V/K), while 4 and p are the thermal conductivity (W/mK) and

resistivity (u2m) of the thermoelectric material, respectively.
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4.3.3 Electric storage

The battery is used as an electrical storage to store the excess electricity from the
SOFC, TEG and PVT. The battery model was based on the literature (Brahman & Jadid,
2014; Soheyli et al., 2016; Vigneysh & Kumarappan, 2016). The state of charge (SOC)
is an indicator for charging and discharging rate from the sources. The battery was also
used to reduce the grid utilization and increased the efficiency of the polygeneration

system. The energy flow equations for charging and discharging states are calculated as

Evatenary = Ebatnow + (Epyr + Erpe + Esorc)/Men — Edemand (4.51)

Ebatdischarg = (Epat.now — Edemana)/Macn (4.52)

and the SOC was calculated as

_ Epae
SOCbat N ’ _nOW/CbatVbat

(4.53)
Where Cp,: and V,,: are the capacity of the battery (Ah) and battery voltage (V)
respectively. As a power backup, the battery is operated under some constraints of SOC

to increase the life cycle of the battery. The constraint of battery operation is determined

as
SOCmin < SOCpar < SOCrmax (4.54)

The maximum and the minimum SOC values affect the size and the operation of the
battery (Brahman & Jadid, 2014). For evaluation purpose, the value of SOC,,;, and

SOCpqx Were chosen to be 0.4 and 0.9 respectively.

4.4 Parameter analysis of the components in the polygeneration system
In this study, parameter analysis of the components in the polygeneration system was
conducted for prime mover power generations, cooling and hydrogen production. As a

prime mover, the SOFC behavior is essential to be studied. Therefore, the current study
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analyzed both thermodynamic and electrochemical phenomena and the fluctuated
temperature during the production process. Moreover, performance analysis for the
double-effect absorption chiller is also necessary to be studied due to the high
consumption of cooling from the residential building. Furthermore, the hydrogen
production system using electrolyzer was also analyzed based on the working conditions

of the cells.

4.4.1 Model validation of the SOFC with single cell

Validation of the modeling SOFC model was carried out by comparing the developed
model with previous studies (Gebregergis et al., 2009; Lakshmi et al., 2013; Ullah et al.,
2015) using simulated and experimental data. Due to the limitation in obtaining
exhaustive data for all outputs, the validation process took into account several essential
output variables such as cell voltage, electrical power and electrical efficiency, heat power

and heat efficiency.

The I-V characteristic of the standard operating temperature is depicted in Figures
4.2(a) to (d) based on the literature (Gebregergis et al., 2009; Lakshmi et al., 2013). From
these results, it can be seen that the changes in the cell voltage depend on the working
temperature and hydrogen flow rate. The increase in temperature and the flow rate

simultaneously increased the cell voltage and vice versa.

In Figures 4.1(a) and (b), validation of the current model was conducted by using the
model taken from the literature based on an experimental study (Gebregergis et al., 2009).
Meanwhile, Figures 4.1(c) and (d) showed validation between the current model and the
literature from Lakshmi et al. (2013). Comparisons between the proposed model and the
previous studies in Figure 4.2(a) shows that the I-V curves between the proposed model

and the real data at temperature points of 1073K and 1123K have similarities better than
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the curves at temperatures of 973K and 1023K. The relative error between the proposed
model and the experimental data from Gebregergis et al. (2009) at the temperature of

1073K and 1123K was about 0.061.
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Figure 4.2: I-V curves for different input of hydrogen flows at (a) temperature
1073K; (b) temperature 1123K; (c¢) temperature 973K and (d) temperature 1023K

On the other hand, the relative error between the proposed model and the simulated
data from Lakshmi et al. (2013) showed a higher value compared to the experimental data
from Gebregergis et al. (2009). At a temperature of 973K, the relative error was about
0.102 while at the temperature of 1023K the error was approximately 0.0802. Based on
the figures, the proposed model had higher voltage slope when the load current was

increased due to the steep increase of ohmic losses.
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Furthermore, the experimental data from Ullah et al. (2015) was also used as the
validation for the electrical power, electrical efficiency, heat power and heat efficiency.
Experiments were carried out in the laboratory using a single SOFC cell (Ullah et al.,
2015). Table 4.5 presents the validation data where the proposed model was closely
similar to the experimental data. For the electrical power based on the changes of fuel
flow rate, this study showed a lower power generation compared to the reference as well
as for the electrical efficiency. The differences were possibly caused by the activation and
ohmic losses that affect the voltage and power loses. Moreover, the specific heat enthalpy
of the gas species might be different since this study defined the coefficients by the
specific values which may not match with the real experimental measurements. However,
all these results confirmed that a good level of accuracy and reliability can be achieved in

using our proposed SOFC model.

Table 4.5: Validation of electrical and heat for power and efficiency

Maximum Maximum Maximum Maximum Max1£r;11m
electrical electrical  [thermal power thermal o t%:;eienc
Fuel power (W) | efficiency (%) (W) efficiency (%) %) y
Temp flow rate g
(mol/s) . . . . .
(K) . | This . | This .| This . This . | This
Ref study Ref study Ref study Ref study Ref study

923  19.0e-05 | 096 |[1.01 |25.19 [23.53 | 2.06 |2.13 |5523 |55.13 [80.42 [78.66

1.1e-05 | 1.33 |1.31 |24.41 |22.03 | 2.79 |2.61 [53.08 |45.26 |77.49 67.29

1.2e-05 | 1.38 | 1.4 |19.57 |21.23 | 2.83 |2.84 |41.16 |41.29 |60.73 162.52

1023 [1.1e-05 | 1.58 |1.41 [24.72 |25.61 | 3.72 |[3.15 |58.66 |54.29 |83.38 |79.9
Ref': Data were taken from Ullah et al. (2015)

4.4.2 Electrochemical behavior of SOFC

We analyzed six parameters of the operating point of the SOFC model, i.e. fuel
utilization (FU), current limiter (Lim), air to fuel ratio (AFR), pressure (Prc), fuel
temperature (Trc) and air temperature (Ta). Analysis of these parameters are presented as

follows:
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a. Fuel utilization

At constant utilization, FU represents the utilization factor of continuous fuel flow
rate. Referring to Figures 4.3(a) to (¢), the increase in fuel utilization reduced the output
power, voltage and electrical efficiency. The changes in the fuel utilization from 0.7 to
0.9 decreased the maximum point of output power by about 0.25W. As the operating fuel
utilization is increased, the electrical efficiency increased and at the same time the voltage
dropped drastically, and the load current limit decreased. On the other hand, the increase
of fuel utilization gave a significant effect on the rise of temperature, heat generation and
efficiency where the heat efficiency escalated by about 0.3 and fuel utilization increases

from 0.7 to 0.9.
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Figure 4.3: (a) V-P-I characteristic; (b) T-Q-I characteristic; (¢) Nyeq; — Nefe-1
characteristic of SOFC at the different fuel utilization variations

b. Current limit

This study also analyzed the effect of current limiter to the output parameters of the
SOFC cell as depicted in Figures 4.4(a) to (c). By increasing the current limit of the cell
from 3A to 5.5A, the output voltage, electrical power and electrical efficiency increased.
However, the current limit did not give any effects on the temperature, heat power and
heat efficiency. The increase in electrical power was about 0.3 W when increasing the

current limit from 3 A to 5.5 A.
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Figure 4.4: (a) V-P-I characteristic; (b) T-Q-I characteristic; (¢) 1,¢q1 — M¢pc-1
characteristic of SOFC at the different current limit variations

c. Air to fuel ratio

AFR is the ratio between the molar flow rate of air to fuel particularly in combusting
processes. The low AFR affected SOFC temperature which would increase and could
cause material damage while the high AFR caused low heat generation and heat
efficiency. This study analyzed six points of AFR value in ranges of 0.5 to 3.5. It was
found that the parameter affected mostly the SOFC output performances. The higher
value of AFR impacted the increase in output voltage, power and electrical efficiency due
to the reduction in the over-potential loss. However, the output temperature decreased
and affected in the reduction of heat generation and heat efficiency as depicted in Figures

4.5(a) to (c).

d. Fuel pressure

The pressure effects as shown in Figures 4.6(a) to (c) caused the increase in cell
voltage and power drop. The maximum power generated was about 1.5 W per cell. The
increase in the cell pressure affected all output performances which increased the voltage

and output power and decreased the heat generation and heat efficiency.
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e. Fuel temperature

The fuel temperature had significant effects on the increase of electrical voltage, power
and electrical efficiency, which at the same time decreased the output temperature, heat
generation and heat efficiency. As depicted in Figures 4.7(a) to (c¢), the lowest point of
temperature in this study (973K) increased the maximum power from 1W to 1.5W and
maximum efficiency by about 10%, while it also decreased the voltage drop by 0.1V. The
reduction of fuel temperature from 1373K to 973K causes depletion of the heat generation

and efficiency by about 1W and 10%, respectively.
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f. Air temperature

Heat Efficiency

The air temperature parameter did not have any significant effects on the output

parameters for the single cell SOFC as depicted in Figures 4.8(a) to (c). The output

patterns of the six SOFC parameters were almost similar for the changes of air

temperature because the air temperature was not used as the reference temperature in

SOFC operation. Therefore, this study considered using similar temperature for the fuel

and the air in the fuel cell operations.
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Figure 4.8: (a) V-P-I characteristic; (b) T-Q-I characteristic; (¢) n,¢q; — M¢pc-1

characteristic of SOFC at the different air temperature variations

4.4.3 Double-effect absorption chiller

8% <

685

The COP and the temperature of the high-pressure generator from a double-effect

absorption chiller were analyzed based on the changes in the input temperature of the

high-pressure generator, low-pressure generator, condenser, evaporator and absorber.
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Furthermore, the coefficient of the heat exchangers at the high-temperature and low-

temperature generators effects to the COP of the absorption chiller were also analyzed.

a. High-pressure generator

The COP for the absorption chiller was analyzed based on the high-pressure generator
temperature. As depicted in Figures 4.9(a) to (f), the range of temperature for the high-
pressure generator has to be in the range of 150°C to 175°C to get the desired COP.
Beyond this range, COP could not be calculated due to crystallization effects. From the
figures, the COP increased in line with the increase in generator temperature. At the
temperature difference of 70°C between the high and low-pressure generators, it achieved
the highest COP compared to the different in value of 75°C and 80°C. The increase in the
evaporator temperature could decrease the absorption chiller performance which was
similar to the condenser temperature effect. However, absorber temperature has a
different effect compared to others. With the decrease in the absorber temperature, the
absorption chiller performance increased significantly. In conclusion, low-pressure
generator and absorber temperature have a significant effect on the increase in the
absorption chiller performance compared to other parameters due to the generator and
absorber temperatures effect on the Li-Br concentration as the solution and the water as

the refrigerant.

b. Absorber temperature

The effect of absorber temperature to the absorption chiller performance is depicted
in Figures 4.10(a) to (f). In this study, the temperature of the absorber was set at 15°C to
40°C as per the literature (Wakui & Yokoyama, 2015). The increase in the absorber
temperature and heat exchanger coefficient gave significant effect to the absorption

chiller performance. However, the coefficient decreased significantly in line with the
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escalation in the absorber temperature by more than 30°C. As the high and low-pressure
generator temperatures increased, the absorption chiller performance increased, while this

increase in the evaporator and condenser temperatures decreased the coefficient of
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Figure 4.9: Coefficient of performance regarding the high-pressure generator
temperature at the differences of (a) low-pressure generator, (b) evaporator,
(c)condenser, (d) absorber temperatures and (e) low-temperature and (f) high-
temperature heat exchanger coefficients

4.4.4 Electrolyzer

The analysis of electrolyzer parameters was conducted with respect to the power
consumed by the cells. The output parameters studied were electrical efficiency, hydrogen
generation, heat consumption and output voltage. The input and output parameters were
analyzed based on the difference in the cell area, the number of cells and temperature of

the cell.
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a. Cell area

The effect of the cell area which influences electricity consumed was analyzed based
four output parameters as depicted in Figures 4.11(a) to (d). As the ell area is increased,
the efficiency escalates at a lower slope, while the smaller cell area makes the slope in
the electrolyzer efficiency sharper at the input power from 0.1 kW to 0.5kW and after
that, the efficiency decreased gradually. The increase in power consumed also escalated
the hydrogen generation and the smaller the cell area the higher the hydrogen production.
However, the decrease in the cell area caused lower hydrogen production below 70% of
the maximum electrolyzer power rate. As the cell area was increased, the heat
consumption also increased. The electrolyzer cell voltage also increased in line with the
increase in the cell area with the maximum value of about 9V per cell at full load

operation.
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b. Number of cells

For similar cell area, the increase in the cell number gave different effects to the
electrolyzer performances as depicted in Figure 4.12(a) to (d). The increase in the cell
number gave a fast rise of efficiency at below 50% of the part-load operation. However,
above 50% of the electrolyzer power rate, the efficiency starts to decrease in line with the
increase in cell number. The hydrogen production for the 3 cells had an optimal value
with a linear slope and highest hydrogen production compared to the other cell amounts.
From the heat consumption patterns, the increase of cell number would reduce the
consumed heat which affect to the rise in the cell efficiency. The increase in the cell
number also increases the generated cell voltage, hence its efficiency increased as well.
From these figures, it can be concluded that the cell number gives better improvement on

the voltage generated compared to the cell area.

¢. Cell temperature

The effect of cell temperature was not too significant as compared to the cell number
and cell area. As depicted in Figures 4.13(a) to (d), the increase in the cell temperature
improved its efficiency and hydrogen generation and at the same time reduced the heat
consumption and the output voltage. This happened due to the temperature effects on the

reaction rate, hence increasing the hydrogen production and the cell efficiency.
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Figure 4.13: (a) electrical efficiency, (b) H2 generation, (¢) heat consumption and

(d) output voltage against power input electrolyzer at the input temperature
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4.5 Parameter analysis of extra heat recovery system
4.5.1 Photovoltaic thermal
a. Solar radiation

The correlations between solar radiation intensity and the output current, power and
efficiency of the PVT are depicted in Figures 4.14(a) to (e). Solar radiation gives
significant effect to the change of PVT current, electrical efficiency, heat power and heat
efficiency. As the increase in solar radiation, the current and power of the PVT also
increased. However, heat efficiency of the PVT did not change significantly compared to

the electrical power for the increase in the solar radiation by about 500W/m?. On the other
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hand, the increase in the solar radiation intensity decreased electrical efficiency
significantly. This happens due to the temperature effect which causes degradation in the

PVT efficiency.

b. Ambient temperature

The temperature of air also gives effects to the performance of the PVT as depicted in
Figure 4.15(a) to (e). The PVT current increased slightly over the increase of ambient
temperature, yet having a higher current drop compared to the lower temperatures.
Similar result is seen for the electrical output and electrical efficiency which dropped in
line with the increase of ambient temperature. The heat efficiency increased significantly
in line with the increase of ambient temperature, while the heat power increased slightly

compared to the electrical power.

The temperature of inlet fluid does not give significant improvement to the PVT output
as depicted in Figure 4.16(a) and (b). It only affected the heat power and heat efficiency
with insignificant enhancement in the decrease of inlet fluid temperature. It is similar to

the efficiency which increased in the low temperature of the inlet fluid.

114



danjeradurd) JudIquuIe JO SIIUIIJIP AY)
18 33e)[0A d1B)[0A0)0oYd Jsurede AU J8dY (3) puk ‘AU LI (P) “1amod ey (9) ‘aamod 1139919 (q) ‘yudand JAd (B) ST 2an31

©) (p) ©) (@) (®)

uoneIpe.I [0S JO SIIUIIJJIP
3y} Je A3e)[0A drejjoAojoyd Jsurede AJUIIIJI J8IY (9) puk ‘AQUILYJI LI (p) ‘“1dmod 38y (9) ‘aamod L3I (q) Yua.LInd L AJ (B) :H1'p 9In31yg

©) (P) ©) (@) (®)

115



300 0.55
2507 ---Tfin=25C
—Tfin=30C (>)’
%\200' -—-Tfin=35C| | qc)
5 (3] 0
§150 % 5
s ! 4(—0'
oo ° - Tfin=25C
—Tfin=30C
501 0.45 —Tfin=35C
00 10 20 30 40 50 - 0 20 40 60
Voltage(V) VOItage(V)
(a) (b)

Figure 4.16: (a) heat power and (b) heat efficiency against photovoltaic voltage at
the differences of fluid input temperature

4.5.2 Thermoelectric generator
a. Low temperature side

The analysis of TEG power and heat was conducted by changing the fluid temperature
in the low temperature side from 338K to 358K. The output power and efficiency of TEG
were calculated over the resistance of the TEG load. As depicted in Figure 4.17(a) to (c),
the increase of low side temperature improved the output power of TEG, yet it also
decreased due to the increase in the load resistance. On the other hand, the heat power of
TEG increased in line with the increase in the load resistance and decreased over the

temperature increments. The electrical efficiency increased slightly for the cooling

temperature rise of about 20K.
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Figure 4.17: (a) TEG power, (d) TEG heat, and (c) TEG efficiency against
thermoelectric resistance at the differences of cooling side temperature
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b. High temperature side

The high inlet temperature also gave effects to the performances of TEG. By increasing
the high side inlet temperature by 850K to 950K, the power of TEG decreased by 0.15 W
per cell and it continuously decreased in line with the increase in load resistance. The
TEG heat consumed raises with the increase in the high side temperature by about 0.2 W
per cell and it continuously increased with the increase in the load resistance. The power
efficiency of the TEG showed a linear pattern with the changes in the high temperature
side. For the increase by about 10K, the efficiency of TEG decreased by about 0.4% but

the increase in the load resistance did not affect its efficiency.
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Figure 4.18: (a) TEG power, (d) TEG heat, and (c) TEG efficiency against
thermoelectric resistance at the differences of high temperature side

4.6 Overall findings

From these parameter analyses for the SOFC, fuel utilization and fuel temperature had
the most significant impact to the output performance of the SOFC whereas air
temperature could be neglected due to its less impact to the SOFC performances. Fuel
utilization gave significant effect to the decrease in the output voltage and power and the
increases in the electrical efficiency, heat generation and heat efficiency. The increase in
the air-to-fuel ratio improved the output voltage, electrical power and electrical

efficiency. At the same time, it also decreased the temperature, heat generation and heat
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efficiency. The increase in the fuel pressure raised the output voltage, power and electrical
efficiency, yet dropped its heat power and heat efficiency. The increase of fuel
temperature decreased both output voltage and power, electrical efficiency, temperature,

heat generation and heat efficiency.

For the double-effect absorption chiller, the temperature of generators and absorber
have significant impact on the coefficient of performance. The increase in the generator
temperatures improved the coefficient of performance linearly for the different values of
absorption, condenser and evaporator temperatures. Similarly, the increase in the
absorption temperature also increased the coefficient of performance within a certain
range but would decrease gradually beyond that range. Both heat exchangers gave similar
effects to the coefficient of performance at the different generator and absorption
temperatures. The higher the heat exchanger coefficient value, the higher the value of the

coefficient of performance.

The analysis for the electrolyzer revealed that all of parameters studied gave better
effects to the efficiency, hydrogen generation, heat consumption and the voltage
generation from the cell. However, cell number and cell area gave more significant
impacts as compared to the cell temperature. As the increase of the cell number, the
efficiency and voltage would increase. However, it also decreased the heat consumption
and hydrogen production. Similar effect occurred to the cell area which increased the
efficiency of electrolyzer at certain part load points. Therefore, it is suggested that the
power input for the electrolyzer should be controlled at the optimum efficiency value to

increase the performance of the polygeneration system.

4.7 Summary
In this chapter, a polygeneration system had been modeled using SOFC as the prime

mover. The modeling process was conducted based on mathematical equations and was
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simulated using MATLAB. Furthermore, parameter analysis was also conducted for the
SOFC, absorption chiller and electrolyzer to study the effect of several parameters on the
performances related to operation and optimization of the polygeneration system. From
the results, it reveals several important parameters that affect the performance of each
components in the polygeneration system. Moreover, these analyses are essential
technically to validate the polygeneration performances based on the behavior of each

component in the system.
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CHAPTER 5: EVALUATION OF CONFIGURATION AND IMPROVEMENT

OF POLYGENERATION SYSTEM

5.1 Introduction

In this chapter, both the phase 2 and phase 3 of the research framework are presented.
Firstly, four configurations of polygeneration are proposed based on grid connectivity
and type of vehicles used as the load. Evaluation of the configuration is conducted based
on energy, economic and environmental criteria. Furthermore, several improvements are
made by adding renewable energy and thermoelectric devices to increase the performance
of the polygeneration system. The improved system is compared to the polygeneration
system with the basic heat recovery. Finally, the performances of both systems are
analyzed to study the improvements in the system efficiency, energy saving, reliability,

cost saving and carbon reduction.

5.2 Evaluation of polygeneration topologies

Different load patterns have different requirements of supply which lead to the specific
design of supply. The requirements of electricity, heating, cooling, hydrogen and other
energy types depend on its regions, applications, number of energy user and their
activities. For countries with four seasons, the requirement of heating and cooling is
almost balanced throughout the year. Heating is required during winter and cooling during
summer while hot-climate countries require more cooling energy than heating. For
tropical countries, the users need cooling instead of heating for the room, yet hot water is
still required in a small quantity especially in the night and rainy season. This study
chooses a tropical region as the case study since it has potential to be implemented in the

residential areas. Most tropical countries in the South-east Asia such as Thailand,
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Indonesia and Malaysia still implement the conventional system in providing electricity,
heating and cooling in residential applications. In the conventional system, utilization of
electricity, heating and cooling is provided by a separated system which combines
electricity from the national grid with auxiliary boiler and air conditioning to provide
heating and cooling space. Furthermore, the advanced power generations such as
polygeneration system have not been much studied further in those countries compared
to developed countries such as the United States (US), United Kingdom (UK), Japan and
China which have four seasons during a year. Therefore, analyzing and optimizing the
design of polygeneration system in the tropical country such as Malaysia should be an
interesting topic to be studied to highlight the possibility in developing this system for

residential usages.

As explained in the first paragraph, applications and behaviors of the users affect the
requirement of electricity, heating and cooling. For commercial applications such as
office buildings, supermarkets and industries, the implementation of polygeneration
system employing SOFC as the prime mover is not favorable unless the initial cost of
SOFC could be decreased as predicted in 10 to 15 years later (Akikur et al., 2015).
However, increase in attention comes from applications for residential use in form of a
single home and apartments in developed countries (Kyriakarakos & Papadakis, 2015).
This trend could be followed by developing countries such as Malaysia which has
regulations regarding renewable energy utilization and feed-in-tariffs to be a potential

market in commercializing this system.

Performance evaluation is the first step in this study in optimally designing a
polygeneration system applying SOFC as the prime mover. In this phase, four proposed
designs were studied and evaluated as per the energy, economic and environmental

aspects. The optimum configuration of the polygeneration system is implemented for a
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Malaysian residential area. The performance evaluations were designed based on four
configurations as shown in Table 5.1. The evaluated configurations consist of four cases
where Case 1 represents the grid-connected polygeneration system with EV charging and
Case 2 represent the standalone polygeneration system with EV charging. Meanwhile
Case 3 defines the grid-connected polygeneration with HV fueling supply and Case 4

represent the standalone polygeneration with HV fueling supply.

Table 5.1: Configurations proposed for evaluation purpose

Grid connection Vehicles power supply
Configurations Grid-connected Standalone EV charging | HV fueling
Case 1 \ \
Case 2 v \
Case 3 \ \
Case 4 V \

Moreover, the size of SOFC was also analyzed to determine the capacity requirement
of the prime mover to satisfy the residential homes and vehicles energy consumptions. In
these studies, the SOFC acting as the prime mover operated at the full load continuous
operation, yet the electrolyzer operation depends on the available electricity. For the
systems which were connected to the national grid, the electrolyzer operated at full load
continuously. When there is lack of electricity, the excess was imported from the national
grid and maximizing the hydrogen production. On the other hand, the standalone systems
must be operated based on the availability of electricity from the prime mover. Therefore,
the operation of the electrolyzer was controlled based on the excess electricity from the

prime mover without any support from the national grid.

Although the grid-connected systems could import electricity from the national grid,
the polygeneration system was assumed not to export the excess of electricity to the grid.

This operating strategy is based on the government regulations in Malaysia and due to
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grid stability issues (Akikur et al., 2015; Tie et al., 2014). Therefore, excess electricity

should be minimized during the operation.

53 Improvement of system components

The third phase in the energy planning for the residential polygeneration system
focuses on the improvements for the system components. In this phase, two types of heat
recovery system were compared to analyze the performance of heat recovery to improve
the system efficiency. The heat recovery system studied for the first and second systems

will be explained in the next sub-sections.

53.1 SOFC with the basic heat recovery (system 1)

The polygeneration with the basic heat recovery is depicted in Figure 5.1. The SOFC
based polygeneration system was integrated with electrical or hydrogen vehicles charging
or fueling stations. The fuel processor and air preheater were used to convert the natural
gas through steam reforming and water gas shift reactions and preheated up to 650°C
before injecting to the cells tube. The fuel from the processor moved to the anode side,
while the air stream was injected to the cathode side of the cells. Electricity generated
from the fuel cell was converted to alternate current (AC) power supplying the residential
area, while direct current (DC) power was used for supplying electric vehicles station and
electrolyzer to generate hydrogen. For polygeneration with the electric vehicles charging
station, the unused hydrogen generated by the electrolyzer was sold to the gasoline
retailers. On the other hand, for the polygeneration with the hydrogen vehicles fueling
station, the hydrogen was stored in the buffer tank, compressed to a high-pressure gas and
stored in the high-pressure tanks as fuel for hydrogen vehicles and the excess hydrogen

could be sold.
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The exhaust gases from the fuel cell was heated until 900°C to increase the outer
temperature and preheated fuel, air and water. A heat exchanger (HEX) was applied to
supply hot water for residential families from the groundwater with the temperature of
between 25°C to 28°C based on the ambient temperature (Mahlia & Chan, 2011). A
double-effect absorption chiller provides primary space cooling for the houses by
utilizing the excess heat from the fuel cell with an inlet temperature of 185°C, while the

excess heat from the absorption chiller is released into the air.

The basic heat recovery configuration consists of the heat exchanger for hot water
supply and double-effect absorption chiller for the cooling supply. The exhaust heat from
the high-temperature generator was released into the air with the temperature of 130°C.
This heat could be useful for heating or energy conversion purposes to increase the heat
efficiency of the SOFC, hence the system was improved by adding a renewable energy

source and energy conversion device.

5.3.2 SOFC with the extra heat recovery (system 2)

The improved heat recovery system is depicted in Figure 5.2 by adding photovoltaic
thermal (PVT) panels and thermoelectric generators (TEG). The working principle of
system 2 was different regarding the heat utilization and conversion mechanisms. The
exhaust heat from the prime mover and balance of plant (BOP) was converted into
electricity by the high-temperature TEG (HT-TEG) through fuel processor and air
preheater pipelines. The stream of gases flow through the high temperature side of TEG,
while the water flowed through the low temperature side. The temperature of the HT-
TEG which was about 180°C and 90°C in the high and low temperature sides respectively
generated electricity as the back-up power of the prime mover during high-consumption

periods.
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Moreover, a low-temperature TEG (LT-TEG) was also integrated through the pipeline
in the low-pressure generator of the absorption chiller to optimize the utilization of
exhaust heat. The outer temperature from the generator of about 140°C was utilized to
preheat the water fluid from the photovoltaic thermal collector. The outer temperature in

the cool side of LT-TEG of about 50°C was injected to the cooling side of the HT-TEG.

With the additional PVT and TEG components, this configuration has several
advantages in optimizing the heat utilization from the SOFC, the fuel processor and the
air preheater. Firstly, the preheated water from the PVT was utilized for hot water supply
and flows to the cooling side of the TEG. In the water preheating process from the PVT
to the HT-TEG, the steamed water was injected to the processor without adding burner to
increase the water temperature. Furthermore, the conversion process in the TEG
generated more electricity for the peak load period to minimize power consumption from

the grid.

5.4 Configuration analysis of polygeneration system

The aim of this study is to evaluate the performance of the SOFC based polygeneration
system. The evaluation takes into account four configurations as the case study with five
criteria of assessment based on energy, economic and environmental aspects. Moreover,
as the prime mover in the polygeneration system, SOFC plays an essential role on energy
saving, cost and the reduction of carbon emission. Therefore, based on four configurations
as mentioned in Section 5.2, the analysis for the SOFC capacity from 40kW to 160kW is

also analyzed.

5.4.1 Annual consumption
The performance of the system is directly related to the profile of demand. From the

case study proposed, Malaysia as a tropical country has a higher cooling demand
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compared to heating. Based on Figure 5.3, the annual cooling consumption of the multi-
family residential houses is about 321 MWhth per year with an average consumption of

about 6.42 MWhth per-family.

The second highest rate of energy consumption in the residential area is from hydrogen
consumption. The hydrogen demand plotted is based on hydrogen consumption from
vehicles only. The annual hydrogen consumption obtained per year is 252 MWh for
multi-family and average consumption of 5.03 MWh per year for single-family. On the
other hand, it is interesting to note that the energy consumption of an electric vehicle (EV)
is much less than hydrogen vehicle (HV). Compared to other loads, electricity
consumption of the vehicle is the second lowest rate of annual consumption at 139 MWh
per year with an average consumption of 2.79 MWh per family. This analysis is almost
similar to the literature (Carr et al., 2016) which revealed that the energy consumption of

hydrogen fuel vehicle is 28% higher than the electric vehicle based on the load profiles

in the U.K.
Annual consumption
350
B EV charging station (MWh)
300
250 m Hydrogen fueling station
(MWh)
200 Electricity power supply
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Figure 5.3: Yearly energy use of residential demand
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The annual heat consumption of multi-family houses is about 208 MWhth per year
with an average of 4.17MWhth per-family. On the other hand, the annual electricity
consumption is at a lower rate than others since cooling and heating power generation of
the electronic devices (air conditioner and water heater) have been converted into an
integrated supply in this polygeneration system. The annual electric consumption for a
multi-family is about 103 MWh per year with average consumption of 2.07 MWh per

family.

54.2 Energy analysis

In this study, the prime mover capacity is defined based on the requirement for a single
family where the average size of SOFC that can be installed is about 2 kW (Akikur et al.,
2014). However, this capacity was excluded from the electricity consumption of the
electric vehicle and electrolyzer which respectively consumed 16 kWh and 90 kWh of
energy on average basis. Therefore, the increase in size and the addition of electricity
from the grid are needed to overcome the lack of energy from the prime mover power

generation.

For this study, all cases have similar SOFC capacity as the prime mover with the full
load under continuous operation with maximum power reaching about 102.7 kW during
peak load. With the current technology in fuel cell material, the SOFC can operate for
40,000 hours which is equivalent to 4.5 years (McPhail et al., 2017). This operation
influences the efficiency of fuel usage when the consumed energy is lower than the output

power in the SOFC.

The results of the energy evaluation for all cases are depicted in Figure 5.4. Case 1, 3
and 4 have similar reliability, higher compared to case 2. In case 1, the full coverage

electricity was provided by the main grid, while in case 3 and 4, the electricity demand
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for the resident can be fully recovered by the SOFC. From this result, case 1 had a higher
imported grid of 6.426 MWh in a year compared to case 3 which had grid consumption
of about 1.853 kWh per year. Meanwhile, the highest electricity loss occurred in case 3.
When electricity consumption from the residential home is much lower than the electric
vehicle, the full load operation of the SOFC caused an excess of electricity which cannot

be stored or sold to the grid.

On the other hand, the reliability of the system of case 2 is the lowest of all the cases.
It is caused by an off-grid configuration which failed to serve the electricity demand from
the resident home as well as the electric vehicle. In case 2, 9.85% of electricity demand
cannot be covered by the prime mover only, however, due to the controlled operation of

the electrolyzer, the power loss is not as huge as expected (73.52% in full load operation

of electrolyzer).
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Figure 5.4: Energy evaluation for all cases
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Regarding efficiency, the efficiency of the system in case 4 is the highest compared to
case 2 and 3. The standalone system configuration and minimum electricity consumptions
increased the overall efficiency of the system. On the other hand, Case 1 has the lowest
efficiency compared to others. Due to the high consumption of electricity from the house
and vehicle as well as the electrolyzer, imported electricity from the grid becomes high
priority which decrease the efficiency of the system. It is similar to the PES value which
shows that case 1 has the highest electricity consumption from the main grid where the
PES is lower by 4% as compared to other cases. This shows that grid consumption can

decrease both efficiency and PES from the polygeneration system.

Figure 5.5 depicts the evaluation of SOFC capacity with respect to the reliability of
the system, energy savings and overall efficiency. The increase in the SOFC size
decreases the LPSP value which means that the reliability performance of the system to
serve demand increases. For the size under 100 kW, the reliability performance of the
system increases dramatically, while if the size is above 100 kW, the reliability is stable
at 7.25%. Case 2 has the highest LPSP value compared to others when the reliability
reaches its stable value of 120 kW. The reliability of the polygeneration system can be
enhanced by increasing the cooling capacity since cooling has the highest demand and

losses occurred compared to electricity and hot water.

On the other hand, overall efficiency and energy saving decrease in line with the
increase in SOFC size as shown by the dashed lines in Figure 5.5. For the SOFC size of
120 kW and above, both efficiency and PES are not changing significantly for the overall
case. The highest value for system efficiency and PES is for case 2. It reveals that the
utilization of electric vehicle in a standalone system brings improvements to energy
saving and efficiency of the system. On the other hand, Case 1 has the lowest efficiency

and PES due to its high consumption of grid electricity. Since the grid has low efficiency,
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the more the electricity is consumed from the grid, the lower the efficiency of the system

and energy savings.
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Figure 5.5: Reliability, efficiency, and energy saving from case 1 to case 4 in
relation to the size of SOFC

For the analysis on grid consumption and energy loss, Figure 5.6 shows the result for
all cases. The amount of electricity imported from the grid was analyzed for case 1 and
case 3 only since case 2 and 4 are standalone systems. An unusual trend occured for the
imported electricity in case 1 where the value decreases for the SOFC size of 80 kW, but
it suddenly increases for the SOFC size of 100 kW as shown from the dashed line. It
occurs due to the operation of the electrolyzer which is employed as long as the system
has sufficient exhaust heat (it operates at a temperature of 80°C). When the size of SOFC
was increased, the exhaust heat also increased, and the electrolyzer operated normally.
Otherwise, the electrolyzer turned off when there is no sufficient heat. Therefore, the
amount of electricity needed should be higher than 80kW SOFC to run the electrolyzer
as well as serving the demand. On the other hand, different results are achieved for case

3 where the imported grid increases in line with the rise of SOFC size yet decreases for
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the size of 100 kW. The size of 100 kW is sufficient to supply the residential area without

any imported electricity from the grid since case 3 uses less electricity compared to case

1 and case 2.

The minimum energy loss occurs with the SOFC size of 100 kW for all cases. Both
case 1 and case 2 have lower energy loss compared to case 3 and case 4. Due to the high
rate of electricity consumption for stationary and vehicles, case 3 and case 4 have
maximum power consumption compared to case 1 and case 2. It is interesting to analyze
the energy loss in case 3 and case 4 when the SOFC size is 160 kW. While in case 1 and
case 2 the energy loss is slightly different, case 3 and case 4 have a significant difference
in energy loss with similar SOFC size at 160 kW. It is due to the operation of the
electrolyzer affecting the system. This considerable energy loss could be saved by adding
a storage device or by controlling the prime mover operation. Due to temperature stress
issues in SOFC operation, load following control cannot be applied to the prime mover
operation. Thus, some storage devices must be used to reduce the power loss and imported

electricity from the grid.
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Figure 5.6: Grid import/system loss from case 1 to case 4 in relation to the size
of SOFC
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54.3 Economic analysis

Economic evaluation of the polygeneration performance was conducted using energy
cost and energy saving criteria and compared with the conventional system using
Equations (3.12) to (3.18). As depicted in Figure 5.7, this study evaluated the system
considering the hydrogen selling strategy to analyze the effect of hydrogen production on
the system cost reduction. Mostly, the electrolyzer is always attached to the system even
when not used in the hydrogen fueling station. Therefore, the hydrogen can be sold at an

affordable price to cover the investment cost of the polygeneration system.

Even though the grid-connected system with EV does not have high energy savings, it
has lower energy cost compared to other configurations. From Figure 5.7, Case 1 has an
energy cost of about 6 cents per kWh, which is the lowest cost rate using the hydrogen
selling strategy. The cost saving is more than 50% compared to the CSS which consumes
grid electric and boiler for heat generation. Meanwhile, if the selling-hydrogen strategy
is not applied, the cost increases to 10.53 cents per kWh with cost savings of about 24%.
The low energy cost is caused by cost saving from the electric vehicle compared to the
conventional vehicle using gasoline. It also shows that case 3 and case 4 have the highest
energy cost of about 8.6 cents per kWh and 10.88 cents per kWh with and without the
hydrogen selling strategy, respectively. These results show that the electric vehicle is
economically more beneficial to be used in residential areas compared to using the
hydrogen vehicle. However, if the hydrogen selling strategy is not applied, all the cases
have different energy costs. Therefore, this strategy can be implemented in the residential

areas to decrease energy cost as well as reduce the payback cost period.
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Figure 5.7: Economic analysis for case 1 to case 4

Besides the analysis of energy cost and energy saving, distribution of system cost has
also been analyzed as shown in Figure 5.8. Distribution of annualized cost is dominated
by the cost of SOFC which has the highest investment cost against other components.
Hence it can be seen that the SOFC and other fuel cell types are new technologies which
needs more expensive material compared to other prime mover types. However, a positive
trend for the future energy cost of fuel cell especially the SOFC is that its cost would be
reduced by up to 50% in 2020 (Akikur et al., 2014; Akikur et al., 2015). Therefore, the
increase in SOFC utilization in the market leads to the reduction of the investment cost
of the component. The second and the third highest investment costs are the absorption
chiller and electrolyzer respectively. Therefore, further development of the combined fuel
cell-electrolyzer system is expected to reduce these investment costs, hence decrease the

energy cost of the proposed polygeneration system.
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Figure 5.8: Distribution of annualized costs for the main component of
polygeneration system with (a) EV charging system and (b) HV fueling system

The consumable energy cost distribution is presented in Table 5.2. The trend of cost

distribution is different for each configuration. Natural gas consumption contributes the

highest consumable energy cost for the polygeneration system which cannot be avoided

since the fuel cell operates under full load operation as the prime mover. The value of

hydrogen sold is more than the consumed natural gas, and then it can be profitable for the

system. However, for the configuration with the integrated hydrogen fuel vehicle, the

selling-hydrogen strategy has lesser effect to the energy cost reduction due to the lower

amount of hydrogen that can be sold.

Table 5.2: Distribution of consumable component costs in the polygeneration

system
Case 1 Case 2 Case 3 Case 4

Components (EV & On- (EV & Off- | (HV & On- (HV & Off-

(Thousand $) grid) grid) grid) grid)
Imported electricity
from grid 3793 0 0 0
Hydrogen sold 66.63 60.24 39.76 40.63
Hydrogen bought 0 0 1.018 1.018
Natural gas 29.05 29.05 29.05 29.05

Economic evaluation was also taken into account for the four cases with different sizes

of the SOFC as depicted in Figure 5.9. From the aspect of the cost of energy (COE), the
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100 kW SOFC size has the minimum energy cost for all cases. Case 1 has the lowest
energy cost compared to others for the selling and without the hydrogen selling strategies.
The trend of energy cost was drastically decreased from the size of 40 kW to 100 kW,
while gradually increased for size above 100 kW. The hydrogen selling strategy plays an
important role to decrease energy costs of the system by up to 34.17%. The energy cost
of 6.9 cents/kWh achieved by the proposed system is still lower than the values found in
the literature (Al Moussawi et al., 2017). This could be due to the integration of electrical
and hydrogen vehicles to the residential areas which decrease the fuel cost compared to

the conventional gasoline vehicle in this proposed system.
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Figure 5.9: COE and cost saving (CS) from case 1 to 4 with and without the
hydrogen selling strategy

Compared to the conventional separated system which has an energy cost of about 10
cents/kWh, the proposed system has the maximum cost savings for the SOFC capacity of
100kW. The negative value of cost-saving means that the energy cost is higher than the
conventional system which occurs for the size of 40 kW in case 1 and 2. Case 3 and 4
have lower cost savings, especially when the hydrogen is not sold. The hydrogen selling

strategy gives a significant effect on the energy cost saving compared to the conventional

137



system with the SOFC size of 160kW for case 2. About 51.37% of energy cost saving
was achieved for the hydrogen selling strategy in case 2 compared to the system without
the hydrogen selling strategy. For future applications which allow own retail setups to
have charging/fueling station in a small community, the hydrogen selling strategy seems
promising to reduce the energy cost for the user.
5.4.4 Environmental analysis

Reduction of carbon emission is achieved for all the configurations in the proposed
system as calculated using Equations (3.19) to (3.21). Based on the results in Table 5.3,
it reveals that the proposed system is environmentally friendly compared to the
conventional grid consumption with conventional gasoline for cars with similar average
driving distance profile. It is due to the natural gas consumption by system which has
lower carbon emission and electric and hydrogen supply instead of gasoline for the
vehicles. Due to the higher consumption of grid electricity, case 1 has the highest carbon
emission production compared to other configurations. As the emission factor of the
natural gas is lower than the grid, case 2 has 36.18 % of emission lower compared to case
1.

Table 5.3: Emission reduction rate and percentage for the proposed
polygeneration system

Parameters/ Case 1 Case 2 Case 3 Case 4
configurations (EVwith | (EVwith | (HV with (HV with
On-grid) Off grid) On-grid) Off grid)
Emission carbon proposed 594.3 506.1 506.2 506.1
system (Ton/year)
Emission reduction 20.74 32.5 32.5 32.5
percentage (%)

As depicted in Figure 5.10, the increase in the emission is in line with the increase in
SOFC size. Since the SOFC is fueled by natural gas, the amount of carbon emission for

the SOFC operation affects the environment. For SOFC size above 120 kW, the carbon
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emission is higher than the conventional system by up to 47%. Therefore, to reduce
carbon emission, the size of SOFC should be at the maximum of 120 kW. It related to
case 1 and 2, case 3 and 4 have lower carbon emission rates, which shows that hydrogen
vehicle has a significant effect in reducing the carbon emission compared to the electric
vehicle. The standalone configuration also plays a role in environmental savings due to
the reduction of the imported electric from the grid, which has a high carbon emission

factor. This can be seen for case 2 which has similar environment saving trends with case
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Figure 5.10: Emission reduction (ER) and environment saving (ES) from

case 1 to case 4
5.5 Comparison between the basic heat recovery and the extra heat recovery

systems
5.5.1 Energy analysis
As depicted in Figure 5.11 (a), system 2 has several improvements achieved in terms

of efficiency and PES and reliability. The efficiency of system 2 increases approximately
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by 10.57% compared to system 1. In addition, The PVT and TEG increase the electricity
generation as well as heat without causing any losses in the heat recovery system. Case 1
in system 2 has the largest difference in efficiency by about 14.36% compared to system
1, while case 3 has the highest efficiency value of 89.45%. Case 4 gives the smallest
improvement of efficiency compared to other cases. Due to the high consumption of
hydrogen and no consumption of electricity from the grid, hence it is no effect on
upgrading the heat recovery system. This can be concluded that the additional heat
recovery affects the consumption of electricity from the grid. The higher the grid

consumption is reduced, the higher the increase in the overall polygeneration efficiency.

Furthermore, PES increases as expected for case 1 only, while does not have any effect
on other cases. The energy saving enhanced for Case 1 in system 2 of about 11.58%
compared to system 1. This could be caused due to massive electricity consumption for
stationary power and electric vehicle supply from that is covered the polygeneration

system instead of the grid.

On the other hand, the reliability of system 2 is slightly higher than system 1 for case
1. It is different for the other cases where a significant improvement is achieved for the
reliability marked with the lower value of LPSP. The highest improvement of reliability
is achieved in case 2 by 99% compared to case 1 and the second is for case 4 which
achieves 37.24% higher than system 1. It can be concluded that the extra heat recovery is
suitable to be implemented for the standalone system (case 2 and case 4 are standalone),

which deals with lower reliability without support from the grid.

The power imported from the grid and the power loss from the system can be analyzed
through Figure 5.11(b). The improvement of polygeneration in system 2 can reduce grid
consumption by up to 12.85% for case 1 and 100% for case 3. This means that the

proposed heat recovery system can improve the performance of the polygeneration by
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being independent over the grid connectivity. Furthermore, due to the high electricity
generation, the power loss of the polygeneration in system 2 is higher compared to system
1. This excess of power can be reduced by properly sizing and optimizing the operation
of polygeneration system. Otherwise, the power excess can be saved by proper sizing the
storage device such as using battery or converting the power to hydrogen by the

electrolyzer.

(a) (b)

Figure 5.11: (a) LPSP, PES, and efficiency; (b) power imported/loss for the
proposed system

Sensitivity analysis was also conducted for the efficiency, PES, LPSP and power
import/loss from the system with respect to the size of SOFC. In Figure 5.12(a), the
efficiency of the system decreases in line with the increase in SOFC size. Both systems
follow similar linear trends. Furthermore, the PES pattern for system 1 is different from
the system for case 2 and 4. The polygeneration with extra heat recovery can deal with
deprivation of energy saving compared to system 1. Depicted in red and yellow lines, the
higher SOFC size in system 2 does not affect the energy saving which appears in system
1. The LPSP for system 2 is higher than system 1 for the SOFC size of 80 kW as well as
its imported electric from the grid as depicted in Figure 5.12(c). However, the reliability

of the polygeneration system increases for the size of SOFC at 100 kW or more, even the
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grid consumption reduced. This can be used as considerations in sizing the optimum
SOFC capacity. Below 100 kW, the size of SOFC affects the reduced reliability and

increased of imported power which can lessen the performance of the polygeneration

system.
(a) (b)
(c) (d)
Figure 5.12: (a) efficiency; (b) PES; (¢) LPSP, and (d) power loss/imported over the
size of SOFC
5.5.2 Economic analysis

From the economic aspect, the polygeneration using extra heat recovery can be
affordable compared to the reference system which uses separated energy supply for
homes and vehicles. The system 2 achieves the energy cost of 9.97 cents/kWh with sold
hydrogen scenario, which is lower than the reference system by about 28.78%. However,
compared to system 1, the extra heat recovery system takes a higher price especially for

the photovoltaic part which has high investment costs. The cost saving achieved by
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system 2 is as high as 31.44% and 23.89% for sold and unsold hydrogen scenario

respectively.

Figure 5.13: COE and COE saving of the polygeneration system over the proposed
configuration

The analysis for the cost of energy (COE) and the cost of energy savings (CS) relative
to the size of SOFC is depicted in Figure 5.14(a) and (b). Case 4 in system 2 has the
highest energy cost as well as the lowest cost saving compared to other cases. On the
other hand, the lowest energy cost is achieved by System 1 with case 1 and 2
configurations. The higher the SOFC size, the lower the gap of differences in energy cost
as well as cost saving between system 1 and 2. The highest difference in energy cost is
achieved by case 4, which is about 37%. Sold and unsold hydrogen scenario still affects
the energy cost as well as the cost saving for both of systems. By applying the hydrogen
selling scenario, the energy cost can be decreased to about 21% for each case in system
2. Case 1 has the highest energy cost reduction compared to other cases due to the high

excess of hydrogen sold.
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Figure 5.14: (a) COE, and (b) COE saving over the size of SOFC for

polygeneration system with the basic heat (system 1) and extra heat recoveries
(system 2)

5.5.3 Environmental analysis

Carbon emission production and CO» reduction are used as the basis to evaluate the
polygeneration with basic heat and extra heat recovery systems as presented in Figures
5.15 and 5.16 respectively. From these figures, system 2 has a lower emission compared
to system 1. The polygeneration with extra heat recovery system reduces the carbon
production of 13.63% for case 1, while for case 2 and 3, it slightly increases by about 1%.

This is due to the photovoltaic utilization, which reduces carbon emission, yet the value
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is not too significant compared with emission from grid utilization. For case 4, the carbon

production is almost similar between system 1 and system 2.
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Figure 5.15: CO: production and reduction of polygeneration system with the
basic heat and extra heat recovery

Furthermore, Figure 5.16 also depicts trends for CO> production and reduction over
the size of SOFC. It is almost similar for system 1 and system 2 where the CO; production
increases in line with the increase of SOFC size and vice versa for the CO: reduction rate.
The trend of CO; production is not linear for system 2 case 4, which has a higher gap of
differences for SOFC sizes of 140 kW and 160 kW. Thus, it can be concluded that system
2 can be considered a more environmentally friendly system with lower emission

production compared to system 1.
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Figure 5.16: CO: production and reduction of polygeneration system over the size
of SOFC

5.6 Discussions

Based on these results, the proposed configuration achieved a maximum energy saving
of about 70% compared to the conventional system. While for the energy cost saving, the
proposed system reached 50.46% and 25.29% of the maximum energy cost savings in the
case with and without hydrogen selling strategy respectively. With respect to the

environmental aspect, reduction of carbon emission from the proposed system is much

lower than the conventional system by about 70% at the maximum rate.

The hydrogen selling strategy has a significant effect on the reduction of the energy
cost by about 51% for the configuration which attaches electric vehicle station.
Meanwhile, this strategy does not influence the configuration with hydrogen vehicle since
the hydrogen consumed is more than or equal to its production. Also, the grid connection
has reduced the probability of the supply loss (LPSP) by about 45.25% for configuration
with the attached electric vehicle, while it does not affect the system with an attached
hydrogen vehicle. The strategy also affects the payback period of the polygeneration
system. The lowest payback period was achieved by case 1 and followed by case 2 (about
3.3 years and 3.4 years respectively). On the other hand, case 3 and 4 attained payback

period of 6.4 years and 6.2 years respectively. These results showed good agreement with
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the previous study concerning application of fuel cell-based energy generation system for
clinic and supermarket buildings (Facci & Ubertini, 2018). It exhibits promising potential
of fuel cell-based energy generation system to be implemented for small and medium

scale applications.

Compared to the other configurations, case 1 has the most promising energy and cost
saving values compared to the other cases. However, it has an issue on environment due
to highest carbon emission than other cases. On the other hand, case 2 can be considered
as the optimum configuration which has high efficiency and energy saving as well as has
a minimum of energy cost and carbon emission. However, it needs auxiliary storages to
avoid the power loss issue. Lastly, case 3 and case 4 still have a higher energy cost
compared to case 1 and case 2 due to the high cost of hydrogen. The system with hydrogen
fueling configuration becomes viable in terms of energy cost when the price of hydrogen

reduces, or the amount of selling hydrogen increases.

The improvement of the heat recovery system in polygeneration affects the increase
of system reliability. The polygeneration with extra heat recovery system achieves a
higher reliability of about 35.91% for Case 2, 3 and 4 and 4.83% for the polygeneration
with extra heat recovery, EV supply and on-grid system for Case 1 in system 2. The
improved system also enhances the energy saving of about 11. 58% compared to the
polygeneration with basic heat recovery. The efficiency also increases by about 14.36%,
11.38%, 11.16% and 5.37% for the polygeneration with extra heat recovery in Case 1, 2,
3, and 4, respectively. Therefore, the polygeneration system can suffice the load

independently without the imported power from the grid.

In terms of the environmental aspect, the polygeneration system is more
environmentally friendly with emission reductions of about 31.60% and 30.32%

compared to system 1 and the conventional separated system respectively. Based on the
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analyses between system 1 and system 2 with four cases, it can be concluded that case 2
in system has the most significant improvements compared to other cases and systems. It
has high efficiency, reliability and energy cost saving and also high reduction of emission
carbon. However, a huge excess of electricity still has to be optimized due to the
decreased power loss of the system. Moreover, the additional components such as the
photovoltaic cells increase the initial cost of the system, therefore, optimizing the
operation and the size of the polygeneration are solutions to deal with the high energy

cost of the system.

5.7 Summary

This chapter has presented the second and third phases of the research framework from
this study. Four configurations i.e. the on-grid polygeneration with EV, off-grid
polygeneration with EV, on-grid polygeneration with HV and off-grid polygeneration
with HV are proposed to evaluate the optimum system performance based on energy,
economic and environmental criteria. Evaluation of SOFC size has also been conducted
for initial analysis to the optimization of system capacity from the polygeneration system.
The third phase of this study has also been conducted for improving the energy generation
from the system. Performance analysis for the improved system has been simulated and
the result is compared to the system with the basic heat recovery system. Lastly, several
important points are discussed regarding the improvement of polygeneration system from

the configuration and system component aspects.
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CHAPTER 6: OPTIMUM OPERATING STRATEGY AND SIZE OF SOFC

BASED POLYGENERATION SYSTEM

6.1 Introduction

This chapter discusses the optimization process of SOFC based polygeneration system
to obtain its operating strategy and component size. This step is essential in developing
the optimum design of polygeneration for residential application. Section 6.2 presents the
optimization process while Section 6.3 provides information on proposed fuzzy design
for optimizing its operation such as input variables, objective, and constraints of
operation. Section 6.4 introduces metaheuristic methods for optimum sizing of the
polygeneration capacity. Furthermore, the performance of the proposed optimization
methods and discussion of results are presented in Section 6.5 and Section 6.6,

respectively.

6.2 Design optimization of polygeneration system

After evaluating the configuration and improving the recovery system of
polygeneration, optimization of its design should be considered to improve the system
performance. The optimum design of polygeneration system can be achieved using two
approaches; operation optimization (OO) and size optimization (SO). The OO optimizes
the operation of polygeneration system to maximize or minimize single or multiple
objectives. The optimum operation can be applied in scheduling, on/off or any
management strategies for the polygeneration components. On the other hand, size
optimization is to find the optimal size of the polygeneration system components based
on single or multiple objectives. The components including prime mover, heating and

cooling units, hydrogen generation unit and storages.
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6.3 Fuzzy logic for the operating strategy

Fuzzy logic (FL) method is employed to manage the polygeneration components in
the operation optimization (OO) stage. The strategy works with fuzzy set and rules which
drive the logic of the fuzzy output. It has several advantages in defining vagueness and
imprecision of constraints, multi-objective problems and complex parameters through
human communication language (Stojiljkovi¢, 2017). In this study, fuzzy sets are
generated for five input and five output parameters using the multi-input-multi-output
(MIMO) fuzzy approach. Two fuzzy rules are executed sequentially to control the SOFC
and absorption cooling with different inputs, outputs and rules. Furthermore, as depicted
in Figure 6.1, the bi-level fuzzy operation is also applied to control the operation of SOFC
power and heat generation based on the fuel input, fuel to air and fluid temperature. For
the absorption chiller, the generator and absorber temperature are controlled to optimize

its coefficient of performance.

Electric Load,, SOFC Power Fuel utilization,

EV/HV Load,, SOFC Heat o Air to fuel ratig

SOC Battery,, o Fuel tem

Cooling Loa FUZZY LEVEL 1 COPABS . FUZZY LEVEL 2

—34 »> HG temp. o

PVT Power , | Electrolyzer > Absorber temg.
Power

Figure 6.1: Fuzzy design for optimum energy management strategy

The management process using the Fuzzy algorithm is depicted in Figure 6.2. The
process starts to initialize input of Simulink data i.e. solar radiation, electric load, vehicle
load, cooling load, and heat load. Furthermore, input variables of fuzzy management are
also initialized consisting variables such as electric load (e/), electric vehicle load (evi),
hydrogen vehicle load (Av/), photovoltaic thermal power (pvf), and SOC of the battery
(socb) and their bounds are defined. As for the outputs, the fuel cell output power

(sofc_p), fuel cell output thermal power (sofc_gq), consumed power by the electrolyzer
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(elect p), and coefficient of performance of the absorption chiller (cop abs) variables are
initialized, and their bounds are defined as well. All inputs and outputs have to be
normalized into the range [0,1] from the real values. Then, the fuzzification process
converts all input variables into fuzzy linguistic values and their respect to membership
degrees. Each input variables represents one or two linguistic value with the associated

membership degree.

Weight calculation is used to calculate the membership degree of output before it is
converted into the normalized values through the defuzzification process. For the
electrolyzer power output, the fuzzy value is converted into the real value, while for
sofc_p, sofc_q and cop, the fuzzy values of these variables are converted into fuzzification
level 2. Similar to level 1, fuzzy management in level 2 aims to manage the SOFC and
absorption coefficient by using several variables. These variables act as the output of
fuzzy management from the fuzzy rules with three linguistic values i.e. LOW, MED, and
HIGH. The process of converting the input to the output continues with defuzzification

and normalization of the output to the real values.

6.3.1 Input-output variables

In the first level of fuzzy, two fuzzy inference systems are used to operate the SOFC
and electrolyzer on the one side and operate the absorption chiller on the other side. In
the first level of fuzzy, the management actuators consist of three variables, i.e. SOFC
power, SOFC heat, and electrolyzer power, while the second fuzzy generates a coefficient

of performance (COP) of the absorption chiller.

Furthermore, the second level of fuzzy also employs two fuzzy inference systems to
manage SOFC power and heat and COP absorption chiller. In the first fuzzy, SOFC power

and heat are controlled by changing three variables i.e. fuel utilization (FU), fuel
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temperature (F7), and air to fuel ratio (AFR), while the second fuzzy controls COP by
changing temperatures of the high-pressure generator (HG) and absorber temperatures

(ABS).

Ye
For Fuzzy level = 2 Normalize variables
No
S mputland Set variable bounds
output variables

________ —

Fuzzification of
variables

—| Increase Fuzzy level | Apply Fuzzy rules

Defuzzification of | Weight calculation
output variables | of output variables

Figure 6.2: Fuzzy-based algorithm of multi-level management for polygeneration
system

Firstly, input variables should be fuzzified to get number between 0 and 1 to simplify
the fuzzy calculation. The linear fuzzy membership used is the triangle and trapezoid
forms as the linear form is more accurate to generate satisfied solutions and simple to be
applied (Stojiljkovi¢, 2017). This study adopts linear membership fuzzy for input

variables el, evl or hvl, socb, pvt and cl represented as [Le, Ueyr OT Uny » Usochs Hetr Hpvt-

The function to define fuzzification uses the triangle shape given as

el, —el
x x_s el m— el o el, >el, s and el, <el, ,

.uel(elx) = elx_l —ely (6.1)

ely, —elym ,el, > el and el < el

0, otherwise

while for trapezoid membership shape, it is defined as
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el, —ely
( /elx_ms —ely s’ el, >el, s and el, <el,

.uel(elx) = elx_l - elx
elx_l - elx_ml

1, ely, > el _andel, <ely

sely > el and el, < ely (6.2)

Where el, , el, p, el, ; are real numbers corresponding to fuzzy value small, medium
and large, respectively, while el ,,; and el ,,; are real numbers of the fuzzy value of
medium-small and medium-large. Each variable is fuzzified to get the normalized value
of fuzzy and converted into linguistic value. In this study, three types of fuzzy

membership shapes are studied to optimize the fuzzy operating strategy as depicted in

Figure 6.3.

10 LOW MED HIGH 10 LOW MED HIGH 10 LOW MED HIGH
0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

el x el_x+n el x el_x+n el x el_x+n

(a) (b) (©)

Figure 6.3: Three types of fuzzy membership used in this study i.e. (a) fuzzy type 1;
(b) fuzzy type 2; and (c¢) fuzzy type 3

Each fuzzy type represents three levels of linguistic value of input i.e. LOW, MED
and HIGH in fuzzy value [0,1]. To reduce the complexity of this system, the fuzzy type
1, 2 and 3 is adopted for fuzzy level 1, while fuzzy level 2 uses fuzzy type 1. All figures
for membership fuzzy are presented in Appendix A. At the output, the defuzzification
process is conducted based on a Sugeno approach using three to five fuzzy degrees. As
for the output power and heat of SOFC, four linguistic values are used to represent the

fuzzy degrees, i.e. LOW, MED, HIGH, and VERY HIGH.

In the second level of fuzzy management, output variables related to the SOFC and
absorption coefficient are taken as the input variables (see Appendix A). The input

variable degrees are similar to the output variables in the first fuzzy level. Real values of
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input are normalized from the maximum and minimum bound into the range [0.1]. This
normalization is applied to easily calculate the input which has different ranges of value.
Furthermore, the output value is also normalized from the range [0,1] to the maximum
and minimum range of SOFC power, heat, and electrolyzer. The maximum and minimum

bound of input and output variables are presented in Table 6.1.

Table 6.1: Variable bound of input and output of fuzzy management

Variables Units Upper Lower . .
(in/out) bound bound Fuzzified equations
El load (in) kWh 21.086 1.251 |el, = 0.05042x — 0.0630
EV load (in) kWh 31.004 0 evl, = 0.0323x
HV load (in) Kgh 1.431 0 hvl, = 0.68812x
SOC battery (in) % 0 100 socb, = 0.01x
Cool load (in) kWh 4.98 107 cl, =0.009802x — 0.0488
Electrolyzer Kgh
power (out) 0 1.854 | ¥ep = 0.539374ep,,
SOFC power kWh 76.81 111.3 _
(out/in) Ysofep = 37.5s0fcp, + 75
Xy 75
SOFC heat kWh 90.66 2334 | Ysofch = 144sofch, + 90
(out/in)
h = x, 5
sofchw: = 122 3
COP absorption - 0.5 1.0 Yeop = 0.8cop, + 0.5
(out/in) copyy = 1.25x%, — 0.625
O to H» ratio - 2 5 Y2oton = 30toh,,; + 2
(out)
SOFC K 923 1173 | ¥2505ce = 250s0fcty, + 923
temperature
(out)

6.3.2 Fuzzy rules
In the first level of fuzzy, the rules are to minimize output SOFC and maximize

consumption electricity from the electrolyzer when the load is LOW, and the battery level
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is HIGH. On the other hand, maximizing the SOFC power and the electrolyzer
consumption is prioritized when the loads are HIGH and battery level is LOW. The detail
rules of fuzzy level 1 by using different vehicle load are presented in Table 6.2 and Table

6.3, respectively.

Furthermore, fuzzy level 2 focuses on controlling the SOFC power using several input
parameters such as fuel temperature, fuel utilization, and air to fuel ratio, while also
control coefficient of performance (COP) of absorption chiller using high-pressure
generator and absorption temperatures as the parameters. To generate precise value of the
SOFC power and heat, three levels and five levels of linguistic value are used for the first
fuzzy, while the second fuzzy uses three levels of linguistic values for the inputs and

outputs. The detail rules for fuzzy level 2 is presented in Table 6.4.

6.4 Metaheuristic method for optimizing polygeneration size

Besides optimizing operation using Fuzzy method, size optimization is also conducted
using metaheuristic and bio-inspired approach based on evolutionary and swarm particle
methods. GA is chosen as an evolutionary-based method, while PSO is considered for the
swarm-based method. Both methods utilize powerful algorithms to optimize multi-
objectives and multi-modal problems giving the high performance of global optimizing

search (Martinez-Soto et al., 2014).
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Table 6.4: Fuzzy rules level 2 for SOFC and absorption chiller management

Variables Rules

SOFCP | L M H L MVLVHH L MVHHVLUL MVHHMMH L

Input | SOFCQ [VLVLVL L L L L L MMM MM H H H HVHVHVH -

COP AbS |- - - - - - - - - - - - - - - - - - - - VL L M HVHEH
FUSOFC |[H H H M M L H H M HHULMMHTLMTL L
O2TOH2 [VHVHVHVHVHVH H H H H M L L
TSOFC HMLMILMHILMHMILMHMHMTLTLMHTLH
Output
TGH - - - - - - - - - - - - - - - - - - - - L L L HMH
TGL - - - - - - - - - - - - - - - - - - - - L L MHH
TA - - - - - - - - - - - - - - - - - - - - MMMML

6.4.1 Optimization variables and objectives

There are seven components of the polygeneration system which have to be sized well,
thus giving the whole system better energy savings, lessen cost and power loss. SOFC
size is the most important part since it is a prime mover of the polygeneration, while
cooling capacity is also important to maximize energy saving from the heat utilization
part. PVT panels which consist of parallel and series configurations are also considered
as an auxiliary source of electric and heat for the polygeneration system. Since it has a
high initial price, the units must be optimized to increase energy saving as well as reduce
power loss. Moreover, electrolyzer size, TEG module which consumes heat and battery
as power storage are also important to be considered in increasing the performance of

polygeneration system.

In order to speed up in searching the optimum size for each component, this study
considers defining the search space as presented in Table 6.5. These values are also
converted into integers to simplify the searching process and defining the near real

component size to the commercialized version.

There are six criteria of objectives used for the polygeneration in the standalone
polygeneration system with extra heat recovery and electric vehicle supply, i.e.

polygeneration efficiency (n_poly), primary energy saving (pes), cost of energy saving
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(cs), carbon reduction (CO,R), power loss (P;,ss), and loss of supply probability (Ipsp).
Since the system adopts a standalone configuration with electric vehicle (EV) as the load,
there is no imported grid considered as the objective of optimization. The fitness value of

to be achieved is calculated as

_ P
fit = a; * Nyopy + ay ¥ pes + az * coe + ay * C02ppq + as * (1 - 5::;) +

ae * lpsp (6.3)

Where a ;to ag are the weight values of each objective criterion. Since other criteria
except Py,ss are normalized into the range [0,1], then the additional calculation is needed

to convert power loss value into a similar range.

Table 6.5: Variable constraints of optimization of polygeneration components

Variables Units Upper bound | Lower bound
SOFC size kW, 58.4 140.9
Cooling capacity kWi 70 120
PVT series number - 2 10
PVT parallel number - 10 100
Electrolyzer size kw, 80 120
TEG module number - 20 100
Battery size AH 500 3000

6.4.2 Genetic algorithm method

Optimization of polygeneration design using the GA method starts by initializing the
input variables and their constraints. There are seven variables of polygeneration
component to be optimized as presented in Table 6.5. Initial GA properties such as
population, generation number, variable number, mutation and crossover coefficients are

presented in Table 6.6. As the objective has multi-variables, inertia weights of objective
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variables have to be initialized as well. Some external variables are initialized as the input

of simulation such as fuzzy management using the optimal shape of fuzzy membership.

For the first generation, the variable of polygeneration size (poly size) is generated
with matrix data representing a number of population and number of variables. In this
study, the populations consisting seven variables are generated for evaluation. Since all
individuals in the population are evaluated, maxfit representing the best individual with
the best fitness value can be defined by comparing the fitness value of each individual in
the population. Moreover, minfit as the worst individual, bestobj as the best fitness value
and best_size as the best individual are also defined. The best individual in the population
is saved by the elitism process to keep the best solution in the population for the next

generation.

Furthermore, ranking the fitness value and selection process are also conducted to
remove bad solutions with low fitness values, while keeping the good solutions with high
fitness values. The individual with the higher fitness value has the higher chance to be
chosen as the parents in the next process. In the crossover process, the parents generate a
child by changing the DNA of parents representing the variables of the solution. In the
mutation process, the children generated from the crossover mutate their DNA to generate

better individuals.

Lastly, new individuals generated replace the old individuals in the population for the
next generation. All processes are iterating until the last generation is reached. The

algorithm of optimization using the GA method is depicted in Figure 6.4.
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Figure 6.4: Optimization algorithm using the GA method

6.4.3 Particle swarm optimization method

PSO inherits the habit of swarm population of bird in reaching the prey. As depicted
in Figure 6.5., the algorithm of PSO is quite similar to GA in terms of its evaluation and
generating the population. Initialization of PSO properties consisting of several variables
namely iteration number, velocity of a particle with maximum and minimum bounds,
inertia of swarm with maximum and minimum bounds, and also coefficient of ¢l and c2

representing cognitive and social learnings from the swarm.
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Figure 6.5: Optimization algorithm using PSO method

The process starts to generate the initial population consisting number of population
and number of variables representing the particles. Evaluation of particles is done by
simulating the polygeneration system to get several outputs of objective variables. All
variables are calculated based on their inertia values to generate the fitness value. All
particles in the swarm population are evaluated to identify the best particle representing
by pbest. On the other hand, the global best particle (gbes?) is also calculated as the same
as the population best particle (pbest) for the initial population. These values are the

reference values to evaluate the particles in the next iteration.
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Table 6.6: Optimization properties for GA and PSO

Properties GA PSO
Generation/iteration 30 30
Mutation 0.2 -
Crossover 0.9 -
Maximum velocity - 100
Minimum velocity - -100
Population 10-30 10-30
Constriction factor (kf) - 0.7
Cognitive learning (c1) - 2.1
Social learning (c2) - 2.1
Initial inertia coefficient (w_init) - 0.9
End inertia coefficient (w_end) - 0.4

As the pbest and gbest are defined, initial velocity, initial delta w and w representing
inertia weight of particle velocity are also calculated. When the iteration started, velocity
and inertia weight of each particle in the population is calculated. The new particles
generated from the updated velocity and inertia weight must be evaluated to assure the
particle value is in their bounds. Furthermore, the new particles are evaluated to get the
objective value represented as the fitness and compared to get the best particle with the
best fitness value. Moreover, the gbest is also searched to represent the best particle with
the best fitness in all the iteration number. The new swarm replaces the old swarm
memory to be updated again to the next iteration. The processes are repeated until the last

iteration number is reached.

6.5 Analytic Hierarchy Process (AHP) for optimizing objective weight
Optimizing the solution using either evolutionary or swarm-based methods are robust
for solving complicated problems. However, with multi-objective and multi-criteria to be

considered, it is difficult to determine which objective criteria is more preferred than
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others. In this study, AHP for decision making is used to prioritize the objective criteria

and optimize the fitness value of the searching process.

As depicted in Figure 6.6, the process of decision making in determining the priority
of objective criteria starts with the first phase to generate a pairwise matrix A and define
the weight of each matrix cell. The number of pairwise generated is based on the number
of criteria decided n. In this study, six criteria are used which is defined as the weight of
the pairwise matrix. Since our study analyzes all possibilities of criteria to be evaluated,

there are two cases considered. The detail explanation of each case will be presented in

Section 6.6.
ajq A6
A= : (6.4)
Qg1 Qee

Where a;; = 1,a;; = l/ai]-- Since pairwise matrix contained priority weight of each

criterion over other criteria (a_norm), each matrix column is summed up to calculate the
weighted priority (a_prior). Each of matrixes at the same column is divided by the sum
of matrix column for weighted priority, and then the value of matrix in the same row is
summed up and multiplied by a number of criteria considered to calculate the priority of

each criterion.

a_norm[i][i] = (6.5)

Qjj
/sum(ail-: aj;)

a_prior[i][i] = a;; * sum(a_norm;;: a_norm,;) (6.6)

One thing that has to be considered is the consistency of the judgment to prioritize one
criterion over others. The allowed consistency value for the judgment is 0.1 that means
lessen the value the better the judgment. Furthermore, the second phase is to derive local

priority for the alternatives. In this study, ten individuals (in GA terms) or particles (in
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PSO terms) are used as the alternatives of multi-criteria decision making after optimizing
the size. From the alternatives, local priority is calculated based on its preferences from
the case. As an example, Case 1 which has equal-weighted objective generates ten
alternative solutions based on the different preference values. The alternatives generated
based on those individuals were compared to each other into pairwise matrixes based on
the referenced criteria. Each alternative objective value containing six criteria is
compared over the maximum value of each criterion amongst the ten alternatives to get
the normalized value of objective. The matrixes containing the weighted value of each
alternative are summed up and divided by the number of criteria to generate a local
priority of each alternative. Performance sensitivity can be done based on the preference
of each case to get a robust judgment for each alternative. Lastly, both the priority of
criteria and the local priority are multiplied to making a final decision for each alternative

based on the referenced criteria.

Figure 6.6: Algorithm of decision-making process for objective criteria using AHP
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6.6 Analysis of design optimization (DO) of polygeneration system

For this section, analysis of the optimization process is divided into single-level
operating optimization and bi-level OO and SO optimization. The single level only
considers the operating process to be optimized using FEMS. Meanwhile, this bi-level
optimization procedure considers employing FEMS in line with GA and PSO as a meta-
heuristic searching method. Lastly, an improvement on deciding the optimum size of
polygeneration based on the certain preference considers using AHP method which is

applied with the meta-heuristic searching.

(a) Single-level operating optimization using fuzzy ems

In analyzing the importance of each optimization process, this study firstly starts to
optimize the operation of polygeneration using FEMS. By considering three types of
fuzzy shape as presented in Figure 6.3, the optimum fuzzy operation is chosen considering
six criteria of performance mentioned in Sub-section 6.4.1. This phase is referred as a
single-level operating optimization (OO) consisting analysis from energy, economic, and
environment criteria. Moreover, energy flow analysis is also conducted for the optimum
fuzzy daily and weekly. The optimum fuzzy will be used as the operation in the bi-level

optimization process.

(b) Bi-level OO and SO using Fuzzy-GA-AHP and Fuzzy-PSO-AHP multi-objective
There are two cases studied for bi-level optimization regarding with multi-criteria
decision-making method using AHP. In case 1, optimum design with equal weighted
objective criteria was carried out. This case places all six criteria in similar priority to
generate optimum size of the polygeneration components. Thereafter, the optimization
process begins to search the best solution regarding the objective of generating the lowest

fitness value amongst the population. This optimization process was run ten times in
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simulation and generates ten best individuals. All these individuals are analyzed for their
preferences using the AHP decision-making method to get the local priority based on
their chromosome values. Moreover, criteria priority is also determined using the AHP
based on six preferences considered. Sensitivity analysis of each preference is done to get

the initial optimum design of polygeneration from the different preference criteria.

In case 2 and 3, the weighted objective was developed based on combinations of
multi-objective criteria i.e. PES, CS, CO2R, and power loss. In case 2, combinations based
on two criteria are used while in case 3 the objective is developed based on three criteria.
Based on the mentioned objective, optimizations are run using GA and PSO for. After the
solutions and their fitness values are generated, all solutions are evaluated compared to

others in getting the local priority.

The local priority of each alternative is then multiplied to the criteria priority used in
the weighted objective to generate overall priority. The prioritized alternative in case 1,

case 2 and case 3 are compared to get the best solution of the polygeneration size.

6.6.1 Single-level operating optimization (OO) analysis

Analysis of single-level operating optimization is conducted for two best
configurations chosen from objective 3 of this study. The off-grid polygeneration with
electric vehicle charging and the on-grid polygeneration with hydrogen vehicle (case 2
and case 3 in system 2) are chosen as these two cases represent different configurations
in terms of grid connectivity and vehicle load used. Therefore, these cases are analyzed
over three types of fuzzy shape proposed for the optimum operation. Analysis of
operation is conducted based on the energy, economic and environmental criteria

compared to the system with no management strategy. For further analyses, these two
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configurations will be mentioned as the polygeneration with EV and off-grid connection

(case 1) and the polygeneration system with HV and on-grid configuration (case 2).

(a) Energy analysis

Analysis of FEMS performance in terms of energy criteria improves the reliability of
polygeneration by about 52% compared to the system without applying fuzzy. The
highest enhancement occurs in fuzzy shape 1 compared to other types for polygeneration
with EV and off-grid connection. Fuzzy shape 3 also reduces the supply probability loss
(LPSP) by 22.05% and 53.46% compared to case 1 and case 2 with no FEMS,
respectively. As depicted in Figure 6.7, even fuzzy shape 3 has higher LPSP over the
others, it can maintain to have higher efficiency and PES of about 1.75% and 4.97%,

respectively compared other fuzzy types, especially for case 1.
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Figure 6.7: Energy analysis of polygeneration system based on three fuzzy shapes

This result also reveals the superior enhancement in the energy saving for case 1.

Compared to case 2, case 1 has higher energy savings and efficiency of about 112% and
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3.71%, respectively. It can also be seen that the management gives poor impact on energy
saving in case 2 where it becomes negative compared to not using FEMS. It can be
analyzed as the impact of controlling SOFC as the prime mover and electrolyzer which
produce electricity and hydrogen. As those two devices being controlled, the system
prioritizes utilization of grid instead of the prime mover to supply the loads which can

lessen the PES.

In Figure 6.8, enhancement in energy loss reduction occurs for all fuzzy shapes
compared to the system with no FEMS. The management using fuzzy shape 3 has higher
reduction compared to other types by about 48.82% and 49.26% for case 1 and case 2,
respectively. This result fulfills the requirement of this study though there are still energy
losses occurred in those systems. The result also proofs that the polygeneration in case 1

having lower energy loss compared to case 2 by about 41.41%.
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Figure 6.8: Power loss reduction of polygeneration system with and without
FEMS
(b) Economic analysis
Energy management also affects the energy cost of polygeneration system since the
fluctuation operation of power generation utilizing different fuel cost and grid

consumption cost. This analysis is taken for the polygeneration with EV and off-grid
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connection (case 1) having improvement of energy saving compared to the system
without FEMS. As depicted in Figure 6.9, the polygeneration in case 1 that employs fuzzy
shape 3 has cost saving of 32.58% which is higher than employing fuzzy shape 1 and 2.
This increase is about 2% and 0.7% compared to fuzzy 1 and 2, respectively. As compared
to the system without employing FEMS, the increase of cost saving is more significant

by 17% for case 1.

However, this management could not bring any improvement on the polygeneration
with HV and off grid system since the cost saving of the system worsens. As seen in the
figure, after employing FEMS, energy cost saving in case 2 becomes negative which
means the cost of energy is higher than the separated system as reference. This happens
due to the high consumption of hydrogen utilized for HV on one side, and limited electric
from the prime mover to be harvested for running the electrolyzer on the other hand. The
scenario results in the large amount of imported hydrogen that must be used to fulfill the
vehicle’s requirement which rapidly increases the energy cost of the polygeneration

system.
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Figure 6.9: Energy cost saving of polygeneration with and without FEMS
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(¢) Environmental analysis

The effect of FEMS on the reduction of carbon emission for both case 1 and case 2
seems not too significant as compared to the polygeneration without FEMS. The
polygeneration has a CO: reduction of about 17% in case 1 while having a reduction of
about 14% in case 2 by employing FEMS. This reveals the improvement in terms of
environmental health, the polygeneration with EV and off-grid connection has better
performance compared to the system with HV and on-grid configuration. This is due to
the effect of high-power loss that occurs which increases the carbon emission more than
the hydrogen used for the vehicle. As depicted in Figure 6.8, case 2 has much power loss
occurred compared to case 1 by about 41.41%. The losses are caused by the PVT, SOFC
and grid consumption. The result proves that maximizing the electric utilities and lessen

the power loss will affect the system against environmental health issue.
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Figure 6.10: Carbon emission reduction of polygeneration system with and without
FEMS

(d) Energy flow analysis of optimum energy management
Besides evaluating the effect of the FEMS to the polygeneration system, analysis of
energy flow after managed by the FEMS is also presented in this study. The energy flow

analysis presents the delivered, consumed and saved power between the sources, demands
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and the storage. In this study, energy flow analysis is conducted for case 1 with fuzzy
shape 3 as the configuration and the optimum FEMS were chosen over the others. The
analysis consists of a daily and weekly analysis of energy flow to study the effect of

optimum FEMS to the optimum configuration in the energy way.

Electric power flow through the supplies to the demands and storages is depicted in
Figure 6.11. and 6.12. SOFC as the prime mover becomes the highest power generator
supplying electric house and vehicle loads. It can be seen from the figure that SOFC
generates electricity in the range of 80 to 90 kW hourly to suffice the demands. Moreover,
depicted in a green line, PVT also generates power to back up the prime mover in
supplying demands based on sunlight intensity. In the daylight, PVT generation rises

significantly higher than SOFC at peak power of about 90 kW hourly.
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Figure 6.11: Daily analysis of polygeneration electric energy flow

The auxiliary backup power is generated by TEG to support the prime mover by
utilizing excess heat from SOFC and converting it into electricity. From the figure, the
gap between suppliers and demands are huge, then more energy exceeded. Fortunately,

the battery can be used to store the excess power from the sources and minimize power
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loss. However, since the sources generate power out of requirement, there is power loss
occurred at about 220 kWh per day which can lessen the performance of the

polygeneration energy saving and its efficiency.

In terms of heat energy flow, Figure 6.12 depicts daily analysis based on six
components i.e. heat and cooling loads, PVT heat, SOFC heat, absorption chiller, and
heat storage. Heat generated by SOFC is the highest energy source amongst other
suppliers in this system. Since this management controls the SOFC to generate very high
heat power, there is no significant fluctuated power in the SOFC. Furthermore, cooling
energy from absorption chiller becomes the second highest source generated in the
polygeneration system. The cooling energy generated fluctuates in the range of 100 and
150 kWhth per day following the cooling load requirement depicted by the blue line.
Since the heat storage tank cannot store much of exceeded heat energy, there is still heat

loss which is consumed by some components such as electrolyzer and TEG.
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Figure 6.12: Daily analysis of polygeneration heat energy flow

Weekly analysis is taken from the first hour on Monday until the last hour on Sunday

from 1 to 164 hours’ time simulation. As depicted in Figure 6.13, fluctuation of electric
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energy occurs in several of the polygeneration components such as battery, PVT, and
SOFC. SOFC energy fluctuates from 70 to 90 kWh and at several times PVT generates
more than 90 kW per hour. The energy stored in the battery reaches the highest rate on
Thursday and the lowest is on Day 1 and Day 2. A little bit of electric energy comes from
TEG depicted in the purple diagram. From this figure, in several times PVT and SOFC
generate power higher than the demand, then high energy loss occurred. This proves the
need for the optimum size of each polygeneration component to reduce the possibility of

power loss and improve the performance of the system.
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Figure 6.13: Weekly analysis of polygeneration electric energy flow

The same condition goes for the heat flow analysis depicted in Figure 6.14. On the
daily analysis, SOFC takes more portion to generate heat compared to other components.
Since the heat and cooling load is mostly similar throughout the week, no significant
changes in cooling generation from the absorption chiller occurs either stored heat in the
hot tank. For some hours there are cases that cooling demand is higher than its generation,

then some load losses occur. However, this loss is less than the polygeneration without
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FEMS which is proven by the decreased in the number of loss probability as presented in

Figure 6.7.
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Figure 6.14: Weekly analysis of polygeneration electric power flow

6.6.2 AHP for prioritizing the best fitness weight inertia

In order to make a priority of each criterion in the objective function, the decision-
making process is conducted using the AHP method. Based on the objective function in
Eq. (6.1), there are six criteria considered in optimizing the polygeneration size. Due to
the restriction to consider all criteria at the same time, overall priorities have to be defined
for each solution as the subject. The priority is defined from the criteria and local priority
values. As mentioned in section 6.6 b, case 1 considers equal weights to optimize the
polygeneration size, while case 2 considers three criteria with different priority values in
the optimization process. As solutions have generated from the different weighted
objective value, local priority should be obtained amongst the solution to get the overall
priority. The overall priority is calculated by multiplying the criteria and local priorities

together using the referred preferences as explained detail in Appendix C.
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Table 6.7 presents the weighted objective criteria, preferences, and consistency of the
judgment. As this study has a restriction to simulate all possibilities of the weighted
objective criteria, this study chooses six possibilities of objective weight for each
optimization method. Case 1 employs equal weighted values for each criterion while Case
2 and Case 3 uses combinations of two and three criteria as the objective, respectively.
After the solutions are gathered for both these cases, the decision-making process is

conducted to choose the best solution.

As the essential parameter to examine the judgment of priority for all criteria,
consistency index (RI) is used as an indicator. This value represents the consistency of
defining the priority value of one criterion over the others to calculate its weighted value.
The index value of 0.1 or less means the judgments are consistent. As presented in the
table, all possibilities of judged criteria based on their preferences are acceptable since
they have less of consistency index. The detail calculation of weighted objective criteria

is presented in Appendix C.

Table 6.7: Weighted objective criteria, preferences, and consistency of judgment

Weighted al a2 a3 a4 as a6  Consistency
objective e (poly) | (pes) | (cs) |(CO2) |(ploss) |(lpsp) (RI)
Equal | popaL 0.167 | 0.167 | 0.167 | 0.167 | 0.167 | 0.167 |  0.000
(case 1)

PES_PLOSS 0.132 | 0.263 | 0.058 | 0.039 | 0.413 | 0.095 0.026

Multi-
objective 2

criteria
(case 2) PLOSS COES | 0.095 | 0.147 | 0.233 | 0.050 | 0.394 | 0.081 0.059

PES_COES 0.089 | 0.312| 0.323 | 0.051 | 0.142 | 0.083 0.083

PES _CO2R 0.073 | 0.287 | 0.138 | 0.335 | 0.110 | 0.056 0.056

Multi-
objective 3 | PES PLOSS

criteria COES

(case 3)

0.089 | 0.253 | 0.271 | 0.046 | 0.263 | 0.077 0.058
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6.6.3 Bi-level OO and SO analysis for multi-objective problem

After the optimal operating strategy has been generated, optimization of the
polygeneration design continues to search the best size of polygeneration components
using meta-heuristic approaches based on evolutionary and swarm methods. Furthermore,
to define the weighted objective criteria and decides the best candidate of solution based

on the referred preference, AHP decision-making method is used.

(a) Sensitivity analysis of GA and PSO optimization

Before conducting optimization and prioritizing process for the polygeneration size,
sensitivity analysis is conducted for both the GA and PSO methods. Since we are applying
population-based optimization, the amount of population in the searching process will
affect the optimum fitness value for both methods. In this study, three values of
population are tried to determine the optimum parameters for GA and PSO. As presented
in Table 6.8, the population number is evaluated in terms of fitness value, objective

criteria values and its simulation time.

Table 6.8: Sensitivity analysis of the optimum population for GA and PSO

methods
Method | Population | Fitness (p(f?}}) (;?325) (fjs) (cf(?;r) (pfl}())ls) (li)bsi))
GA 10 0.342 | 0.790 | 0.150 |-0.396 | 0.102 |5.146E+08 | 5.600E-03
GA 20 0.463 | 0.527 | 0.212 [0.446 | 0.166 |5.083E+08 | 1.029E-01
GA 30 0.441 1.230 | 0.594 |-0.706 | 0.572 |2.032E+08 | 3.060E-02
PSO 10 0.222 | 0.769 | 0.111 [-0.389 | 0.063 |4.987E+08 | 5.600E-03
PSO 20 0.237 | 0995 | 0.390 |-0.476 | 0.349 |4.589E+08 | 1.110E-02
PSO 30 0.427 1.316 | 0.574 |-0.559 | 0.543 | 3.246E+08 | 1.107E-02

Based on the results, it can be seen that the higher the population, the higher the fitness
value. Optimization using 30 populations give the best fitness value, however the

improvement is not equal to the simulation time required. For GA, improvement of the
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polygeneration performance appeared in reduction of energy loss, carbon emission,
polygeneration efficiency, and PES. However, it reduced its cost saving more than 50%
compared to the reference system. On the other hand, PSO optimization using 30
populations generated higher values of efficiency, PES, CO2R and energy loss, yet
increase its energy cost. Moreover, using 30 populations takes about 13 days to finish the

computation process which is time consuming compared to 20 populations.

The best solution generated for each generation using GA is depicted in Figure 6.15.
The optimum value reached by GA optimization is faster with a population of 20
compared to population 10 and 30. The best fitness in population 30 does not change until
reached the last generation. It can also be observed that population of 20 reaches the

minimum fitness better than population of 30 and population of 10.
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Figure 6.15: The best solution generated for each generation using GA

Figure 6.16 shows the best solution for the optimization using PSO for each of the
iteration number. In contrast to the GA, optimization using PSO does not provide better
solutions for each iteration. A small change is reached with population of 20, yet the value
is not as good as the solution achieved using the GA. Although iteration with 30

populations gives the best solution compared to 10 and 20 populations, it takes longer
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time to reach the last iteration. In order to minimize the simulation time and get fair

solution, this study considers applying the population of 20.
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Figure 6.16: The best solution generated for each iteration using PSO algorithm

(b) Single objective optimization using GA and PSO

Optimization of polygeneration design is conducted using GA and PSO with single-
objective criterion. This study takes important criteria as the objectives, energy loss, CS,
PES, and COzR. In line with the fourth objective of this study, the optimum design is
expected to maximize energy saving, energy cost saving, and carbon emission reduction
as well as minimize energy loss of the polygeneration system. For the optimization
results, six performance parameters are presented such as polygeneration efficiency,
primary energy saving, energy cost saving, carbon emission reduction, energy loss, and

reliability of the system.

The results of the optimization are presented in Table 6.9 for GA and PSO with four
important criteria as the single objective. From the fitness value of the GA-based
optimization, PES as the optimum design criterion has the highest value compared to

other criteria of about 0.694. Moreover, the highest polygeneration efficiency and
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reliability is achieved by power loss (PLOSS) based optimization with the value of 0.795
and 0.006 respectively, yet the energy loss of the design is still high compared to the PES
based design. The PES based design attains the lowest energy loss of about 235 MWh per
year besides having the highest energy saving of about 0.648 compared to the

conventional separated system.

The PSO-based optimization attains an optimal design using the PES as the reference.
With fitness value of 0.261, the PES design achieves the efficiency and PES by 77.1%
and 22.5% respectively. The second-best design is achieved by the CO2R as the
preference with the fitness value by 0.217. The PES and CO2R preferences have the most
similar criteria values except for the LPSP. The CO2R design has a slightly better
reliability compared to the PES design. Although it has the lowest fitness value amongst
other designs, the COES design has the best reliability with loss probability by about
0.6%. Compared to others which have an average loss probability by about 3%, the COES
design is categorized as a reliable system. Moreover, the COES design also has the
highest cost saving compared to others with the value of about -36%. In general, the
results of PSO-based optimization achieve performances lower than the GA-based
optimization regarding its efficiency, PES and PLOSS criteria. However, it has better cost

saving, carbon reduction and reliability compared to the GA results.

(¢) Multi-objective optimization using GA-AHP and PSO-AHP

Furthermore, this study also conducted optimization for the polygeneration size using
GA and PSO with multi-objective criteria. Six preferences are used as presented in Table
6.10 in line with the GA and PSO based optimization results. Four criteria are used as the
objectives namely PES, PLOSS, COES and COzR. Based on the criteria, the preferences

are determined in different weighted value of each criterion as the optimization objective.
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The GA-based optimization result can be seen in Table 6.10. The PES CO2R based
design achieves highest fitness value opposed to other preferences of about 0.512. The
PES PLOSS COES-based design attains highest PES and CO2R and polygeneration
efficiency of about 0.668, 0.636, and 0.847, respectively. The PLOSS COES-based
design reaches the best energy cost saving compared to others of about 0.424. This value
is the best energy cost saving achieved by the polygeneration system with extra heat
recovery system and almost as high as the polygeneration with the basic heat recovery
system. The design also accomplishes the lowest energy loss of about 238 MWh per year.
The highest reliability is achieved by the EQUAL and PES PLOSS-based designs with

the supply loss probability of about 8.6%.

For the PSO-based optimization, the multi-objective results have better performances
compared to single-objective. The EQUAL design achieved the highest fitness value by
0.237. With this high fitness value, the design also attained the highest efficiency, energy
savings and carbon reduction compared to others. Meanwhile, the lowest energy loss was
achieved by the PES COES design with value of 55 kWh per year. The PES CO2R and
PES PLOSS designs are the best in reliability with probability of supply loss by about
6%. The significant drawback occurred in these designs are they having minus values of
the cost saving. It means that none of these designs is profitable to be implemented
economically. This also reveals the weaknesses of searching process in PSO over the GA
where the optimal design cannot cover all criteria required especially for the cost saving
criteria. All these results are gathered into ten solutions which is ranked by the AHP
decision-making method. The process of prioritizing the optimum design considers both
local priority of each solution to the others and the overall priority calculation by
considering the judgment value presented in Table 6.7. The decision-making process is

explained in Appendix C.
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Table 6.11 presents the GA-AHP result for the prioritized optimum design. The results
are arranged from the highest to the lowest priority value. The best solution is reached by
the PLOSS COES-based design with the priority value of 0.124. This result is in
accordance with the multi-objective design of polygeneration in Table 6.10. The design
achieves several improvements in the PES, COES, CO;R as well as a reasonable

polygeneration efficiency and the lowest energy loss compared to other solutions.

Table 6.11: GA-AHP results for prioritized optimum design

Alternatives | Preferences poly pes cs co2r ploss Ipsp | priority
Solution 1 PLOSS _COES | 0.797 0.651 | 0.424 | 0.626 | 2.382E+08 | 0.153 | 0.124
Solution 2 PES_COES 0.850 0.650 | 0.299 | 0.618 | 3.280E+08 | 0.145 | 0.118
Solution 3 PES_PLOSS 0.847 0.668 | 0.115 0.636 | 3.197E+08 | 0.153 | 0.117
_COES
Solution 4 PES _CO2R 0.805 0.632 | 0.391 0.596 | 3.776E+08 | 0.153 | 0.114
Solution 5 PES 0.725 0.648 | -1.844 | 0.623 | 2.358E+08 | 0.197 | 0.103
Solution 6 CO2R 0.775 0.630 | -1.509 | 0.597 | 3.476E+08 | 0.183 | 0.098
Solution 7 PLOSS 0.795 0.118 | -0.395 | 0.068 | 5.198E+08 | 0.006 | 0.088
Solution 8 COES 0.660 0.203 | -0.355 | 0.152 | 5.766E+08 | 0.072 | 0.082
Solution 9 PES_PLOSS 0.611 0.208 | -0.824 | 0.162 | 4.993E+08 | 0.086 | 0.080
Solution 10 | EQUAL 0.602 0.204 | -0.893 | 0.150 | 5.898E+08 | 0.086 | 0.076

On the other hand, the EQUAL-based design gives the worst solution with the lowest
priority value. This result reveals the advantage of using the process of prioritizing to
determine the best weight value of each criteria to generate multi-objective solution which
1s non-dominated in reaching the required performances. The EQUAL-based preference
approaches for all the criteria evenly, despite one criterion can be superior than others.

This affects the searching process and the result of the design as well.

The results for the prioritized optimum design using PSO-AHP is presented in Table
6.12. The best design with the highest priority value was achieved by the EQUAL as the

preference. Also, the EQUAL design attains the highest efficiency by 99.5% and the
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highest primary energy saving by 39% compared to others. Moreover, the EQUAL design
turn to be the most environmentally friendly system compared to other designs with the
highest emission saving by about 35%. The EQUAL design also has the best performance
regarding the system loss with achieving less in the energy loss by about 237 MWh per
year. However, the second-best design achieved by the PES PLOSS gets better reliability

than the EQUAL design with the LPSP value by about 6% as the lowest power loss

probability.

Table 6.12: PSO-AHP results for prioritized optimum design
Alternatives | Preferences poly pes cs co2r ploss Ipsp | priority
Solution 1 EQUAL 0.995 | 0.390 | -0.476 | 0.349 | 2.369E+08 | 0.237 | 0.144
Solution 2 PES PLOSS 0.892 | 0.204 | -0.380 | 0.150 | 5.936E+08 | 0.006 | 0.115
Solution 3 COES 0.804 | 0.114 | -0.363 | 0.062 | 5.540E+08 | 0.006 | 0.109
Solution 4 PES 0.771 | 0.225 | -0.606 | 0.177 | 5.267E+08 | 0.031 | 0.098
Solution 5 CO2R 0.771 | 0.225 | -0.606 | 0.177 | 5.267E+08 | 0.031 | 0.098
Solution 6 PLOSS 0.771 | 0.225 | -0.606 | 0.177 | 5.267E+08 | 0.036 | 0.097
Solution 7 PES COES 0.795 | 0.118 | -0.395 | 0.068 | 5.198E+08 | 0.006 | 0.088
Solution 8 PLOSS_COES 0.660 | 0.203 | -0.355| 0.152 | 5.766E+08 | 0.072 | 0.082
Solution 9 PES CO2R 0.611 | 0.208 | -0.824| 0.162 | 4.993E+08 | 0.086 | 0.080
Solution 10 | PES PLOSS COES | 0.602 | 0.204 | -0.893 | 0.150 | 5.898E+08 | 0.086 | 0.076

6.7 Discussions

Analysis of Fuzzy logic method as the optimal operation strategy reveals its effect on
the improvement of polygeneration system with standalone system and electric vehicle
power supply as well as with grid-connection and hydrogen vehicle power supply. The
FEMS provides positive enhancements on the standalone polygeneration system with
electric supply, yet negative degradations on the grid-connected polygeneration with
hydrogen vehicle power supply system. The improvement of the reliability of the
polygeneration system achieved by the standalone polygeneration using optimal
operating strategy is about 53% compared to the system with no fuzzy-based operating

strategy. It is also confirmed the enhancement of energy saving and efficiency are 112%
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and 4% respectively for the standalone polygeneration system compared to grid-
connected polygeneration system applying the optimal FEMS. The operation strategy
reveals its impact on reducing grid energy loss in both systems by 48.82% and 49.26%
for the standalone and grid-connected polygeneration systems, respectively. The result
also proves the advantage of the standalone polygeneration system with electric vehicle
power supply economically with achieving energy cost saving of about 32.58% which is

higher than the system with no fuzzy-based operation.

Moreover, from the daily and weekly analysis, it concludes that the supply sources can
satisfy the demands very well for both electricity and thermal loads. However,
optimization of polygeneration size must be conducted to design the best component

capacity in reducing power loss and increasing its energy performance.

The comparison between the results achieved by the GA-AHP and the PSO-AHP is
presented in Table 6.13. The comparison was conducted by calculating the priority for
each solution based on their assessment criteria, i.e. polygeneration efficiency, PES,
COES, CO2R, PLOSS and reliability of the system. Based on the results, it can be seen
that the GA-AHP optimization achieves better solution in the first, second and third
places. The first place is achieved by the power loss-energy cost saving as the preference
using the GA-AHP optimization. The design has the best in cost savings as well as a fair
energy saving, carbon reduction, energy loss and reliability. In the second place, the PES-
COES design attains the higher efficiency compared to the PLOSS-COES design while
it has lower cost savings, energy saving and emission reduction. The design also has more

energy loss and highest reliability compared to the first design.

The PSO-AHP designs achieve the fourth and the fifth places as the best design.
Compared to the GA-AHP, the PSO-AHP designs has a drawback in the cost saving even

though it has better efficiency and reliability. It causes the design having lower priority
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compared to the GA-AHP. The best efficiency of the system is achieved by using PSO in
the EQUAL design by about 99.5% while for the best PES and emission reduction, it is
attained by using GA in the PES-PLOSS-COES design by about 66.8% and 63.6%
respectively. The EQUAL design using PSO is at the fourth place achieves the lowest
energy loss, however it also has the worst reliability compared to other designs. In
conclusion, the best design achieved by its priority is not considered for single criterion
only but also multi-criteria. Therefore, in the results, one design could be better than other
for a specific criterion. However, the highest priority achieved by the GA-AHP
optimization using the power loss-energy cost saving as the preferences means that the

design is best in accommodating all criteria with non-dominated solution.

Table 6.13: GA-AHP compared to PSO-AHP results for the best design

Alternatives | Preferences poly pes cs co2r ploss lpsp | priority

Solution2 | GA-PES_COES 0.850 | 0.650 | 0.299 | 0.618 | 3.280E+08 | 0.145 | 0.180

Solution 3 GA- 0.847 | 0.668 | 0.115 | 0.636 | 3.197E+08 | 0.153 | 0.175
PES PLOSS COES

Solution 4 | PSO-EQUAL 0.995 | 0.390 | -0.476| 0.349 | 2.369E+08 | 0.237 | 0.162

Solution 5 PSO-PES_PLOSS 0.892 | 0.204 | -0.380| 0.150 | 5.936E+08 | 0.006 | 0.128

After the best design was achieved, the best optimization preference was run for ten
times to analyze the stability of the result through deviation and average analyses. The
results for the power loss-energy cost saving using GA run in ten times optimization
cycles is presented in Table 6.14. From the results, it can be seen that the results have a
good stability in achieving the optimum performance with errors by about 2%. The results
also confirm the average value of each criteria is not too different than achieved by the
optimal value. The high stability of result is due to the search space in searching the
optimum design and the combination of criteria and preferences used. It makes the
optimization searching process reach the convergence at the same solutions in every

iteration run.
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As the optimal capacity achieved by the polygeneration components, the SOFC as the
prime mover has the size of 38kW while the absorption chiller capacity of about 16kWth.
With 10 panels and 28 panels in series and parallel respectively, the optimal energy
generated from the photovoltaic thermal achieved. Moreover, 100 kW of electrolyzer is
sufficient to generate hydrogen in covering the load requirement or profitably to be sold.
The 63 modules of thermoelectric generator are optimal in converting the excess heat
from the prime mover while the battery capacity 1.7 kWh is sufficient to store the excess

electricity without increase the system cost significantly.

Table 6.14: The best design from GA-AHP running for 10 times

Solution Simulat . fal fa2 fa3 fad
name tilr?lrés Fitness (poly) | (pes) (cs) (co2r) fbl(ploss) | fb3(lpsp)
1] 0330 | 0.750 | 0.651 | 0.428 | 0.626 | 2.382E+08 | 0.183
2 | 0330 | 0.750 | 0.651 | 0428 | 0626 | 2.382E+08 | 0.183
3 | 0330 | 0.750 | 0.651 | 0428 | 0626 | 2.382E+08 | 0.183
4 | 0334 | 0797 | 0651 | 0424 | 0626 | 2.382E+08 | 0.153
I?I‘fgss 5 | 0330 | 0.750 | 0.651 | 0428 | 0.626 | 2.382E+08 | 0.183
COES |6 | 0330 | 0750 | 0.651 | 0428 | 0.626 | 2382E+08 | 0.183
7 | 0334 | 0.797 | 0651 | 0424 | 0626 | 2.382E+08 | 0.153
8 | 0330 | 0.750 | 0.651 | 0428 | 0.626 | 2.382E+08 | 0.183
9 | 0330 | 0.750 | 0.651 | 0428 | 0626 | 2.382E+08 | 0.183
10 | 0334 | 0.797 | 0.651 | 0.424 | 0.626 | 2.382E+08 | 0.153
Deviation 0.002 | 0.021 | 0.000 | 0.002 | 0.000 0.000 0.014
Average 0331 | 0764 | 0.651 | 0427 | 0.626 | 2.382E+08 | 0.174

Moreover, the optimized polygeneration achieves several improvements in the energy
saving, cost saving and the percentage of carbon emission. The PES from the optimized
polygeneration has increased by 81.29% compared to the unoptimized polygeneration
system. The energy cost savings and carbon reduction are also increase by about 54% and
99% respectively. These results prove the effect of optimization on the polygeneration
system from energy, economic and environmental aspects. Due to the solution given is a
non-dominated that would be better for several criteria, other criteria such as efficiency

and reliability show results that is not better than before optimization. However, since
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the energy saving, cost saving and carbon emission are the priority criteria, this optimized

polygeneration can be adopted as the optimal system.

Comparison of the results
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Figure 6.17: Comparison of results between unoptimized and optimized
polygeneration systems

Based on the optimization process using GA and PSO methods, it can be concluded
that the optimization performances are variative based on their problems, criteria
combinations, parameters and their preferences. This study achieves the best optimal
design using GA method while for other problems and preferences, the results could be

different.

6.8 Summary

This chapter has presented the fourth objective of this study to optimizing the operating
strategy and size of the polygeneration system. In optimizing the operating strategy, fuzzy
energy management strategy has been applied with different shapes of fuzzy membership.
It reveals that the better performance has been achieved by managing the power and heat
from the SOFC, electrolyzer and absorption chiller temperature in satisfying loads and

reduce the energy loss. Moreover, optimization of the polygeneration size has been
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conducted using GA and PSO methods. By considering six criteria based on energy,
economic and environmental aspects, optimizations were developed using single-
objective and multi-objective approaches. In multi-objective approach, analytical
hierarchy programming has been considered to define the preference based on the
combinations between two and three criteria considered. The results reveal that the
preference using energy loss and cost saving as the combined criteria achieve the highest
priority as the best design of polygeneration system. This study also proves the superior
of the GA performance in optimizing the polygeneration size better than the PSO method

for this problem and objective.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORKS

7.1 Conclusions

Based on the results from the first to fourth objective, there are several achievements
reached on the optimum design of polygeneration system. Firstly, as the initial step in
analyzing and optimizing the SOFC based polygeneration design, a simulation-based
modeling was conducted using MATLAB software. The simulation developed presented
in Chapter 4 consists mathematical model of SOFC in thermodynamic and
electrochemical equations, heat exchanger and absorption chiller models, as well as
energy storage models including battery, sensible heat, and hydrogen. The model of
polygeneration components was demonstrated its performance in the different changes of
operating conditions which satisfied the first objective of this study. This model was an
integrated and simplified model which could be used for further process systems such as
management and optimization purposes. The model of polygeneration was run in the

hourly-based period throughout 8760 hours or a year.

Moreover, amongst four scenarios evaluated in this study, the polygeneration with
electric vehicle scenario had the best performance and was competitive compared to
hydrogen vehicle (HV) scenario as the HV seemed to have a higher cost due to the highly
fueling price of hydrogen. However, since the polygeneration with HV scenario did not
consume electricity as high as the EV scenario, penetration of the main grid could be
avoided, and the system had better performance in a standalone configuration. The
scenario of hydrogen selling to retailers in this study gave a significant effect to the
reduction of the energy cost of polygeneration system. The hydrogen selling strategy
reduced almost a quarter of energy cost, hence increased the cost saving compared to the

polygeneration with no chance to sell hydrogen due to high consumption of hydrogen in
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the fueling station. However, consuming hydrogen instead of electricity from the grid has
given a better effect on the environmental aspect as the emission carbon reduced

significantly.

The additional heat recovery system seems to increase the efficiency of the overall
system, PES, cost saving, carbon reduction as well and decrease the penetration effect of
the grid by reducing its imported electricity to the system. The chosen PVT and TEG as
the extra energy generation and heat recovery of the prime mover increase the reliability
of supply in serving loads. Not only in electricity, but also in heat and cooling demands.
Another improvement was reached for imported energy from the grid which was
significantly reduced when extra heat recovery is applied. The high initial cost of PVT
could be balanced with the energy generated both electricity and heat, hence increase cost
saving of polygeneration system. In conclusion, the extra heat recovery system is suitable
to be employed in the polygeneration system where the electric demands are higher than
heating, cooling, and hydrogen. Moreover, the possibility to implement the
polygeneration in a standalone system is higher by applying this recovery system due to
its better reliability in serving the loads. The comparative study conducted between
polygeneration with the basic heat recovery and extra-heat recovery has been performed

in fulfilling the third objective.

In line with satisfying the fourth objective, the optimum operating strategy was
performed in the first phase. An artificial intelligence (Al)-based energy management was
proposed using fuzzy logic programming (FLP) namely fuzzy energy management
system (FEMS). In handling either SOFC, absorption chiller, and electrolyzer operations,
the FEMS was designed in multi-variables and multi-level management mechanism. The
first level dealt with power, heat and cooling managements considering electric and

hydrogen loads, PVT power at the time as well as the power level stored in the battery.
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Meanwhile, the second level of management feedbacked the power and heat of SOFC as
well as the COP of the chiller to control several operating points including temperature,
fuel utilization, and air to fuel ratio for SOFC, while generator and absorber temperature
for the chiller. As the results presented in Chapter 6, fuzzy operating strategy exhibited
its capability in handling various load patterns between electricity, heat, cooling, and
hydrogen and served in better reliability. The reliability of the polygeneration system was
increasing in line with the decrease of power loss using the operating strategy. Amongst
three proposed fuzzy memberships, the triangle membership produced better results in
increasing the reliability and reducing the power loss. However, the optimum operation
should be combined with an optimum size of polygeneration components to increase its

PES and COES, as well as reduce the power loss as the point in the fourth objective.

The further study conducted in optimizing the design of polygeneration and combined
to the optimum operation of components employed meta-heuristic optimization using
evolutionary-based and swarm-based algorithms. This study considered six variables as
the decision and six criteria applied to search the best component capacity of
polygeneration system. In optimizing the polygeneration size, both population-based
methods are efficient to optimize the capacity of SOFC, cooling chiller, TEG, PVT and
the electrolyzer. Moreover, to optimize the objective criteria and generate non-dominated
solutions in optimizing the polygeneration size, a decision-making method was applied
using analytic hierarchical process (AHP). The AHP was used to determine the best
weighted objective values of each criterion based on the proposed preferences. In this
study, three cases consisting six combinations of criteria were adopted at this decision-
making process to fulfill the fourth objective. As for multi-objective including two or
more criteria to be considered, this AHP was used also for determining the best solution
generated based on the desired preference. As stated in the results, the AHP decision-

making method reveals to have better performance on optimizing the objective weight
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criteria and generates a non-dominated solution which can deal with the multi-objective

and multi-criteria requirements.

7.2 Future works
As this system is a novel SOFC based polygeneration with integrated vehicle power

supply system, several future directions can be considered for future works:

1. Firstly, it is challenging to conduct both optimum operating strategy and searching the
best capacity of polygeneration with HV fueling system. Since this study considered
the best configuration as the case in conducting optimization for the operation and the
size, the polygeneration with HV was not considered at this time. However, by
applying both optimization approaches, it is expected to generate a polygeneration
with better energy saving and cost saving while having the lowest power lost in the

HYV scenario.

2. Since the obstacle is the hydrogen price, an economic scenario such as feed-in tariffs
or incentives from the government can be applied to analyze how competitive the

system to be implemented in a real application.

3. Moreover, since the cases comparatively distinguished between the polygeneration
with EV and HV, further study should be conducted to search the best design of
polygeneration which includes both vehicles power supply systems. Optimization of
operation and size could be performed to search the best shares of supply for both EV

and HV to be included in the polygeneration.
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