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Abstract

Japan is facing a severe challenge regarding the heavy dependence on fossil fuel after the Great
East Japan Earthquake. Fossil fuels currently account for 89 % of the total energy consumption
in Japan, which approaches the level of the oil shock in 1973. To tackle this challenge, the
government of Japan needs to develop and utilize renewable energy sources to increase its
energy self-sufficiency rate and reduce the environmental impacts of the increased use of fossil
fuels.

Since the renewable energies are from the natural environment, they are all-weather dependent,
which makes them vulnerable in developing a stable power system. The hybridization of
variable renewables can allow for smooth, durable, and reliable output to power grids to
improve the safety, reliability, and stability of dispatched power, which is cheaper than
investing in single renewable technologies. Therefore, Hybrid Renewable Energy System
(HRES) can be considered as one possible solution which can combine two or more renewable
energy sources to produce power continuously, without interruption.

A hybrid renewable energy system (HRES) is defined as a combination of several renewable
technologies which can operate as a self-sustaining power system with higher efficiency than
a single renewable power generator such as solar or wind system. If the proposed HRES does
not guarantee the production of energy during extended periods, energy storage requirements
should be considered to bridge the lean times. Battery storage can be considered as a solution.
However, the concerns with the battery storage include its cost and lifetime. Beyond battery
storage, a feasible solution is adding a hydrogen-based storage system, including a hydrogen
producer, storage tank, and hydrogen consumer such as a fuel cell. Currently, there are several
hydrogen production technologies such as water electrolysis, natural gas reforming,
photochemical and thermochemical splitting of water, and also a fermentation process which
can be used as the hydrogen producer in a HRES. Biomass gasification via biochemical or
thermochemical conversion processes are also the most practical technologies for HRES
applications. However, the main concern with the gasification process is the formation of ash
and tar, which causes severe technical problems such as fouling and slagging in the gasification
process. As an alternative to the conventional gasification, the supercritical water gasification
(SCWG) process uses water over 22 MPa and 374 C (critical point) as the gasifying agent to
decompose the wet biomass feedstock, allowing to achieve a much higher ratio of gasification
and hydrogen generation.

In this study, Firstly, an innovative HRES will be introduced with specific emphasis on the
integration of renewable generation into the power grid. The proposed HRES is based on the
combination of hydrogen generation from two sources: (1) SCWG process of the residential
kitchen waste and organic wastewater and (2) solar water electrolysis process which uses the

surplus electric power generated by the solar cells. The fuel cell converts hydrogen into



electrical power, which can be used during the periods when the sunlight is not available. So,
the proposed HRES forms a composite energy system capable of all-weather conditions.
Secondly, a detailed techno-economic-analysis of the proposed HRES is carried out to estimate
the cost of electricity generation from the system to meet the electrical load requirements of a
selected household area in a subject district around the Shinchi station which is located in
Shinchi-machi in this prefecture.
The techno-economic-analysis includes simulation and optimization models. The simulation
model is based on the technical design of the system to evaluate the hourly power generation
from the proposed HRES, using real meteorological data available in the selected residential
area. The optimization model’s main goal is set to find the optimal configuration of the system
subject to satisfying the required load (electricity) in the selected household area, based on
introducing two different optimization criterions: 1) minimization of the total cost of the system
and 2) maximization of the total profit obtained from using renewable electricity and selling
surplus solar electricity to the grid, considering the Feed-in-Tariff (FiT) scheme in Japan. The
optimization method is based on the PSO algorithm, which is one of the meta-heuristics
methods to find out the pseudo solution. The model was employed to perform sensitivity
analyses of the Levelized Cost of Energy (LCOE) with respect to three scenarios of: 1) cost
minimization with unlimited biomass feedstock, 2) cost minimization with the limited biomass
feedstock and 3) profit maximization with the limited biomass feedstock.
As indicated by the model results, the proposed HRES can generate about 47.3 MWh of
electricity in all scenario which is needed to meet the external load requirement in the selected
study area. The LCOE of the system in scenario 1, 2 and 3 is estimated about 48.89 JPY/kWh,
55.92 JPY/kWh and 56.47 JPY/kWh, respectively. Comparison between scenario 1 and
scenario 2 showed that the capacity of electrolyzer and PV module with limited biomass
feedstock increases. The limited availability of biomass feedstock resulted in increasing the
share of the PV panels from 45% to 90% in electricity generation mix and decreasing the share
of the fuel cell from 55% to 10%. The major part of the generated electricity from the solar
panels was consumed in the electrolyzer to support the required level of hydrogen consumption
in the fuel cell. Comparison between scenario 2 and scenario 3 revealed the role of PV module
in increasing the profit through selling back the surplus electricity to the grid, using the FiT
mechanism. The model was employed to perform sensitivity analyses of the LCOE with respect
to the size of solar-powered hydrogen generation system (Solar PV + electrolyzer). The result
of the sensitivity analysis shows that the substitution of biomass hydrogen with solar hydrogen
can significantly influence the LCOE of the system. By increasing the amount of hydrogen
produced by the electrolyzer, the total cost of the system increases. Therefore, the reduction of
the cost of the solar hydrogen system turns out to be by far the most important cost driver.
However, under the profit maximization scenario with limited biomass feedstock, the capacity

of the solar electricity increases under FiT mechanism.
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Chapter 1

Introduction




Chapter 1: Introduction

1.1 The energy situation in Japan

The renewable energy resources have a pivotal role in achieving sustainable social
development. After the Great East Japan Earthquake, Japan reduced the dependence on nuclear
power because of the nuclear power accident that happened in Fukushima. The energy mix
before-after the earthquake is shown Fig. 1. [1] The ratio of nuclear power in the power

generation in Japan declined to 2% or less by national public trust.

Japan is one of the world’s most energy consuming countries, however the energy self-
sufficiency rate was significantly less than 10% in 2017 (shown Fig. 2[1]) which has become
a major problem in energy security. The dependence on fossil fuel in Japan accounts for 8§7.4%

of total energy consumption [2]. This value will reach the level of first oil shock around 1973.

Furthermore, Japan emits a lot of carbon dioxide due to use of petroleum resources. Most of
carbon dioxide is emitted from industrial factories, refineries and power plants. Fig. 3 shows

the transition in CO2 emissions by each sector [3].
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Fig. 1 Energy mix in Japan
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Fig. 3 Sector-wise GHG emission in Japan
Fig. 4 shows the annual solar radiation is approximately 1,000 to 1,500 kWh/m? around Japan,
especially the relatively good sunshine environment is available in the Pacific coast and the
stable power generation from solar photovoltaic (PV) can be expected in that place. The Japan
government has introduced the Feed-in-Tariff scheme since 2012 in which the owners can sell
back the surplus electricity generated from their installed solar panels to the grid with a fixed
Tariff. Fig. 5 represents the annual introduction and installed capacity of PV in Japan. As a
result, the solar power installed capacity increased to 42GW in Japan Fig. 6 shows the annual
power generation per 1kW installed capacity in each prefecture in Japan [4]. The annual
average power generation from residential PV modules is approximately 1,000 kWh/kW,

which varies from 10% to 30% depending on the region and year.
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The wind potential map in Japan (onshore and offshore) is shown in Fig. 7. Japan has an
onshore area with an average 7m/s wind speed, which is less than other countries. The coastal
areas which have suitable condition for a strong wind speed are located in Hokkaido, Tohoku,
Kanto and Kyushu regions. The installed capacity of onshore wind turbine is reported about
290GW by METI and 280GW by MOE [1]. Hokkaido has the largest potential and accounts
for about 30% of the total wind potential, followed by Tohoku area 23%, and Kyushu 11% [4]
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Fig. 7 The wind potential around Japan (left: Onshore, Right: Offshore) [6]



IEA reported the potential of biomass energy in all over the world [7]. According to this report,
the technical biomass potential is approximated 50 - 1,500 EJ/year in 2050 which will be about
10% of the demand energy [4].

According to NEDO, the biomass energy potential is estimated to 510 PJ/year in Japan which
only accounts for 3% of primary energy supply (19.8 EJ/year) and much lower than other
countries. In other references, the potential of biomass energy is estimated about 530 PJ/year,

and the potential of production resource crop is about 240 PJ/year [§]

1.2 Background and motivation for this study
Renewable energy resources have the possibility to become the key solution for increasing the

energy self-sufficiency in Japan, through replacing fossil fuels.

Since renewable energies are from the natural environment, they are all weather dependent,
which makes them vulnerable in developing a stable power system. The hybridization of
variable renewables can allow for smooth, durable, and reliable output to power grids to
improve the safety, reliability, and stability of dispatched power, which is cheaper than
investing in single renewable technologies. Therefore, Hybrid Renewable Energy System
(HRES) can be considered as one possible solution which can combine two or more renewable
energy sources to produce power continuously, without interruption. Furthermore, when the
HRES is connected to a storage system like battery or hydrogen storage, the excess energy
generated by the renewable energies such as solar or wind can be stored and then utilized during
the period when there is no sunshine and wind and electricity is not being generated. Therefore,
compared to a single renewable technology, the HRES works more efficiently in all operating
conditions. For example, when electricity generation exceeds demand electricity, the surplus

electricity is converted to hydrogen by using electrolyzer, and stored hydrogen tank.

Some researchers have reported the different HRES which combined several components.
They have categorized the HRES based on the system components, modeling approach, and

solving algorithms which are showing following sentence.

Farzaneh reported a standalone power system which can provide electricity, thermal energy,
hydrogen and water to the 10 detached houses in Shinchi-machi as case study. [9] This HRES
includes a supercritical water gasification system for hydrogen production from wet biomass
feedstock such as the aqueous sludge, kitchen waste and organic wastewater. Other
components of this HRES are PV module, electrolyzer, fuel cell and hydrogen storage. The
proposed HRES can provide about 47.3 MWh of electricity and about 2.6 ton of hydrogen from
98 ton of wet biomass feedstock for annual. The Levelized Cost of Energy including electricity
and heat was indicated 0.388/kWh, and reduction of carbon dioxide emission is about 21 ton

for annual.



Pao et al discussed the economic analysis of HRES which consists of the biomass fermentation
in order to develop standalone power system independent on weather condition. [10] This Bio-
HRES can provide electric power, thermal energy and hydrogen and includes fermentation
system, PV module, wind-turbine, electrolyzer, hydrogen storage and fuel cell. As a result, the
total electric power available from the proposed system was estimated about 31,343 kWh per
annum (19,146kWh from PV module, and 12,197kWh from wind). In addition, the thermal
energy generation was estimated about 8,408kWh.The cost analysis indicated a LCOE of
0.793%/kWh including both electrical and thermal energies. Rohit et al developed a techno
economic analysis for a proposed HRES which consists of a small hydro-power, solar, PV, bio-
diesel and batteries in a remote village in Palari, India. [11] Their results showed that the best
configuration of HRES with LCOE of 0.420$/kWh can be obtained by using PV array 14%,
hydro 76% and Bio-diesel 10%. However, the hydro power has a large-scale fluctuation

dependent on weather condition.

Mohammed et al implemented the PSO algorithm in order to find out the best configuration of
HRES which consists of Wind turbine, Tidal turbine, PV module, Battery. [12] That system
was designed to make a power balance between supply and demand with standalone operation
in Brittany, France. In this report, PSO algorithm has the possibility to achieve the optimal
solution, it could find out the best configuration at a time rate better than 80% of the
conventional method. The optimize function was defined by several scenario of the cost
minimization such as COE (Cost of Energy) and TNPC (Total Net Present Cost). This result
of one scenario is based on Wind, Solar, Tidal and battery HRES, and the cost minimization
result showed the COE at 0.094$/kWh.

Masoud et al reported the optimal design of HRES results based on using PSO method,
including the multi-objective optimization problem such as the total cost of system, unmet load
and fuel emission. [13] HRES consists of a wind turbine, PV panels, diesel generator, batteries,
fuel cell, electrolyzer and hydrogen tank. They conducted the sensitivity analysis of different
parameters to the developed model. The PSO method was implemented to find out the total
cost minimized configuration. The results of one scenario in this study revealed the total cost
of 93,487¢€ for 25 years, the annual supply energy of 13,407 kWh and gas oil consumption of
562 litter/year under the 4.5% of load loss probability Tab. 1 shows the references about HRES

analysis that has already reported so far.



Tab. 1 Summary of the literature review about HRES
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In the case of the economic analysis, the total cost of system (including investment cost,

operation and maintenance cost and fuel cost) and LCOE (Levelized cost of electricity) is
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considered as the objective function. The LCOE is a standard index that is calculated based on
the estimated power generation during the operation lifetime by adding up the costs and profits
necessary for power generation such as investment cost, operation and maintenance cost and
fuel cost.

This research aims at introducing a novel HRES which consists of a solar panel, a gasifier
system which works based on the Supercritical Water Gasification (SCWG) of biomass
feedstocks, a hydrogen tank, a water electrolyzer and a fuel cell which is fed by the Hydrogen
to provide power and heat. The proposed system was designed to minimize the mismatch
between electricity demand and supply in a selected household area in Shinchi-machi of
Fukushima-Prefecture, Japan. To this aim, a mathematical model based on the Techno-
Economic Analysis (TEA) was developed which can be used to verify the balance of electricity

and hydrogen generation for securing the operation feasibly during system lifetime.

In this study, the hydrogen is considered to function as an energy storage medium, by storing
renewable energies, until the fuel cell converts it to electricity. The Hydrogen provided from
two sources feed the fuel cell: 1) a water electrolyzer and 2) a SCWG which generates hydrogen
from biomass gasification via hydrothermal conversion route [24]. The SCWG uses water as
the gasifying agent at its supercritical condition to decompose the organic biomass such as
kitchen waste and organic biomass to hydrogen, carbon dioxide, carbon monoxide, and

methane gas, allowing to achieve very high volumetric hydrogen ratio.

In addition, SCWG can resolve some problems facing the conventional biomass gasification.
The steam reforming and fermentation are typical as the conventional methods for biomass
gasification. However, in the case of steam reforming, the water content of the biomass feed
influence on the efficiency of the gasification, since this method needs to dry process for the
biomass. [25] The fermentation is implemented by microbiota that decomposes organic
substance. It needs time because of the ability of decomposition by microbiota is limited. Then,
the smell when microbiota decompose the organic substance is also problem. SCWG process

can breakthrough such problems.

This thesis is structured as follows: First chapter addresses the energy situation in Japan and
background and motivation for this study, in the Second chapter, the technical design and
system simulation of the HRES is introduced in detail. In the Third chapter, the designing of
the HRES beyond economic optimization will be discussed based on using the PSO algorithm
and forth chapter addresses the case study for the HRES operation and cost analysis. In the end
of this chapter, the results of techno-economic analysis show the best configuration of this
HRES. Finally, Chapter 5 shows the summary of this study and discussion about economic

analysis results of this study.
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Chapter 2: Technical design and system simulation of the HRES

2.1 Classification of HRES based on Hydrogen generation

HRES often has the hydrogen supply chain for adjusting the generated electricity and demand.
For example, the PV module as the main power generators of HRES generates more electric
power during the daytime, however the peak time of demand electricity is the nighttime. It is
required to store surplus power in the battery storage banks or producing hydrogen by using
water-electrolyzer.

Furthermore, HRES has other flexibility for producing hydrogen from other resources. There
are four hydrogen production ways mainly: 1) water-electrolyzer, 2) Steam reforming with
fossil fuel, 3) biomass gasification, 4) byproducts from industrial factory. The most reasonable
way to produce hydrogen in a standalone HRES is biomass gasification. The classification of

hydrogen production is shown in Fig. 8 .

Hydrogen Production

® |8

UM
tog=! i
I o
il o

R’ OIL . E t
[ & ——
Water Electral Steam reforming Biomass Byproduct from
aler tieriralyzer with fossil fuel gasification factory
(@)
O .
o b
q -] r oIy
I" )
|
Steam Reforming Fermentation SCWEG

Fig. 8 Classification of hydrogen production method

The traditional methods for hydrogen production from biomass include: 1) the thermal
decomposition under high temperature and 2) fermentation technology under anaerobic
conditions. In thermal decomposition process, the biomass feedstock is heated up to 1073K-

1273K [26]. To increase the hydrogen production efficiency, pretreatment and drying process
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should be considered in this method.

The fermentation technology is an anaerobic decomposition process of biomass to produce
hydrogen. There are two problems with this method 1) long-time process and 2) Difficulty of
residue and waste water treatment.

One of the recent technologies which is used to produce hydrogen from biomass feedstock is
Supercritical Water Gasification (SCWG). This process gasifies biomass feedstock in the
supercritical water which reaches to its critical point (374°C, 22MPa) to produce the syngas
including carbon dioxide, carbon monoxide, methane and hydrogen. This technology has
possibility to decompose completely biomass, without using any treatment system for residue
and waste water. Therefore, this technology is one of the suitable options which can be used

for hydrogen production in HRES.

2.2 System integration in this study
The system configuration of the proposed HRES in this research is depicted in Fig. 9.

PV panel Epv Inverter By ]
(P pv) (PW) Eivrc
1 Eiv-wg
Electrolyzer Load
Epv (MHz—ele) Erc (D)
5
SCWG system | He-tank | | Fuel cell
(MH-scWG) (MH:-tank) (Prc)

Fig. 9 Proposed system configuration

The proposed HRES is based on the combination of hydrogen generation from two sources: 1)
SCWG process of the residential kitchen waste and organic wastewater and, 2) solar water
electrolysis process which uses the surplus electric power generated by the solar cells. The fuel
cell converts hydrogen into electrical power, which can be used during the periods when the
sunlight is not available. So, the proposed HRES forms a composite energy system capable of
all-weather conditions.

1) The solar PV supplies sufficient generated energy. The use of this energy to supply the load
has preference over using the Fuel Cell. The extra energy generated by the solar PV is used in
the water electrolyzer to generate hydrogen which will be stored in the hydrogen storage. 2)
Electrolyzer can convert the surplus electricity from PV module to hydrogen by electrolysis of
water. 3) Fuel cell has a pivotal role to make the energy balance to produce the electric power
from hydrogen when the solar electricity is insufficient to match the load. There are different
types of fuel cell including: PEMFC (Proton Exchange Membrane), SOFC (Solid Oxide),
PAFC (Phosphoric Acid) and MCFC (Melting Carbon). In this research, PEM is considered as

11



a suitable type of fuel cell.
4) SCWG (Supercritical Water Gasification) uses water over 22 MPa and 374 °C (critical point)
as the gasifying agent to decompose the wet biomass feedstock, allowing to achieve a much
higher ratio of gasification and hydrogen generation. Organic wastewater and kitchen waste
are considered as possible sewage sludge which do not need any drying step, resulting in
economically beneficial characteristics of the hydrogen production. However, the SCWG
analysis need information which includes moisture content and the mass fraction of biomass.
Followings are main steps in a SCWG system:

a) Collecting waste material source of Biomass

b) Pre-treatment for biomass

c¢) Decomposing biomass feed to gases (CO, CO2, CH4, H2)

d) Purification for hydrogen
The hydrothermal gasification in SCWG needs the large amount of water, which needs to be
heated. The heat required to reach, e.g. 873 K can exceed the energy content of the applied
biomass and which should be provided by the HRES, itself
5) Hydrogen tank: The hydrogen generated from water-electrolyzer to use the surplus
electricity from renewable energy device and SCWG system process can be stored in a
hydrogen storage. There is various method for hydrogen storage such as the compressed,
liquification, and absorption to mixed metals.
In comparison with other stand-alone power systems, the main superiorities of the proposed
HRES can be addressed as follows:
The HRES, itself can provide the electric power which is needed for the pre-treatment devices
and auxiliary systems (i.e., pumps, mixer, etc.),

*the off-gas produced by the SCWG includes a rich mixture of carbon monoxide and
hydrogen which can be used to bring the feedstock to the required reactor inlet temperature,

the surplus electricity from the HRES is available for export or other in-plant uses.

2.3 Simulation Module

2.3.1 PV module

The photovoltaic effect is the generation of electric power in a material exposure to light and
is a physical and chemical phenomenon. This reaction is happened in the interface of
semiconductor which has a rectification effect, for example the p-n junction of semiconductor
and the Schottky barrier junction between semiconductor and metal materials. These interfaces
have an internal electric field. The conducting electron increases by the light to the interface
(Internal photoelectron effect), these electrons are separated from electron-hole by the internal
electric field. These carriers can be configured photoelectron flow from pole to outside. Here,

we explain the p-n junction of semiconductor reaction in detail.
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Fig. 10 Conceptual diagram of photovoltaic effect [27]

1. When the combine p-type semiconductor and n-type semiconductor, the conduction electron
and the electron carriers are combined. Then, these masses are diffused, and the diffused current
flow happens.

2. As a result, the combination of electron and hole, the area in which there are a few carriers
in is appeared around the interface. Moreover, internal electric field force to move each carrier
back to the original area (p or n).

3. In the state of thermal equilibrium, diffusion current flow balance to drift current flow. And
then, fermi-level become constant.

4. When the light which has bigger energy than bandgap of semiconductor irradiates to p-n
junction, the electron on balance band absorb it. After that, the electron is excited over band
gap and becomes a conduction electron(photoelectron). The electron hole remains after the
reaction. The drift current flow is increased by appearing photoelectron, and the thermal
equilibrium cannot keep the balance. Through series of reactions, photoelectrons are moved to
n-type semiconductor, the electron holes are moved to p-type semiconductors by the internal
electrical field which is formed in the depletion layer. The electromotive is happened by these
carriers moving.

5. If we attach pole to n and p-type semiconductors, we can get the direct current flow into the

outside of these semiconductors.
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The PV array power output can be calculated using the following formula [28]:
_ It
Pout_PmaxFPV (GT STC) [1+ap(Tc'Tc,STC)] 1
_ Te.noct-Ta, NOCT ) (1 Meenl

=Tt Gr ( GrNoct ) (1 o ) 2

Where, P,,,, is the rated capacity of a PV module under standard test conditions, and Fpy is
the PV derating factor which is dependent to PV surface conditions such like clearness. I is
the incident radiation to the PV surface, and m is the incident radiation under standard
conditions; which equals to 0.8 kW/m? [28]. a, refers to the cell temperature coefficient
[%/°C]. T, is the cell temperature inside PV module in each time step which is calculated by
Eq. 2. T.src is the PV cell temperature under standard conditions (25°C); T, indicates the
ambient temperature; T, nocr 1S the nominal operating cell temperature of the PV module;
T, nocris the ambient temperature at which the NOCT (Nominal Operating Cell Temperature)
is defined which value equals to 20°C [28]; n_, is cell efficiency which can be assumed to

equal to the maximum power point efficiency n

max °
The incident radiation to the PV surface is a function of the ambient condition, time, and

period of earth revolution which can be calculated by using below equations [29]

I+=Igrobal {(cos@—i—u cos %) +p (COSKJrusin2 %)} 3
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Where, Iy opa is global irradiance on a surface perpendicular to the vector of sunlight; u is
diffuse portion constant for calculation of diffuse radiation as a part of incident radiation;
is the tilt angle between the ground which is parallel to horizon and PV panel; p is the
reflection index that is dependent to ground condition; 0 is the angle between the solar rays
and k which is the sun zenith angle; these values are calculated by using the following
equations:
cosb = cosycosk + sinsink cos(A-C) 4

A and ¢ indicate sun azimuth on the celestial sphere and plate azimuth angle. (Radians East
>0 and West <0)

COSK = sindsiny + cosdcosycosa 5
tanA= L 6
sinycosa-cosytand
0=-23.45 360 (d+10) 7
- — ><
45008 | 32
a=360/24%(24T—-12) 8
T=Local Time+EOT-4L,,.,;+60T,,c 9
EOT=-9.87sin 23 +7.53cosB+1.5sinf 10
360
=—x(d-81 11
B 364 ( )

Where, o is the solar declination angle on the celestial sphere, which is concerned sun
altitude; y is the latitude in the observed point; a is the solar angle; d is the day number when
January 1% in each year is 1; T is the solar time and identified by Eq.9. Local Time is the local
standard time in observed point; EOT is the equation of time to express the relationship earth’s
revolution speed around the sun (minutes); L;,.q; 1S longitude in observed point and T, 1S
the time difference to GMT (Greenwich Mean Time). Fig. 12 shows the flowchart of PV

module calculation in this study.
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Fig. 12 Flowchart of PV module calculation
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2.3.2 Fuel Cell
Proton Electrolyte Membrane Fuel Cell (PEMFC) is one of the represented methods in field of
the fuel cell technology. Recently, PEMFC is used for several applications such as automotive,

aerospace power and residential fuel cell. Fig. 13 shows the PEMFC typical schematic

representation based on water using and Electric Current

acidic polymer membrane as the electrolyte. -’—’@—‘ Water and
[30] The basic construction of PEMFC is fuel Excess Ruel ° t_ Heat Out
pole as negative, polymer membrane, air pole — (!_ " ‘ ' =
as positive. t H,0

In the fuel pole, the fuel such as the hydrogen Hy | & HAL e

and methanol are provided and the chemical | ™
reaction that decomposes from molecular to H* <02
electron and proton. After that, the proton _ L
passes through the electrolyte membrane, and Fuel In + . . <= Airin
electron is released for load wire as electric Anode Cathode

Polymer Electrolyte

current and moving air pole. Generally, the
Fig. 13 Schematic of PEM fuel cell

platinum is used as the catalyst in this fuel
cell and this is the main reason that PEM cost is expensive.
Polymer membrane has a behavior that the generated
proton in the fuel pole moves to the air pole. In the membrane, protons are hydrated and move
on sulfonic acid groups. Therefore, moisture in the membrane moves from the fuel electrode
to the air electrode. Therefore, fuel pole needs to include moisture, and this property makes to
be difficulty in PEMFC operation if the working temperature is over 100 degree, or less than 0
degree.
In the air pole, the proton comes from the electrolyte membrane and the electron comes from
conductor wire are reacted with oxygen in the air and producing water. It performs the
following chemical reaction.

4H*O,+4e~ - 2H,0 12
However, this oxygen and 4-electron reduction is not efficient, it becomes the reason to drop
down the electromotive of the fuel cell, in fact.
The fuel cell can obtain about 1.2 V in theoretical approach, there is loss of electro pole reaction
and it causes the voltage to become 0.7 V in actual [31]. However, PEMFC has these
advantages; 1) The starting time is short because of the start-up is occurred in standard
temperature 2) The cell and stack size are compact 3) High safety with the working temperature
is low. It is the reason to use PEM for residential power resources.
The fuel cell which converts the chemical energy of hydrogen and oxygen to electrical energy
operates as a backup of the main power components such as the PV panel and Wind turbine in

a HRES. The output power of the fuel cell is proportional to the rate of hydrogen consumption

17



(my,) [31]:
PFC:N.IFC 'EFC 13
N is the number of cells, and Igc is the current flow of cells. Egc refers to the electromotive

energy of fuel cell which is calculated as follows:

f2h |
I =—mol g 14
Fe N[-] - v[-] - M[ﬁ] M, [s]

Erc[VI=Eq-b(log(i)+3)-Rpmici-me?! §

Where, F is Faraday constant; v is the stoichiometry of the reaction; M is the molecular

mass of hydrogen; i is the current flow density which is a function of the reaction area (A) as

follows:
i=1/A 16
And b is the Tafel slope: The equation shows Eq. 17
b=L1E 17
2RT

n is the number of exchanged electrons in the reaction; T is the working temperature of fuel
cells. Generally, the range of working temperature of PEM (Polymer Electrode Membrane)
Fuel cells is between 353.15[K] (80[°C]) to 393.15[K] (120[°C]).

In Eq. (16), E, is the open-circuit voltage (OCV). This value is dependent on the working
cell temperature:

Ey= -G/nF 18

G[kJ/mol ]= 0.052T[K]-244.277[$] 19

When working temperature increases, the absolute value of Gibbs free energy decreases. The
ohmic loss in Eq. 20 can be calculated by using the below equations

Rohmic=Tm[Q cm]L e [cm] 20
Where, 1, refers to the specific resistivity for the flow of hydrated protons, and L, is the

thickness of the polymer membrane as given in [32].

. TV 3
1816 - (140.031+0.062 * (357) * )
Tm™ T-303 21
(1-0.634-3) * exp(4.18 * ()
2
[ 004341781 Cap, 3985+ ay 4360 ¢ ap,,’, 0<ay,, <I
A= 14+1.4 + (ay,, -1) I<ay,, <3 22
L 2 aHzO >1
an,0=Pu,0/P*'1n,0 23

log,, P**'41,0=-2.179+0.040-(T-273.15)-9.184-10-(T-273.15)>+1.445-107-(T-273.15)° 24

The coefficient m is estimated by the following equation.
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mz{l.lx10'4-1.2X10'6><(T-273.15), 312.5[K]<T 55
3.3x107-8.2x10°%(T-273.15),  312.5[K]>T

Fig. 14-Fig. 16 show the I-V curve for a PEMFC. It can be observed from Fig. 14 that voltage
decreasing with the current flow increasing. Fig. 15 shows the voltage loss breakdown of the
fuel cell. The ohmic loss is linearly proportional to the current flow density function. The
voltage dropping down of the fuel cell is caused by the delaying the gas diffusion at the electric
pole. This phenomenon is dependent on the reaction area internal one fuel cell.
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Fig. 14 I-V curve of the fuel cell
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Fig. 16 The power curve of the fuel cell

2.3.3 Electrolyzer
In a water electrolyzer, water is spitted into hydrogen and oxygen by using electricity. The
electricity consumption (Elecg; ) of the electrolyzer is identified as a function of rated hydrogen
flowrate (Qn-n2) and actual hydrogen flowrate (Qm2) [33]:
ElecEL=AEQn_H2+BEQH2 26
Where, A and Bjy are the electricity consumption curve coefficients of the electrolyzer.
The efficiency of electrolyzer is calculated as follows:
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T]Elz (QH2 XHHVHz)/EleCEL 27
Where, HHVy, =39.4 [kWh/kg], Ap = 20[kWh/kg]and By =40[kWh/kg] from Ref. [33]

2.3.4 Hydrogen tank

The amount of hydrogen in the storage tank at each time step t is dependent to hydrogen
quantity at a previous step (t-1), the hydrogen inflow from the electrolyzer and SCWG at time
step t(Qmz2), and hydrogen outflow to the fuel cell at the time (t) [34]:

H2level (t) =H2level (t_ 1 )+QH2 (t) B mHZ (t)/ nHz-tank 28

N, tank is hydrogen tank efficiency when releasing hydrogen to fuel cell. And the hydrogen
tank has the minimum (H,_.,;,) and the maximum limit (H,_,,,,) of hydrogen level; H,_;, can

be assumed 5%, and H,_ ... 1s 90% of this capacity of hydrogen tank.

2.3.5. SCWG

Hydrogen is primarily produced by using the steam reforming method from hydrocarbons such
as natural gas. Steam reforming is a chemical method for producing syngas which is mixed
hydrogen and carbon monoxide. Methane reformer is generally used in industry to make
hydrogen. This method is one of the most energy efficient ways to produce hydrogen. The
reason is that hydrogen yield from steam reforming is generally higher than 50% at the
temperature higher than 600°C. However, this method requires an external heat source, using
fossil fuels. [35]. Another way of hydrogen production is fermentation that can be considered
for hydrogen production. This method is the fermentative conversion of organic substrates to
hydrogen which called biohydrogen. The conversion is affected by bacteria and protozoa. But
this method is faced some problems such as long-time process and bad smell.

The physical properties of water at supercritical condition are shown in Fig. 17 [36]. In the
case of water, the critical point is around 374°C and 22.1MPa. Over the temperature and
pressure of this point, the characters of each parameter change slightly. The hydrocarbon
solubility increases immediately over the 350°C and the inorganic solubility decreases over the
380°C. At the supercritical condition, the lower density of water enables SCWG reactor to
decompose the biomass feedstock at a faster rate than ideal gases, resulting in the production
of hydrogen and methane-rich gases. To reach the supercritical condition, an external thermal
source is required SCWG produces syngas , including methane and carbon monoxide as the
byproduct of the gasification reaction which can be burned in a fired heater to provide the

required thermal energy for the supercritical gasification of water. [9]
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Fig. 17 Physical property of Supercritical water [36]

The K-value model is used to determine the species and their amounts of the biomass
supercritical gasification reaction in the equilibrium state at a specific temperature and
pressure: which is expressed by the following equation. [37]

K, =TI\ 1a;% 29

The calculation of hydrogen production is required the mass composition of products from
reaction and the biomass feedstock in detail. The assumed basic reaction kinetic of glucose in
a SCWG reactor is represented below:

C.H, Oy +wH;0—%, CO+x,Hy +x3CO,+x4H, O+x5CHy 30
Where c, x, and y are given as mole fractions of the biomass feedstock such as glucose. w
refers to the mass flow rate of water used in the gasification reaction. The element balances of

carbon, hydrogen, and oxygen elements are given below:

X1+X3+X5-C=0 31
X+H2W-2X5-2X4-4%x5=0 32
y+W-X1 -2X3 -X4=0 33
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Since there are just three element equations for five variables, two more equations would be
needed here. In this study, two thermodynamic equilibrium reactions of water-gas shift and
methanation are considered, and their equilibrium constants are defined as the function of their

partial pressures [38]:

XH, XCO
K =—2—2 34
1 X
H,0XCO
XCH,
K2= 4 35

(Xﬁz )2

The values of K;and K, are dependent on working temperature under SCW (SuperCritical

Water) reaction. In the SCWG, K-values can be also expressed by Eq. 32 — 33 as follows:

X -3 - X -6 %107
InK :7082.848 +(-6.567) In le_7.466 10 T+ 2.164x10 T2_|_0.701 10 +32.541 36
! T 2 6 212

5870.53
In K2 =

241,86 In T-2.7x107 T+ 2=

-18.007 37

Here, the feedstock is assumed as kitchen garbage from households. The result of ultimate
analysis for a food waste sample with a moisture content at 70 % and includes the mass
compositions of: C=48%, H=6.4% and O=37.6% [38]. The chemical formula from above
composition shows CjggH;71043 from the amount of 1 mol wasted foods. (dry basis)

Then, general equation of this reaction is shown Eq. 27, where, C =108, H=171 and O=63 in
this study. And w is the molecular quantity of water per 1 mol. x; — x5 shows stoichiometric
number of each substance; 1. carbon monoxide 2. hydrogen 3. carbon dioxide 4. Methane 5.
Water; In this study, nitrogen is not considered in the reaction equilibrium. [38] The flowchart
how to calculate SCWG model is shown in Fig. 18.

The influence of reaction temperature and biomass feedstock moisture content on SCWG
product gas are depicted in Fig. 19 and Fig. 20 It can be observed from this figure that, by
increasing the reaction temperature, the concentration of hydrogen and carbon monoxide in the
product gas increases. The results also revealed that as the feedstock moisture content increases

from about 20 wt.% up to 80 wt.%, carbon dioxide and hydrogen yields increase remarkably.
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Fig. 20 shows changing of hydrogen, carbon monoxide and carbon dioxide is slightly with
water content increasing. Because of the water gas shit reaction is made by balance between a)
carbon monoxide, b) water content and c) hydrogen, d) carbon monoxide. Hence, these
substances affected by the water content. Fig. 21 shows the variation of K-values with working
temperature.
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Fig. 21 K-value variation with the working temperature
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2.4 Control strategy in the proposed HRES
Fig. 22 shows the management strategy, which is used to control the amount of power and
hydrogen generated by the different components in the proposed HRES.

Hydrogen
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Fig. 22 Calculation flowchart of electricity and hydrogen generation

In this approach, the renewable energy sources (Biomass & solar) plus the energy stored in the
hydrogen storage are used to meet the load requirement. The fuel cell is switched on as a backup
source when solar energy is not sufficient to supply the load. For each hour step, the simulation
program compares the required energy demand and the supplied energy, and according to the
difference, a decision to operate the water electrolyzer and SCWG or to charge the hydrogen
or discharge it will be taken. The electricity balance in each time steps is shown by the
following equation:

Ppc(t) + Ppy () = Pgemana(t) 38
Ppy(t) — Elecgr (1) =Pgemana(t) 39
Where, Ppv is the output electricity from PV module in each timestep, Prc is the output
electricity from the Fuel cell, Pdemand is demand of electricity in each timestep, EleceL is the
electricity consumed by the water-electrolyzer. In this study, the SOC (State Of Charge) of

hydrogen tank is assumed to be 95% as was addressed by in [20]
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Chapter 3: Design of the HRES beyond economic optimization

In this study, the development of an optimization model will be discussed which its goal is to
find the optimal configuration of the system subject to satisfying the required load (electricity)

in the selected household area.

3.1 Objective Function

In this study, the optimization model was founded based on introducing two different criterions:
1) Minimization of the total cost of the system 2) Maximization of the total profit from
electricity generation. Eq.37 shows the objective function for total cost minimization problem
[39]

_ 2 (ekM+F) /(140"
LCOE= B4 40

Where, [; is investment cost in year t, M; is operation and maintenance costs in year t, F, is
fuel costs, E; is electricity generation in year t, r is discount rate, and n is the lifetime of each
component.

Total Cost=Y? LCOE; X P, 41
The total cost of the system includes the investment and operation and maintenance cost. The
profit maximization problem describes the situation that the surplus electricity generated from
the solar panel can be sold back to the grid. Therefore, profit maximize function includes the
difference between the revenue from both surplus electricity generated from the solar panel
which can be sold back to the grid and total renewable electricity which is generated from the
HRES and the total cost of the system, as follows:

Profit=a Egem + BEsyr — Total Cost 42

Where, a is electricity tariff for residential in Japan which is equal to 26 JPY/kWh [40], Egem
is demand of electricity in one household which can be net by the HRES,  is FIT (Feed In
Tariff) which is equal to 28 JPY/kWh [8], E,, is surplus electricity from PV module.

3.2 Optimization Strategies

3.2.1 PSO algorithm

PSO (Particle Swarm Optimization) algorithm is one of the meta-heuristics algorithm to find
the approximate solution in the case of a combinatorial optimization problem. The behavior of
this algorithm comes from characteristic of collective organisms: under giving the objective
function as the searching target, particles move around with information communication in
searching space to find the optimal solution. This algorithm has several advantages such as 1.
Algorithm simplicity 2. Flexible operation 3. No gradient information required. The model of
PSO shows Fig. 23
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Fig. 23 Position updating in PSO
All particle has the position information, vector information and personal best information:
personal best information means their best position so far which based on the objective function.

The updating equation for particles shows Eq. 40 - 41

vig(tt) = 0 vig(O+ Cy- (Pid(t)-xid(t)) +Cyr (gid(t)'xid(t)) 43

Xig (tH1) =xiq(D+viq(t+1) 44

Where, vig(t+1) is particle vector after updating, vi4(t) is particle vector before updating,
o is inertia weight of vectors which control the vector size: This value should be set the
range of [0.5, 1] because of this value is lower than 0.5, the particle will implement local
searching, or value is higher than 1, particles are difficult to converge the optimum solution.
Here, o is set as 0.7. [41] And both referring value C1 and C2 are set 1.0 and 0.5.

3.2.2 Detail Design of PSO
1) Topology of PSO: The PSO model needs the detail design such as boundary control the
topology: this is the shape of the communication between each particle in this model. In the

field of PSO modeling, the topology is classified by threee types (Fig. 24 shows).
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(a) Complete Graph (b) Ring (c) Tree
Fig. 24 Type of topology of PSO [42]

a) Complete Graph: This topology the all of particle can communicate with each other to share
the global best score and position in each timestep. This method helps to converge the results
earlier. Besdies, the topology needs definition of the vector elements because if its scalar value
is low, the particles lose the diversity in optimization.

b) Ring: The method is a particle exchange information with only the next particle. The
advantage of this topology is to reduce calculation cost for the number of exchanging
information is less than other topology. However, all particle activity will spread slowly when
some particle descent down the local optimum in the multimodality problem.

c¢) Tree: In the optimization problem, it is necessary to make a balance between diversity and
convergence of the particles. The tree topology makes the balance both of the particles.
Otherwise, tree topology is complicated to adopt the system

In this study, the adopted topology of PSO is a) Complete Graph for implementing easily and
high convergence of particles: it helps to reduce calculating cost with optimization.

2) Boundary Condition of PSO:

In the PSO simulation, there are four other types of a boundary condition in the case of the
particle is going to be outside of simulation space. Fig. 25 shows the classification of the
boundary condition of each type.

a) absorbing: In the case of the particle flying to outside the searching space in one dimension,
to reset the velocity component in that dimension is equal to zero.

b) Reflecting: In the case of the particle flying to outside the searching space in one dimension,
to set the reverse the sign of velocity component in that dimension, and vector length keeps the
previous timestep one.

c) Damping: In the case of the particle flying to outside the searching space in one dimension,
to set the reverse the sign of velocity component in that dimension, and vector length is updated
as previous timestep one-time uninformed random number [0,1].

d) Invisible: In the case of the particle flying to outside the searching space in one dimension,
the fitness of this particle is set at infinite when optimizing minimum or infinitesimal when

optimizing maximum.
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In this study, the PSO method implemented c) damping method as boundary condition
treatment. And vector length and updating position are defined the following equation with

assuming o= 1.
t+1 _ ot t t t
Xid = Xjd + |Xid - Xmax