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General introduction

As energy crises and environmental problems become increasingly severe, the traditional
energy utilization structure dominated by fossil energy is difficult to support the sustainable
development of human society. In the process of seeking energy conservation, emission
reduction, and green development, governments of various countries regard the distributed
development and utilization of new energy as an important way. Therefore, as renewable energy
is used more and more widely, energy production, transportation, and consumption issues based
on renewable power generation systems have become the focus of solving energy problems [1-
3]. In addition, a variety of energy storage systems are also added to the operation and control
of the system to ensure the economic and stable operation of the system [4-6]. In this context,
the widespread use of hydrogen energy has gradually added fuel cells, electrolyzers, and their

energy storage systems to the renewable energy network [7-10].

As an important technical approach to global energy sustainable development and strategic
transformation, hydrogen energy technology has been identified as an important support for
global energy transportation [11]. In 2023, Europe proposed a multi-field green hydrogen
replacement target, which strongly supported the demand for green hydrogen in the European
market. In July of the same year, the European Council approved the release of the ‘Alternative
Fuels Infrastructure Regulation, AFIR’ [12], requiring EU member states to build a 1,000
kg/day public hydrogen refueling station every 200 km along the core routes of the planned
Trans-European Transport Network (TEN-T) by the end of 2030. The EU and its member states
have worked hard to improve the policy system guarantees such as green hydrogen standards
to lay a policy foundation for the large-scale development of green hydrogen. On February 13,
2023, the EU’s ‘Renewable Energy Directive’ (RED II) [ 13] amendment was officially released,
which proposed detailed rules to define the composition of EU renewable hydrogen. In addition,
the governments of EU member states simultaneously introduced green hydrogen and
electrolyzer subsidy policies. In 2023, France launched a 4 billion euros ‘difference subsidy
contract’ plan to make up for the cost gap between clean hydrogen and grey hydrogen. The
Italian Ministry of Infrastructure and Transport allocated 300 million euros to purchase

hydrogen trains and build green hydrogen production, storage, and train hydrogen refueling



facilities in six regions across the country. At the same time, China has also included hydrogen
energy in the scope of energy system management, clarified the energy attributes of hydrogen
energy at the legal level, and vigorously promoted relevant policies such as large-scale green
electricity hydrogen production and fuel cell vehicle applications. In June 2023, the U.S.
Department of Energy released the National Hydrogen Energy Strategy, proposing that the
production of clean hydrogen in the United States will increase to 10 million tons/year by 2030,
and focus on the application in areas with limited decarbonization alternatives such as
chemicals and heavy trucks. It also announced an investment of US$7 billion to build seven
"clean hydrogen energy centers" across the United States in the form of project investment. The
investment projects mainly include green hydrogen production from renewable energy, blue
hydrogen production from natural gas, and nuclear power production of powdered hydrogen.
Based on their own resource endowment characteristics, Japan and South Korea regard
hydrogen energy as one of the main solutions for future energy transformation, and actively
deploy practical application demonstrations of hydrogen energy in production, transportation,
and other fields. For example, in 2023, Japan will try for the first time to use fuel cells retired
from vehicles to power distributed data centers, launch a lunar rover research and development
plan based on long-term hydrogen energy storage, and manufacture Japan's first domestically
produced ammonia fuel ship; South Korea plans to build the world's first commercial ammonia
cracking hydrogen production power plant. Japan and South Korea regard imported hydrogen
and hydrogen-based energy as an important supplement to the future energy gap and have
launched intensive international cooperation from the government to the enterprise end to open
up international trade channels. In 2023, during the visit of the leaders of Japan and South Korea
to the United States, they proposed to jointly build a hydrogen-ammonia decarbonization fuel
supply chain. Major companies or consortiums in Japan and South Korea have signed a series
of green hydrogen project development agreements in Australia, Southeast Asia, and other
places, such as the hydrogen-ammonia project of South Korea's Samsung Group in Western

Australia.

As arenewable energy source, hydrogen has the characteristics of large-scale storage and long-

distance transportation. Therefore, integrating hydrogen energy into the power system for large-



scale renewable energy power consumption is one of the current development trends.
Hydrogen-electricity synergy is expected to greatly improve the flexibility of high-proportion
renewable energy power systems and provide new solutions for the construction of new power
and energy systems [14, 15]. At present, 26 countries in the world have released hydrogen
energy strategies. In 2022, global hydrogen energy demand will reach 95 million tons, a nearly
3% increase year-on-year. Under the influence of multiple factors such as high fossil fuel prices
and energy supply shortages, the global hydrogen energy industry will accelerate in 2022. On
the production side, the number of hydrogen production projects using renewable energy
sources such as wind power and solar power has increased significantly. On the consumption
side, hydrogen trains, green hydrogen ironmaking, and hydrogen-ammonia power generation
projects have been put into operation at an accelerated pace. On the storage and transportation
side, the world's first liquefied hydrogen transport ship completed its maiden voyage from
Australia to Japan, marking a key step in the international hydrogen trade. According to the
International Energy Agency (IEA)'s "Net Zero Emissions by 2050: A Global Energy Sector
Roadmap"[16], the scale of global hydrogen production by water electrolysis will grow rapidly.
By 2050, achieving global net zero emissions will require approximately 528 million tons of

hydrogen, of which more than 320 million tons will be produced by water electrolysis [16].

For the power and energy systems in which hydrogen energy participates, the types of system
energy are diverse [17-21]. Therefore, a variety of energy devices such as batteries,
supercapacitors, superconducting energy storage, flywheel energy storage, and hydrogen
energy storage can be connected to the power or energy system [22]. The choice of different
energy storage methods also directly affects the operating characteristics of the system. Among
them, hydrogen energy has unique advantages, and its levelized storage cost is better than other
energy storage technologies [23]. The widespread use of hydrogen energy has prompted fuel
cells, electrolyzers, and related hydrogen storage mechanisms to be gradually incorporated into
power and energy systems. Generally speaking, the efficiency of the system is not high when
only fuel cells are used to generate electricity or electrolyzers to produce hydrogen. The
hydrogen energy utilization efficiency of fuel cells is usually 40-60%, while the hydrogen

production efficiency of electrolyzers is usually 60-80%. Most of the remaining energy is



converted into heat and dissipated. Therefore, studying the electric-hydrogen-heat coupling
characteristics of hydrogen energy systems, converting waste heat into usable heat energy, and
improving the level of renewable energy consumption has important theoretical significance
and practical engineering application value for improving the overall efficiency and economy
of comprehensive energy systems [5, 24-29]. At the same time, under the background of the
gradual integration of transportation and energy, the energy demand, transmission, and use of
energy systems have become inextricably linked to the energy demand and energy
transportation characteristics of the transportation system itself [30]. Therefore, in the face of
the major challenges of building a green and low-carbon energy system and the actual situation
of the close connection between transportation and energy, studying the operation control and

commercial energy sharing of hydrogen energy systems has a high research value [31-35].

In summary, to realize the operation, control, and marketization of the hydrogen-based power
system, it is of great academic significance and practical value to carry out the research on the
modeling, control, operation, and trading of hydrogen-based power system for microgrid,
integrated energy system (IES), and energy sharing suppliers. The research routes of this thesis

are shown in Figure I. In addition, the research contents of each chapter are as follows:

Chapter 1 mainly introduces the structure of the hydrogen energy system, the operation and
control of the hydrogen microgrid, the optimized operation of the hydrogen-based integrated
energy system, and the energy sharing of multiple integrated energy systems under the
background of energy marketization. According to the analysis in Chapter 1, the research
progress and shortcomings of the current control, operation, and energy sharing of hydrogen-

based microgrids, and energy systems are pointed out.

Chapter 2 studies the energy management and control methods of a hydrogen microgrid, which
only considers the hydrogen system as an energy storage device. Taking the operation cost as
the target of the microgrid, a two-layer energy management method is proposed, which
effectively realizes the economic and stable operation of the microgrid, and semi-physical

simulation analysis is carried out through RT-lab.
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Figure I. The research route of this thesis.
Based on Chapter 2, Chapter 3, considers the application of hydrogen system in integrated
energy system with higher power levels, and considers the waste heat recovery problem of fuel
cells and electrolyzer. A two-stage optimization scheduling method for a residential integrated
energy system under the access of multiple new energy vehicles is proposed. The optimization
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strategy of day-ahead and real-time model predictive control is adopted to realize the optimized
operation of integrated energy system and verify the economic advantages of waste heat

recovery of fuel cell and electrolyzer.

Chapter 4, based on the modeling of the integrated energy system in Chapter 3, studies the
energy-sharing problem between multiple integrated energy systems and shared energy storage
operators in the region. A method of energy sharing based on hydrogen transportation is
proposed and the optimal configuration of shared energy storage operators is realized, verifying
the feasibility of hydrogen energy sharing based on road transportation. The operation of the
regional energy market is analyzed, and the results show that regional energy sharing can

greatly improve the efficiency and economy of the system operation.

Chapter 5 concludes the research contents of this PhD thesis, and also lists the future research

works and directions.



Chapter 1. Introduction

To conduct in-depth research on hydrogen-based power systems, this thesis introduces the
system structure and current research status first and addresses the main purpose of the work
based on the problem raised by the current research. First, the structure and devices of the
hydrogen system with fuel cell, electrolyzer, and hydrogen tank are introduced. Then the
research status of the energy management of microgrids is studied, then, the literature review
about the optimal operation of hydrogen-based integrated energy systems and the optimal energy
and also energy storage sharing methods are discussed in detail. In the final section of this

chapter, this chapter highlights the contributions of this PhD thesis in 3 aspects.

1.1. Hydrogen system and its application
1.1.1. Structure of the hydrogen system

HEAT PEMFC Electricity Flow
BUS el Heat Flow
e z el Hydrogen Flow
H, :
BUS

HVs

Transportation
&
Trading

Users

Figure 1- 1 Structure of hydrogen system
As an important petrochemical raw material, hydrogen has been widely used in the production
of synthetic ammonia, methanol, and petroleum refining. At the same time, it is also an
extremely important industrial raw material in the fields of electronics, food, metallurgy, fine
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organic synthesis, aerospace, etc. [36-38]. With the rise and application of hydrogen fuel and
fuel cells, the superiority of hydrogen energy has gradually emerged. Hydrogen energy
represents a new way to combine with the power system and energy system. They can together
form a future energy system with three main energy carriers (electricity, hydrogen energy, and
heat) [39-41]. Because electricity and hydrogen energy are two complementary decarbonization
energy carriers, they can be generated from the same main energy resource and can be converted
into each other, as shown in Figure 1-1. Hydrogen energy storage technology has been developed
by utilizing the mutual conversion of electricity and hydrogen energy. In renewable energy
power generation systems, intermittent power generation and transmission are often limited.
Using surplus, non-peak, or low-quality electricity to produce hydrogen on a large scale,
converting electricity into hydrogen energy and storing it, on the one hand, hydrogen can be used
to supplement power generation through fuel cells when power demand is high. At the same
time, the hydrogen produced in this process can also be distributed to other industrial fields such

as transportation and metallurgy for direct use, thereby improving economic efficiency.

1.1.2. Devices and their technology of the hydrogen system

At the technical level, hydrogen production by water electrolysis is mainly divided into alkaline
water electrolysis (AWE), polymer electrolyte membrane (PEM) water electrolysis, solid
polymer anion exchange membrane (AEM) water electrolysis, and solid oxide electrolysis (SOE)
[42, 43]. Among them, AWE is the earliest industrialized water electrolysis technology, with
decades of application experience, and the most mature; PEM water electrolysis technology has
developed rapidly in recent years, SOE water electrolysis technology is in the initial
demonstration stage, and AEM water electrolysis research has just started. From a time scale
perspective, AWE technology is easy to deploy and apply quickly in solving the problem of
renewable energy consumption in the near future [16]; but from a technical perspective, PEM
water electrolysis technology has high current density, small electrolyzer volume, flexible
operation, and is conducive to rapid load change, which is well matched with wind power and
photovoltaic power (the volatility and randomness of power generation are relatively large).
With the promotion and application of PEM electrolyzers, their cost is expected to drop rapidly,

which is bound to be the development trend in the next 5 to 10 years [44, 45]. The development
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of SOE and AEM water electrolysis depends on the breakthrough of related material technology.

Therefore, this paper mainly takes the PEM electrolyzer as the main research object.

An important prerequisite for hydrogen utilization is to connect the green production of
hydrogen with end users in a safe, reliable, economical, and convenient way, which requires
solving the problem of hydrogen storage and transportation. Hydrogen storage and
transportation methods include high-pressure hydrogen storage, liquid hydrogen, material
hydrogen storage, organic compound hydrogen storage and transportation, and pipeline
hydrogen transportation. Among them, high-pressure hydrogen storage, liquid hydrogen, and
pipeline hydrogen transportation all require pressurized hydrogen. Therefore, PEM electrolysis
with higher pressure has a natural advantage in matching hydrogen storage needs [46-49]. High-
pressure hydrogen storage and transportation is a common method for small and medium-sized
hydrogen use. Within a distance of 200 km, a single hydrogen trailer can transport 10 tons of
hydrogen per day [50-52]. The material has good safety in hydrogen storage, but the hydrogen
storage capacity is low (1%~2%), which is only suitable for on-site hydrogen storage; if used
for transportation, the transportation cost is obviously too high. The storage capacity of organic
compound hydrogen storage and transportation can reach 5%~6%, and the transportation
requirements are similar to those of liquid fuels. After arriving at the destination,
dehydrogenation equipment must be used for dehydrogenation treatment, and the
dehydrogenation temperature is about 200 °C. Japan plans to use the conversion process of
toluene and methylcyclohexane for hydrogen storage and transportation, and transport hydrogen
from Australia to the mainland. Using the existing natural gas pipeline, hydrogen is pressurized
and input, so that hydrogen and natural gas are mixed and transported; at the hydrogen end, the
natural gas/hydrogen mixture is extracted from the pipeline and reformed to produce hydrogen.
This is a new direction for rapid hydrogen storage and transportation. The hydrogen production
pressure of PEM water electrolysis is usually greater than 3.5 MPa, which can be easily increased
to 4 MPa. Therefore, the hydrogen produced by PEM electrolysis can be directly injected into
the natural gas pipeline network without additional pressurization process. Germany already has
an engineering case of 20% hydrogen mixing in the natural gas pipeline network. The French

GRHYD project began injecting natural gas containing hydrogen (with a blending rate of 6%)
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into the natural gas pipeline network in 2018, and the hydrogen blending rate reached 20% in
2019. The UK implemented zero-carbon hydrogen production in the HyDeploy project and
injected hydrogen (with a blending rate of 20%) into the natural gas pipeline network in 2020,
verifying the technical feasibility of injecting hydrogen produced by electrolysis into the gas
pipeline network. A more ideal situation is to build a new pure hydrogen pipeline. Many
European countries have started the preliminary planning and demonstration of the pure

hydrogen pipeline network, but it will take some time to start construction.

Like traditional fossil fuels, hydrogen can also be used for hydrogen internal combustion engines
(ICE) to generate electricity. However, since fuel cells can directly convert the chemical energy
of hydrogen into electrical energy, there is no energy form change through boilers, turbines, and
generators like ordinary thermal power generators, which can avoid the loss of intermediate
conversion, achieve a high power generation efficiency, and be more efficient and
environmentally friendly, so it is more practical. According to their operating temperatures,
alkaline fuel cells (AFC, 100 <C), solid polymer proton exchange membrane fuel cells (PEMFC,
within 100 <C) and phosphoric acid fuel cells (PAFC, 200 <C) are called low-temperature fuel
cells; molten carbonate fuel cells (MCFC, 650 <C) and solid oxide fuel cells (SOFC, 1000 <C)

are called high-temperature fuel cells[53-56].

To achieve the application of hydrogen devices in power system, the control and optimal
operation of those devices are the key to the problem. Therefore, the following section mainly

focuses on the control and optimal operation of the hydrogen system.

1.2. Research status of the operation for microgrids and integrated energy

system

1.2.1 Energy management of storage-based microgrid

With the continuous increase in global electricity demand and the increasingly serious
environmental problems, the construction of a DC microgrid system containing multiple micro-
sources has become one of the solutions to the problem. Various energy management
optimization methods targeting micro-sources and load characteristics have emerged. In order

to fully utilize renewable energy, its uncertainty must be taken into account. Therefore, DC
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microgrids containing energy storage systems have been widely studied and play an important
role in the intelligent process of power grids. Nowadays, microgrid systems containing multiple
energy storage methods such as electric energy storage (batteries, supercapacitors) and power-
to-gas energy storage (electrolyzers) have gradually entered the field of vision of scholars. The
construction of a DC microgrid system containing multiple energy storage methods has become

an attractive solution to increase power generation and reduce operating costs [57-59].

At present, there are many methods for effectively optimizing the capacity of microgrids
containing energy storage systems [60, 61]. At the same time, there are also many energy
management methods for power distribution and system stability control of microgrid systems
containing different energy storage methods. Reference [62] proposed a DC microgrid control
method based on the battery state of charge. This method constrains the battery operating state
based on SOC (state of charge), thereby avoiding deep charging and discharging of the battery
and optimizing the operating life of the energy storage system. Reference [63] analyzed the
energy loss problem during the operation of the microgrid and optimized the operation of the
microgrid system offline through the MINLP algorithm. In terms of hydrogen energy storage,
the establishment of an active DC microgrid system with wind, light, and hydrogen energy
storage can improve the utilization rate of wind and light renewable energy and achieve high
penetration grid-connected operation [64, 65]. The energy management method based on the
state machine can realize the effective operation of such systems according to the state of the
hydrogen energy storage and electric energy storage systems [66]. Nasri S et al. proposed an
energy management method for photovoltaic, fuel cells, and various energy storage systems
based on the state machine [67]. This method introduced the typical working conditions of urban
loads and made a strong demonstration of the feasibility of the management method. At the same
time, based on the existing model, the battery was replaced with a supercapacitor, and further
experimental verification was carried out [68]. In terms of the economic efficiency of microgrid
operation, reference [69] used the actual situation of Lake Baikal to configure the capacity of a
microgrid containing hydrogen energy storage and compared the economic efficiency with that
of a system containing only electric energy storage facilities. Reference [70] first proposed a

formula for calculating the cost of using an energy storage system and used a genetic algorithm
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for offline optimization. However, most of the above articles use online energy management
methods based on SOC, which makes it difficult to optimize the power distribution of various
types of energy storage units in the system; in addition, most online energy management methods
do not take into account the economic efficiency of the system. Offline optimization algorithms
such as the genetic algorithm used in reference [70] can effectively achieve the optimization
goal, but how to flexibly operate in real-time in a microgrid system with high uncertainty has
not yet been solved. Although the electrical efficiency of an electric-hydrogen microgrid is lower
than that of a microgrid containing only electric energy storage, generally speaking, electric
energy storage systems are more suitable for short-term electric energy storage. When the time
scale is large, the advantage of hydrogen energy storage systems in terms of cost of use is

reflected because electric energy storage systems are limited by their scale and reliability [69].

1.2.2. Optimal scheduling for integrated energy system

With the increasing energy demand, the existing microgrid with various renewable energy
devices is gradually expanding into an integrated energy system with multiple energy production
and transmission equipment, aiming to provide multiple energy supplies for users. Therefore,
the effective operation of integrated energy systems has become a hot research topic at present.
For the scheduling of integrated energy systems, scholars have conducted in-depth research
considering different objects and scenarios [71, 72]. Considering the impact of irradiance on the
entry and exit of buildings and electric vehicles, a two-stage office building scheduling that
combines day-ahead optimization and real-time optimization achieves economic operation [73].
Based on smart commercial buildings, an improved energy management method that considers
building ambient temperature and thermal resistance is proposed to improve energy utilization
and reduce operating costs [74]. Considering the economy, reliability, and demand under the
liberalization of the electricity market, a scheduling method that combines day-ahead scheduling
and real-time model predictive control is adopted to provide a general scheduling mode for
integrated energy systems [75]. According to the required hot water and expected building
temperature, it is recommended to adopt an integrated energy system building structure equipped
with smart meters and controllable power loads; based on the information provided by such

smart meters, an intelligent control method that considers load and temperature uncertainty is
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applied to the architecture [76]. The uncertainty of the electricity market brings some difficulties
to the scheduling of integrated energy systems. Therefore, a robust optimization scheduling
method based on considering the degree of price deviation has emerged to avoid uneconomical
operations under the influence of uncertainty [77]. Based on day-ahead scheduling, model
predictive control can be dynamically adjusted according to the optimization results and real-
time predictions to achieve real-time optimal control [78-80]. To minimize the negative impact
of prediction errors, a hybrid model predictive control algorithm combining time series analysis
and Kalman filtering is proposed [81], which can better compensate for prediction errors. By
using an information-sharing model, a distributed model predictive control method based on
dual decomposition and sub-gradient iteration uses real thermal and power demand patterns to
establish and implement the expected control of an integrated energy system framework based
on household-level embedded distributed generation [82]. For smart homes, a small predictive
control method is used to combine predictions with the latest information, and a two-way
communication infrastructure of a collaborative control scheme is used to achieve limited floor

scheduling optimization of residential clusters [82].

At the same time, the wide application of hydrogen energy makes fuel cell and electrolyzer
system become important parts of IES. In the study of hydrogen energy systems, due to the
relatively low efficiency of fuel cells and electrolyzers, the possibility of waste heat recovery
has become a new research focus [83-85]. Among them, most existing studies consider waste
heat recovery in large-scale fuel cell application scenarios and use the obtained waste heat to
supply the user's heat load. However, current research rarely involves waste heat recovery from
electrolyzers. How to make full use of waste heat for local users under the access of hydrogen
energy systems and meet the multi-energy needs of integrated energy systems is a key issue that

needs to be solved urgently.

In summary, the existing research content mainly focuses on economic operations and pays
attention to the integrated energy supply and information interaction of communities and
residences. However, at different time scales, the coordinated operation of multiple energy

sources such as hydrogen energy, and the scheduling issues under the intervention of new energy
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vehicles have been ignored. Therefore, further exploration of the optimal scheduling of

integrated energy systems is needed.

1.3 Current research on Energy sharing of integrated energy system

1.3.1 Energy sharing within integrated energy systems

In the process of energy transformation and the construction of new energy systems, electricity
and hydrogen are both secondary energy sources and complementary energy carriers [86, 87].
Thus, by forming the renewable energy-based electricity-hydrogen IES, a zero-carbon energy
network that fulfills the production, storage, transportation, and supply of multiple energies can
be further established, which achieves the virtuous cycle of low-carbon energy production and
supply and enhancing the consumption of renewable energy and also the flexibility of regional
energy allocation. It is expected that by 2050, global hydrogen energy will bear 18% of the
global energy demand, becoming the third largest energy source in the world after oil. Moreover,
40% of the raised electricity demand from 2035 to 2050 will be provided through green hydrogen
[88]. Therefore, the IES with electricity and hydrogen production and supply is an important

part of future energy systems [88].

At present, there have been some studies on the operation, planning, and marketization of IES.
Among them, for the operation and planning of IES, the main focuses are on the system economy
and renewable energy consumption [89, 90]. Meanwhile, more research mainly analyzes the
energy sharing of multiple IESs within a region. To overcome the uncertainty of distributed
energy generation, a day-ahead energy market design of IES is provided, and a consensus-based
method is applied to form the electricity market [91]. A regional market transaction model for
electric and natural gas systems is established, and the trading frame is analyzed in detail on the
electricity trading. A day-ahead optimization for electric vehicles (EVs) charging park and
hydrogen refueling stations (HRS) in an IES under the electricity market is proposed to improve

the energy supply quality of the charging park and electric vehicles [92].

With the integration of new and renewable energy, the variety of energy trading increasingly
grows, and many studies focus on the trading of multiple energy forms [93]. Also, heat

transmission and trading are considered in some literature [91, 94]. The use of hydrogen gas in
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IES is widely studied, which can be integrated along with electricity and heat supply [11, 92].

Thus, the hydrogen trading of IES is also analyzed [11, 95].

Given the hydrogen market, the European Commission released a hydrogen strategy that
announced different policies and measures to support the construction of European hydrogen
infrastructure in 2020. Based on this, the installed capacity of the electrolyzer in the EU will
reach 40 GW by 2030, which will lead to huge power demands and thus strengthen the
connection of hydrogen and the power market [96]. Similarly, other countries have begun to
develop hydrogen technology and tried to establish a hydrogen market to achieve zero carbon
emissions in the energy system, hence green hydrogen can play an important role in the future
energy system and market [97]. Despite the current design or analysis showing that many regions
can achieve independence of hydrogen energy supply, it is undeniable that the development of
hydrogen energy requires a unified market environment, and trading within a hydrogen market
is beneficial to reduce operation costs and hydrogen prices [98]. At present, the studies on the
hydrogen energy market are mainly divided into two major categories. The first category is to
study the macro international hydrogen market, and the second category is about the trading and
scheduling of the regional hydrogen market with the supply chain. The research on the
international hydrogen market focuses on the overall hydrogen energy production, demands, and
policies of various countries, which analyzes the import and export of hydrogen based on the
estimation of production of the overall hydrogen energy, thus the time and geographical scale
are large [99]. The second category is to analyze the internal market within a region [100]. Since
green hydrogen plays an important role in reaching a zero-carbon future, the green hydrogen
supply chain gradually formed. The hydrogen supply chain in a region consists of three parts
mainly, the hydrogen production and sales composed of renewable energy sources, electrolyzers,
and storage, the transportation logistics formed by vehicles or pipelines, and the users composed
of fuel cell vehicles, residential and industrial demands. In such regional markets, researchers
usually discuss the interests of various producers and users in smaller time scales and
geographical areas. Under these conditions, the trading mode of hydrogen can be similar to the
trade of electricity. However, due to the problem caused by transport and the storage of hydrogen,

many researchers simplify the model of hydrogen transportation by fixing the trading time and
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delivery [101]. Still, the existing studies show the hydrogen market and electricity market will
improve the stability of energy systems, reduce energy prices, and improve the flexibility and
economy of energy systems. However, compared to the traditional electricity market, the
hydrogen market is far more mature. With the gradual expansion of the scale of hydrogen energy
production, transmission, and consumption, it can be foreseen that a large-scale market will be
formed in the short term. Therefore, research on its market principles and supply needs to be

carried out urgently.

1.3.2 Energy storage sharing in the regional energy market

As an important part of the energy system, the large-scale energy storage facility effectively
improves the energy utilization rate of the energy system and reduces the operating costs [102].
In this context, the commercial development of user-side energy storage has received widespread
attention to further facilitate the operation of energy systems. Among them, large-scale shared
energy storage, as a form of improving resource utilization efficiency, can effectively provide
flexible support for real-time energy balance and achieve coordination and complementarity of
multiple energy sources, further reducing dependence on multiple energy suppliers [103, 104].
Studies have been widely carried out to analyze the electric shared energy storage among IESs
[105, 106], and there are three main forms of electricity storage sharing structures:
interconnected energy storage, common energy storage, and independent energy storage [104].
Also, more sharing mechanisms based on both hydrogen and electricity storage sharing are
gradually developed. To relieve the burden of energy systems, a shared hydrogen storage
structure is proposed, and the hydrogen storage is applied for electricity production and
consumption [107]. Also, an evolution game is applied to realize energy storage and conversion
with hydrogen storage [108]. A two-layered configuration method for hydrogen sharing is

designed for multi-energy systems and also hydrogen vehicle charging [109].

To sum up, in the optimal operation and energy transaction of IESs with shared energy storage,
batteries or hydrogen storage systems with fuel cells, electrolyzers, and hydrogen tanks are
commonly applied for shared energy storage. However, the energy sharing between shared
energy operators and IESs is still by the transactions of electricity by power lines [105], and the

hydrogen stored in the tank should be transformed to electricity by fuel cells to accomplish the
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energy transaction [108]. With the increasing demand for hydrogen energy and the energy
utilization rate of fuel cells and electrolyzers by coupling the electricity, hydrogen, and heat
supply, the scale of the hydrogen system within the IES is gradually increasing. Thus, it is
essential to discuss the sharing of both hydrogen and electricity and study the economy of
electric-hydrogen hybrid shared energy storage. In the current research on hydrogen energy
storage sharing, however, hydrogen is still transported by pipelines, and the hydrogen demand
of users can be met immediately on most occasions. It should be noted that hydrogen pipelines
have a huge investment cost and are generally built for large-scale and long-distance
transportation. For short and medium distances in which the transportation distance is less than
200km, gaseous hydrogen trailers are more suitable for transportation for their flexible,

convenient, and efficient operation [110].

Therefore, for multi-IESs with hydrogen-shared energy storage, it is a realistic and economical
scheme to achieve hydrogen transportation by trailers. For the existing works on hydrogen
transportation by vehicles, most of them simplify the transportation links and mainly concern
the fixed demand of hydrogen loads with fixed hydrogen price, thus ignoring the hydrogen
energy transaction between the suppliers and the demanders, and the transportation quantity,
transportation time, and the hydrogen energy transaction prices [101, 111, 112]. Still, some
studies have been carried out to model hydrogen transportation and consider the transport time
of hydrogen energy [112, 113]. However, the relevant research is still mainly applied to the
potential of hydrogen energy transport vehicles as an emergency power supply for power system

emergency power supply under a fault state [113].

1.4. PhD project objectives

This thesis takes the operation, control, and energy sharing of microgrids and integrated energy
systems with hydrogen energy system (fuel cell, electrolyzer, hydrogen tank, and auxiliary
devices) as the research object. The main research contents include 1) establishing a hydrogen
energy model for small scaled microgrid and a hydrogen energy system model for large
integrated energy systems; 2) energy management and control strategy of electric-hydrogen
hybrid energy storage island DC microgrid; 3) a two-stage optimization method for integrated

energy systems taking into account the combined power, heat and hydrogen of hydrogen energy
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system; 4) optimal operation and configuration method of shared energy storage taking into
account hydrogen energy transportation under the framework of regional energy sharing.

1) Propose a hierarchical energy management control for the island DC microgrid with
electric-hydrogen hybrid storage system

Different from the traditional state machine control method based on the SOC of the battery,
this thesis proposed an energy management method for hydrogen-based DC microgrid, which
considers the utilization cost of the hybrid energy storage system. A control system with two
layers is proposed, the top layer is mainly responsible for providing reference output for each
micro source according to the working state and load requirement of each micro source by
optimization algorithm, while the bottom layer controls the micro sources specifically
according to the reference power output transmitted by top layer. By controlling the working
state of each energy storage system, the cost of the energy storage equipment is minimized, and
the reserves of energy storage system are kept at a reasonable level. Through the RTLAB semi-
physical real-time simulation platform, the results are obtained, and the traditional energy
management method based on the state of charge and the energy management methods that
contain only electric energy storage system are compared.

2) Propose a two-stage scheduling method for IES with renewable energy vehicles and
hydrogen system with power-heat-hydrogen coupling

Considering the advantages of thermal-electric coupling of fuel cell and electrolyzer, an island
IES combined power-heat -hydrogen (CPHH) supply is built, and the power-heat-hydrogen
relationship of CPHH is analyzed. The optimal power scheduling and real-time operation of
IES in small island residential areas with EVs and hydrogen vehicles (HVs) is studied. A two-
stage scheduling method is provided. After the prediction of the output power of RESs and
temperature, mixed integer linear programming (MILP) is used to achieve optimal scheduling.
As for real-time operation, model predictive control (MPC) is carried out by using mixed
integer quadratic programming (MIQP). Also, as demand response (DR) loads, EVs help to
improve the system economy and flexibility in the optimization,

Finally, the economy and efficiency of IES without the CPHH system are discussed and

analyzed.
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3) Propose a sizing and operation method for a transportation-based electric-hydrogen
hybrid shared energy storage system and its operator in a regional electricity-hydrogen
energy market

A transportation-based electric-hydrogen hybrid shared energy storage system and its operator
are presented. A two-level configuration method is developed for shared energy storage
operator (SESO) configuration and the transactions between SESO and IESs. For the upper
level, an improved grey wolf method is proposed for optimal configuration, for the bottom level,
a Stackelberg-based game is established, and a bisection method is provided for fast solving of
the optimal trading and operation scheme. Finally, a case study is implemented to analyze the

economy of the proposed SESO and the performance of the proposed method.
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Chapter 2. Hierarchical Energy Management Control for Islanding DC
Microgrid with Electric-hydrogen Hybrid Storage System

2.1. Introduction

With the increase in global power demand, power systems containing a variety of micro sources have
become one of the solutions to the problem [1-3]. Thus, energy management methods for micro source
and load characteristics emerge as the times require [4]. To make full use of renewable energy, one must
consider its uncertainty and volatility, so the DC microgrid containing energy storage system has been
widely used and plays an important role in the intelligent power grid [5-7]. Nowadays, the microgrid
with an electric energy storage system (battery, super capacitor) and power to the gas energy storage
system (electrolyzer) has gotten gradual attention [8,9], and the construction of a DC microgrid system
with multiple energy storage systems has become an attractive solution to increase the power generation

and reduce the cost of the power system.

At present, there are many ways to optimize the capacity of energy storage devices for microgrids
[10,11]. At the same time, for microgrids with different energy storage systems, there are also a variety
of energy management methods for power distribution and system stability control. Ref. [12] proposes
a DC microgrid control method based on the SOC of the battery, which divides the battery running state
into multiple segments, thus avoiding the depth charge and discharge of the battery and optimizing the
operating life of the energy storage system. Ref. [13] proposes a power management method for a
hydrogen-based microgrid, while the power level and state of charge of the battery are considered during
the operation. Besides, Ref. [14] provides a state machine-based energy management method for PV,
fuel cells, and multiple energy storage systems. This method introduced a typical load condition of
Tunisia city and explained the feasibility of the management method. Ref. [15] carries out an intelligent
energy management method on the basis of the existing models, and the battery is replaced by super
capacitor. In terms of economy, one of the common approaches is to use the droop control method based
on cost [16]. Ref. [17] carries out the capacity configuration of a hydrogen storage microgrid based on
the environmental condition in Lake Baikal and compares it with the system that contains only electrical
energy storage facilities. Ref. [ 18] presents a calculation formula for the utilization cost of the energy
storage system, and the genetic algorithm is used for offline optimization. However, most of these

articles are based on the SOC-based online energy management method, which makes it difficult to
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optimize the power allocation for various types of energy storage units in the system. In addition, the
online energy management methods do not account for the cost of the system. The off-line optimization
algorithm, such as Ref. [18], uses genetic algorithms to achieve the optimization goal effectively, but

how to operate flexibly in the high uncertainty microgrid system has not been solved.

In this chapter, a hierarchical energy management control is proposed for the island DC microgrid with
the electric-hydrogen hybrid storage system. Apart from the PV system, this microgrid is equipped with
two different types of energy storage systems (electric and hydrogen). Different from the traditional
state machine control method based on the SOC of the battery, the energy management method proposed
in this chapter considers the utilization cost of the hybrid energy storage system. To achieve the
management goals more flexible, this control system is divided into two layers, the top layer is mainly
responsible for providing reference output for each micro source according to the working state and load
requirement of each micro source by an optimization algorithm, while the bottom layer controls the
micro sources specifically according to the reference power output transmitted by the top layer. By
controlling the working state of each energy storage system, the cost of the energy storage equipment is
minimized, and the reserves of the energy storage system are kept at a reasonable level. The 72-hour
climate conditions recorded by the University of Queensland and a typical kind of load demand
condition are used to verify the feasibility of the energy management method. Through the RTLAB
semi-physical real-time simulation platform, the results are obtained, and the traditional energy
management method based on the state of charge and the energy management methods that contain only
electric energy storage systems are compared. The results show that the hierarchical management
method based on minimum utilization cost is obviously superior to the state machine-only energy
management method in the utilization cost and energy efficiency. Compared with the electric-storage-

only method, the utilization cost is lower and the microgrid is more reliable.

2.2. Structure and modeling of island DC microgrid

2.2.1. System structure

As shown in Figure 2-1, the island DC microgrid based on an electric-hydrogen hybrid storage system
is built in this chapter. The photovoltaic (PV) system, the electrolyzer, and the fuel cell are all connected

to the DC bus by unidirectional DC/DC converters, and the battery is connected to the bus by a
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bidirectional DC/DC converter. As the main distributed energy source, PV provides energy for the whole
island grid. When the output power of a photovoltaic system is excessive, the energy storage system will
consume redundant energy. Also, the hybrid energy storage system will provide energy when the output

of the PV system cannot meet the needs of users.
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Figure 2- 1 Physical structure of DC microgrid.

2.2.2. Modeling of PV

The mathematical model of photovoltaic cells built in this chapter is a practical engineering model. The

mathematical expression of the model is given by eq. (2.1)-eq.(2.9) [19]:

1 )i u .,
I_Isc{l Cl[exp(CZUoc) 1]} (21)
I, U,
C = (1——|SC )exp( CzUoc) (2.2)
Um_ _Im -1
sz(u—oc D[In@ _Isc)] (2.3)
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AT =T -T, (2.4)

AS=S/S, -1 (2.5)

I, =1,(S/S,)(1+aAT) (2.6)
|"=1_(S/S,)(1+AT) 2.7)
Uy =U, {[1-CATJIn(e+bAS} (2.8)
U, =U,{[1-cAT]In(e+bAS)} (2.9)

where /. is short circuit current, U, is open circuit voltage, I is peak current, Uy, is peak voltage. When
the above parameters are certain, the values of C; and C, are certain. When the solar radiation .S and
environmental temperature 7' change, it is necessary to recalculate the parameters. 7, and Sy, are the
standard values of temperature and solar radiation respectively. Coefficients a, b and c¢ are the
temperature coefficients, which are generally valued at 0.0025/°C, 0.5 and 0.00288/°C. I , I , Uoc

and U, are updated values calculated by each parameter respectively.
2.2.3. Modeling of fuel cell

The fuel cell used in this chapter is proton exchange membrane fuel cell. The output voltage of a single

cell is given by eq. (2.10) [20].

Vell =E

[¢

Vact _Vohmic _Vcon (2-10)

Nerst

where Exems: 18 the thermodynamic electromotive force, Va is the activation overvoltage, Vonmic is ohmic

overvoltage, and Veon is the concentration difference overvoltage.

The voltage of the fuel cell stack is described by eq. (2.11):

VPEMFC = chcen (2.11)

where n. 1s the number of cells.
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2.2.4. Modeling of battery

The Rint model is used as the mathematical model for the battery which simplifies the battery as an
ideal voltage source with resistance[21]. Usually, the current and voltage of a battery can be expressed
by eq. (2.12). The parameters of the Rint model are affected by the state of charge and charge/discharge

current as shown in eq. (2.13) and eq. (2.14).

U=U,-R,I o)

Ry = f,(SOC,1),1 >0
o _{Rchg = f,(SOC,1),1 <0 (2.13)
SOC =S0C, - [ 71 / Qut (2.14)

where U is open circuit voltage, Rivr is internal resistance, / is charge/discharge current, Rche and Ruis
are charged and discharge resistors respectively. SOCy is the state of charge at the last time. # is

charge/discharge efficiency, Q is capacity.

2.2.5. Modeling of electrolyzer

The electrolyzer decomposes water into hydrogen and oxygen. The rate of hydrogen production is

proportional to the current in the electrolytic circuit which is given by eq. (2.15)[13]:
N, = 1Ny, 1 (2F) (2.15)
The constant of Faraday efficiency is expressed by eq. (2.16).

1 =96.5exp(0.09/i, —75.5/i%) (2.16)

where #y, is the efficiency of hydrogen production, 7. is the number of electrolyzer cells, i. is the current

of electrolyzer, F is Faraday constant.

2.2.6. Modeling of hydrogen tank

The hydrogen tank is a closed container which connects the fuel supply system of fuel cell and hydrogen
output system of electrolyzer. According to Van der Waals equation, the expression of pressure in the

hydrogen storage tank is given by eq. (2.17) [22]:
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t
('[% (nel - nfc)dt + nsto)Rc K n%a
sto T N/2 (2 17)
Vsto + nstob v

where nq is the hydrogen production rate of electrolyzer, ng is the hydrogen consumption rate of fuel
cell, R. is Avogadro constant, K is Kopen temperature, Vs, is the volume of hydrogen tank, » is the
amount of hydrogen in the hydrogen storage tank, usually in mol. a is a phenomenological parameter
for measuring intermolecular gravity, b is the volume contained in a single molecule itself. As for

hydrogen, a is 0.02476Pa-m®mol, b is 2.661x10°m*/mol.

In order to reflect the storage level of hydrogen tank directly, the equivalent state of charge SOHC of

hydrogen tank is defined in this chapter by eq. (2.18).

SOHC =P, /P, (2.18)

where Py is the maximum pressure of hydrogen tank.

2.3. Hierarchical energy management method for DC microgrid

To facilitate coordinated control, this chapter divides the DC microgrid system into two layers, the
bottom layer is the physical layer, which is composed of various micro sources and DC converters. The
top layer is the global control layer. Through the reception and analysis of the information collected by
the bottom layer, the top layer sends the instructions to each converter according to the overall analysis
of the microgrid system, and the bottom layer responds to instructions and controls the working state of

each power source. The structure diagram of the system is shown in Figure 2-2.
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Figure 2- 2 Control structure of DC microgrid

2.3.1 Bottom layer control

The photovoltaic power generation system is composed of a photovoltaic array and a unidirectional
DC/DC converter. In order to make the best use of solar energy, the maximum power point tracking
control (MPPT) is used, and the control diagram of PV is shown in Figure 2-3. By the acquisition of the
output voltage signal U,, and the output current signal 7, the PV output power P,y is calculated and
compared with the power value at the last period of time. Finally, the comparison result is modulated as

a duty cycle which will be input to the DC/DC converter as a control signal.

In the PEMFC generation system, the output power of the fuel cell is based on the power reference value
Pfc given by the top layer. When the top layer calculates the value of reference power, this value will be
transferred to the bottom layer. The reference current value /Igrr is the result of the elimination of Py
which comes from the top layer and the Ux which is collected from both ends of the fuel cell. Finally,
the Irrer and the measured current value /g will be sent to the PI controller, and the duty cycle produced

by the PI controller will be transmitted to the DC/DC converter.

As for the electrolyzer system, the control is the same as the control of the fuel cell. The cell absorbs the

bus power in the light of the power reference value Pe is given by the energy management system.
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At the same time, considering the characteristics of PEMFC and electrolyzer, the change rate of power
in the converter layer is limited. However, the battery generation system uses the droop control method
to maintain the voltage stability of the DC bus. Therefore, the output power of the battery is controlled
by a PI controller according to the reference value of the bus voltage and the reference voltage calculated

by the droop controller.
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Figure 2- 3 Diagram of control system.

Figure 2-4 shows the validation results of the constructed model and the performance of upper-level control. As
shown in Figure 2-4 (a), the photovoltaic control system can quickly achieve MPPT tracking control under changes
in irradiance. For batteries, as shown in Figure 2-4 (b), the main objective of the battery is to maintain voltage
stability in the system. When voltage fluctuates, it charges or discharges based on the current-voltage. For the fuel
cell and electrolyzer, the power control is based on the PI controller after receiving the control signal from the
upper-layer controller. Thus, the control strategy adopted has a good control effect on the lower layer, which can

be used for further research on upper-layer control strategies.
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2.3.2. Top layer control
1. Minimum utilization cost

In the island DC microgrid, PV always works in the maximum power point tracking mode. So, the
hybrid energy storage system should assess the most convenient and lowest-cost way to store or release
energy. More concretely, the energy management system will determine the output value and the
working mode of each generation system separately when the energy storage system is needed to output
or store the power. Since this model is an island microgrid, there is no hydrogen purchase cost, thus the
utilization cost C of each storage device in eq. (2.19) is consist of the investment cost Ciny of each device

and the operating and maintenance cost Cogm|[18]:

inv

c=1c,, /L+Cy) 2.19)
n

where L is the life of the storage device calculated by hours, # is the system efficiency.

Based on the eq. (2.19), the utilization cost of electric energy storage system can be expressed in eq.
(2.20):

_ (CB / Lbat + Co&m,b)

cycling_bat — (2.20)
y.cn b dis

C

where Ceycling bat 15 the cost during a single charging/discharging cycle, Cs is the investment cost of the
battery, Lva is the battery life, nvcn 1s battery charging efficiency, v gis is battery discharging efficiency.

Co&m,p 1s the maintenance and operation cost of the battery.

As the battery life is usually given by the number of charge and discharge cycles than hours, so the

number of charge and discharge cycles is converted into an hour unit life given by eq. (2.21).

Lbat :CNNbat,pUDCN / Pbat (221)

cycles_eq

where Upc is the voltage of the battery, Ny, is the battery number, Cy is the rated capacity of the battery,
Neyeles ¢q 18 the charge and discharge cycle times, Py is the absolute value of the output power of the
battery. By plugging eq. (2.21) into eq. (2.20), the eq. (2.22) shows the specific calculation method

of the utilization cost of the battery.
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1000PC,

cycling_bat =
CN N bat,pU DC N cycles_eq 77b,ch nb,dis

C (2.22)

For this island DC microgrid system, the main power source of the system is PV. In order to improve
the overall energy utilization of the hybrid energy storage system, the charge and discharge efficiency
should be taken into account when calculating the utilization cost of the battery, and because the battery
has only two states (charge or discharge), then the upper formula can be divided into two parts. The first
part calculates the cost during discharge mode, while the second part is responsible for the calculation
during charge mode. By adding the two parts, the utilization cost of the battery can be calculated easily

by eq. (2.23).
C = Cdis_bat + Cch_bat

C,/L, +C.g.
Cdis_batz b bat o&m,b (223)

T7o,en b dis
Cch_bat = Cb / Lbat + Co&m,b

cycling_bat

where Cgis vat 15 the discharge cost, Cen pat is charging cost.

According to ref. [18], the cost of the hydrogen energy storage system is given by eq. (2.24).

C,/L,+C +C. /L +C
Ccycnng_hy — el Lel o&m,el fc Lfc o&m,fc (2‘24)
nelnfc

where Cq is the investment cost of the electrolyzer, Cx. is the investment cost of the fuel cell, Cogm,e1, and
Cosm,fc 1s the operation and maintenance cost of the electrolyzer and fuel cell respectively, #. is the

efficiency of the electrolyzer, 7y is the efficiency of the fuel cell.

Because the fuel cell generation system and electrolyzer system are actually unrelated to each other,

similarly, the cost of the hydrogen energy storage system can be simplified as follows:

C =Cyepy +C

cycling_hy dis_hy ch_hy
C./L.+C
Cdisjy — fc Lfc o&m,fc (225)
nelﬂfc

Cony=CalLy,+C

o&m,el

where Ciis ny is the utilization cost of the fuel cell, and the Cen ny is the cost of the electrolyzer.
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The total cost of the hybrid storage system can be calculated by adding these four parts of the cost

proposed above, which is given by eq. (2.26).

T
Csys = Zo (Cdis_hy + Cch_hy + Cdis_bat + Cch_bat) (2.26)
where Ciis_ny, Ceh_hy, Cais_vat, and Ceh_var are the utilization cost of each system under the time of ¢.

As shown in eq. (2.22), the cost of the battery is linearly related to its output power, while the cost of
the hydrogen storage system is not changed within the rated power range in eq. (2.25). The relationship
between the cost and power of the battery and the hydrogen energy system can be shown in the following

diagram.

A Utilizati BAT:
tilization EC
Cost EL
P1
.

Power Demand

Figure 2- 5 Utilization cost of energy storage system.

Therefore, for a very small discrete time period ot, the overall demand power of the microgrid is
determined. Under the condition of constant power, the power output and working mode of each energy
storage system under this condition can be calculated according to Figure 2-5. Thus, the minimum

utilization cost of the system can be obtained by adding the cost of the system work in each time period.

By calculating the difference value between the power demand of load and the power production of PV,
the power reference value can be calculated. By comparing the reference value with the power value P1
and P2 at the intersection point as shown in Figure 2-5, the output power of each energy storage unit

can be determined. The concrete calculation method is given by eq. (2.27).
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Pt = Pres P, <Py <R

Pt =0 Pl < Pt < Premax

Pt = Per — Phymax Per 2= Pomax (2.27)
Pa =0 Pomac < Pt <F

Pt = Per — Phymax Pret < Plimax

According to the calculated reference power of the battery, the reference power of the electrolyzer and
fuel cell can be evaluated by the difference value between the total power demand and the reference

power of the battery.

2. State Machine

Since the island DC microgrid is powered solely by renewable energy, PV should always operate at the
maximum power point mode. Therefore, the output power of PV is a function of solar radiation and
temperature. For a given load demand and photovoltaic output power, the purpose of the energy
management system is to determine the best mode of operation of the storage devices (batteries,
electrolyzer, fuel cells) so that the utilization cost of the energy storage system is the lowest. At the same
time, in the island system, it is also essential to maintain the stability of SOC and SOHC which can
ensure the stable operation of the system so that the energy storage system can not only provide enough

storage capacity for the output power of the PV, but also prevent the shortage of energy effectively.

The state machine control method is a classical strategy for the energy management system [23,24]. In
this chapter, a state machine control method is used to maintain the level of the energy storage system.
However, because the typical state machine method based on SOC cannot effectively manage the island
DC microgrid containing two kinds of energy storage systems, it is necessary to establish a multi-
objective state machine based on the SOC and SOHC. Similarly, the working state of this state machine
will be divided into 9 parts according to the level of SOC and SOHC. The working mode of the state

machine is shown in Figure 2-6.
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Figure 2- 6 Working state of the state machine.

Mode I: High SOHC level, low SOC level.

1. PV output is larger than the load demand.

In this case, the battery power is insufficient, so the excess power of the bus is transported to the battery.
PV output is less than the load demand.

In this case, as the SOC is lower than the normal limit, the fuel cell is responsible for the load demand

power within the rated maximum output power.
Mode II: High SOHC level, normal SOC level.
PV output is greater than the load demand.

In this case, the battery can continue to charge, and the hydrogen storage tank is at a high level, so the

excess power of the bus will be transported to the battery.

PV output is less than the load demand.
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In this case, because the SOHC is at a high level, the fuel cell is responsible for the load demand power

within the maximum output power.
Mode III: High level of SOC and SOHC.
The PV output is greater than the load demand.

In this case, both of the energy storage systems are at a high level, thus the battery and the electrolyzer
continue to consume power. When the reserves are saturated, the PV is no longer working in MPPT

mode, this situation should be avoided.
PV output is less than the load demand.

In this case, the battery takes all the electrical energy needs, and when it falls to the safety limit first,

after the SOC is at normal level, the control mode will jump to other states.
Mode I'V: Normal SOHC level, low SOC level.

In this mode, the working state is the same as the mode I

Mode V: Normal SOHC level, normal SOC level.

In this mode, the minimum utilization cost algorithm mentioned above is used to reduce the cost of the

energy storage system.

Mode VI: Normal SOHC level, high SOC level.

PV output is greater than the load demand.

In this case, the battery stops working, and the electrolyzer begins to consume power from the DC bus.
PV output is less than the load demand.

In this case, because the SOC is higher, the battery provides power for the microgrid system.

Mode VII: Low SOHC and SOC level.

PV output is greater than the load demand.

In this case, the storage level of both devices is low, at this time the battery is charged to the normal

level first.
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PV output is less than the load demand.

In this case, the discharge of hydrogen under the low pressure of the hydrogen storage tank has a smaller

impact on the system performance, so the fuel cell bears the power output first.

Mode VIII: Low SOHC level, normal SOC level.

PV output is greater than the load demand.

In this case, the level of SOHC is low, the battery will not work at this time, and the extra power will

flow to the electrolyzer.

PV output is less than the load demand.

In this case, the battery will output all the power required by the system, and the fuel cell will not work.

Mode IX: Low SOHC level, high SOC level.

In this mode, the working state is the same as the mode VIII.

Combining the above two methods, the schematic diagram of the state machine energy management
method based on the minimum utilization cost proposed in this chapter is as follows. Therefore, the
flexible and coordinated control of the microgrid is achieved by the minimum utilization cost control

system based on the state machine at the top layer and the control system of the devices at the bottom

layer.
Pload —| Minimum _Pro, IP
Utilization P, Fferef,
> e
Ppv Cost — State

SOHG Machine

y

Pelref
o

y

SOC

Fig. 2- 7 Top layer control.
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2.4. Experimental validation and results

2.4.1. Experimental platform and parameter setting

In order to verify the effectiveness of the proposed energy management method, the simulation is carried
out by using the RT-LAB hardware in the loop real-time simulation platform. The experimental platform
is shown in the following diagram. The simulation platform is OP5S600HIL Box with a running speed of

3.3GHz. In this experiment, the running step is 0.1 ms and the simulation time is 72 hours. The real-

time simulation is given in Figure 2-8.

TCP/IP
Protocol

RT-Lab Platform

CPU#1 Controller i CPU#2 Controller

Micro Sources Control system

[ T2 15 24 W0 % 42 4 5 @ 8 R

Graphic Monitoring

Figure 2- 8 RT-LAB real-time simulation platform for hardware in the loop.

The investment cost of the battery, fuel cell, and electrolyzer used in this chapter is shown in Table 2-1

according to ref [25]:
Table 2- 1 Cost and life time of storage devices.
Component Cost($) Life Co&M
Battery 440%/kwh 1500cycles 0.5%
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Fuel Cell 3721%/kw 30000h
Electrolyzer 4694%/kw 30000h

The specific parameters of the battery, fuel cell, hydrogen tank, and electrolyzer are given in Table 2-2:

Table 2- 2 Component parameters.

Subsystems Descriptions Values
capacity 600Ah

Battery rated voltage 35V
initial SOC 60%
number of cells 42

Fuel Cell maximum power 1000W
rated voltage 23-25V
maximum pressure 35MPa

Hydrogen Tank volume 24L
initial SOHC 57%

Electrolyzer maximum power 1000W

Bus rated voltage 60V

The temperature and solar radiation parameters of the PV are derived from the measured data of the
photovoltaic power station in the Saint Louis campus of the University of Queensland, Australia. The
demand of load is obtained according to ref [15]. The output power of PV and load are given in Figure

2-9.

1 1 1

0 6 12 18 24 30 36 42 48 54 680 66 72
th

1 1 1]

Figure 2- 9 Curve of load and photovoltaic power.

2.4.2 Comparative analysis

The simulation results are shown in Figure 2-10.
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Figure. 2- 10 Power curve of system.
The change in SOC and SOHC is shown in Figure 2-11:

— SOC
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Figure 2- 11 State of the energy storage system.

The simulation results show that the energy management system can effectively allocate power for each
energy storage system. When the output of the PV is larger than the load demand, the energy storage
system starts to store energy, and the system distributes the redundant power based on the energy
management method; when the output is not sufficient to maintain the load demand, the energy storage
system output power on the basis of its own energy storage status and utilization cost. At the same time,
the power output and input of the bottom layer are limited to the instantaneous change rate of the power
of the fuel cell and the electrolyzer, and the output of the battery is more flexible, which accords with

its operating characteristics.

In this chapter, the normal range of SOC and SOHC are both set between 50% to 80%. As shown in
Figure 2-9, the island DC microgrid usually worked at mode V, which reduced the utilization cost of

the energy storage system. However, at times, the level of the storage system is not at the normal level,
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thus the state machine worked at the other 8 modes. At t=12h, 36h, and 70h, the SOHC is at a high level,
so the state machine worked in mode II, when the SOC is at a high level, the energy management system
jumped to mode III immediately. At t=69h, the SOHC is low, the battery provides extra energy for the

hydrogen storage system until the SOHC is restored to normal level.

Although there is no unified assessment and comparison standard for each microgrid energy
management method, some indicators can be introduced to show the advantages and disadvantages of
each control method, which will help to evaluate the energy management method further. The definition
of such indicators is closely related to energy, economic benefits, and the working conditions of the
microgrid. The comparison of results based on each cycle can reflect the performance of the energy
management system. In this chapter, the energy management strategies described above, more
specifically minimum utilization cost and state machine methods are compared in terms of their
utilization cost, SOC, SOHC, and the average efficiency of the hydrogen storage system. In the
microgrid with only an electric energy storage system, in order to ensure the stability of the energy
storage system, the capacity of the battery is adjusted to 1200Ah. The results are shown in Figure 2-12.

The results of the specific index are shown in Table 2-3.

Table 2- 3 Comparison results of each method.

SOC SOHC Efficiency of
Method Cost/$ . L

(Initial/Final) (Initial/Final) Hydrogen system
Minimum cost 21.58 60%/55.4% 57%/54.9% 53.55%
State Machine 23.81 60%/55.51 57%/37.8% 49.3%
Electric Storage 26.57 60%/64.83% - -

The experimental results show that the state machine method cannot maintain the energy storage level
of the system normally. After the experiment, the SOHC becomes lower and cannot guarantee the
operation of the microgrid. The state machine method will force the hydrogen energy storage system to
provide extra power to maintain the value of SOC, thus reducing the efficiency of the hydrogen system
and leading the value of SOHC to a lower level. More importantly, this strategy also produces a higher
cost. As for the microgrid with only an electric energy storage system, the cost is the highest, but its

SOC rises obviously. Compared with the state machine-only method and the battery-only method, the
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cost of the proposed method is reduced by 10.3% and 23.2% respectively. The level of energy storage
system is more stable, the final value of SOC is 55.4%, and the final value of SOHC is 54.9%, which is
consistent with the initial value of the system. Furthermore, the utilization efficiency of the hydrogen

storage system is the highest, which is 53.55%.
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Fig. 2- 12 System index comparison curve.

Compared to the electric energy storage system, the energy efficiency of the microgrid is lower generally,

but the coordination of the two energy storage systems greatly reduces the utilization cost. Moreover,
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the microgrid that only contains an electric energy storage system cannot adjust the status of the energy
storage system effectively. The change of SOC is fully constrained by the working condition of load and
PV. In the long run, the SOC will be in a more extreme state, which affects the stable operation of the
microgrid. Therefore, compared with the electric energy storage microgrid, the island microgrid with a
hybrid energy storage system is more economical to operate, and also increases the reliability of the

system.

2.5 Chapter summary

In this chapter, a DC microgrid with PV, fuel cell, battery, electrolyzer, and hydrogen tank is obtained,
and a hierarchical state machine energy management control based on the minimum utilization cost is
proposed. In this method, the cost of the energy storage system is reduced. At the same time, the energy

storage level is maintained by adding the state machine control strategy.

The proposed control method is divided into two layers. At the bottom layer, the control of each device
is realized separately, and the data from each power system is sent to the top layer which greatly assists
the top layer control system. As for the top layer, by analyzing data collected by the bottom layer, this
layer can obtain the best working mode for each power system. By the coordination work of two control
layers, the power of the electric-hydrogen energy storage system is allocated reasonably in the case of
the surplus and absence of the power of the microgrid, which realizes the optimal control of the cost and
the energy storage level of the system. The energy management method proposed in this chapter is
verified by the RT-LAB online real-time operation platform. The results show that the utilization cost of
the system is much less than the traditional energy management method, and the level of the energy
storage system is more stable. The reserves are always guaranteed at the expected level and the
efficiency of the hydrogen storage system is high. It is of great significance to the economic and stable

operation of the DC microgrid system.
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Chapter 3. Two-stage Scheduling for Island CPHH-IES

3.1. Introduction

With the continuous development of distributed energy technology, microgrids have gradually evolved
into integrated energy systems that not only provide reliable power, but also can guarantee heat, travel,
and other needs for users [1,2]. The emergence of IES further improves the utilization efficiency of
various micro sources (MS) [3], and encourages scholars to work on the sizing, and scheduling of IES
with heat, electricity, and gas supply [4]. IES includes various kinds of energy production, conversion,
storage, and consumption devices, hence reasonable scheduling can reduce the operation cost and

improve system efficiency.

The scheduling of IES mainly includes prediction, day-ahead optimal scheduling, and real-time
optimization. Prediction is the basis of scheduling. For different optimization requirements, the long-
term prediction method for day-ahead scheduling [5,6] and the short-term prediction method for

dynamic real-time scheduling are used separately [7,8].

For the scheduling of IES, scholars have carried out in-depth research considering different objects and
scenarios [9,10]. Considering the energy flow and access of EVs, two-stage scheduling realizes the
economic operation of office buildings [11]. In view of the economy, reliability, and demand under the
liberalization of the electricity market, a scheduling method combined with day-ahead scheduling and
MPC is implemented to provide a general scheduling mode for IES [12]. Considering the waste of
renewable energy, the construction of boiler and heat storage systems in wind power plants has become
a solution. By establishing a multi-intelligent model, the difficulty of scheduling is reduced [13].
According to the required hot water and expected building temperature, the IES building architecture
equipped with smart meters and controllable power load is proposed. Based on the information provided
by such smart meters, intelligent control methods considering the uncertainty of load and temperature
are applied to this architecture [14]. The uncertainty of the electricity market brings some difficulties to
the economy dispatching of IES. Therefore, a robust optimization method considering the degree of

price deviation is proposed, which avoids the higher cost under the influence of uncertainty [15].

After day-ahead scheduling, MPC can dynamically adjust according to the optimal results [11, 16, 17].

In order to minimize the negative impact caused by the prediction error, a hybrid MPC algorithm
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combining time series analysis and Kalman filter is proposed [18]. By establishing the information
sharing model and distributed model predictive control method based on double decomposition and sub-
gradient iteration, the IES architecture embedded in distributed generation for home is built and the
proposed control method is realized [19]. For the intelligent residence, the model predictive control
method is used to combine the prediction with the latest information, and the two-way communication
infrastructure in the intelligent residence is used to realize the limited layer scheduling optimization of

the residential group [20].

At the same time, the wide application of hydrogen energy makes fuel cells and electrolyzer system
become important parts of IES [21]. Scholars have studied the combining heat and power (CHP) model
of fuel cell system [22]. By building the economic model, the influence of hydrogen production and heat
recovery is discussed. A scheduling method that uses random scenarios to deal with system uncertainty
is applied to the proton exchange membrane fuel cell power plant (PEMFCPP) [23]. For large-scale IES
with fuel cell power generation system, an energy management model based on a stochastic MPC
framework is proposed [24]. The energy management reduces the influences of uncertainty. Considering
the minimization of cost and emission, the operation of a grid-connected CHP microgrid is realized by
a multi-objective optimal thermal power scheduling method [25]. At the same time, by establishing an
accurate model, the heat production of the electrolyzer is analyzed in detail, and the heat recovery system

based on the electrolyzer is applied to the active distribution networks (ADN) and IES scheduling [26].

In addition, the intervention of DR and new energy vehicles makes the scheduling of IES more flexible
and economic [11,25,27]. However, the scheduling of new energy vehicles mostly focuses on the

scenario of a charging station or parking lot and ignores the overall situation of IES [28].

Up to now, the heat supply of fuel cell and electrolyzer has been studied separately. On the one hand,
the research on the heat supply of fuel cell is mainly focused on large-scale applications such as fuel
cell power plants. The flexibility of the system is low, and a natural gas supply is needed. On the other
hand, the research on thermal-electric coupling of electrolyzer is rare, which aims to optimize the system
node voltage as a large-scale load. However, it lacks the specific use of hydrogen production. In addition,
most research focuses on the establishment of the thermal-electric coupling model and the optimization
methods are relatively simple. Generally, only the day-ahead optimization is considered with a few kinds
of energy devices.
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For most of the area in France, renewable energy sources are rich, which can provide an adequate energy
supply for renewable energy power generation devices such as photovoltaic and wind turbines. The
temperature difference between day and night is large, hence the energy system should provide a lot of
heat with a long supply time. Considering the energy supply and climate conditions of this kind of area,
it is not suitable to use electrolyzers or fuel cell for heat energy supply alone. Moreover, the efficiency
of traditional CHP devices such as gas turbines will be significantly reduced even if there is a reliable
gas supply. Therefore, it is necessary to build a suitable IES to meet the demand of residents.
Considering the advantages of thermal-electric coupling of fuel cell and electrolyzer, an island IES with
CPHH is built in this chapter. The optimal power scheduling and real-time operation of IES in small
island residential areas with EVs and hydrogen vehicles (HVs) is studied. In the day-ahead optimization,
after the prediction of the output power of RESs and temperature, mixed integer linear programming
(MILP) is used to achieve the optimal scheduling. As for real-time operation, MPC is carried out by

using mixed integer quadratic programming (MIQP).

Compared with other methods mentioned above, the fuel cell and electrolyzer are integrated into IES as
a CPHH system for the first time. The system enables IES to meet the needs of residents for electricity,
heat, and hydrogen supply. Secondly, the EVs are added to the dispatching as special DR loads. Finally,
the coordinated operation of IES is realized through the two-stage scheduling method. By establishing

comparisons, the advantages of the method and IES structure in this chapter are verified.

In this chapter, an IES combined with a power-hydrogen-heat supply is established, and the electric-
hydrogen-heat relations of the fuel cell and electrolyzer are considered in detail. Then, to solve the
scheduling problem of the CPHH-IES with access to new energy vehicles, a two-stage scheduling
method is provided. In this method, the upper stage is to solve the day-ahead operation problem of the
IES, while the lower stage is to realize the intra-day operation of the system. Finally, the economy and
efficiency of IES without CPHH system are discussed and analyzed by the case study.

3.2. Structure and modeling OF IES

3.2.1. Structure of IES

The IES proposed in this chapter includes a photovoltaic (PV) system, wind turbines (WT), electric
boiler (EB), electric storage system (ESS), a thermal energy storage (TES) system, fuel cell, hydrogen
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tank and electrolyzer. These power generation and consumption systems are connected to the power bus,
and thermal devices are connected to the heat bus. Loads of IES are electric load, thermal load, EVs,

and HVs. The structure of IES is shown in Figure 3-1.
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Figure 3- 1 Topology of IES

In Chapter 2, the detailed modeling of fuel cell, electrolyzer, PV and battery has been discussed by using
Matlab/Simulink. However, those nonlinear models are applied for the accurate control of the system,
which is not suitable for the optimal scheduling and operation of the IES on a larger time scale. Thus,
the rest of the section is to provide suitable modeling methods for PV, WT, EB, ESS, TES, CHPP, and

also the heat demands of residential areas.
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3.2.2. CPHH
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Figure 3- 2 CPHH system

Since hydrogen has been widely concerned as high efficiency and environment friendly fuel, the heat
recovery technology has become an effective solution to improve the efficiency of hydrogen system.
According to the CPHH system described above, hydrogen is produced directly by the electrolyzer,
hence the heat of the CPHH system mainly comes from the electrolyzer and fuel cell stack. The structure

of CPHH is shown in Figure 3-2.

The voltage and efficiency of the fuel cell are written as [23]:

V,

fc_cell

V, V -V,

= ENernst T Vact fc — Vohm_fc con_fc

It P, (3.1)

e = = x100%

where Vi _cen is the cell voltage of PEMFC, Enerst is the thermodynamic electromotive force, Vac 1 is the
activation overvoltage, Vonm 1c is the ohmic overvoltage and Veon 1c is the concentration overvoltage, #+

is the efficiency of PEMFC, P is the output power, E is the energy of the consumped hydrogen.
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As shown in Figure 3-2, the power obtained from hydrogen is Pu2sc, and the power generated by PEMFC

iS Pree. The energy flow of the fuel cell system can be expressed as follows:

P

Hafe —

P

fce

+H fc_re (32)

PCe:nCP C
{f fe " Hr (3.3)

H fc_re = (l - 77fc ) I:)Hzfc :H loss + H fc / 77fc_h

where Hg_r is the heat released by the stack, #« _n is the heat exchanger efficiency, Hiess is the heat loss

of the stack. The thermal output from the fuel cell to the heat pipe can be simplified as follows:

ch = kfc»h ch_re (34)

where ks is the heat transfer coefficient.

By the above equations, the hydrogen consumption and heat-electric ratio of the fuel cell can by written

as:

P
N = —— (3.5)
ncon ’7fc I-HVH

ch: tenfc_h I:)fc /ncon (36)

where ng is the hydrogen production in mol/s, LH V4, is the lower heating value of hydrogen in J/kg, here the value
is 1.20x108% in J/kg, r+ is the fitting parameter of power to heat ratio.

1 and #fc can be calculated by:

% 0<PLR(t) <0.05
r.@) = f,(PLR) = \ . ) (3.7)
7,-PLR*+y, -PLR® +7,-PLR?*+y, - PLR + 7, 0.05<PLR(t) <1
<, 0< PLR(t) <0.05
1. ®)=f, (PLR)= ] \ \ , 3.8)
£, -PLR*+¢,-PLR*+¢, - PLR* + ¢, - PLR*+¢, - PLR+ ¢, 0.05<PLR(t) <1
PLR =P, /Cap,, (3.9)

where PLR is the ratio of the current output power and the capacity. yo-ys and {o-{s are constants, Capr. is the

capacity of the fuel cell. And the recommended value of yo-ys and (o-s are Shown in the table below.

Table 3- 1 Value of constants

Constants 0 1 2 3 4 5 6
y 0.6801 1.0758 -1.9739 1.5005 -0.2817 0.6838
4 0.2716 0.9033 -2.9996 3.6503 -2.0704 0.4623 0.3747

The voltage and efficiency of a single electrolytic cell is [22]:
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Vel cell =Vrev +Vohm el +V
- : (3.10)

act_el
Mo =Vimy 1V,

el_cell

where Ve cen is the cell voltage of the electrolyzer, Vyey is open circuit voltage, which can be expressed
by Nernst expression, Vonm el IS the ohmic overvoltage, Vac o iS the activation overvoltage, 7e is the

efficiency of the electrolyzer, Vuny is higher heating voltage.

According to [26], the heat release of the electrolyzer varies greatly with the temperature, while the
hydrogen production rate hardly changes. Moreover, the higher the temperature, the more difficult to
release heat. This chapter focuses on the scheduling of IES and the electrolyzer needs to provide heat,
so the realization of temperature control is not discussed in detail, and this chapter sets the operating
temperature to 70°C. Then, the relationship between electric demand, efficiency, and thermal output of

the electrolyzer can be expressed as follows:

{Pele =Pa /M (3.11)

H elre (1 Mg ) I:>H2el

where the power flow into the electrolyzer is Pee, the power used for hydrogen production is Prgel, and

the released heat is Hei_re.

Finally, the heat flows to the heat bus are:

Hel = kel-h Hel_re (312)

where kein is the heat transfer coefficient.

By the above equations, the hydrogen production and heat-electric ratio of the electrolyzer can by written

as:
n, = JenlTaTe (3.13)
HHV,,
Hel = tel nel_h 77c0n I:)el (314)

where n¢ is the hydrogen production in mol/s, HHV} is the higher heating value of hydrogen in J/kg, here the value
is 1.43x108 in J/kg, r is the fitting parameter of power to heat ratio.

rel and 77e1 can be calculated by:

r‘tel = fteI(LF):Ll'LF3+lz'LF2+l3'LF+14 (315)

My = Ta(LF) =& LF*+&, LF* +&, LR+, (3.16)
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LF =P, /Cap, (3.17)

where LF is the ratio of the current output power and the capacity. 1o-24 and &-¢4 are constants, Cape is the capacity

of the fuel cell. The recommended value of 10-14 and &-¢& are Shown in the table below.

Table 3- 2 Value of constants

Constants 1 2 3 4
1 0.7893 -1.298 0.8714 0.2192
& -0.5563 0.9413 -0.6617 0.7731

By the above equations, the relationship of electric power, system efficiency, and heat can be obtained
as shown in Figure 3-3. Hence the coupling of power, heat, and hydrogen of CPHH can be determined,
more specifically, for each power output value of CPHH, a unique value of hydrogen and heat generation

or consumption can be obtained.
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Figure. 3- 3 Energy diagram of the CPHH system
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The model of a hydrogen tank can be expressed as follows:

Co = CHZﬁre + J.At ((1—108S4, )y + N, = Ny )t

CuRTee 10006 (3.18)

tank_ max

SOHC =

where Chz _re is the existing storage at last time, ne is the hydrogen produced by the electrolyzer, ne is
the hydrogen used by the fuel cell, 10SSconv is the hydrogen losses, nxanvs IS the charging rate of HVS, Th
is temperature, V is volume of tank, Prank max is the maximum pressure and SOHC is the storage state of

tank, 4¢ is length of an optimized time slot.

The energy consumption of the compressor is related to the state of gas, thus the power consumption

during the operation of the compressor can be written as follows.

Pow =3.6w, . M, ,n, (3.19)

conv comp

where Pcony is the power demands of the compressor, weomp 1s the energy consumption for compression in kWh/kg,
M is the molar mass of hydrogen gas.

The calculation of Weomp is:

= =—_—= -2
AR TCH 429
P =wnm (3.21)
f(P)=x(nP,) +x,(INP,)° +x,(InP,)* +x,(InP,) +x, (3.22)
W, = > W, (3.23)
i=1
W, = hout,i - hin,i (324)
77comp

where wy is the power consumption of the compressor in kWh/kg, #m is the efficiency of the motor, Pm is the

power of the motor, m is the compressor capacity in kg/h, xi-xs are the constants for motor efficiency, wy, is the

i-th compression stage in kWh/kg, Ao, is the enthalpy of i-th stage of the output hydrogen in J/kg, Ain; is the
enthalpy of i-th stage of the input hydrogen in J/kg, #7comp is the efficiency of the compressor of each stage.

The value of the enthalpy of each stage needs to be solved iteratively by partial differential equations, thus
Coolprog is applied for the parameter solving, which is an online solver for the enthalpy. Tables 3-3 and 3-4 shows

the results of the calculated parameters when the hydrogen needs to be compressed at different pressure.

Table 3- 3 Target of compression

Parameters value

Tin1 /K(°C) 298.15(25)
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Tout2+ /K(°C) 313.15(40)

Pin /bar 3bar
Pout /bar 200bar/350bar/700bar
stage 4

Table 3- 4 Value of compression parameters

Pressure wi/kWh/kg Iﬁ/kg h Prn/kW Ml %o Weomp/kWh/kg
20MPa 2.7373 60 109.492 0.9341 2.9303
35MPa 3.2083 60 109.492 0.9370 3.4240
70MPa 3.8714 60 232.284 0.9401 4.1180
3.2.3. RESs

When the size of the photovoltaic system is determined, its power output depends entirely on the

irradiance and temperature:

Ir,
P, =

v
|

Cappvnpvncon [1 + Ay, (Tm - TSTC )] (3 25)

STC

where Ppy is the real-time output power of PV, Ir; is the instantaneous solar irradiance in KW/m? at time
t, Irstc is the solar irradiance at Standard Test Conditions (STC) in kW/m?, Cap,y is the capacity of PV,
npv 1S the system derating factor in %, here the value of 7,y is 86%, 7con IS the efficiency of convertor,

opv 1s the PV cell temperature coefficient of power in %/°C, T is the PV cell temperature in °C.

The temperature of the PV panel can be calculated by:

T,, =T, +1000Ir, (%) (3.26)

where Tam, is the ambient temperature at time t in °C, Tnocr is the nominal cell operating temperature.

Note that this model is often applied for large-time scale optimization, the time scale must be up to 5
minutes generally. Otherwise, the transient problem of PV will gradually be revealed with the reduction

of the time scale. At this time, a more accurate model should be adopted.

The absorbed wind power of WT is:
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0, VSV, Orv>Vv

V-V,
Pwind = nconcapwt < ’ Vci <v< Vrated (327)

rated — Vei

nconcapwt’ Vrated <vs< vco

where v is wind speed, Capwt is the capacity of wind turbines, v is the cut-in wind speed in m/s, v¢, is

the cut-out wind speed, Vraeeq is the rated wind speed.

3.2.4. ESS, TES & EB
ESS includes batteries and converters; the energy conversion can be expressed as follows:

P

bat_dis )

Ca:Care+ (Pacnacncona_
" - jm e - ﬂbatﬁdisnconihat (328)

SOoC=C,/C

bat bat_max

x100%

where Cpa IS the current storage, Cha re IS the storage of last time, Poar_ch @and 7var_ch are the charging power
and efficiency, Poat dis and 7uat_dis are the discharging power and efficiency, #con_bat is the efficiency of

converters, SOC is the state of charge, and Cpat_max IS the maximum capacity.

The efficiency of the battery can be linearized by:

_|-0.06c,, +1.011,  c,>0.2 3.9
nbat_ch - 1’ Cch <0.2 ( . )
Toat s = ~0-0535C; +0.999 (3.30)
where ¢ is the current c-rate during charging, cqis is the current c-rate during discharging.
The modeling of TES is similar to the ESS, which can be expressed by:
Ct = Ctﬁre +J.At(Ht7ch77t7ch - Htﬁdis /nt-dis)dt (3 31)
SOHE =C, /C, ,, x100% '

where C; is the current storage of TES, C; (e is the storage of last time, H cn and #: cn are charging power
and efficiency, H: gis and 7. qis are discharging power and efficiency, SOHE is the storage state of the

tank, and Ct_max is the maximum capacity.

EB converts electrical energy into thermal energy, and the model is related to converters and conversion

efficiency:
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H bo — ncon_bone_h Pbo (332)

where Hyo is the thermal power generated by EB, #con 1o IS the efficiency of converters, #. 1 is the power

to heat efficiency, and Py, is the power flows into EB.

3.2.5. Vehicles & Buildings

As for a residential area, it is necessary to consider the charging of vehicles. In this chapter, the model
of EVs is established, and the probability density functions of time of arriving at IES and mileage are
shown ineq. (3.33), eq. (3.34) and Figure 3-4. After that, the Monte Carlo method is used to simulate.

The calculation of the charging situation is carried out by the simulated results.

! exp[(t’”s)z],(ys—12)<tsz4

o, (27)"? 20’
fs(t) = . (42— 1) (3.33)
757 1,0<t < (p —12
O's (272_)1/2 exp[ 20_52 ] < t < (IUS )
_ 3 (Inx-— yD)Z
fD(L) - LJD (2”)1/2 [ 2O'D2 ] (334)

where t and L respectively correspond to the time of arrival and driving mileage, us, up, s, and op are

constants, which are related to the mean value of arriving time and driving mileage.

01f

fs(t)

0.05F

0 \;l 1 1 1

0 5 10 15 20

t/h
(a)Probability density of the last trip
0.03 T T T T T

0.02

fo(L)

0.01

0 50 100 150 200 250

L/miles
(b)Probability density of driving distance

Fig. 3- 4 Probability density of new energy vehicles
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The thermal load established here considers the actual situation of the residential area, which can be

written as follows:

Hwin = HeI+ch+Hbo+Ht (335)

wall —

dT,
CV indoor H
ST

= kWSW (Ten _Tindoor) (336)

{Hwin = I(WiSwi (Ten _Tindoor)
HwaII

where p the is the air density, C is the specific heat capacity of air, Tindeor IS the indoor temperature, Hwan
is the heat conduction of walls, Huin is the heat conduction of windows, Te, is the outdoor temperature,

H. is the heat provided by TES, kw is the heat transfer coefficient of walls, Sy is the area of walls, ki iS

the heat transfer coefficient of the window, Sy is the area of windows.

3.3. Constraints, scheduling algorithm and linearization

3.3.1. Constraints

The IES established in this chapter includes power bus, thermal bus, and hydrogen pipeline. Therefore,
the main balance constraints include electrical, thermal, and hydrogen power flow constraints. The
constraints of the hydrogen energy system have been given in the modeling of hydrogen tank. Then the

power and heat constraints are:

conv

Hload + Hl_ch = ch + Hel + Hbo + Ht_dis

at_dis

Pload + Pbo + Pbat ch + PEVS + I:)el + P = va + I:’wind + Pfc + I:’b
- (3.37)

where Poq IS electricity demand and Pevs are the power required by EVS, Hioaq IS heat demand.

The constraints of EB, ESS, TES, and CPHH are as follows:

0 < Pbo < bomax (338)
_HcmaXSHSH ismax
t ch t td (3.39)
SOHE, < SOHE < SOHE,
_Pa cmaxspa SPa ismax
bat_ch bat = Mhat d (3.40)
S0C,. <SOC <S0C, .,
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P, =P.+P,

Pelmax < Phy = _Pelmin 'Phy <0 (3 41)
Pfcmax = F)hy = _Pfcmin ’Phy >0

SOHC,, < SOHC < SOHC,,

where Ppomax IS the rated power of EB, Puat chmax, and Prat_dgismax are the maximum charge and discharge
power of the battery, SOCmin and SOCmax are the minimum and maximum of SOC, H; chmax, and Hi_dismax
are the maximum endothermic and exothermic power of TES, and SOHEmi» and SOHEmax are the upper
and lower limits of SOHE, Py, represents the power of CPHH, Peimin, and Peimax are the minimum and
maximum power of the electrolyzer, Prmin and Picmax represent the minimum and maximum output

power of the fuel cell, SOHCminand SOHCax are the upper and lower limits of SOHC.

In [11], EVs are regarded as ESS, which can be both charged and discharged. But once leaving the
parking lot, the SOC of the EV must be charged to a value higher than the SOC when it arrives. In order
to eliminate inefficiency caused by frequent charging and discharging, EVs are no longer considered to
discharge, but as special DR loads. Thus, when EVs return to IES, the total charging demand is
determined according to the mileage. All the vehicles will receive the integrated scheduling of IES. The

constraints of EVs are as follows:

EVs Z Atl:)EVs i

QEVS| = Keys Levs; ZIUEVsAtPEVsu (3.42)

0<PEVS| _PE

Vsmax

where Pevs' is the total demand of all EVs at time t, Pevs,i is the demand of the i-th EV at time t, n is the
number of EV, Qevs,i is the demand of i- EV, kevs is the energy consumption coefficient per 100 km,
Levs, is the driving mileage of the i- EV, #evs is the charging efficiency of each EVS, Pevsmax is the

maximum charging power of EVs.

For HVs, the charging time is short, so it is considered that for any HVs, the charging is completed

within a time slot. Therefore, the constraints of HVs are:

Quzvs = ;QHZHVs,jt (3.43)

— t_
QHZHVs,j - QHZHVs,j - I(HVs I‘HVs,j
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where Quwznvs' is the amount of hydrogen required by the HVs at time t, Quznvs;' is the amount of
hydrogen required by the j-th HV at time t, m is the number of HVS, QnaHvs; is the total amount of
hydrogen required by the j-th HV, kuvs is the coefficient of hydrogen consumption per 100km of HVs,

Lhvs, is the mileage of the j-th HV.

3.3.2. Two-stage scheduling

The proposed two-stage IES scheduling method is shown in Fig. 3-5. The scheduling consists of two

parts: day-ahead global optimal scheduling and real-time adjustment operation.

In the day-ahead optimization, based on the data of prediction and vehicles, the global optimal

scheduling which aims to minimize the operation cost of each hour is carried out.

After receiving the day-ahead results, the MPC runs to minimize the operation errors according to the

ultra-short-term prediction and feedback data every 15 minutes.

As DR loads, EVs take part in the daily scheduling of IES flexibly when return to IES.
The day-ahead scheduling steps are as follows:

1) Prediction.

2) Calculate RESs output based on prediction data.

3) Initialization, setting SOC, SOHE, and SOHC initial values.

4) Simulate and input vehicle data.

5) Set the scheduling step length (1h), system constraints, and input objective function. Solve the MILP

problem.

6) Output day-ahead optimal scheduling results.
The real-time MPC scheduling steps are as follows:
1) Receive optimization results from stage 1.

2) Set the system status at the initial condition.

3) Set the initial time and step size (15 min).
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4) Obtain the feedback data of storage systems, temperature, and charge condition of each EV of the last

rolling optimization.
5) Obtain real-time data.

6) Ultra-short-term prediction based on real-time and historical data, with a prediction length of

15min>5.

7) The total length of rolling scheduling is 15min>6, which is composed of real-time values and
predicted values. According to the objective function, the MIQP problem is solved by Matlab / Yalmip

and Gurobi.
8) Output the real-time optimization results, and update and feedback the data.

9) Judge whether it is the last time interval. If not, go back to step 4, if yes, end the algorithm.
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Fig. 3- 5 Scheduling flow chart

The day-ahead scheduling realizes the minimum operation cost of IES, and its cost function contains

the cost of each MS which can be expressed as follows:

fct elt

24
F=min ) | Coee; +Cior +Crer +Cyt +Coe +C
;I: RESs,t bo,t bat,t ht (344)
s1.(3.1)—(3.24)
where Cgess: is the cost of RESS, Choy is the cost of EB, Cr. is the cost of fuel cell, Ce; is the cost of

electrolyzer, Cpat: is the cost of battery, Ch, is the cost of TES.

For each part of the cost function, the specific calculation method can be found in [25].
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The purposes of MPC scheduling are to adjust the day-head optimal results in real-time and reduce the

economic losses caused by uncertainty. The objective function is as follows:

k+5

F =min Zk:{al (PMS,t - PMS,Iref )2 ta, (Tinddor,t _Tindoor,tref )2} (345)
st.(3.0)— (3.44)

where o1 and o are the weight coefficients, k is the current time slot, Pwms; is the output electric and
thermal power of each MS, Pwms s is the reference power at time t. Tindoort i the indoor temperature,

Tindoor,tref 1S the reference value of indoor temperature.

For the scheduling participation of EVs as DR load in this stage, the constraints can be expressed as

follows:

6
Qevsr = z At Teys PEVs,its
T

0<P.. <P

EVs,i — ' EVsmax

(3.46)

where Qevs, is the total demand of all EVs at r-th rolling optimization according to the optimization
results in the first stage, Ats is the time step size of the second stage (15min), and Pevs,' is the power

consumption of i-th EVs.

The non-linear relationship of heat production and the electric power of CPHH brings difficulties to the
fast solution of scheduling. In this chapter, the piecewise linearization of the CPHH relationship is
carried out. Because MILP and MIQP method are used in this chapter, the switch variables can be used

to construct the piecewise linear function.
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3.3.3. Linearization of CPHH
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Fig. 3- 6 Fitting curve of CPHH

According to the electric-thermo-hydrogen coupling of the CPHH system described above, the non-
linear relationship between heat production and electric power brings great difficulties to the fast
solution of scheduling. Thus, the piecewise linearization of the CPHH relationship between the fuel cell
and electrolyzer is carried out. Since the mixed integer programming method is used, the switch variable

can be used to construct the piecewise linear function:
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f :ZHiUi (3.47)
H, =kP +c (3.48)

o, =1 (3.49)

where fiiner is the constructed piecewise linear function, r is the total number of linear functions, H; is the ith linear
function, ki and c; are the parameters of the linear function, and i is the binary switch variable. In this chapter, the
CPHH curve is divided into four sections for fitting. The comparison between the fitting results and the original
curve is shown in Figure 3-6. The R? regression adjustments of the fitting results of the two curves are both greater
than 98%.

3.4. Case study

In order to verify the rationality of the method proposed in this chapter, a typical small-scale residential

model in France is set, including several residential buildings.

3.4.1. Parameter settings

The parameter settings are as shown in Tables 3-5 to 3-7.

Table 3- 5 IES Parameters

Parameter Value

Rated power per panel 10kw
PV

Panels number 30

Blade length 3m
wr

Number 30

Maximum charge and discharge power +150kw
Battery

Capacity 1000kwh

Rated power 60kw
EB

Efficiency 90%

Maximum charge and discharge power +50kw
TES

Capacity 1000kwh
Fuel cell Rated power 60kw
Electrolyzer Rated power 200kw

Volume 28L
Hydrogen tank

Maximum pressure 35Mpa
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Convertors Efficiency 95%
Maximum charge power 3.5kw
EVs
Number 20
HVs Number 10
Walls area 2920m?
Windows area 200m?
Buildings Heat transfer coefficient of wall 0.85
Heat transfer coefficient of window 2
Comfortable temperature 18-22°C
Table 3- 6 Building parameters
Items Value
Total building area 1320m2
Window area 2920m2
Thermal conductivity of wall 200m2
Heat transfer coefficient of wall 0.85
Heat transfer coefficient of window 2
Comfortable temperature 18-22°C
Table 3- 7 Vehicle parameters
EVI EV2 EV3 EV4 EVS EV6
time(h) 22 14 18 18 15 19
mileage(km) 21.8 11.5 13.8 147 314 32.8
EV7 EVS EV9 EVIO0 EVII EVI2
time(h) 1 15 19 19 19 18
mileage(km) 25.1 44.2 102 3.6 40.3 17.8
EVI3 EVIi4 EVI5 EVIo6 EVIo6 EVIS
time(h) 17 19 23 16 13 18
mileage(km) 69.8 13.2 42.9 50.4 9.2 32.1
EVI9 EV20 HVI HV2 HV3 HV4
time(h) 17 17 18 17 16 19
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mileage(km) 71.9
HV4

time(h) 15

mileage(km) 154

6.6
HVS
23
31.8

75.4
HV6
17

96.4

112 43.8
HVS HV9
13 14

41.3 37.2

75.4
HVIO0
15

62.8

3.4.2. Prediction

The historical data of a meteorological station is selected for the simulation. And the data from January

15, 2018, and August 22, 2018, is chosen for prediction. And long short-term memory (LSTM) method

is used for prediction. The flowchart of LSTM for day-ahead prediction is shown in Figure 3-7.

Loading Data
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Prepare forecast
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Define LSTM
network

Y
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network
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Y

Update network
status with

observations
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Figure 3- 7 Prediction flowchart of LSTM
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Then, the data from January 6 to 14 and August 13 to 21 is used for training the neural network. The
prediction results of LSTM are shown in Figure 3-8. Besides, the gray method is used to achieve ultra-

short-term prediction as shown in Figures 3-9 and 3-10. The RMSE of prediction results is less than 1%.

3.4.3. Results
3.4.3.1. Day-ahead scheduling results

The day-ahead scheduling results are shown in Figure 3-11. The summer day is dominated by sufficient
illumination with relatively high outdoor temperatures. At this time, the heat demand is kept at a low
level and the working hours of EB and CPHH system are reduced greatly. However, due to the large
temperature difference between day and night (for almost 13°C), the TES still works at night to provide
heat for users. Meanwhile, to meet the hydrogen demands of HVs, the electrolyzer works to provide
enough fuel and releases heat to the heat bus. However, most of the heat generated by CPHH is absorbed
by TES to keep the indoor temperature. When the outdoor temperature exceeds 18°C, almost all the heat
devices stop working to keep the indoor temperature within the comfortable range. The relatively low
demand for heat leads to the inactivity of the CPHH system, thus the ESS works more frequently to

provide power. Compared with ESS, the working time of the CPHH system is only half of the ESS.
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() Power in winter, (b) Heat power in winter, (¢) Hydrogen consumption in winter, (d) Storages in

winter

As for winter, although the climate still presents a large temperature difference between day and night,
due to its continuous low temperature all day, the power transmission of the heat bus increases sharply,
and the heat supply devices work almost all day. The irradiance of PV is relatively small compared with
the summer day, the strong winds still provide huge amounts of energy for CPHH to produce hydrogen
and heat. During the day, the electrolyzer reaches the maximum power limit from the beginning and
keeps the power level for 10 hours. From the discharge action of the battery during daytime in Figure

3-11-(a) and (b), when the system needs a large amount of hydrogen and heat, the battery also discharges
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to support the CPHH system. Yet, the working time and energy flow of ESS are still within a lower
range, and this system mainly focuses on supporting the CPHH system and providing power for users

as an auxiliary power source.

In general, no matter in winter or summer, IES meets the power, heat, and hydrogen demands of residents,
and the state of energy storage systems is relatively balanced. The charge and discharge of ESS are more
frequent in summer, while the working hours of the CPHH system are relatively short in winter, the
large demand for heat leads to the increase of output power and working time of the CPHH system, and

ESS works as supplementary energy source at the same time.
3.4.3.2 Real-time MPC results

The MPC results are shown in Figure 3-13 and Figure 3-14. The comparison of Figure 3-11 to Figure
3-14 shows that real-time scheduling tracks the results of day-ahead optimization. For the time slot with
a small error, the output of each power or heat source changes slightly to remedy the error. For the time
slot with large errors, the real-time scheduling no longer operates according to the results of day-ahead
optimization, but to meet the residents’ demands and prevent increased costs caused by errors. For
example, from the 35th time slot to the 39th time slot (8:30-9:45) in summer, according to the day-ahead
optimization, there is a shortage of heat and EB should be fully responsible for the supply. However, the
fuel cell works to provide heat and power in MPC operation. On the one hand, it increases the supply of
power to the EB. On the other hand, the action of fuel cells further overcomes the heat shortage. From
0:00 to 1:00, according to the original plan, the output of the fuel cell leads to a surplus of power. But
in real-time operation, EB works to absorb the surplus power and provides heat for residential area. In
the two cases, EB as an auxiliary system, plays a great role in reducing the gap between the day-ahead
scheduling and the real-time situation. Its output flexibly supplements the heat vacancy and ensures the

stable operation of the whole system.
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Real-time scheduling realizes the flexible operation of IES by tracking the day-ahead scheduling results.
Besides, the temperature is still within the comfortable range with small fluctuations. The states of

energy storage system are consistent comparatively with day-ahead scheduling. In summary, this method
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can track the optimal results of day-ahead scheduling and realize the coordinate operation of each device,

indicating the feasibility of the real-time scheduling, which improves the reliability of IES operation.
2. Analysis
1) System efficiency

The demands of residents include the power, heat, EVs, and HVs, and the power demand of HVs is

calculated by the low heat value of hydrogen. The power stack of IES is shown in Figure 3-15.
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Figure 3- 15 IES power stack

System efficiency is the ratio of the sum of the energy consumed by the loads and the energy stored
during 24h by ESS, hydrogen tank, and TES to the energy generated by RES, which can be expressed

as follows:

nsys — EIoad + Esto (350)

ERES
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Ejgas = J.(PI:)ad + Higag + Pevs + HHV,,Ql s )it

Esto = (Socf - SOCi)Cbatfmax +
(SOHEf - SOHEi )Ct_max + (CHZ‘f - CHz,i ) HHVH2

ERES = J.(Pptv /ncon_pv + I:)vt/ind /ncon_wind )dt

(3.51)

where Ejqad is the energy demand of load and vehicles, Esy is the surplus energy of storage systems, Eres
is the energy produced by RES, Psd' is the electricity load at time t, Hioad' is the heat demand at time t,
Pp! is the output power of PV at time t, Pwind' is the output power of WT at time t, HHV, is the higher
heating value of hydrogen, SOCtis the final value of SOC, SOC; is the initial value of SOC, SOHE; is
the final value of SOHE, SOHE; is the initial value of SOHE, Chy is the final amount of hydrogen stored

in the tank, and Cyg, is the initial amount of hydrogen in the tank.

In Table 3-8, the energy proportions are calculated. Due to the high temperature in summer, the heat
demand accounts for a relatively small proportion, while the heat consumption in winter is close to the
electric power consumption. In terms of total efficiency, due to the inactivity of heat supply devices in
summer, the energy loss during transmission is reduced. In addition, because the RESs output in summer
is less than that in winter, the power waste is less than that in winter, so the total efficiency of IES in

summer is higher.

Table 3- 8 Energy proportions OF 1IES

Power Heat EVs HVs Storage System Efficiency
Summer 70.18% 16.95% 5.08% 7.83% -0.04% 88.77%
Winter 45.36% 43.80% 3.28% 5.06% 2.50% 80.34%

2) Economy and storage state

Table 3- 9 Comparison

SUMMER WINTER
Two-stage Single-stage Two-stage Single-stage
Method Without DR Without DR
DR DR DR DR

Stage Stage Stage Stage Stage Stage Stage Stage Stage Stage Stage Stage
Stage
I I I I I I I I I I I 1l
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In Figure 3-16, the charging power of EVs in summer and winter after two-stage scheduling is shown.

The blue curve is the original power demand of EVs. Since EVs are regarded as special DR loads, the

fluctuations of EVs in the scheduling process are all from the compensation of system fluctuations. In

order to better verify the advantages of this method, this chapter compares the proposed method with

the following methods, and the results are shown in Table 3-9.

This chapter runs a two-stage EVs scheduling method, only a day-ahead EVs scheduling method, and

no EVs scheduling method. The costs and system status are shown in Table 3-9. It can be concluded that

the scheduling based on two-stage DR is better than the other two methods. The power curve of EVs

with two-stage scheduling in Figure 3-16 is quite different from that of EVs with no scheduling, which

changes the operation and state of the system greatly and further reduces the operation cost of the system.

In addition, real-time scheduling helps to maintain the balance of energy storage state of the system.
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(a) Day-ahead scheduling of EVs in summer, (b) Real-time scheduling of EVs in summer, (¢) Day-

ahead scheduling of EVs in winter, (d) Real-time scheduling of EVs in winter

There are some alternative structures for island IES. This chapter compares three options including the
IES proposed in this chapter, and all these structures are equipped with RESs, ESS, TES, and EB. For
PEMFCPP, there is no effective way to provide hydrogen. As for P2HH, it can be discussed as an
alternative, which can produce heat and hydrogen by using renewable energy. In terms of the traditional
system, the IES with a gas turbine is not suitable for the area, so only EB converts electricity into heat.

The cost and efficiency of each model is shown in Figure 3-17.
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Figure 3- 17 Structures comparison

Figure 3-17(a) shows the operation cost of each structure. It can be concluded that the cost of P2HH is

lower than the traditional system, which is also consistent with the conclusion of [26], while the IES
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with CPHH further reduces the operation cost. Compared with P2HH, the cost is reduced by 31.6% and
24.2% respectively. Figure 3-17(b) shows the efficiency of three structures. The efficiency of the
proposed structure is lower than the traditional structure, while the difference between winter and
summer is obviously larger. Similarly, the efficiency difference between the proposed IES and the
traditional system is mainly caused by the operation of the CPHH system, and the working time of
CPHH in winter is longer, so the efficiency difference between the two systems is greater. Compared
with the difference of operation cost, the efficiency difference of each structure is relatively small, hence

the IES with CPHH should be the most appropriate choice.
3) Running time
This chapter runs the method with a 2.6GHz i7 CPU and Table IV depicts the results of running time.

According to Table 3-10, as for the first stage of scheduling, the running time in summer and winter is
87.3s and 127.5s respectively and the results indicate that it takes longer to optimize in winter. In the
second scheduling stage, the real-time optimization has 96 rolling steps and costs about 1.5 hours in
both two cases in total. Furthermore, it costs about 56.6s in summer and 58.5s in winter for each rolling
step, the difference between the running time is smaller, and the calculation time of each step is less
than 1 min in both cases. Thus, the optimization time is short enough, and this scheduling method is

suitable for real-time optimization.

In conclusion, the optimization results of two-stage scheduling and comparative experimental analysis
prove the applicability of the structure of island IES, and the two-stage economic scheduling method

proposed in this chapter, which provides a basis for the operation of this system.

Table 3- 10 Running time

Summer Winter Summer Winter
Day-ahead Day-ahead MPC MPC
Running Time 87.3s 127.5s 1.51h 1.56h

3.5. Chapter summary
Due to the variety of demands of energy users, a reliable, efficient, and economical IES is needed.
Therefore, this chapter proposes the concept of CPHH. Considering the power-heat-hydrogen

characteristics of the fuel cell and electrolyzer, the IES with CPHH is built. Then, a two-stage IES
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scheduling method is proposed and operated under a typical climate. The first stage completes the global
day-ahead optimization by using MILP, while the MPC method is carried out for real-time operation in
the second stage. After that, the efficiency, economy, and storage state are discussed in detail which
indicates that the proposed method has a lower cost and keeps the storage balance of the storage system.
Besides, the scheduling results and analysis indicate that the IES proposed in this chapter is an
independent and reliable system. The CPHH system improves the economy of IES with high efficiency

compared with other optional structures.
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Chapter 4. Optimal Configuration for Shared Electric-hydrogen Energy
Storage for Multiple Integrated Energy Systems with Mobile Hydrogen
Transportation

4.1. Introduction

Against the backdrop of energy shortages and increasingly prominent environmental issues, the world
is launching the construction of renewable energy and the development of various alternative energy
sources. According to IEA estimates, from 2015 to 2022, the installed capacity of photovoltaic will
increase by 400% [1], and the installed capacity of renewable energy will continue to increase [2], and
multiple energy sources will become more closely linked, forming an energy internet with multiple
integrated energy systems (IESs) [3, 4]. However, geographically adjacent IESs have different
environmental statuses, power generation, and consumption requirements, resulting in differences in
their operational conditions. Hence, IESs can complement and collaborate through information

exchange and energy transmission [5].

Energy storage, as a key technology applied in energy production and supply processes, has achieved
significant results in enhancing system flexibility and improving renewable energy consumption. With
the participation of large-scale energy storage systems, they can not only achieve flexible energy
allocation within the IES but also be independent of the IES, utilizing the supply-demand differences of
each energy system to provide energy interaction services for them in a region, thereby improving
operational independence and efficiency. Under this concept, shared energy storage (SES) has emerged,
integrating the supply and demand of various energy systems, participating in energy storage capacity

leasing and sharing, and achieving coordinated operation of energy systems within the region [6, 7].

At present, research has mainly focused on battery-based shared energy storage systems, analyzing their
configuration and operation issues. An energy-sharing concept for the data center and the sharing energy
storage business model is established, and then a multi-objective sizing method is proposed in
consideration of battery degradation in [8]. Considering the peak demand reduction and the self-
efficiency enhancement, real-time scheduling based on reinforcement learning is provided to share
power with the battery, consumer, and power grid in [9]. A stable marriage matching algorithm is applied
for the optimal storage resource allocation based on a blockchain-based energy market, and the pricing
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of energy storage is designed in this energy trading framework in [10]. To improve the flexibility of
coal-fired power plants, a sizing and operation method for a shared energy storage system is proposed
in [11]. Aiming at the benefits of different ownership structures, a shared battery sizing method is studied,
and three different structures are analyzed in detail under peer-to-peer (P2P) trading mode in [12]. Bi-
level programming is applied to fulfill the sizing and operation of the shared energy storage system in
the distribution network. Furthermore, the cost and frequency regulation are optimized by applying an
energy storage system in [12]. Considering the electricity-oxygen-hydrogen requirements of high-
altitude prosumers, energy cooperation with composite energy storage is established, and an asymmetric
profit distribution model with the contribution of multiple energy sharing is proposed in [13]. A P2P
trading framework is established for the distribution of energy storage sharing, and carbon trading is
also considered during the transaction in [14]. For the capacity allocation of sharing energy storage with
different renewable energy generations, a planning and scheduling method for shared energy storage
systems on the power generation side is proposed, and an evolution algorithm is used for optimal
calculation in [15]. Based on the P2P trading, a conditional value at risk-based hybrid optimization
method under uncertain conditions is obtained, and the shared energy storage is scheduled based on the
economy and stable operation in [16]. A two-stage framework for wind-photovoltaic-shared energy
storage based on GIS is proposed, and a fuzzy multi-criteria decision-making method is used for optimal
siting in [17]. For the sizing of centralized battery-shared energy storage of residential areas, a virtual
power plant-based method for the enhancement of reliability improvement of the distribution network
is established in [ 18]. To facilitate the application of shared energy storage among local integrated energy

systems, a two-stage multiple cooperative games-based planning method is proposed in [19].

With the increasing demand for hydrogen and the economic advantages of hydrogen energy storage
systems for long-term and cross-season energy storage, hydrogen energy storage is gradually being
applied in shared energy storage which contains hydrogen production, storage, and compression
equipment. A hydrogen energy storage-based electricity-heat sharing frame is proposed and a distributed
robust optimal method is proposed in [20]. An electricity-hydrogen-electricity-based energy-sharing
mode is proposed, and a sizing method for hydrogen energy storage is explored in [21]. To analyze the

profits of power to hydrogen mode and distribution trading, a shared hydrogen storage-based capacity
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planning and scheduling method is considered in [22]. An evolution algorithm-based planning method

is studied, and the benefits of sharing hydrogen storage are analyzed in detail in [23].

To sum up, regarding the application of hydrogen energy storage for shared energy storage operation,
most of the hydrogen energy system is used as a local energy storage system to achieve large-scale
energy storage while the energy sharing is mainly achieved by the electric-hydrogen-electric (E-H-E)
process via electrolyzers and fuel cells. However, the E-H-E process will reduce the energy utilization
efficiency since the energy utilization of electrolyzer and fuel cells is relatively low when ignoring the
heat recovery of the hydrogen energy system. Thus, it is necessary to further explore the transportation
and sharing modes of hydrogen energy. In addition, applying game theories is the main concept for the
optimization operation of shared energy storage generally, and the solving of the operation mainly relies
on genetic algorithms. When configuring the capacity of shared energy storage, considering the
optimization of multiple typical days or seasons, an optimization model based on a multi-layer genetic

algorithm will be formed, resulting in a significant increase in solution time.

To address these issues, this chapter proposes a transportation-based electric-hydrogen hybrid shared
energy storage system and its operator. The SESO can not only provide battery capacity for IESs but
also electricity and hydrogen sharing. The electricity and battery capacity sharing can be accomplished
by power lines, while the hydrogen sharing is realized by centralized hydrogen storage and the hydrogen
trailers via a transportation network. Then, a two-level configuration method is developed for SESO
configuration and the transactions between SESO and IESs. For the upper level, an improved grey wolf
method is proposed for optimal configuration, for the bottom level, a Stackelberg-based game is
established, and a bisection method is provided for fast solving of the optimal trading and operation
scheme. Finally, a case study is implemented to analyze the economy and the performance of the
proposed SESO and the method. The main works and contributions of this chapter are, firstly,
considering both electricity and hydrogen sharing, a hybrid shared energy storage system is established,
and a life-cycle cost (LCC) diagram for SESO is established, then, a Stackelberg game is applied to
forming the regional trading market for SESO and IESs, and a transportation network is established by
roadmap. For hydrogen trading, the trailers are regarded as mobile hydrogen tanks that can not only

deliver but also store hydrogen with IESs, finally, to improve the calculation efficiency and accuracy
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during configuration, a two-level GWO-bi-sectional method is proposed for SESO sizing and operation

based on typical day selection.

4.2. Structure and modeling of SESO and IESs
4.2.1. Topology of the regional energy system

Figure 4-1 describes the topology of the regional energy system. In this region, SESO IESs, and the
upper energy market can transport energy to each other. The IESs aim to operate their local system
economically and efficiently. Under the various energy production and demand situations, IESs can
trade with SESO. The SESQO’s target is to gain high benefits and increase the energy utilization efficiency
within this region, and it can rent battery capacity, and share electricity and hydrogen with IESs, also,

SESO can trade with the upper energy market.

Regarding IES, every IES contains various kinds of energy generation, transmission, storage, and
consumption facilities. The main energy resources are renewable energy generation, which includes PV
and WT. The main energy demanders are the local electric-heat users and also the EVs and fuel cell
vehicles (FCVs). Also, the electric energy storage system and hydrogen storage system are established.
The hydrogen storage system contains FC, EL, hydrogen tanks, and auxiliary equipment, the hydrogen
system can not only provide electricity, but also hydrogen and heat. Also, the heat boiler and air
conditioner are modeled for flexible operation. The SESO contains centralized electric energy storage

and a hydrogen tank, also, several hydrogen trailers are prepared for energy sharing.
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Fig. 4- 1 Topology of the regional energy system

4.2.2. Modeling of IESs

In our previous work in chapter 3, and also my published works in references [24] and [25], the detailed

model of IESs is provided, hence this chapter introduce the energy trading part of the IESs.

Since the IES can rent capacity from ESSO, the rented battery and its constraints can be written as

follows:

0<Ceeso,¢ < Coeesored (4.1)

0 < Ceeso,¢ < Coeesoraed (4.2)
~HCeeso,it < Peeso,in < HCseso,i, (4.3)
Peeso,it = Oonai i Peeso_cnait + Ot Poeso i (4.4)
Ot T Oaisia =1 (4.5)
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P

SESO_dis, i t
Z ( PSESOfcha,i,tncha Neonvoss T ﬁ)
SOC gss0,it= SOCesso,ic T = C dis-cony Tloss (4-6)
SESO, i t
SOCmin S SoC ESSO,i,tS SOCmalX (47)
SOC gss0,it= SO0Cess0,i 0 (4.8)

where socesso,io 1s the initial value of soc, Cseso,i/ 1 the rent capacity of battery from SESO of ith IES at
time slot 7, Csesoratea 1S the maximum rentable capacity regulated by SESO, u is the charge-discharge
coefficient of shared capacity, Pscso,i 1S the power of rent battery, Pseso cha,i @0d Pseso dis,is are the charging
and discharging power of rent battery at time ¢, this chapter defines the value of Pseso cha,i¢ 1S positive
while the Picso dgisii 1S @ negative value, Jseso chair and dseso dis,ir are binary variables for indicating the
working status of battery, 7. and #4is are the charging and discharging efficiency of battery, and #cony is
the efficiency of battery converters, #i0ss is the losses caused by the transmission by power lines, socgsso, s
is the current state of charge of the rented capacity, s0cmin and socmax is the limits of soc, note that since
the capacity is rent from SESO, when the capacity is returned to SESO, the value of soc should be equal

with the initial value of soc.

When IES has a surplus or shortage of electricity, IES can sell and purchase electricity through SESO,

which can be expressed as:

_R%ell,max < trit < buy, max (49)
Ptr,i,t = §buy,i,t Ptr_buy,i,t + 5se||,i,t Ptr_sell,i,t (4.10)
5buy,i,t + 5sell,i,t =1 (4.11)

where Py, is the value of traded power, Psciimax and Phuymax are the maximum value of trade power,
Py i and Py vuy,ic are the traded electricity at time ¢, this chapter defines the value of P puy,i/ 1S positive

while the Py seni¢ 1 @ negative value, dpuy,ir and s are binary variables for indicating the trading status.

Since the power traded by IESs and also the power from rent capacity is all transmitted through power

lines, the following constraints are set for the operation of SESO and IESs:

0<|P,,, +P <C

— | trit SESO,it| —

(4.12)

lines, i
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{5buy,i,t + G <1 (4.13)

Ownit +0, <1

sell,i,t cha,i,t —
where Ciines, 1S the capacity of the power lines between ith IES and SESO. Eq. (4.12) is to regulate the

threshold of total transmitted power, eq. (4.13) is to avoid the IES output and input power with SESO

at the same time.

The IESs can also trade hydrogen with SESO through the transportation network. Because the IESs
don’t have any hydrogen carriers, IESs can send their hydrogen trading request to SESO, which can be

obtained as:

_msell,max < mtr,i,t < mbuy,max (4-14)
r‘ntr,i,t = 5buy_hy,i,tmtr_buy,i,t + 5sell_hy,i,tmtr_sell,i,t (4-15)
5buy_hy,i,t + 5se||_hy,i,t =1 (4.16)

where my,;, is the value of shared hydrogen, mciimax and Mipuymex are the maximum value of shared
hydrogen, mi seiiir and mi vuy,ir are the selling and buying hydrogen at time ¢, douy ny,ir and dselt ny,ir are

binary variables for indicating the hydrogen sharing status.

4.2.3. Modeling of SESO

SESO includes centralized electrical and hydrogen storage, mobile hydrogen trailers, and electrolyzers

to effectively supplement hydrogen energy. The detailed modeling of the SESO is introduced as follows.

The centralized electric energy storage system is to provide capacity and electricity for IESs and
electrolyzers, that is, SESO can provide storage for the flexible operation of IESs and also purchase or
sell electricity with IESs to increase the benefits. The capacity of the centralized battery of SESO can

be expressed as:

0<Ceesor < Ceeso (4.17)

CSESO,I = ZCSESO,LI (4-18)
i-1

where Cseso, is the total value of rented capacity, Cseso is the capacity of the battery, and n is the number

of IESs.
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Also, the centralized electric energy storage can charge or discharge power for the flexible scheduling

of SESO, which can be expressed as:

~H(Cseso ~ Cseso) S B < (Cogso — Coesor) (4.19)
P = ot PRnaie + Ouist P« (4.20)
Opar T 04is =1 (4.22)
3 P s+ )
s0C, = S0C,,; +-— s oo (4.22)

CSEso - CSESO,I
SOC,,;, <SOC, < SOC, ., (4.23)
where sociy; is the initial value of soc, P, is the power of battery, Pc: and Py, are the charging and

discharging power of the battery at time ¢, dchar and dais  are binary variables for indicating the working

status of the battery, soc;, is the current state of charge of the battery.

The power balance of the SESO can be written as:

n
P + Puar buyt T Puar seie = Z T (4.24)

i=1

where Puvar buy, and Pmar sell, are the purchasing and selling power with upper energy market, P, is the

power consumption of the electrolyzer.

The shared hydrogen energy storage part includes the centralized hydrogen tank, electrolyzer, and
mobile hydrogen trailers. The trailer can be considered as an independent hydrogen tank, which can

store or output hydrogen to IESs, the energy market, and SESO. The centralized hydrogen tank can be

written as:
Z (mel,t - mtrans,t)
sohc, = sohc,; + = (4.25)
tank
mtrans,t = mSESO,k,t (426)
k=1
sohc,;, <sohc, <sohc,,,, (4.27)

where sohc; is the hydrogen storage status of the centralized tank at time #, sohcini is the initial value of

hydrogen storage, m., is the hydrogen production by electrolyzer in kg, mins, is the carried hydrogen
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by mobile hydrogen trailers, msgsox: is the hydrogen loaded or unloaded with kth mobile hydrogen

storage, Cuank is the capacity of the tank, so/icmin and sohc max are the thresholds of sohc.

The mobile hydrogen storage system consists of several hydrogen trailers, and its main goal is to achieve
hydrogen energy sharing among various energy systems in the region based on transportation networks.
When IESs wish to conduct hydrogen trading with SESO, mobile hydrogen storage is dispatched by
SESO to load or unload the hydrogen that needs to be traded in IESs. At the same time, mobile hydrogen
storage can also be used for hydrogen trading with the upper energy market. It should be noted that
traditional delivery of goods using transportation networks usually starts from the manufacturer and
loads several goods, distributing them to various destinations along the way. The total amount of goods
loaded decreases until all customer needs are met. Unlike the traditional problem of transportation
through transportation networks, the mobile hydrogen storage system used in this article can achieve
energy storage, rather than just delivering goods through transportation networks. To address this issue,

this chapter establishes a mobile hydrogen energy-sharing model as shown below.

A single mobile hydrogen storage can be presented as:

rT]k t
sohc, , = sohc,;, + C_ (4.28)
h

0<sohc, , <100% (4.29)

where sohcy, is the sohc of kth mobile hydrogen storage at time ¢, sohcini is the initial value of sohc, my,

is the loaded or unloaded hydrogen at time ¢, Gy, is the maximum capacity of hydrogen storage.

Thus, the delivery of hydrogen can be written as:

Z My =Meeso i — Z Myt (4.30)
t i=1
M Zlk,o,j < mtrans,k < Mpax Zlk,o,j (431)
i i
M Zlk,o,j SMy; =My, Zlk,o,j (4.32)

] ]

where 1;,;, is the possible route for ith destination to jth destination, 7max is the maximum value a mobile
hydrogen storage can load or unload, my; is the delivered amount of the hydrogen to ith participator.

Note that the location of SESO is set as i=0.

109



The delivery status of mobile hydrogen storage can be expressed as:

Toweij =i /Sy +1o (4.33)
Ts = 2 Tl (4.34)
]
m; = ;mSESO,k,t _:Zi:mk’i ;zk, i (4.35)
Dt <1 (4.36)
Dby S1 (4.37)
i

Db = Dk (4.38)
i ]

4ii =0 (4.39)
Y +lk,j,i <1 (4.40)

where dj; is the distance of the available path between i and j, viek is the speed of the trailers, and tioaq IS
the loading or unloading time during the hydrogen delivery. Tiuck,ij is the minimum time cost from i to
j, i is the time cost after the mobile hydrogen storage accomplishes its delivery at i. Eq. (4.36)-(4.40)

is to regulate the transportation path during operation, the detailed definition can be found in [26].

4.3. Life-cycle cost-based optimal configuration

4.3.1. Life cycle cost of SESO

The configuration aims to achieve the economic construction and operation of SESO. Thus, the

investment, operation, and transaction costs need to be included.

I:SESO = I:inv + Fo&m +F

tra

(4.41)

where Fseso is the total cost of SESO, Finy is the investment cost, Fogm is the operation and maintenance
cost of SESO, and Fi is the trading cost, which includes the trade cost with the upper energy market

and [ESs.
The investment cost can be written as follows:

I:i Fbat + I:el + F

tan

« +F, (4.42)

nv
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Foa = A’CSESO Finv_bat
F,=AC,F

el inv_el
- (4.43)
I:tank = ﬂ“Ctank I:inv_h
Fh = /mh Finv_bat
life
_ren™ wa
@+r)™-1

where Foa, Fe, Fuank, F1 are the annualized investment costs of centralized electric energy storage,
electrolyzer, hydrogen tank, and mobile hydrogen storage, 4 is the capital recovery factor, Cq is the
capacity of electrolyzer, ny is the number of mobile hydrogen storage, Finv bat, Finv ety Finv_tank, Finv h are
the investment costs of centralized electric energy storage, electrolyzer, hydrogen tank, and mobile

hydrogen storage, r is the discount rate, life is the service life of SESO.

Since the calculations of the life cycle of the battery and hydrogen energy system are different, for the
battery, the life cycle is estimated by cycling life while the life of the electrolyzer is accounted for by

operation time. The operation and maintenance cost of SESO can be expressed as:

Q
I:o&m = Z{nq ( (Fop_bat,t + Fop_el,t + Fop_tank,t ) + FOp_h j} (445)
q=1 t=1
= _ Cseso |PI|
batt —
o LSESO
Ce
Fop_el,t = 5el,t [L_I + Cm_elj
el
(4.46)
= . C'rank mel,t - mtrans,t
op_tankt —
Ltank
Fop_h = Z(Ftranszzlk,i,jdi,j + Fdelzlk,i,jj
k T i

where ¢ indicates the number of the typical days, QO is the total number of typical days, nq is the total
number of days represented by the qth typical day, Fop batt, £ op elts F op tankss F op n 18 the operation and
maintenance costs of centralized electric energy storage, electrolyzer, hydrogen tank and mobile
hydrogen storage separately, Lseso, Lei and Lk is the life of centralized battery, electrolyzer and tank.

0el, 1s the binary variable indicating the working status of the electrolyzer, Cr, o is the maintenance cost
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of the electrolyzer, Fians is the transportation cost per km, Fge is the departure cost, note that for the

mobile hydrogen storage, the operation cost is related to the travel distances, not the time.

The energy and capacity transactions of SESO include the trade with IES and the upper energy market,

which can be written as:

Fra = i{nq Z(Z FIES,i,t + FMAR,t J} (4.47)

g=1 t=1 \_i=1
I:IES,i,t = _CESSO,tCSESO,i,t + Cbuy_e,t Ptr_sell,i,t + Csell_e,tPtr_buy,i,t + Cbuy_h,tmtr_sell,i,t +Csell_h,tmtr_buy,i,t (4'48)

I:MAR,t = CMARseII_e,t I:)MAR_seII,t + CMARbuy_e,t I:>MAR_buy,t + CMARseII_h,tmMAFl_seII,t + CMARbuy_h,tmtr_buy,t (4'49)

where CEsso,s, Csell_er » Chuy et » Csell_hyt s Cbuy_h, @r€ the capacity renting cost, electricity selling cost, electricity
purchasing cost, hydrogen selling cost, and buying cost separately, cmaRrsell ¢ » CMARbuy ¢,/ 5 CMARsell bt »
CMARbuy hy are the electricity selling cost, electricity purchasing cost, hydrogen selling cost and buying
cost with upper energy market separately, mmarsei, and mmarouy, are the selling and purchasing amount

of hydrogen from energy market.

4.3.2. Stackelberg game-based optimal operation

The energy market in this region mainly includes IESs as prosumers, as well as SESO which connects
with [ESs and higher-level energy markets. SESO is the only channel for the region to connect with the
upper energy market. Each IES can interact with SESO for energy and also lease energy storage capacity
from SESO to achieve system optimization operation. SESO earns profits by leasing energy storage
capacity from IESs and trading with IESs and the energy market, where electricity can be transmitted
and traded through power lines, while hydrogen can be shared through mobile hydrogen storage.
Therefore, the energy trading problem in a region can form a Stackelberg game problem, where SESO
acts as a leader to set energy prices in the regional energy market, while IESs participate in energy

trading based on the prices set by SESO, assuming their own optimal operation.

The operation in a day of the SESO under a determined capacity is to maximize its benefits after

receiving the strategies of IESs:

112



fSESO = min(Z(Fop_bat,t + Fop_el,t + Fop_tank,t + Z( I:IES,i,t + I:MAR,t )J + Fop_hj (450)

t=1 i=1

where fesso is the operation cost within a day.

While the target of the IES is to lower its operation cost by receiving the price information from SESO

and thereby renewing its trading strategy. The cost function of the IES is written as:

f|Es,i =min [Z(FIES_op,i,t - FIES,i,t )j (4.51)

t=1

where fies; is the total cost of ith IES in a day, fies op.is 1S the operation cost of the IES, which can be

calculated by [27].

4.3.3. Two-level optimal configuration method

In order to ensure maximum profit for SESO during operation, its lifecycle cost should be optimal.
Therefore, the problem can be decomposed into two parts: optimizing its daily operating costs and
optimizing the entire lifecycle cost based on the daily operating results. In the configuration process,
alternative SESO configuration schemes are obtained through the set algorithm. Under this
configuration scheme, SESO optimization scheduling is carried out for regional energy market
optimization problems considering different typical days. Then, the daily operating cost and system
configuration cost are added up to obtain the system's life cycle cost. Mostly, the daily operation based
on Stackelberg game theory is accomplished by an evolution approach when the operation status of
several typical days is required. However, once a two-layer genetic algorithm is deployed, the
calculation time for optimizing a complex energy system is long, and the performance of the method is
hard to guarantee. Therefore, this chapter adopts a genetic algorithm based on GWO-SCA and a daily
operation optimization method based on fast bi-sectional optimization to implement optimized

configuration.

In this configuration method, GWO-SCA is the upper-level algorithm, whose main purpose is to find
the optimal configuration solution within the set capacity range. During the optimization process, the
upper-level method transfers alternative solutions to the lower level for solution. The lower-level

solution is a bi-sectional method based on Stackelberg game theory. Under the determined capacity
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scheme, considering the energy trading strategy of SESO and IESs, the daily operation optimization of
SESO is achieved, and the daily operation cost is returned to the upper-level algorithm. Then, the upper-
level algorithm calculates the entire lifecycle cost of SESO and compares it with other optional solutions,

to find optimized configuration solutions through multiple iterations.
1. Upper-level algorithm

The upper level adopts an improved grey wolf algorithm for capacity allocation to find the optimal
configuration scheme for the capacities of centralized electric energy storage, centralized hydrogen
storage, electrolyzer, and the number of mobile hydrogen storage. Thus, the set of schemes can be

expressed as:
S =[Csesos Caks Cars M ] (4.52)

And the process of the optimal configuration can be shown as follows:

1) Get the environment data and local loads of different IESs and calculate the power generation and

consumption of each IES in a whole year.
2) Typical days selection by using the self-organized map (SOM) method [28].

3) Initialize the number of populations 6, maximum iterations 7Zmaxi, and the thresholds of the

configuration. Thus, the S can be formed as a 8X 4 X fmaxi matrix.
4) Randomly generate sizing schemes S.

5) Input the generated schemes of the S into the lower level of the bi-sectional algorithm to solve the

scheduling problem and get the operation and trading cost of the SESO under different typical days.

6) Calculate the life cycle cost and compare it with the existing optimal results F., Fp and F), (note
that Fo<F3<F,, and the values «, f and y indicate the position of the optimal solution in current iterations).
If the result is better than one of these results, replace the results with the current solution and update

the position of S.

7) Update indicator v, this indicator marks the process of the iterations, which can be expressed as:
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2—sin(1MJ 0 < Mmaxit < 55

n_.. n_..
y= maxit maxit (4.53)
1+ cos M 05<M31
Naxit r]maxit

where 7maxit 1S the maximum iteration set in the algorithm, z; is the number of current iterations.
8) Generate a set of 3 X2 0~1 random matrix E.

9) Update the position of S. The update method is:

S -5 " Supg +S2.p.0 T Sapa
M+L,p,a U, p.g 3 (4.54)

st. 1<p<o 1<p<4

Sl,p,q :Sn“,a,q - V(zal:l _1)‘2E1,28ni[,a,q - Snil,p,q‘
S2.p.a =90, 5.0~ V(28s, _1)‘252,23n.t,ﬂ,q - SnixxP:Q‘ (4.55)
S3.0.q :Snimq B V(ZEM _1)‘23328%17@1 - SnnVM‘

where S is the updated elements of S, S = is the configuration scheme of the current iteration,
ity

Ny +1,p,q q

Sipg> S2pq> S3pg are the updated indicators related to the current position of three optimal solutions,

S and S are the optimal position of the gth elements.

n+la,q? n+1,8,4 N +L,7,q

10) Repeat steps 5)-9) until the maximum iteration is reached.
2. Lower-level algorithm

In the lower level of the method, a Stackelberg game is processed after receiving the configuration
scheme. In this game, IESs submit energy-sharing strategies to SESO based on their own operating
conditions and energy-sharing prices. After receiving the strategies, SESO reformulates energy sharing
prices to maximize its own interests. After multiple iterations, SESO's pricing and IESs' strategy set will
gradually converge and achieve transaction agreements. Then, SESO delivers energy to IESs according
to the agreed energy-sharing strategy, and IESs trade at the prices set by SESO. In general, this type of
game problem can be solved through genetic algorithms or using KKT conditions. However, for the

KKT condition, due to the presence of binary variables, it is difficult to transform the two-layer problem
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into a single-layer problem [29]. In addition, due to the use of data from multiple typical days for
separate solutions during system optimization configuration, using genetic algorithms will greatly
increase calculation time. Thus, this chapter proposes a bi-sectional pricing algorithm for fast solving.

The steps of the algorithm are:
1) Get the configuration scheme and the data of typical days from the upper level.

2) Initialize the tolerance and iteration number, the set of energy prices ®, and the thresholds of the

prices V.

(I)t :[CESSO,t Cbuy_e,t Csell_e,t Cbuy_h,t Csell_h,t] (456)

C C
ESSO,t buy et
Y= g

(_:ESSO,t gouy_e,t gell_e,t (_:ouy_h,t (_:sell_h,t

Csell_e,t Cbuy_h,t Csell_h,t

(4.57)

QESSO,t < CESSO,t < CESSO,t

gouy_e,t < Cbuy_e,t < (_:buy_e,t
Coatl 01 SC. <T, (4.58)

Zsell_e, sell_e,t — “sell_e,t

(_:buy_h,t < Cbuy_h,t < Cbuy_h,t

C <C C.

Zsell_h,t — “sell_h,t < Csell_h,t

where Cgggp ¢ Couyet> Ceellet> Couyht> Celine are the upper limits of the energy prices, Cegqo, » Couy et »

Cetiet> Suyni» Gene are the lower limits of the energy prices.

3) Based on the price set @ and the data of typical days, IESs calculate their strategy set X by eq.

(4.50) by MILP solver.

Xi,t = [CSESO,i,t P R m m

tr_sell,i,t? " tr_buy,i,t?

tr_buy,i,t] (459)

tr_sell,i,t?

4) Based on the strategy, SESO updates @ by eq. (4.56) by solving a MILP problem.

5) Calculate the price tolerance of the two iterations, if the tolerance meets the requirement, end the

algorithm and send the cost of SESO to the upper level.

6) Update the thresholds of the energy prices.
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7) Repeat steps 3)-6) until the tolerance is small enough.

The detailed flowchart of the method is shown in Figure 4-2 and the calculations of the thresholds of

the energy prices are introduced in this figure.
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Figure 4- 2 Flowchart of the two-level optimal configuration method
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4.4. Case study

A region located in eastern France is used for the configuration of the SESO. Note that the hydrogen
energy is shared by the mobile hydrogen storages, which can load and unload hydrogen for every energy
system via road. For the two-level method proposed in this chapter, the programming is based on Matlab,
and the solving of the MILP problem when IESs and SESO update their strategies is accomplished by
Yalmip/Gurobi software, and this case is run by a laptop with intel i7 core with 16 GB RAM. By using
the SOM method for typical days selection, four days are selected for the optimal configuration. And
the output power of PV, WT, the demands of local loads and the EVs, the ambient temperature, and the
hydrogen demand of FCVs of each IES are shown in Figure 4-3. Note that the heat demand of local
users is calculated by the temperature and the data of the area, thus this chapter didn’t provide the
detailed curves in the figure. Table 4-1 shows the economic parameters used in the SESO configuration,
and the capacity of the mobile hydrogen storage is set to 300kg, and the moving speed is 60km/h. The

geographical data of the IESs and SESO is shown in Figure 4-4.
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Fig. 4- 3 Data of typical days
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Table 4- 1 SESO parameter settings
Parameters Value Parameters Value
Finv ba(€/kWh) 140.74 Finv ank(€/Nm®) 38.15
Finy e(E/kW) 1222.08 Finy n(€/vehicle) 38734.67
r 0.067% life (yr) 20

4.4.1. Configuration and operation results

After obtaining the renewable energy generation power and load demands by SOM of each IES and the
geographical location of IESs, SESO, and the upper energy market by the geographic information
system (GIS), the proposed GWO-SCA-bi-sectional method is used to solve the capacity of each part of

SESO, and the optimized configuration results are shown in Table 4-2.

Table 4- 2 Configuration results of SESO

Parameters Capacity
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Cseso(kWh) 6000.59

Ca(kW) 2850.00
Ciank(Nm?®) 7802.67
Mh 4

To further analyze the operation of multiple energy systems in this region, Figures 4-5 to 4-9 depict the
mobile hydrogen storages operation of SESO, the energy storage rental capacity and charging and

discharging power of each IES, as well as the electricity trading and balance status of SESO.

Figure 4-5 illustrates the operation results of mobile hydrogen storage under four typical days. The left
side of each subgraph shows the routes of mobile hydrogen storage in the transportation network and
the loading and unloading status of hydrogen, while the right side shows the specific time for loading

and unloading hydrogen and the hydrogen storage capacity of each mobile hydrogen storage.

From Figure 4-5(a), there are three mobile hydrogen storage units participating in hydrogen energy
sharing. According to Figure 4-5, each mobile hydrogen storage unit is loaded with hydrogen produced
by the electrolyzer of SESO when departing from SESO, which is sold to IESs and energy markets to
earn profits. On this typical day, only IES Besangon requires a hydrogen energy supply, which is caused
by the low renewable power generation in spring and relatively high hydrogen and electricity demand.
From the perspective of hydrogen energy demand, IES Besangon obtained 97.11kg of hydrogen, IES

Dijon sold 312.69kg of hydrogen, and IES Langres sold 11.39kg of hydrogen.

Figure 4-5(b) shows the operation of the mobile hydrogen storage on typical summer days. According
to Figure 4-3, the local load of each IES further increases in summer, and due to the insufficient
renewable power generation of IES Langres, the mobile hydrogen storages deliver 575.27kg of
hydrogen to Langres. IES Dijon also has a large demand for hydrogen due to the lack of wind power
generation in summer, and a total of 284.54kg of hydrogen is obtained from mobile hydrogen storage.
However, the increase in photovoltaic power generation of IES Dijon guarantees its energy demand, and
surplus hydrogen with a total of 48.58kg is sold to support the energy supply of other energy systems.
But still, the insufficient hydrogen production of SESO causes a 143.27kg order of hydrogen from the
upper market. In the summer, all four mobile hydrogen storage systems are in operation because of the

massive demand and production of hydrogen. Figure 4-5(c) shows the operation of autumn day. During
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this typical day, IES Dijon has no demand from outside for hydrogen energy due to its relatively
balanced energy production and demand. At the same time, due to the decrease in renewable power
generation, the other two IESs have a certain demand for hydrogen. With SESO's hydrogen production
and a small number of market hydrogen purchases, the hydrogen energy demand in the entire region is

met, and only one mobile hydrogen storage is needed for operation.

Figure 4-5(d) shows the operation of mobile hydrogen storage on typical winter days. On this typical
day, due to the abundant wind power resources, IES Langres produced additional hydrogen while
meeting the system's own energy needs and shared it through a mobile hydrogen storage system. IES
Dijon and IES Besangon have a hydrogen demand of 230.23kg and 162.22kg. Currently, SESO is still
producing hydrogen during the low electricity price period to achieve hydrogen energy supply in the
region and selling a small amount of surplus hydrogen to the upper energy market. In total, through the
effective planning of four shared hydrogen energy storage systems, hydrogen energy sharing among

various energy systems can be achieved, improving the flexible operation of IESs.
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Figure 4- 5 Operation of mobile hydrogen storages.
Figures 4-6 to 4-8 show the centralized energy storage capacity leasing situation and the charging and

discharging power of shared capacity for each IES on typical days and IESs renting energy storage based
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on its own needs during various typical days. Figure 4-6 shows the shared energy storage usage of IES
Besangon. It is known that IES Besangon only rented capacity in autumn and winter. In autumn, [ES
Besangon uses shared energy storage charging during the day to absorb excess renewable energy

generation, while discharging at night to support power load demand. In winter, the storage rented by

IES Besangon is more flexible.
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Figure 4- 6 Capacity sharing for IES Besangon
Figure 4-7 shows the capacity and operating results of IES Dijon's leased shared energy storage. In
summer, the shared energy storage of IES Dijon mainly charges from 14:00 to 16:00 and discharges

from 17:00 to 24:00 to achieve flexible operation of the system. In typical autumn days, shared energy

storage operates more frequently at night to balance wind power fluctuations.
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Figure 4- 7 Capacity sharing for IES Dijon

Figure 4-8 shows the shared energy storage operation results of IES Langres. In typical summer days,
due to the high demand for load at night, IES Langres stores energy during the day and meets the
electricity load demand at night. In winter, due to the increase in wind power generation, shared energy

storage mainly aims to suppress fluctuations in wind power generation power.
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Figure 4- 8 Capacity sharing for IES Langres

Figure 4-9 shows the power balance curves of SESO. During the four typical days, SESO purchased a
large amount of electricity from the upper energy market to produce hydrogen when the electricity price
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is low at night and also met its energy needs by interacting with the electricity of other IES. In summer,
due to the increasing demand for hydrogen energy, the working time of the electrolytic cell is longer,

and the consumption power of the electrolyzer is higher.
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Figure 4- 9 Power trading of IESs

Based on the operation results provided above, in the regional energy sharing model established in this
chapter, IES Besangon, IES Dijon, and IES Langres contribute hydrogen energy to other energy systems
in the region in summer, spring, and winter, respectively. Each IES produces hydrogen energy when
there is a high amount of photovoltaic power generation during the day. Due to the different
characteristics of hydrogen energy supply and demand, the three IESs achieved effective coordinated
supply of hydrogen energy with the participation of SESO, thereby achieving flexible and coordinated

operation of energy systems within the region.

4.4.2. Comparisons and analysis

Table 4-3 shows the lifecycle cost of SESO, of which the annualized purchase cost of the system is
91647.94 euros, accounting for 65% of total expenses, and the operation and maintenance cost is

48317.82 euros, accounting for 35% of total expenses. The total revenue of SESO in sharing energy is

261431.1 euros, allowing SESO's construction to generate significant profits.

Table 4- 3 Life-cycle cost of SESO

Cost/€
Fat 77857.37
Fa 321126.00
Investment
Flank 297671.86
Fu 14285.35
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Spring 84145.28

. Summer 139194.63
Operation
Autumn 64780.01
Winter 86695.91
Spring -231542.97
. Summer -917742.62
Trading
Autumn -366160.01
Winter -512553.88
Total F'seso -942243

To further verify the economic feasibility of SESO, this article compares and analyzes the economic
benefits of energy-sharing modes based on shared electric energy storage and shared hydrogen storage,
without changing the structure of each system. The settings of scenarios are shown in Table 4-4. Scenario
4 does not have the SESO, and each IES is an independent individual that can only purchase and sell
energy from the upper market to meet the daily demands. Scenario 3 establishes a separate shared
electric energy storage, and each IES can interact with the shared energy storage. Scenario 2 establishes
a shared hydrogen storage system. The shared energy storage station in Scenario 1 includes centralized
electric energy storage and hydrogen storage, which can achieve resource complementarity by both

electricity and hydrogen energy.

According to the comparative analysis of the operating costs of shared energy storage operators in four
scenarios, compared to the operating model that can only purchase and sell electricity from the shared
energy operator, adopting the SESO energy sharing model proposed in this chapter can increase annual
profits by 587402 euros, an increase of 265%, and the energy utilization rate in the region has increased
by 9.3%. Compared to the operation mode of only using shared hydrogen energy, the annual profits of
the SESO can increase by 467134 euros, and the energy utilization efficiency has also been improved.
Compared to the scenario where no shared energy storage mode is adopted, the mode proposed in this
chapter can improve energy utilization by 11.4%. From the above results, it can be seen that although
using only electricity storage sharing or hydrogen storage sharing can achieve an improvement in
regional energy utilization efficiency, the multi energy sharing of electricity and hydrogen in scenario 1
can realize the optimal coordinated operation within the regional energy systems, and its economy is

also better than other scenarios.

Table 4- 4 Comparison with other sharing modes

Mode Sharing strategy Annual cost/€ Regional energy utilization ratio
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Capacity sharing Mobile hydrogen sharing

1 Yes Yes -942243 92.7%
2 Yes No -354841 83.4%
3 No Yes -475109 86.8%
4 No No 0 81.3%

To verify the performance of the two-level optimization configuration method proposed in this chapter,
this chapter conducts comparative experiments on the upper-level optimization algorithm and the lower-

level algorithm, as shown in Table 4-5.

Table 4- 5 Performance of the proposed method

Upper-level Average Optimal results ~ Lower-level Average Average time
method iterations method iterations costs
Proposed 52 -942243 Proposed 11 312s

method method

PSO 98 -876518 PSO 56 1648s

GWO 77 -931458 GWO-SCA 48 1575s

For the upper-level optimization algorithm, this chapter compares the GWO-SCA algorithm used in this
chapter with traditional PSO and GWO algorithms. The results show that using the improved algorithm
proposed in this chapter requires fewer average iterations and yields better optimization results. In the
performance verification of the lower-level algorithms, this chapter compares two genetic algorithms
with the bi-sectional algorithm proposed in this chapter. The results showed that the algorithm proposed
in this chapter can obtain optimized running results in fewer iterations, and its required time is 1336
seconds shorter than the PSO algorithm and 1263 seconds shorter than the GWO-SCA method. Although
the GWO-SCA algorithm is suitable for the upper-level capacity configuration, the proposed bi-sectional
algorithm gains calculation advantages when solving the lower-level energy sharing problem because
all the genetic algorithms require numbers of iteration for negotiation while the bi-sectional algorithm
can solve the problem faster by speeding the processes of pricing. Therefore, based on the verification
results of the two-level algorithms, adopting the method proposed in this chapter can significantly reduce

calculation time and improve calculation accuracy.

4.5. Chapter summary

To analyze the economy of SESO in a region from whole sides, this chapter proposes a structure of
SESO with both electric and hydrogen sharing functions. The capacity and electricity sharing are
realized by power lines, while the hydrogen sharing is accomplished by mobile hydrogen storage. Then
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a life cycle cost scheme is proposed, and a two-level configuration method is provided. Finally, the
results are analyzed in detail. In this chapter, the proposed mobile hydrogen storage can effectively
achieve hydrogen energy sharing between energy systems in a region through transportation systems,
thereby effectively connecting geographically isolated energy systems through transportation networks.
And the proposed framework for sharing two types of energy, electric and hydrogen, effectively
improves the utilization rate of energy in the region and maximizes the operational economy of energy-
sharing operators, the energy utilization ratio of the whole region is increased by 14.02% compared with
the energy market without hydrogen sharing. Also, the proposed two-level optimal configuration method
is tested, and the case study shows that both of the GWO-SCA and the bi-sectional algorithm applied in
the upper and lower level can achieve the fast solving of the problem, and the calculation speed has

increased by 32.5%. .
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Chapter 5. Conclusion

5.1. Summary of the research works

This thesis mainly focuses on the application of hydrogen energy systems in microgrids and energy
systems, and studies the optimization operation of microgrids containing hydrogen energy storage,
comprehensive energy systems considering electric and hydrogen coupling, and the electricity hydrogen
regional energy market to ensure the stability and economy of the system operation. In addition, it mainly
studies hierarchical energy management, two-stage integrated energy system optimization operation
method based on mixed integer optimization, and energy sharing based on multi energy systems.
Firstly, the research background, the application of hydrogen energy and the current development status
of corresponding technologies, the energy management of microgrids and the optimization operation
status of integrated energy systems, as well as the optimization operation status of the energy market are
presented. Then, a hierarchical energy management strategy considering economy was proposed for DC
microgrids containing hydrogen energy storage, and fair comparison with other strategies has been done.
Subsequently, a two-stage optimization operation method for a comprehensive energy system
considering cogeneration was proposed to address the electrical thermal hydrogen coupling relationship
between fuel cells and electrolytic cells in hydrogen energy systems, and its economic feasibility was
analyzed in detail. Finally, considering the participation of multiple integrated energy systems and shared
energy storage operators in the regional energy sharing market, a shared energy storage optimization
method is proposed. The collinearity and innovation of this thesis work are as follows:

Proposed a hierarchical state machine energy management control based on the minimum utilization
cost. In this method, the cost of energy storage system is reduced. At the same time, the energy storage
level is maintained by adding the state machine control strategy. The proposed control method is divided
into two layers. At the bottom layer, the control of each device is realized separately, and the data from
each power system is sent to the top layer which greatly assists the top layer control system. As for the
top layer, by analyzing data collected by bottom layer, this layer can obtain the best working mode for
each power system. By the coordination work of two control layer, the power of the electric-hydrogen
energy storage system is allocated reasonably in the case of the surplus and absence power of the

microgrid, which realize the optimal control of the cost and the energy storage level of the system.
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Proposed a two-stage optimal scheduling method for CPHH-IES. Due to the variety demands of energy
users, a reliable, efficient and economic IES is needed. Therefore, the concept of CPHH has been
proposed. Considering the power-heat-hydrogen characteristics of fuel cell and electrolyzer, the IES with
CPHH is built. Then, a two-stage IES scheduling method is proposed and operated under a typical climate.
The first stage completes the global day-ahead optimization by using MILP, while the MPC method is
carried out for real-time operation in the second stage. After that, the efficiency, economy and storage
state are discussed in detail which indicate that the proposed method has a lower cost and keep the storage
balance of storage system. Besides, the scheduling results and analysis indicate that the IES proposed in
this chapter is an independent and reliable system. The CPHH system improves the economy of IES with
high efficiency compared with other optional structures.

Proposed a structure and capacity allocation method for SESO on the consideration of the optimal
operation of regional energy market. A SESO operator with both electric and hydrogen sharing
functions is proposed. The capacity and electricity sharing are realized by power lines, while the
hydrogen sharing is accomplished by mobile hydrogen storage. Then a life cycle cost scheme is proposed,
and a two-level configuration method by using GWO-SCA and the bi-sectional algorithm is provided.
Finally, the results are analyzed in detail.

5.2. Future research directions

This thesis mainly studies the optimization operation methods of hydrogen energy in different energy
systems. Although corresponding research has been carried out on simulation and semi physical
platforms, and certain research results have been achieved, the research content of this thesis can still be
further improved. Specifically, future work will mainly focus on the following areas:

1) In this thesis, the energy management of the microgrid studied in semi physical simulation was
modeled as a system mainly based on electricity, and the electrical thermal hydrogen coupling
characteristics of fuel cells and electrolytic cells were not validated in Simulink and semi physical
platforms. In the future, multi energy coupling work of hydrogen energy systems can be carried out
through experiments, and a control method considering waste heat recovery of electrolytic cells and fuel
cells can be proposed.

2) In recent years, with the continuous development of machine learning methods, more and more

powerful algorithms with better optimization effects are emerging. Some studies have applied it to the
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operation of energy systems to optimize system power allocation, and the results are satisfactory.
Therefore, in the future, I plan to conduct research on optimal operation based on machine learning
methods.

3) Although this thesis constructs the electricity hydrogen multi energy market and optimizes the
operation of regional energy markets by considering the sharing of multiple energy sources, the hydrogen
transportation links considered are mainly based on an ideal transportation network, ignoring the impact
of vehicle flow on hydrogen transportation in actual situations. Therefore, in future research, more

detailed research will be conducted on the modeling of traffic flow.
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