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Abstract

Low-pressure metal hydride (MH) hydrogen energy storage is a new developing
technology predominantly present in laboratory scale theoretical and experimental
investigations, having a potential to couple renewable sources of energy (RES) and
fuel cells (FC) in stand-alone generation systems due to the absence of the loss of
capacity and maintenance. This dissertation introduces the tailored design,
development, and experimental investigations of four different energy storage systems
that comprise the foundation for system integration, intermetallic compounds
composition, and heat and mass transfer intensification. The studies presented herein
focus on two experimental systems that function as the foundation for low-pressure
MH energy storage system integration and scalability: 1) the 175 W H2Bio system
with two MH storages 140 | each and 2) the 1 kW H2Smart system, which is the
primary focus of this dissertation, with one 1000 1 MH storage, electrolyzer, and a
PEM FC. These specially designed systems have helped to overcome significant
fundamental limitations associated with heat and mass transfer in a porous
intermetallic compound and thus improve efficiency rate of the system by utilizing
exhaust heat from the FC. In the first chapter, state-of-the-art energy storage systems,
hydrogen storage systems, and MH storage systems are described as well as the
Batamai village case is presented. In the second chapter, an experimental system
H2Bio of the power scale of 175 W is created to overcome initial system integration
difficulties, test the concept, and obtain working regimes. In the third chapter, a novel
energy storage simulation technology integrated into a physical environment is created
to enable physical hardware-in-the-loop tests for a comparative analysis of different
energy storage systems based on the electrical parameters. The fourth chapter focuses

on preliminary kW scale qualitative and quantitative experiments that prove the



possibility of utilizing waste heat from the FC to maintain a desorption process in MH
storage. The fifth chapter highlights the design, development, and system integration of
a 1 kW H2Smart system with the novel type of air-heated MH storage, PEM FC,
electrolyzer, and a regular 220 V output through an inverter. Also, the design,
composition, and PCT diagram investigation of an intermetallic compound suitable for
the design requirements obtained in the previous chapters are presented in this chapter.
The dissertation concludes with an economical comparison of different energy storage
systems suitable for the case of Batamai village, where the advantage of low
operational costs and the absence of memory effect of MH storage systems bring
proposed system to the comparable level of costs with regular Lead Acid batteries over
the 10-15 years period of time. The novel methodologies and experimental systems
described in this dissertation provide an experimental blueprint to help establish a solid
physical/analytical foundation of this environmentally friendly energy storage

technology.
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Introduction

The wind, as a direct motive power, is wholly inapplicable to a system of machine
labor, for during a calm season the whole business of the country would be thrown out
of gear. Before the era of steam engines, windmills were used for draining mines; but
though they were powerful machines, they were very irregular, so that in a long tract

of calm weather the mines were drowned, and all the workmen thrown idle.
William Stanley Jevons, 1865 [1]

In the second half of the 19th century, people could only observe instability issues
accompanying renewable energy sources (RES). Nowadays, it gets more evident that
the technology for RES enters the market and has the potential to play a significant role
in the overall energy production of the future. As an answer to the problem stated by
Mr. Jevons in 1865, replacing fossil fuels with renewables or with the mix of
renewable and nuclear energy sources people strive to solve instability issues by
Energy Storage (ES) systems. Since most of RES are highly dependent on the
uncontrollable external conditions, such as solar or wind, it is important to balance
consumption and production adding some sources of power that can compensate for

the fluctuations.

Current energy storage technology offers a variety of solutions for different situations,
the first chapter of the current thesis starts with a comparative analysis of the energy
storage technology applicable for Microgrids (MG) with an outcome that a case-based
approach is necessary to determine suitable energy storage technology. For the purpose
of this thesis, the description of the case of a typical Far East settlement is presented.
Batamai and many other villages are located outside the centralized grid and
experience high cost of energy due to diesel transportation issues. The first chapter
then continues with a technology concept proposal for the case and current state-of-

the-art in the chosen technology of hydrogen energy storage.

The research presented in this dissertation is a part of a collaborative effort of bringing
metal hydride (MH) hydrogen energy storage systems to the kW scale system
integration level as a viable technology for stand-alone applications where the absence
of the loss of capacity is crucial for the operation. Our research team realized that a
smaller power system must be experimentally tested to prove the proposed concept as

well as to enable the investigation of electrochemical parameters of the hydrogen
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storage reactor, electrical parameters of the system integration, pressure-concentration-
temperature (PCT) diagrams of intermetallic compounds, heat and mass transfer
processes in the reactor and the fuel cell (FC). This dissertation presents four different
experimental systems designed for the aforementioned purposes, primary focusing on
the MH storage system design and development using an experimental approach due to
the limited amount of theoretical information available for kW scale MH storage
system electrochemical parameters. Experimental setups were designed and developed
to test the main elements of the concept, carrying out experimental research of heat and
mass transfer processes in MH porous media during the sorption/desorption of pure

hydrogen, as well as in the presence of impurities in the incoming gas.

The analytical review of modern scientific, technical, and methodological literature
from the first chapter showed that for the conditions of the Far East settlements of
Russia, the utilization of heat losses from the FC for the heat supply of MH reactors,
the efficiency of the use of primary renewable energy can reach 60% and the energy
recovery factor - 35-40%. It was also shown that MH hydrogen systems for storage and
uninterrupted power supply are considered as an alternative to diesel generators and
storage batteries. The primary scientific and technical goal of the project was to
develop a safe low-pressure energy technology for the uninterrupted operation of
stand-alone power generation unit by accumulating energy in hydrogen using
excessive renewable energy and producing electricity in FCs. The first chapter
concludes with goals and technical requirements for the storage system design and

development.

Chapter two starts with the first system integration of the main elements of the
proposed concept: MH storage and the PEM FC. The working regimes are investigated
as well as a significant number of system integration errors and difficulties were
maintained throughout the creation of the setup. Additionally, the chapter discusses the
influence of ambient conditions, such as temperature and relative humidity, on the FC
performance. The system integration points for improvement include (i) the need for
backup supply (investigated in Chapter three); (ii) the presence of additional heat
carrier that limits autonomous application of the technology (the new concept of
internal excessive heat utilization was qualitatively assessed in Chapter four); (iii) the
need for higher power output (new kW scale system was designed and developed in

Chapter five using all outcomes of Chapters three and four); (iv) economical feasibility
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of the concept (assessed in Chapter six).

The structure of the Thesis is presented in Figure 1.

Introduction

'Chapter One: - technical comparison of ES technologies formulated the need for
case-based approach

- case introduction

- technology proposal and state-of-the-art

- goal of the research

| Chapter Two: ‘ - low-power proof of concept

o - the influence of ambient conditions

- need for back-up supply (investigated in Ch.3)

- the presence of additional heat carrier limiting autonomous operation
(qualitatively assessed in Ch.4, heat carrier replaced in Ch.5)

- the need for higher power output (Ch. 5)

Chapter Three: ‘- novel energy storage simulation methodology

'Chapter Four: | |- experimental investigations of an external heat carrier replacement
by excessive FC heat output utilization

'Chapter Five: - design and development of a kW scale system utilizing proposed
concept of external heat carrier replacement
- working regimes of the system

'Chapter Six: - economical analysis and comparison with existing technologies and

practical alternatives
|Conclusion

Figure 1. Structure of Thesis
Chapter three discusses the creation of a novel energy storage simulation methodology
that enables a comparative analysis of the electric parameters of different types of
energy storage systems. The system uses a battery emulator Regatron GSS coupled
with the Triphase controller with integrated current demand from the simulated
storage. For the purpose of this dissertation, four different types of batteries were tested
with current demand from the 175 W PEM FC installed in the first experimental setup.
As the outcome, a Lead Acid battery proved to be a suitable backup supply for the FC.
The created concept gives a unique opportunity for physical testing without an

expensive creation of separate experimental setups for each energy storage system.

Chapter four focuses on preliminary investigations of a kW scale hydrogen storage
system. The experiments included internal and external temperatures measurement
inside and outside the FC, the qualitative investigation of the hydrogen flow level

during the desorption process maintained by an exhaust heat simulated to the
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parameters of a real 1 kW PEM FC output heat.

In chapter five, the proposed technology is proved to be feasible for the design of
hydrogen energy storage systems. The experimental setup H2Smart can be used to
demonstrate the performance of the technology (as a proof-of-concept) for further
commercial development. It can also serve as experimental equipment for research and
development, a pilot zone for the development of regulatory and methodological

documentation, and educational process equipment.

In chapter six, a financial analysis of the 30 kW system installed in the case of Batamai
village shows that the absence of capacity loss and maintenance for MH systems brings
the OPEX of the proposed systems to the comparable level with the same capacity
Lead Acid batteries in a 10-15 year timeframe. Also, capital investments in MH

hydrogen storage systems can reach 50-60 $ / kWh.

Experimental investigations have also proved that each hydrogen absorbing material
needs to have experimental investigations due to the absence of proper modeling of

fine disperse beds with chemical characteristics.

This dissertation, however, does not include theoretical investigation of the challenges
but willingly focuses on the strategies of overcoming these challenges from one
experimental setup to another, and provides valuable experimental insight to aid
ongoing theoretical and experimental efforts towards transforming this laboratory level

technology into real-world application.
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Chapter 1  Energy Storage (ES) technologies and Case-based approach

Microgrid (MG) plays the role of the small electric power system that can be both
interconnected with the utility grid as well as operate autonomously (island mode)
[2],[3]. It usually consists of multiple energy sources, customers and energy storage
units. When running in an islanded mode possible malfunction of an energy source will
cause immediate active and reactive power shortage, which must be instantly
compensated. ES technology for MG lowers the level of power fluctuations and deals
with imbalance challenges between the demand side and the supply side. ES is the
process of converting electrical energy from a power network to the form of energy

that can be stored and easily converted back to the network when needed [4].

Electrical energy can be converted to many different forms of storage [5]: gravitational
potential energy with water reservoirs, compressed air, electrochemical energy in
batteries and flow batteries, chemical energy in fuel cells, kinetic energy in flywheels,

magnetic field in inductors, electric field in capacitors.

Ever increasing reliance on electricity in industry, commerce, and home, power quality
requirements, and the growth of RES brought technological development of ES to a
new level. Many scientists reviewed the great variety of ES technologies, including
Ibrahim et al. [6], Chen et al. [7], Huggins et al [8]. The necessity of such systems
especially highlighted when an isolated area can not connect to the grid and has an
intermittent energy source. Many examples of hybrid ES systems for residential MG
are shown in the literature, with one of the most recent publications by Traore [9].
Additionally, Edison Electric Institute in 2017 released a report on different ES
technologies [10], including pumped hydro, batteries, compressed air energy storage
(CAES), thermal, etc. The report states that even in 2017 pymped hydro in US
accounts for 95% of the installed storage capacity with thermal storage in the second

place [11].

Current chapter starts with introducing great variety of ES technologies and functions
with a note on latest developments in the field from systematic point of view. Then
continues with techno-economic comparison of different ES technologies and
concludes that a case based approach is necessary. In the section 1.5, a case of a small
village in Yakutia is presented as a reference and a real pilot settlement for the

introduction of RES, however, current thesis and research is dedicated for the
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development of a technology feasible for application in many villages like the one
presented. Following sections of chapter 1 propose an ES technology and introduce
state-of-the-art in the chosen technology. The chapter concludes with the formulation

of goals for the research.
1.1 ES as an essential part of each step in traditional electricity value chain

Due to the producer-consumer system that always goes in one direction the electricity
must be fully used when produced. The demand, on the other side, varies every hour,
every day, and every season. In order to meet short seasonal demand, large power
plants are designed to meet peak level requirements and run inefficiently for the rest of
the operational time. If energy storage is available for peak hours, power plants can
operate on an average electrical demand level. That means that ES can follow the load
changes, meet the peak hours, and work as a standby reserve. Thus, it enters the value
chain of the electricity network and brings clear benefits. Electricity value chain has
five components: energy source, generation, transmission, distribution, and customer-
side energy service. Clear definition of the role of ES can be determined from an

assumption that it is a separate sixth part of the chain.

In this case, it is a complex task to determine whether it should be connected in parallel
to an energy source or included to the distribution line close to the consumer side for
balancing the load. ES is the technology that is designed to be used in various
applications and different ways, which is why it is not the sixth component of the value
chain but an essential part of every step (depending on individual cases) as shown in
Figure 2.

Energy Storage Grid applications

|
[ [ [

Renewable energy
Commodity arbitrage
Transmission support
Distribution deferral
Power quality

DG support

Off-grid

Figure 2. Applications of ES on the grid [13]
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Primary functions of ES suitable for each of the five steps of electricity value chain
form a broad range of possible applications [2]-[4], [6]-[14]. One of the examples of
generation step applications is commodity storage that stores bulk energy generated at
night and uses it for the peak demand periods during the day. It also allows arbitraging
a production price of the two periods and uniforms load factor for the generation,
transmission, and distribution systems. Other examples of generation step applications
include contingency service for compensating power facility falls, area control for the
prevention of unplanned transfer of power, frequency regulation for maintaining a state
of frequency equilibrium during regular and irregular grid conditions, and energizing
transmission system or assisting other facilities to start-up and synchronize to the grid.
During the step of transmission and distribution, ES can ensure system stability by
maintaining a synchronous operation of all components. Also, ES can stabilize voltage
between each end of all power lines or eliminate additional transmission facilities to

save capital that otherwise goes underutilized for years.

On the side of a customer, ES ensures energy service by shifting energy demand to
reduce charges, eliminates secondary oscillation and disruptions, and bridges power
during the times of disruption. For renewable sources of energy, ES can mitigate power
delivery constraint present after insufficient transmission capacity. However, more
importantly, ES can shape energy curve to fit the needs of a consumer. ES stores
energy during the off-peak time of the day and discharges during the hours of
maximum consumption when energy production from renewable sources is not
available. ES can also meet shorter-term needs of the consumer by mitigating shortfalls
in wind energy generation, supporting grid frequency during sudden decreases in wind
generation, and suppressing fluctuations by absorbing and discharging energy during

small variations.

ES has a broad range of different functions for all the major parts of an electricity
value chain. As well as these functions, ES has a great variety of different technologies
that form a complex task of finding a proper ES technology suitable for each case.
Scientists and companies are often limited to the ES systems they research and work

with, eliminating themselves from the great variety of other ES systems available.
1.2 MicroGrid-based applications benefiting from ES systems

Even though there are some similarities between ES systems for grid applications and

19



ES systems for MG applications they have fundamental differences as ES plays an
essential role in MG. It maintains stability, integration of RES and power quality. ES is
profitable to use in MG due to small capacity and small investments, besides that, MG
benefits from using ES in the following ways: short term power supply, facilitating
integration of RES, arbitrage, optimization of microsource in MG, power quality

improvement.

“Energy buffer” concept has many similarities in the way grid-scale ES systems work
towards integration of RES. In the Figure 3, a PV plant performance with the NaS
battery storage is shown [15], without ES, the power output would not be stable.
However, in order to use ES as RES integration tool, the technology must develop
towards the immediate start and fast response time of ES. Many countries have
different tariffs for peak and outside of peak hours. It is a great investment potential for
ES start-ups to buy energy when peak hour is not present and to sell it back when the
peak is reached. However, it is still extremely challenging to perform this investment

as the ES system installation and maintenance costs are still considerably high.

Power[kw] Battery Soc [%)]
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Figure 3. Performance of a PV plant with ES [15]: blue line is battery power, red line is
PF output, black line is the output for the grid, green line is a SOC of the battery

Besides failures in the grids, there is an abnormal operation that might appear in the
MG among the DG units. If some of the DG is experiencing shortage or fuel losses or

low fuel pressure rates, ES will play a role of standby microsource to keep the level of
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output power at the expected value. Since MG might be integrated into the utility grid,
high power quality is needed. ES works as the regulator to provide specified active or
reactive power for customers. For example, supercapacitor or FESS can resolve

transient issues like system failures very fast.

Possible ES integration configurations include two ways: aggregated and distributed.
In the Figure 4, all of the ESs are kept in one place, and the whole system integrated to
MG as one piece. All the capacity can be used to balance power flow fluctuations
[16,17]. It proved to show better performance over distributed ESs having the same
capacity. Aggregated ES configuration connects to AC bus of an MG through an
inverter. For an FES unit charging and discharging power by an induction machine at a
variable speed, an AC/DC/AC converter interface is thereby compulsory, while for a
SMES unit or capacitor storage, a DC/DC chopper is required before the voltage
source converter (VSC) [18].

F— kg

Load Load
9 Main grid Distributed ESS

Main grid

%)

—* L (D0)
Aggregated ESS Distributed ESS

Figure 4. Typical aggregated (a) and distributed (b) ES configuration [16,17]

However, the capacity increase for aggregated ESS is associated with an increased
capital costs. Thus, the advantages of distributed ESS are also significant due to being

more flexible, efficient and easier to manufacture.

The optimization of the performance and the reduction of cost are less complex while
distributed energy resources (DER) and ES pair is connected separately to the MG.
The configuration of these pairs is also simpler as there is only one type of source.
However, the power produced by the DERs has to be carried by the transmission lines
before being stored in ESS. Though the power electronics interfaces might be

individually optimized for both DER and ES, the storage will still experience losses. In
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future MG, a mixture of the aggregated and distributed ES systems would be a

preferable solution.
1.3 Advances and issues of ESS
1.3.1  Optimization issues (modeling and software)

Recent 20 years break-through in IT technology, such as modeling software and tools,
made it possible to try most of the ideas in the digital world before going to the real
testing mode. However, the field of ES still lacks necessary optimization tools and
software. One of the most significant points to develop ES modeling further is the fact
that little investigation is done in the field of mutual effects from ES to MG and back.
The models might also work on the impact ES makes in the overall cost (both
installation and maintenance), emissions, materials, efficiency, system lifetime, cycle
life, etc. Models should also demonstrate an ES performance under varying load

conditions, critical situations included.

Currently, there are both non-commercial and commercial models available; some
typical non-commercial models include HOMER; ReEDS; NEMS; RETScreen, and
EnergyPlus. Commercial models include GE MAPS; the Ventyx-ProMod and System
Optimizer; Power World; Energy2020; IPM, and Dynastore [16]. By comparison, no
model or software package could combine all of the characteristics to assess energy
storage in the smart grid. Additionally, no model is specifically focused on the issues
of optimization of storage. They are used for calculating system capacity, transmission

modeling, and generation source placement.

Many available algorithms and models aim to predict ESS performance and lifetime,
but these models still need to be further verified [19],[20]. For example, to evaluate the
reliability of ESS, a system risk model must be established before the system can be
quantitatively assessed with appropriate risk indices. The risk indices, such as loss of
load expectation and loss of energy expectation [19], must be carefully chosen and
quantized. So the modeling task is not just confined to ESS itself but a systematic

methodology, involving accurate modeling and software analysis.

Maxwell Technologies and Ansoft have jointly developed a model of the
supercapacitor for the Ansoft product Simplorer. EPRI has funded Power Technologies
International to develop SMES and battery models for PSS/E. EPRI has also produced

a bespoke model for evaluating the benefit of employing energy storage called
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DYNATRAN (Dynamic Analysis of Interconnected Systems with Energy Storage),

which uses Monte Carlo simulation to study unit commitment/dispatch [20].

The state-of-the-art simulation tools applied in feasibility studies worldwide include
ES-Select, PLATOS Hybrid2, Homer, IPSYS and MATLAB/Simulink, and other. For
example, ES-Select is a sophisticated, highly interactive, decision-support model that
handles uncertainties in cost, benefits, efficiency, cycle life, and other parameters [21].
PLATOS has been developed to optimize the application of storage systems in
electrical distribution networks with distributed energy resources [22]. Having diverse
options, ES field still has no full ES environment model where all the existing
technologies could be modeled manually solving a complex issue of sizing and

locating ES in the MG.
1.3.2 Hybrid ES

Many ES technologies have different characteristics. Combination of the advantages of
the few ES technologies successfully overcomes disadvantages of a specific
technology. Few hybrid structures were presented and tested, some of them include a
battery with EDLC, FC with battery or EDLC, CAES with battery or EDLC, battery
with FESS and a battery with SMES. A hybrid ESs coordinated together with DGs in
the MG will give higher efficiency than in the separate operation. However, hybrid ES
requires a careful configuration and control (charge/discharge control, power flow
optimization, etc.) otherwise the possibility of an unbalanced effect on MG occurs.
Currently, an “if-then-else” strategy is widely used in engineering design, while
cascaded control, fuzzy control, and knowledge-based advanced control are still under

research [23].
1.3.3 Smart ESS

There is no clear definition of Smart storage, though some researchers describe smart
storage system as the system with Stochastic Source Module, Short Term Storage
Module, and Medium/Long Term Storage Module [24]. This definition aligns with the
definition of Hybrid ES thus needs to be revised. Expectations towards Smart ES
include power electronics interfaces, high efficient energy management systems,
control systems, HMIs (human machine interface), and communication interfaces for
interconnection with upper controllers, all of these technologies are expected to be

incorporated [25]. Also, flexibility and “plug & play” equipment with PC are needed.
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The system proposed by the U.S. DOE Solar Energy Program [26], which includes
inverters, energy management systems, control systems and provisions for ES, can be

called as a first “Smart ES rudiment” [23].

Correct integration of ESs with other smart grid devices, such as FACTS (Flexible AC
Transmission Systems) and DERs, can provide independent active and reactive power
absorption into the grid or injection to the grid, which leads to an economical and
flexible transmission controller [18]. The independent control of power with an
ESS/FACTS system makes it an ideal candidate for many types of power system
applications, including voltage control and oscillation damping [23]. FACTS being
integrated with ESS becomes an enhanced ESS equipment to provide advanced power

regulation.
1.4 Comparative analysis of ES technologies
1.4.1 Technical maturity

PHS and lead-acid battery are mature technologies and have been used for over 100
years. CAES, NiCd, NaS, ZEBRA Li-ion, Flow Batteries, SMES, flywheel, capacitor,
supercapacitor, AL-TES, and HT-TES are considered as technologies in the developed
stage, which means that they are technically developed and available on the
commercial market. However, the number of large-scale applications of these
technologies are still insufficient in number. The issues of reliability are still open for

the electricity industry [7],[27]-[43].

The rest of the technologies, such as Solar Fuel, CES, Metal-Air battery, and Fuel
Cells [35],[37]-[42], are currently under development. They are not fully present on the
market regardless of the investigation level of various institutions. These technologies
still have some potential to lower energy costs and mitigate environmental concerns in

the future.
1.4.2  Power scale and discharging time

The power ratings of various ESS are compared in Table 1. The ESs can be divided
into three categories based on their applications: energy management, power quality,

bridging power.

CAES, CES, and PHS are more suitable for energy management purposes in the scales

above 100MW of power output [7],[30],[42]; they can serve for load leveling,
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ramping, spinning reserve. Large batteries, flow batteries, fuel cells, solar fuels, CES

and TES, are suitable for medium scale applications in the range from 10 to 100 MW

[31],[35],[39]-[43].

Power quality issues, such as instantaneous voltage drop, short duration UPS, require a

high-speed response (sometimes, milliseconds). Flywheel, batteries, capacitors, SMES,

and supercapacitors ensure fast response [27],[29]-[31]. These types of applications

usually do not exceed 1 MW.

Batteries, flow batteries, fuel cells, and Metal-Air cells have both a relatively fast

response (<1 s) and a long time of discharge (hours) [27],[28],[33]-[35]. Therefore,

they can be used for the bridging power. The scale of such applications typically in the
range of 100kW to 10 MW.

Table 1. Comparison of technical characteristics of ES systems [7]

Systems Power rating and discharge time Storage Capital cost

duration

Power rating Discharge time Self discharge Suitable storage $/kwW $/kWh cent/kWh-Per

per day duration cycle
Fuel cells 0-50 MW Seconds-24 h+ Almost zero Hours-months 10,000+ 6000-20,000
PHS 100-5000 MW 1-24 h+ Very small Hours-months 600-2000 5-100 0.1-1.4
CAES 5-300 MW 1-24 h+ Small Hours-months 400-800 2-50 2-4
Li-ion 0-100 kW Minutes-hours 0.1-0.3% Minutes-days 1200-4000 600-2500 15-100
Lead-acid 0-20 MW Seconds-hours 0.1-0.3% Minutes-days 300-600 200-400 20-100
NiCd 0-40 MW Seconds-hours 0.2-0.6% Minutes-days 500-1500 800-1500 20-100
NaS 50 kW-8 MW Seconds-hours ~20% Seconds-hours 10003000 300-500 8-20
ZEBRA 0-300 kW Seconds-hours ~15% Seconds-hours 150-300 100-200 5-10
Metal-Air 0-10 kW Seconds-24 h+ Very small Hours-months 100-250 10-60
VRB 30 kW-3 MW Seconds-10 h Small Hours-months 600-1500 150-1000 5-80
ZnBr 50 kW-2 MW Seconds-10 h Small Hours-months 700-2500 150-1000 5-80
PSB 1-15 MW Seconds-10 h Small Hours-months 700-2500 150-1000 5-80
Solar fuel 0-10 MW 1-24 h+ Almost zero Hours-months - - -
SMES 100 kW-10 MW Milliseconds-8 s 10-15% Minutes-hours 200-300 100010,000
Flywheel 0-250 kW Milliseconds- 15 min 100% Seconds-minutes 250-350 1000-5000 3-25
Capacitor 0-50 kW Milliseconds - 60 40% Seconds-hours 200-400 500-1000

min
Super- 0-300 kW Milliseconds - 20-40% Seconds-hours 100-300 300-2000 2-20
capacitor 60 min

AL-TES 0-5 MW 1-8h 0.5% Minutes-days 20-50
CES 100 kW-300 MW 1-8h 0.5-1.0% Minutes-days 200-300 3-30 2-4
HT-TES 0-60 MW 1-24 h+ 0.05-1.0% Minutes-months 30-60

1.4.3 Storage duration

Among significant characteristics of ES technologies, every day self-discharge is a

limiting factor of energy storage. Table 1 illustrates that Fuel Cells, Metal-Air Cells,

solar fuels, CAES, PHS, and flow batteries can be used for long periods of storage due
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to very low energy dissipation on a daily basis. For the period that does not exceed ten
days NiCd, Li-ion, TESs, Lead-Acid, and CES are the better option with a medium
level of self-discharge [32],[33],[42],[43]. NaS, ZEBRA, SMES, capacitor, and
supercapacitor have a very high self-charge ratio of 10-40% per day. They can only be
implemented for short cyclic periods of a maximum of several hours. High working
temperatures can explain high self-discharge rates of NaS and ZEBRA as they need to
maintain self-heating through the use of stored energy [7].

Shortest reasonable period of storage does not exceed tens of minutes for flywheels.

They discharge all the amount of stored energy within a day.
1.4.4 Capital cost

Capital cost is one of the major factors for ES systems to enter an industrial market.
Capital cost is shown in Table 1, in the following dimensions: cost per kWh, per kW
and per kWh per cycle. All the costs per unit energy are shown in the table. The
division used the storage efficiency to obtain the cost per output (useful) energy. The
cost per cycle is obtained using the cost per unit energy and the cycle life. It is one of
the practical ways to evaluate the cost of energy storage in the situation of frequent

charging and discharging regimes.

The capital cost of lead-acid batteries is comparatively low. However, they are not the
least expensive possibility for energy management applications because they have a
short life cycle for this type of use. In this type of calculation, the costs of maintenance,
disposal, and operation are not considered due to a low amount of available

information for the emerging technologies.

The division, shown in Table 1, shows that CAES, Metal-Air battery, PHS, TESs, and
CES are in the low range of the capital cost per kWh. While the Metal-Air batteries
show high energy density and relatively low cost they have an unsatisfactory life cycle
and are currently under development. Speaking about more developed technologies,
CAES has the lowest capital cost compared to all the other systems. The capital cost of
batteries and flow batteries is still higher than the break-even cost upon the PHS, but
the difference is slowly closing. For high power and relatively short working time
applications the SMES, flywheel, supercapacitors, and capacitors are the best option
due to cheap high output power even though their storage energy capacity is more

expensive. PHS and CAES show the lowest costs per cycle among all the ES
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technologies. Batteries and flow batteries have higher costs per cycle, but the decrease
in the latest is expected with the development of the technologies. CES considered as a
promising technology with some potential for lowering cycle costs, but it is not yet
present on the market. Among the highest costs per cycle are the fuel cells and no
information is available to estimate these costs for the solar fuels as they are at the

development stage.

It is also useful to highlight that capital cost of different energy storage technologies
and systems can differ from current estimations predominantly due to recent

breakthroughs, system building locations, countries, sizes of the system.
1.4.5 Efficiency issue

The cycle efficiency is the ‘‘round-trip” efficiency defined as g = Eq,¢/Eip, with g,
Eout and Ej, being the cycle efficiency, electricity input and electricity output,

respectively. The self-discharge loss during the storage is not considered. Regarding

efficiency, ES systems can be divided into three big groups:

SMES, flywheel, supercapacitor, and Li-ion battery have a very high cycle efficiency
of > 90% [27],[29],[30],[33]. PHS, CAES, batteries (except for Li- ion), flow batteries
and conventional capacitor have a cycle efficiency of 60-90% [7],[28],[30],[31].
Storing electricity by compression and expansion of air is more often less efficient than
pumping water, since rapid compression increases the temperature of gas, increasing
its pressure thus making further compression more energy- consuming. Hydrogen,
DMFC, Metal-Air, solar fuel, TESs, and CES have efficiency rates less than 60%
predominantly due to large losses during the conversion from the AC side to the
storage system [35],[43]. Hydrogen storage of electricity has relatively low energy
efficiency (20— 50%) due to the combination of electrolyzer efficiency and the
efficiency of re-conversion back to electricity. There is a trade-off between the capital
cost and round-trip efficiency. Low capital cost with a low efficiency can compete with

high cost and high-efficiency level.
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Table 2. Comparison of technical characteristics of ES systems 2 [7]

Systems Energy and power density Life time and cycle life Influence on environment
Whikg Wikg Wh/L W/L Life time Cycle life Influence  Description
(years) (cycles)
Fuelcell  800-10.000 500+ 500-3000 500+ 5-15 1000+ Depends on the fuel
PHS 0.5-1.5 0.5-1.5 40-60 Negative ~ Destruction of trees and green land for building
the reservoirs
CAES 30-60 3-6 0.5-2.0 20-40 Negative  Emissions from combustion of natural gas
Li-ion 75-200 150-315 200-500 5-15 1000-10.000+
Lead-acid  30-50 75-300 50-80 10-400 5-15 500-1000 Negative ~ Toxic remains
NiCd 50-75 150-300 60-150 1020 2000-2500
NaS 150-240  150-230 150-250 10-15 2500
ZEBRA 100-120  150-200 150-180 220-300 10-14 2500+
Fuel cell  800- 500- 500-3000 500- 5-15 1000+ Depends on the fuel
10.000
Metal-Air  150- 500-10,000 100-300 Small Little amount of remains
3000
VRB 10-30 16-33 5-10 12,000+ Negative  Toxic remains
ZnBr 30-50 30-60 5-10 2000+
PSB - - - 10-15
Solar fuel 51288 000 500-10,000 - - Benign Usage and storage of solar energy
SMES 5- 500-2000 0.2-2.5 20+ 100,000+ Negative Strong magnetic fields
1000
4000
Flywheel ~ 10-30 400-1500 20-80 1000- 15 20,000+ Almost
2000 none
Capacitor  0.05-5 -100.000 - 100,000+ 5 50.000+ Small Little amount of remains
Super-cap 2.5-15 500-5000 10-30 100,000+ Small Little amount of remains
AL-TES  80-120 80-120 10-20 Small
CES 150-250 10-30 120-200 20-40 Positive Removing contaminates during air liquefaction
HT-TES  80-200 120-500 5-15 Small

1.4.6 Energy and power density

The power density (W/kg or W/liter) is calculated by the output power divided by the
volume of the storage. Moreover, the energy density equals to stored energy divided by
the volume. In Table 2, the FC, Metal-Air battery, and Solar fuels have a notably high
energy density (typically 1000 Wh/ kg), although, as mentioned above, their cycle
efficiencies are quite low. Batteries, TESs, CES, and CAES, have medium level energy
density [7].

The energy density of PHS, SMES, Capacitor/supercapacitor, and flywheel are below
30 Wh/kg, which puts them in the lowest positions. Nonetheless, the power densities of
SMES, capacitor/supercapacitor, and flywheel are very high which is suitable for some
applications with significant discharge current and realtively fast response. Li-ion and
NaS have higher energy density compared to other conventional batteries. The energy
density of flow batteries is slightly lower than those of conventional batteries. Also,
there are differences present in the energy density of the ESS made by different

manufacturers but representing the same type of ES.
1.4.7 Lifetime

Lifetime and cycle life for various ESs are compared in Table 1. The cycle lives of ES

systems with electrical technologies are very long, usually greater than 20,000.
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Examples include SMES, capacitor, and supercapacitor.

Thermal and mechanical energy storage systems, including CAES, flywheel, PHS, AL-
TES, CES, and HT-TES, also have long cycle lives. Since these technologies base on
conventional mechanical engineering, their life time is limited by the life time of the

mechanical components.

The cycle abilities of batteries, flow batteries, and fuel cells do not show high results as
chemical processes affect operating time. Some of the technologies, for example, a

Metal-Air battery has only few hundred cycles, and it needs to be further improved.
1.4.8 Influence on the environment

Regarding positive influences, solar fuel and CES are on the front of the technologies.
Solar fuels produce electricity from renewable energy and store it in hydrogen, which
decreases the use of fossil fuels. CES removes contaminates during the charging

process of liquefaction, which mitigates the results of the burning of fossil fuels.

PHS, CAES, batteries, flow batteries, fuel cells and SMES have negative influences on
the environment due to different reasons [29],[31],[34],[35]. The construction of PHS
systems inevitably involves the destruction of trees and green lands for building
reservoirs. This type of construction changes the local ecological system, which may
have environmental consequences. The major drawback of PHS lies in the scarcity of
available sites for two large reservoirs and one or two dams. CAES is based on
conventional gas turbine technology and involves combustion of fossil fuel hence
emissions can be an environmental concern. Also, a great limitation of the available
landscape possesses the main disadvantage for CAES as it is only economically
feasible for power plants with rock mines, salt caverns, aquifers or depleted gas fields
in the close distance. In addition, CAES is not an independent system and has to be

associated with a gas turbine plant.

Batteries and flow batteries have toxic remains/wastes. The major environmental of the
implementation of SMES is a strong magnetic field that can be harmful to human
health. Other ES systems have relatively small influences on the environment, as they

do not involve fossil combustion, landscape damage, and toxic remains.

To sum up, energy storage technologies cover a wide range of different criteria that
differ from case to case: power scale, discharge time, self-discharge, capital and

operational costs, efficiency, energy and power density, environmental effect. The
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choice of energy storage technology must be conducted on a case-to-case basis. The

case that initiated this thesis is described below.
1.5 Case description: power production in Far East Settlements of Russia

More than 900 settlements in Russia are not connected to the centralized grid. These
settlements are powered up by diesel engines built in the last century. The cost of one
kWh is high due to diesel fuel transportation costs, which normally occurs only in the
winter period, as there are no roads except for winter trails upon frozen rivers, and low
efficiency rate of these engines. It is needed 30 times more Russian rubles to generate
1 kWh than the average in Russia, and this price difference is fully subsidized from the
state budget. The need for sustainable energy in these areas is estimated at 2,54 bln
kWh per year [44]. According to the solar energy potential map, most of the
decentralized areas have 3,5 to 4,5 kWh per m2/day [45].

Typical daily load of a small town (Figure 5) from this area has been studied in order
to identify the peak consumption for the periods of maximum load. This case
particularly describes Batamai town with the population of 233 people, located at
63°31°00”’N 129026’00”’E. Maximum daily load reaches 65-70 kW, minimum - 3 kW.
In the Figure 5, only January and October daily loads are shown due to the presence of

peak consumption rates during these months.
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Figure 5. Batamai village demand (January 3 days, October 3 days) [46]
The replacement of diesel engines with autonomous power generation systems that
include solar panels and energy storage systems has an opportunity to reduce the price

for energy in these regions. A system of solar panels was installed in Batamai town

(Figure 6).
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Figure 6. Batamai village solar PV system [47]

The installed system consists of 52 units of JRM-195 solar PVs (China) covering
10140 W, 73 units of FSM-230 (Russia) covering 16790 W, 13 units FSM-250
(Russia) covering 3250 W, 120 units of ECS-250M60 (China) covering 30 000 W.
Besides solar PVs, 3-phase invertors 10 kW each were installed in the following
quantity: 3 units of SMA Sunny Tripower STP 10000TL-10 (Germany) and 3 units of
SMA Sunny Tripower STP 10000TL-20 (Germany) [47].

As the result of installation, solar panels in different years were installed in different
capacity, steadily growing to reach 60 kW of total capacity installed. In the years 2011-
2014, 132,100 kWh of electricity was produced, saving 40.43 tons of diesel, and, as a
result, saving 1,541,800 rub. The year 2015 alone had 48,840 kWh of produced
electricity, saved 14.45 tons of diesel and 584,010 rub [47].

Table 3. Electricity production from solar panel PVs in Batamai town [47]

Electricity Diesel fuel saving, | Savings,
generation, tons thousand rubles
thousand kWh

2011-2014 132.10 40.43 1,541.80

2015 48.84 14.45 584.01

2016 (10 months) 49.00 13.62 593.59

Total: 229.94 68.50 2,719.40
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If energy storage systems would be installed together with solar panels in the cities like
Batamai, the higher diesel engine replacement percentage could be achieved. The
proposed technology should function as an energy storage technology to be coupled
with solar panels. Prefferably, the proposed concept should have a modular design as
villages across far east settlements can differ in number and load needs. Additionally,
the concept should be easy-to-use “black box” solution to avoid high maintenance cost
and high qualification needed from the personnel. In the next subsection, a proposed
technology will be compared to existing solution of diesel engines and another

proposed technology — lead acid batteries.
1.6 Proposed ES technology

Since the limitation of a specific case of Far East Settlements in Russia includes the
low availability of engineers to provide maintenance and higher reliability risks, the
proposed technology has both low maintenance need and higher reliability compared to
diesel engines. Additionally, compared to battery systems, proposed hydrogen energy
storage (Figure 7) has no loss of capacity over time and stable to temperature
differences. It is easily scalable as it can be designed in modules. Even though capital
costs are high at this stage of research and development, present thesis aims to make a
step towards connecting laboratory discoveries to practical applications through the

creation of full cycle system prototypes of different scale.
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Figure 7. General Idea of the proposed technology
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In the variety of fuel cells, the case of Far East settlements of Russia again provides
limitations that a fuel cell needs to have working regimes at the near ambient
temperatures, eliminating high-temperature fuel cells (SOFC, PAFC, MCFC). PEM
fuel cell has high maneuverability characteristics. It can be integrated to modular
design of a proposed technology as different sizes of settlements have different
demand and cannot afford to have different solutions for each settlement separately.
There is also a very low environmental intrusion due to the byproducts produced with
the absence of combustion and vibration, with no moving parts and working in silence.
PEM fuel cell proved to be reliable also in terms of the development of technology
with the presence of commercial products and being present on the market as a back-

up power supply for a long time.

Theoretically, a solution with low temperature MH storage system with an air-cooled
PEM fuel cell for kW scale stationary application has been proposed [48],[49]. The
system has zero CO2 emissions, low operational costs (OPEX), and no loss of capacity
over time compared to batteries. Even though the capital costs (CAPEX) are still
hardly comparable with the same cost category for batteries, the research in [50] shows
that the operation period of 10 years and higher make it considerable for the proposed
system to be investigated. In the proposed scheme, hydrogen energy storage
technology is a so-called “green” technology. The variety of different hydrogen storage

system is investigated in the next section.
1.7 Hydrogen storage technology

A critical component of the development of hydrogen energy and hydrogen economy
is the search for economically justified methods for storage and transportation [51]-
[56]. Principal concerns of hydrogen usage are regarding the low density (0.0899 kg /
m3), the low temperature of liquefaction, high explosiveness, an adverse effect on the
properties of structural materials [57],[58]. Currently, a case-based approach is applied
to the hydrogen technology justification. For example, transport applications [59],[60],
where mass characteristics are a limiting factor, the high-pressure tank system is the
best choice, and for stationary applications, cryogenic or underground storage is more
suitable, depending on the scale of the project. Depending on the physical essence,

hydrogen storage technologies include [58],[61]:

- physical methods;
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- adsorption;
- chemical methods;
- in the form of metal hydrides or intermetallic compounds (IMC).

For an effective fuel supply system for an FC, these technologies need to be compared
from the viewpoint of the operating conditions (temperature, pressure) and the
possibility of synthesizing hydrogen-containing materials that are sufficient for

specified amounts of hydrogen storage.

1.7.1 Physical methods of hydrogen storage

The most traditional method of hydrogen storage is the storage in a gaseous state in the
cylinders of standard pressure and volume (40 liters, 15.0 MPa). The process does not
have sufficient differences from the storage and transportation methods of other gases.
Additionally, gasholders, natural and artificial underground reservoirs are also used
[62]. To increase the efficiency of this technology the hydrogen pressure needs to be
increased as well. Modern high-pressure composite cylinders allow 6% mass content
of hydrogen and higher (pressures up to 70 MPa) (Figure 8). Various types of
hydrogen storage cylinders present different mass content and bulk density

characteristics [61].
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Figure 8. 700 bar hydrogen storage type IV vessel; mass: 28 kg, storage capacity
5.2%wt (21°C)

The disadvantages of this technology include hydrogen corrosion of structural
materials and the need for expensive hydrogen compression, which is a complex
procedure due to a high leakage rate of hydrogen through movable seals. Also, the
safety issues of such systems present difficulties for the technology to be utilized on

the market, especially in transport applications.
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The storage of hydrogen in the liquid state is characterized by a high mass density at a
bulk density of 70 kg / m3 as the process requires the pressure level equal to or slightly
higher than atmospheric pressure with no need for increased strength characteristics of
the tanks. However, the energy costs for liquefaction and losses due to the Roth-para
conversion [58] and heat influx to the cryogenic vessels make the application of this
technology economically viable for the large volumes only, for example, in the space

industry.
1.7.2  Adsorption methods of hydrogen storage

Adsorption methods of hydrogen storage are associated with the interaction of
hydrogen with the surface of the adsorbent [61]-[63],[64] using van der Waals forces.
This interaction is considered to be weak. It extends to one monolayer depth for the
temperatures above critical (32.98 K at 1.31 MPa). Therefore, hydrogen storage

materials must have a high specific surface (Table 4).

Table 4. Adsorption of hydrogen by carbon nanomaterials and zeolites [65].

Formal surface, | Absorption H2,%wt | Adsorption
Material m2/g conditions
Carbon nanofibers | - 0,7 20°C, 10 MPa
Carbon nanofibers | 1758 3,5 77,3 K, 0,8 MPa
+ liquid crystals
Single-walled 2560 4.5 77K, 0,1 MPa
nanotubes - 0,5 25°C, 0,1 MPa
Multi-walled - 2,27 77K, 10,3 MPa
nanotubes - 0,3 25°C, 10,61 MPa
ZSM-5 - 0,7 77K, 0,1 MPa
NaY 725 1,8 77K, 1,5 MPa
CaX - 2,19 77 K

Zeolites are characterized by the low values of hydrogen storage capacity, particularly
at the room temperatures. It explains their inability to compete on the market of

hydrogen storage systems.

In [66]-[70], high hydrogen sorption capacity of activated carbons was reported to
reach up to 10 + 13%wt at 77 K and 5.5 MPa. The higher capacity of carbon nanotubes
and nanofibers was noted in [71],[72]. However, these studies were not sufficiently
reliable and did not proceed beyond experimental results. In [73],[74], well-qualified
carbon nanomaterials suggest that the initial optimism regarding their use for hydrogen
storage systems is unjustified. Figure 9 presents the results of electrochemical

measurements [63],[64] of the reversible hydrogen content versus the specific surface
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area of several samples of carbon nanotubes and graphite with a high specific surface.
Figure 9 also presents theoretical limits for the mass content of hydrogen in carbon

nanotubes (3% mass content at a specific surface of 1315 m2 / g and a temperature of
77 K).

Recently, high-porosity organometallic frameworks (MOFs) with a high specific
surface area (up to 3000 m2 / g) became interesting for the researchers [65],[75],[77].
MOFs represent a new class of polymeric materials, the structure-forming elements of
which are mononuclear or polynuclear coordination centers in the form of ions of

metals, bound by organic fragments.
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Figure 9. Reversible hydrogen content depending on the specific surface of several
samples of carbon nanotubes (circles) and graphite (squares) with a high specific
surface (measured at 77 K [64]), line - approximation for graphite, points - calculation
of the amount of hydrogen in a monolayer on the surface of the substrate.

An important difference between organometallic scaffolds and other porous carbon
materials and zeolites is the absence of a linear relationship between the hydrogen
storage capacity and the specific surface area. The real contribution to adsorption is not
made by the formal specific surface but by the total volume of micropores [78],[79].

The main advantage of such systems is the variety of possibilities for synthesis with
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predefined parameters by varying the properties: volume and pore diameter, the
polarizability of the organic fragment, the selection of inorganic secondary structural
units, changes in topology, etc., This proves that MOFs can be a promising technology

for hydrogen storage systems.
1.7.3  Chemical methods of hydrogen storage

All materials for chemical storage using chemical bound of hydrogen can be divided
into two groups. The first group includes the substances containing hydrogen in their
composition and capable of releasing it at the certain conditions (an increase of
temperature, an action of the catalyst) [55],[58], for example, ammonia and unsaturated
hydrocarbons. The second group includes energy-storage substances that do not always
contain chemically bound hydrogen in their composition. But these materials are
capable of generating it during the oxidation process with water, for example, a spongy

iron, interacting with water vapor at 550-600 °C.

The main advantage of storage and transportation of hydrogen in a chemically bound
state, for example, in the form of ammonia, methanol, ethanol, is the high density of
hydrogen content (~ 100 kg / m3). The mass content is also high: for example, 5.65 kg
of ammonia (17.7% by weight) is consumed to produce 1 kg of hydrogen. The use of
methanol as a raw material for the production of hydrogen and reducing gases present
a possibility to reduce the costs of transportation and storage of hydrogen. The cost of
obtaining hydrogen from methanol is 20% lower than from the natural gas. Generation
of hydrogen from methanol at elevated temperatures (~ 400 ° C) in the presence of a
catalyst is similar to the use of materials from the first group. The main disadvantage
of storing hydrogen in a chemically bound state is the difficulty of reusing the material.
Exceptions include unsaturated systems for which reversible catalytic
hydrogenation/dehydrogenation processes can be achieved. Amorphous, film and
nanocrystalline materials are of particular interest. In recent years, carbon
nanostructures have been used as hydride-forming materials. Among the carbon
materials, fullerenes have also been tested [71],[80],[87]. For example, catalytic
hydrogenation/dehydrogenation of double bonds in fullerenes allows reversible
binding up to 6.3% (by mass) of hydrogen. Hydrogenation / dehydrogenation catalysts
of fullerenes are the hydrides of intermetallic compounds. However, the
hydrogenation/dehydrogenation processes can be achieved at the elevated temperatures

of ~ 400 ° C only, with hydrogen pressure of 10 MPa. And high temperatures are
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associated with high energy costs. In the case of fullerenes, an indirect process of
polymerization of double bonds presents a disadvantage, because it reduces the

reversible hydrogen capacity of the system during cyclic operation.

Liquid organic hydrogen carriers (LOHCs) are liquids or low-melting solids that can
be hydrogenated and dehydrogenated in the presence of catalysts and at the specific
temperatures and the process can be reversed. There is also no need to produce a new
material for each cycle as the structure stays in the initial form after dehydrogenation
[82], which constitutes as one of the advantages of the technology. Also, LOHCs
perform pong-term storage without losses, provide high purity of hydrogen, transport
hydrogen under standard requirements; the technology is compatible with an existing
infrastructure. However, the technology needs further development as for the small-
scale applications no set catalysts or processes exist. These types of applications also

possess basic requirements such as safety, fast kinetics, and other.
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Figure 10. The scheme of the LOHC hydrogenation and dehydrogenation

In Figure 10, the processes of hydrogenation and dehydrogenation are shown. First, the
LOHC is hydrogenated in the presence of catalyst with removed heat from the system.
Then a catalytic dehydrogenation is performed with the presence of catalyst and
supplied heat. LOHC with no hydrogen present is transported back to the initial

system.

The process of accepting and releasing hydrogen from LOHC is done with the support
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of metal catalysts in a heterogeneous form [83]. Some examples include Ni and Ru
catalysts, which support hydrogenation process at 100-250 °C and 10-50 bar. The
dehydrogenation process catalysts examples include Pt and Pd that support this process
at 150—400 °C below 10 bar. The process of accepting hydrogen by the LOHCs is
carried out with an excessive heat that needs to be removed from the system or

recovered in the system.

Some cyclic compounds can be also used as LOHCs, some of these compounds
include (i) hydrocarbons with storage capacity 6.2-7.3 wt%, (ii) carbazoles with
storage capacity 5.1-6.7 wt%, (iii) pyridines and quinolones with 4.8-7.2 wt%, (iv)
pyrroles and indoles with 3.2-7.1wt% [84].

An example of the possible application for a family house is shown in [85]. 5 MWh
annual consumption rate requires 3400 kg of LOHC to supply 187 kg of hydrogen. Of
course, the overall efficiency can be improved by utilizing excessive heat from

hydrogenation process and from the FC (the latter is investigated in the current thesis).

The advantages of LOHCs include the absence of limitation for storage size and time.
For example, Hydrogenious GmbH showed different size classes from 30 kW to | MW
power with capacity from 10 MWh to 1 GWh [86]. LOHCs also show satisfactory
energy density (6.2wt%). Also, LOHCs keep hydrogen even at the long-term period

and transportation at the ambient conditions.

However, LOHCs are still relatively out of commercial market for hydrogen storage
and need further research to bring the technology to the developed stage. Especially
uncommon area for the research was a small-scale storage. For example, aromatics
were hydrogenated in oil refineries but on a big scale. Still, optimized processes and

catalysts are needed for small-scale application discussed in current thesis.
1.7.4  Metal hydride technologies for hydrogen storage and purification

Reversible hydrides of intermetallic compounds have a high potential for future
hydrogen storage and purification. The general formula for the representation of
hydrides is A;,B,;H,, where A is a metal forming a stable binary hydride, B is a metal

that does not interact with hydrogen under normal conditions (usually a transition
metal, for example, Fe, Co, Ni, V, Mn, Cr, etc.) [56],[61],[63],[88]-[104]. The greatest
importance for the application of the material is represented by hydrides of the ABs
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type (A - rare earth metals, Ca), AB, and AB (A - elements of the titanium subgroup),
A,B (A is usually Mg). Among the advantages of storing hydrogen in metal hydrides is
high safety, because hydrogen is stored in a solid-phase bound state. The advantages
also include high storage density (higher than that of liquid hydrogen) and the
possibility of selecting equilibrium temperatures and pressures of the hydrogen
uptake/release reaction from a wide range. The main disadvantage is a low mass
storage density, which does not exceed 1 to 2%wt. However, there is the number of
applications that do not consider low mass storage density as a significant limitation,

for example, stationary applications.

The reaction of formation and dissociation of hydrides in the generalized form is

written as follows:

gMe+H2 ez(MeHx) (1.1)
X X

where Me is a metal (an alloy, an intermetallic compound or an element), MeH, is its

hydride.

The interaction of hydrogen with intermetallic compounds (IMC) and alloys can be
represented using isotherms of equilibrium pressures, a schematic representation of
which is shown in Figure 11. The first zone corresponds to the dissolution of hydrogen
in the metal (a-phase), the second zone is a saturated solution of hydrogen in the metal
and hydride (B-phase). With a further increase in pressure, the composition of the
hydride phase changes as well. In the two-phase region, the pressure does not change
or changes insignificantly; the position and size of this section of the "plateau" vary
with temperature. At the temperatures above critical, the "plateau" is absent, and a
continuous transition from the solution to hydride phase of the variable composition is
happening, thus at T> Ty, these phases are indistinguishable. The accumulation of
hydrogen occurs precisely in the "plateau" section with a change in the relative amount
of hydride and metallic phases. The maximum amount of reversibly absorbed and
liberated hydrogen is determined by the size of the "plateau" along the X-axis. For
many systems, the hysteresis of sorption-desorption processes is observed. The
temperature dependence of the hysteresis is different for different systems. The
desorption pressure is considered to be the closest to the equilibrium pressure on the
"plateau." For engineering applications, the slope of the "plateau" in the PH,- (H/Me)

coordinates is equally important as hysteresis. Thus sorption/desorption processes are
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happening at the variable hydrogen pressure level. It is generally believed that the
slope of the "plateau" is associated with various kinds of inhomogeneities, such as the
inhomogeneity of the microstructure, the segregation of impurities, the presence of

temperature gradients, and many others.

Peq, 6ap T p-fasa

100

10 ¢

00 02 04 06 08 1024 28 32 36
¢y [HM] T 10°K")

Figure 11. Isotherms of the reaction of an interaction of metals (intermetallic
compounds) with hydrogen (H/M - the number of hydrogen atoms per atom of metal)

The temperature dependence of the "plateau" for most alloys corresponds to the Van't

Hoff equation:

AH AS

Inp, =oZ_2°
PH, = TR (1.2)

where 4AH (thermal reaction effect) and 4S (entropy change) are assigned to one mole

of molecular hydrogen H2.

The energy of the hydride formation 4H depends on the physical properties of the
hydride and can be determined by the calorimetric method. Its value varies
significantly for well-known hydrides. The interaction of IMC with hydrogen includes
the following stages [56],[61],[63],[88]-[104].:

- physical adsorption on the surface of the IMC;

- chemisorption of hydrogen on active surface centers, resulting in the dissociation of

the hydrogen molecule by atoms;

- diffusion of hydrogen atoms from the near-surface layer into the volume of the

compound forming a solid solution (a-phase);
- ordering of hydrogen atoms by the formation of hydride (B-phase).

From the analysis of the experimental data, some general aspects of hydrogen - IMC
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interaction are obtained:
- the presence of voids in the IMC for the hydrogen atoms placement,
- 10-20% increase in the volume of IMC while interacting with hydrogen;

- formation of hydride in the vicinity of structural imperfections with the subsequent
growth of a new phase by the ordered arrangement of hydrogen atoms with a

sufficiently strong interaction between them.

The basic alloy with rare metals is the intermetallic compound LaNi5 (ABS5 type).
Since lanthanum is rather expensive, it can be replaced by mischmetal (Mm), which
contains 25...35% La, 40...50% Se, 4...15% Pr, 4...15% Nd, 1...7% Sm + Gd and
unavoidable impurities (Fe, Si, Mg, Al). LaNis (MmNis) alloys are doped with various
elements (B, Al, Si, Ti, V, Cr, Mn, Fe, Co, Cu, Zn) in order to tune thermodynamic
properties of the ABS5-H2 system, for example, Ce reduces stability of the MH
(increase of plateau pressure / decrease of temperature); Al, Mn — increase the
stability). As the result, doping can increase the ability to absorb hydrogen, decrease
the number of activation cycles, enhance the stability of characteristics during
operation and reduce the cost. Sorption capacity of hydride-forming materials of the
RNi5 type was noticeably increased by replacing the part of the rare metals with Ca
(for example, Ca;.xCexNis) and by replacing the nickel atoms with other elements (Mg,

Al Ti, Zr, Mn, Mo, Cr, V, Fe, Co, Si, Zn and Sn) [56],[61],[63],[88]-[104].

Hydrides based on the titanium alloys have a considerably low cost and can serve as an
alternative to alloys based on lanthanum. Investigations in the field of these materials
are mainly related to Ti-type alloys based on TiFe, TiMn, TiV and aimed for
improving the reversibility of hydrogen absorption-excretion processes, improving the

thermodynamic characteristics of alloys, and increasing their hydrogen capacity.

Magnesium can bind a substantial amount of hydrogen (per unit mass), has low density
and a low cost. However, magnesium reacts with hydrogen at rather high temperatures
(250...400 °C), and it is difficult to activate. Magnesium is transformed into a powder
with particle sizes less than 50...75 pum and doped with Ni, La, Ce, Cd, Fe, Lu, Sn, Er,
Ti, Mn (A2B alloys Mg,Ni, Mg,Cu, etc.) in order to increase the absorption/desorption
rate. The main task of studying alloys based on magnesium is to find alloying elements

that reduce the absorption and desorption temperatures of hydrogen.

The typical representatives of the AB; alloy are the so-called Laves phases: ZrFe,,
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TiCr,, ZrFe; sCros. Better illustration of the Laves phases which form MH and have
practical importance is TiMn (2+x). The alloys of this type are relatively inexpensive,
have sufficiently high dissociation pressure at the near ambient temperatures. The mass

content of hydrogen reaches 2%.

One of the promising directions for the development of hydrides with given properties
is the method of different metals combination. Thus, to obtain an alloy with the lowest
possible formation energy, the combination of exothermic and endothermic metals is
used. Hydrides with substantially lower formation energy than those of the parent
metals can be obtained. The creation of composite materials from intermetallic
particles encased in matrices of Al, Cu, Ni is used to increase the effective thermal
conductivity of the powdered IMC [88], which can reach 1-12 W /(mK). However, the
mass content of the accumulated hydrogen in such system can slightly decrease.
Additionally, composite materials are still significantly more expensive than alloys of

intermetallic compounds. Table 5 lists some hydrides and their main characteristics.

IMC can also be classified according to the dissociation temperatures at the normal
pressure levels: 0-150°C - low-temperature alloys, 150-300°C - medium temperature,

higher than 300°C - high-temperature alloys.

Table 5. The main characteristics of metal hydrides [104]

Alloy Hydrogen Hydride AHy, Equilibrium Equilibrium
composition content, dissociation kJ/g H, pressure at 25 | pressure at 25
%mass temperature, °C (sorption), | °C
°C MPa (desorption),
MPa
LaNis 1,43 13 -30,98 0,2 0,165
CaNis 1,39 43 -31,82 0,055 0,047
TiFe 1,75 -5 —28,05 1,0 0,53
Mg,Cu 2,04 273 —72,85 - -
Mg,Ni 3,84 253 —64,48 - -

The presence of impurities has a significant effect on the hydrogen absorption kinetics
of intermetallic alloys [61],[63],[105]-[110]. Even the presence of gases that have no
interaction with the surface of the particles of the absorbing material leads to a
decrease in the hydrogen absorption rate. Thus, the absorption of hydrogen from its
mixtures with Ar, N2, CH4, and CO2 does not reach the theoretically possible value
during static exposure for several hours; it can only be achieved in a circulatory mode.
This phenomenon happens due to the accumulation of nonabsorbable impurities in the

free volume of the reactor. These impurities in the reactor block the access to the
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surface of the absorbing material. Argon, nitrogen, and methane do not interact with

the surface of the hydride phases at the temperatures below 100 °C.

When metal hydride decomposes, high-purity hydrogen is released, and carbon dioxide
chemisorbs on the surface of the powder. CO2 does not have a substantial interference
with hydrogen, and the hydrogen released during decomposition can contain impurities
CO2 [107]. In the presence of oxygen impurities, three reactions occur: (1) the
formation of hydride, (2) the oxidation of hydrogen and water formation, (3) the
oxidation of the surface and hydroxide or rare earth metal oxide formation. The speed
and other characteristics of these processes are determined by the temperature,
pressure, chemical composition of the intermetallic compound, and oxygen
concentration. Thus, with an oxygen content less than 0.01% of volume, the hydrogen
sorption characteristics of the intermetallic compound deteriorate insignificantly.
However, in the presence of oxygen 0.1% of the volume, the absorption capacity of
these compounds falls two times lower after 100-150 sorption/desorption cycles [109].
The presence of insignificant amounts of CO, SO2, and H2S in hydrogen suppresses
the hydrogenation process and has a "poisoning" effect on the IMC [109].

The data shows that the purification and separation method of hydrogen from gas
mixtures with the help of intermetallic compounds can be used for the applications in
combination with preliminary "poisoning" impurities removal only. The most common
hydrogen-absorbing material for hydrogen purification systems is the AB5 alloy (based
on LaNi5). These alloys show greater resistance to oxygen and water poisoning
compared to FeTi-type alloys. The tendency of these alloys to degrade can be reduced
by additional doping, for example, with aluminum [110]. In the case of the surface
poisoning, the absorbing properties can be sufficiently restored through a reactivation

procedure by cyclic hydrogenation with pure hydrogen [111].
1.7.5 Intermetallic alloy (IMC) practical implication

Production characteristics of metal hydride systems must meet the requirements of the
consumers of hydrogen, for example, low-temperature fuel cells that need high purity
hydrogen (over 99.95% volumetric). Selective absorption of hydrogen by intermetallic
compounds supply high-purity hydrogen to low-temperature FC in stationary
autonomous power generation systems. The technology is also highly reliable, efficient

and safe in operation.
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Hydrogen sorption by IMC is performed with heat removal from the system; the
reverse reaction requires heat supplied to the system. The pressure in the MH storage
and purification systems can vary from relatively small pressure to 10 atm, and the
temperature varies from 20 °C to 80-90 °C. These characteristics enable the use of cold
and hot water resources already available to the consumer on site with low energy
costs, ensuring safety requirements of the technology. Additionally, a concept of
exhaust heat utilization from PEM FC is investigated in this dissertation. The state-of-

the art in MH storage and purification system is described below.
1.8 State of the art in MH reactors

Unlike conventional hydrogen storage systems, keeping the gas under extremely high
pressures of several hundreds of bars, the metal hydride (MH) storage has an ability to
keep hydrogen in a bounded form at the pressure levels significantly lower [112],[113].
MH hydrogen storage uses a reversible chemical reaction forming MH during the
process of hydrogen sorption and coming back to alloy or intermetallic compound
when hydrogen is released. There is a number of challenges both on the fundamental

level and on the level of system design.

An isotherm of a reaction between metal and hydrogen has a clear "plateau," where a
pressure change can be neglected creating an approximation that absorption and
desorption processes take place at a constant pressure and temperature [113]. This is
one of the major factors affecting MH material efficiency and it is originated from the
presence of impurities that create compositional fluctuations [114] and interfere with
the components of intermetallic compound [115]. This phenomenon was first
quantified by Larsen and Livesay [116] and then by Fujitano et al. [117], Lototsky,
Yartys et al. [118],[119], Park et al. [120]. Thus, to create a system with high
compression productivity it is necessary to take into consideration temperature
dependencies of the components of an intermetallic compound. In 1937, Lacher [121]
suggested using PCT diagrams with statistical and thermodynamic features for this
purpose. This approach was further developed by the number of research institutes
[119],[122],[124]. This method helps to identify pressure ranges for an MH material,
as inlet pressures in MH reactor higher that equilibrium ensures hydrogen absorption
with heat release and the pressures lower than equilibrium create desorption process

with a heat consumption [113].
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Also, the direct and reverse processes of metal - hydrogen reaction affects the duration
of the hydrogen sorption/desorption cycle that varies significantly for each MH
material and affects MH reactor dynamic performance. Since many MH materials
experience fast reaction with hydrogen the process itself from the viewpoint of the
system in general often limited by a heat transfer [125],[126]. The number of
challenges here includes, for example, operation at low temperatures or presence of
impurities in hydrogen [127]. These challenges highly affect kinetic factors that can
only be controlled on the systematic level, which means that the modeling of heat and
mass transfer to and from an MH material is crucial for the rates of hydrogen uptake
and release [128],[129]. Besides that, degradation effects [130],[131], tolerance to
impurities in hydrogen and specifics of structure and morphology are widely known in

the literature. However, they stand out from the scope of this research.

Summing up, on the fundamental level of MH material, it is important to ensure
hydrogen absorption and desorption at the near to equilibrium conditions [128], it is
also important to control heat and mass transfer that affects kinetic factors of the

reaction.

On the level of system design and engineering, there are two main goals: it is important
to ensure fast hydrogen charge/discharge rates and high-efficiency level. These goals
are associated with some challenges, including general layout of the system, design of
the reactor elements, heat transfer method, and devices, optimization of MH material
using parts of the system, gas connections, and system control. Overview of the
general layouts of MH reactors was presented in the patent description by Lototsky,
Yartys et al. [132],[133]. Recent concepts operating at a medium level of temperatures
and generating high pressures include multi-stage reactors created by Ergenics Inc.
[134]. Most of the systems use water as a heating/cooling agent [135]. However,
intensification of heat supply/removal is still the main problem of the MH system that
is highly connected to the low thermal conductivity of a solid state MH in the form of
powder [136]. Thus, the challenges of design, such as packing density, heat transfer
resistance, a geometry of the system elements [137], require modeling approach with
further experimental verification, examples can be found in Refs. [138]-[143].
Intensification of the heat transfer can be achieved by an increase of the surface area of
an exchanger, which is done by using long MH reactors with small wall thickness,

"shell-and-tube" solution [144], fins [145], metal blocks [146] or/and with a parallel
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connection of the tubes [147]. Studying these aspects [148], issues of modeling and
optimization [149] and typical MH reactor systems are presented in a patent [150]. One
of the important factors of the heat exchange in the described system is a type of
heating/cooling process: fluid [123],[151], electric heating [152],[153], convective air
cooling [154], gas-gap thermal switch [155],[156], Peltier devices [157],[158], heat
pipes with catalytic combustors [159],[160]. Heat transfer was studied in all forms of
placement, such as external, internal, and combined. It was also tried in different

arrangements, sizes, and transfer matrixes.

Due to the limited amount of recent research on economic aspects of MH reactors, an
estimated cost of the prototypes from Brazil [161], Ukraine [162], and LNA [163]
remain at the levels of $23,000, $32,500, and $66,000 respectively.

Every system is highly individual and made with respect to specific situation and
requirements. No overall method of creating an optimal sized system with short cycles,
increased productivity, low weight, and lowered amount of MH material is present in
the literature as most of the publications introduce case-based approach. Thus, the
creation of an overall approach and method of MH reactor design is one of the aims of

this thesis.
1.8.1 Metal Hydride (MH) and PEM Fuel Cell (FC) Integration

Another important aspect of MH storage technology utilization is its integration with
FC. Current subsection presents few examples of the integration on different scale as
well as discusses some of the aspects of the latter with advantages and disadvantages
of the technology. Main advantages of the MH are a high volumetric density of stored
hydrogen (100 gH L' and higher) and relatively small pressures comparing to
traditional hydrogen cylinders [164]. For estimated optimum MH tank system
hydrogen release needs to occur at temperatures of 333-353 K, which are close to the
operating conditions of PEM FC [165]. One of the core benefits of the integration is
the utilization of waste heat produced by an FC [164], [165]. It allows to use 40-45%

of heat and thus boosts the efficiency and performance of the overall system [164].

Metal hydrides are usually considered as an alternative to the high-pressure Gas
Cylinders (tanks). These tanks can provide fast charge and discharge rates and are
more simple from the system point of view. At the same time, several features of these

tanks such as costs, a low density of hydrogen gas as well as the low gravimetric
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content of hydrogen drive the research towards metal hydrides as a hydrogen storage
technology [165]. Traditional fuel cell systems with compressed gas (CG) tanks as
hydrogen storage might be improved by integration of MH as well [166]. That brings
advantages of both types of hydrogen storages to the hydrogen energy system. The
system of low-temperature FC supplied by hydrogen from both CG and MH connected
with FC by a common manifold and provided with thermal control and management
system shows the better performance in operating regimes. Thus, the shorter charge
times might be obtained together with a slower pressure drop. The peak of
consumption of H2 becomes smoother in the process of FC supply compared to the
systems where MH is a single type of storages. The charge pressure of H2 in the MH-
CG systems becomes smaller while a volumetric capacity of the storage increase.
Moreover, proper temperature management increases the efficiency of the system and

reduces the costs [166].

Energy storage systems which don’t use high-pressure gas cylinders and have only MH
as hydrogen storage might be a good alternative to the conventional hydrogen storage
systems. MH storage is usually used in such systems because of the low operating
pressures, decreased costs, maintenance and losses. One of the studies of MH-FC
energy storage system demonstrated the overall efficiency of around 11% [167]. The
system included PEM fuel cell H-3000, an electrolyzer with 6,67 NL/min hydrogen
production rate, and (LaCe)Ni metal hydride (7140 L storage capacity). The research
showed that MH tank is a safe and compact alternative of high-pressure cylinders. This
solution helped to avoid the need of compressor and provided the reduction of costs
affiliated with a compressor. The efficiency of the system was considered low due to
the losses in fuel cell stack and electrolyzer control system. The use of modern

electrolyzers might increase the efficiency of the system.

Besides standard fuel cell - metal hydride combination both could be integrated into
larger systems and become components of isolated micro-grids. In the scope of micro-
grid metal hydride and batteries could be considered not as a competitive technology
but as two parts of storage complex. The optimal design of the system which includes
renewable sources of energy (PVs and wind turbines) as well as a combination of
energy storages (battery bank and metal hydride tank) might become economically
efficient with the low risk for investors and payback period within the mid-term. The

study which evaluates the creation of such a system on an island in Greece shows that
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it’s feasible to build it technically and economically in the conditions of the present
day [168]. The advantage of the system is its modularity which allows one to pick
optimal size and combination of its components. This system could be upgraded and
scaled in the future by adding more power sources and storage capacity. According to
the present system, the optimal MH capacity is equal to 12 Nm3 is sufficient to store

hydrogen for 1 kW fuel cell (and be supplied from 1,2 kW electrolyzer) [168].

Metal hydride has a potential to be implemented in micro-scale hydrogen energy
systems. Micro-scale metal hydride storages can provide hydrogen supply for a
portable power generation units based on micro-scale PEM FC. These metal hydride
cartridges (i.e., Horizon, 1 g H2) can supply micro FC of 50-90 Wh kg™ [169]. These

systems are already comparable with Li-ion batteries.

Current thesis designs and develops the system where MH and FC integration is part of
a small-scale stand-alone system providing power to a small settlement in an off-grid
environment. Additionally, an idea of utilizing heat from a FC is realized in a hardware

kW scale system.
1.9 Goal of the research

The goal of the research is to demonstrate the technology from technical and
economical point of view and to create an experimental cogeneration energy system
with MH hydrogen energy storage H2Smart having a power of 1 kW. The system
should be designed to be an experimental energy storage system in Smart Grids and to
be an essential part of the educational process in Energy Systems programs at
Skoltech. The technology ensures quality of electrical energy in micro energy systems
that have a load and distributed energy sources through the use of hydrogen energy
storage. Hydrogen is produced by electrolysis utilizing waste energy from the
renewable sources. Electricity is generated by PEM fuel cell.
The tasks of the research include
- The design and development of the schemes for low power (H2Bio) and 1 kW
power (H2Smart) systems, where H2Bio is capable of both storing and cleaning
input gas and H2Smart utilizes excessive heat from the FC making the system
more autonomous
- Selection and verification of the main components, including the backup

supplies.
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Preliminary experimental investigations and simulation of the proposed concept,
formulating design requirements for the 1kW system.

IMC selection and creation depending on preliminary investigations, design
requirements, technical requirements.

System integration of the components FC, MH reactor, back up supply for the
H2Bio; electrolyzer, MH reactor, FC, back up supply, radiator for the H2Smart.

Economical estimation and comparison for the stated case.
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Chapter 2  Experimental investigations of low-power PEM FC and MH storage

system integration - H2Bio system

In order to experimentally investigate the possibility of integrating low-power PEM FC
and MH storage, the H2Bio experimental energy system was designed and developed.
It has also formed the base to study heat and mass processes in such systems of
hydrogen storage and purification and became an essential part of the educational
process in Energy Systems programs at Skoltech. The proposed technology provided
PEM fuel cell with high-quality hydrogen even when the initial source was (or was

emulated to be) a biohydrogen.

H2Bio has the variety of functions, including the process of storing hydrogen and
cleaning biohydrogen that can be a mixture of gases with carbon dioxide and hydrogen
or a model of the mixture of gases close to real biohydrogen. The cleaning and storing
process uses the properties of intermetallic alloys that selectively absorb hydrogen
from the mixture of gases forming metal hydrides. Purified hydrogen is stored in a
solid-phase bound. The fuel cell energy system with hydrogen meets all required
characteristics. The possibility of measurements and control of the main parameters is

ensured in order to perform experimental investigations.
2.1 Experimental set-up

The scheme of the experimental setup is shown in Figure 12. The system includes the
source of biohydrogen, the MH block based on two reactors that clean and store
hydrogen, PEM FC Hoppecke E-200 with 175W power, and an automatic control

system for scientific research.

In this set-up, MH storage is chosen to be a low pressure storage that can take
hydrogen both from pure H, and from the mixture of gases [170],[172], providing
additional practical implication. Hydrogen from the tank enters MH storage reactors or
can be supplied to the FC directly. After the storage in MH reactor, hydrogen is
supplied to PEM FC, which supplies the load. Additionally, a small capacity battery
back-up supply is introduced to the system to supply the load during FC shut downs
and start-up procedures. All the measurements are taken by NI-PXI control system and

displayed using LabView interface in a computer integrated to the H2Bio system.
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H2Bio working scheme
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Figure 12. Scheme of the H2Bio set-up

Hydrogen sorption process in MH reactor requires heat dissipated from the reactor,

thus cold water is supplied to the system. Hydrogen desorption process requires heat

supplied to the reactor, the system uses external heat carrier in the form of hot water

supplied to the system. Depending on the need of experiment or availability of

hydrogen, it could be supplied into the FC from a storage tank or MH-reactor.

Table 6. Technical characteristics of H2Bio

Maximum working pressure

no more than 1 MPa

Fuel cell power level 175W
Hydrogen production rate 3 norm l/h
Metal hydride reactor metallic alloy LaNis
The amount of hydrogen stored 2001

Nominal pressure of MH reactor charging

no more than 0.5 MPa

Nominal hydrogen consumption rate

no more than 3 norm l/h

Cooling type

water 0...95°C

Connection

public electricity network 50 Hz, 220 V

public water network
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Gas and hydraulic schemes of the set-up are shown in Figure 13 and Figure 14. The

description of the symbols is listed in Table 7.
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Figure 13. Gas scheme of the H2Bio set-up

5

Figure 14. Hydraulic scheme of the
H2Bio set-up

Table 7. Components of the H2Bio set-up

Symbol Component
HC Hydrogen cylinder
Vi Valve
PS1 - PS4 Absolute pressure sensor
FM1 Flow rate meter
C1 Cross
BFV1-BFV3 Back-flow prevention valve
SUS Set-up structure
R1 Reducer
R2 Reducer
MHR 8 Nel,2 MH reactor for storage and cleaning
T1-T10 T-tube
FC Fuel cell
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BV1-BV7

Ball valve

EV1 -EVS Electric valve
TS1-TS4 Temperature sensor
WMI1, WM2 Water meter

WBVI1, WBV2 Ball valve (water)
WEV1 - WEV4 Electric valve (water)

2.1.1 Working principle and characteristics of MH reactor

General view of the reactor is shown in Figure 16 and Figure 17. The reactor has a
modular design with the main element — MH cylinder with a separate connection to
hydrogen and cooling/heating agent. The presence of both internal and external heat

exchangers provides efficient heating/cooling process, using the “tube-in-tube”

Figure 15. General view of the H2Bio set-up

concept. Two nozzles ensure continuous performance.
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Table 8. Technical characteristics of MH storage reactor in H2Bio

MH reactor metallic alloy type ABj5 type (LaNig)
Alloy composition LagoCeo.1Nis

The amount of the alloy 1 kg

The amount of hydrogen stored 100 norm 1
Cooling type water 0...95°C
Maximum pressure 1.5 MPa

Hydrogcn Water

Lﬂ]

I B Mectal hydride
Hydrogen
Cooling agent (water)
B Stecl walls
B Filter for particles

248

_—
—
<

:

Figure 16. Scheme of the MH reactor Figure 17. View of the reactor

In order to charge the reactor, hydrogen (or a mixture of gases) is supplied to the top
intake nozzle under the pressure that does not exceed 0.5 MPa. Cooling water removes
the heat of the reaction and supports a charging process inside the reactor. The
maximum water temperature should be lower than equilibrium temperature for
charging pressure; this measurement can be obtained from the PCT diagram of the
metallic alloy. The end of the charging process can be noted by the absence of cooling
water change on the control interface in LabView. Output nozzle releases gas

impurities from the reactor.

In order to discharge the reactor, output nozzle is connected to hydrogen receiver
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(PEM FC in H2Bio system), and nominal discharge pressure should not be lower than
0.05 MPa gage pressure. As the hydride decompounding requires additional heat, hot
water is supplied to the system through the external and internal heat exchanger.
Minimal water temperature should be higher than the equilibrium temperature for the
discharge pressure, that can be obtained from the PCT diagram of Lag¢Cep Nis,
maximum temperature should not exceed 95°C. The discharge can also happen through
the top nozzle, the end of the process is controlled through the absence of water

temperature change.

external

internal hisa
heat H exchanger
exchanger

Figure 18. General view of the reactor

2.2 Results of the experiments

The goal of the experiment was to investigate the joint functioning of low-pressure MH
reactor, PEM FC, the battery, and the load. Thermal and electrical parameters of the
setup were measured, including current on the load and the battery, power of the load
and the FC. The current was controlled externally to simulate volatile load, and the
power of the load was calculated. The FC reacted to the load current and covered the
need, the crisis shutdowns of the FC were also noted, measured, and explained.

Additionally, the effect of external conditions was studied.
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Different working regimes were tested throughout the experiments. First, regular
performance of hydrogen desorption from the first reactor directly to the FC was
studied with an almost constant load change. It can be noted that water supply was kept

from 45 to 55°C and the temperature was rapidly decreasing each 5-7 min (Fig. 18c).
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Figure 19. Results of the experiment one: (a) — load power, (b) — pressure after the
reactor, (¢) — temperature of the water (black) and of the reactor (red), (d) — power of
the load, FC, and a battery

The process can be explained by the external conditions of the experiment, which
forced the water temperature in the system to decrease. In Figure 19d, power levels on
the FC (red line), battery (black line), and a load (blue line) are shown. It can be noted,
that the FC was charging the battery until the load was introduced to the system on the
5™ minute. The FC met the need of the load throughout the experiment except for the
46™ minute, where a low H2 pressure was supplied to the FC from MH reactor due to
the discharge of the reactor. During the FC low pressure shut down, the battery met the

demand of the load automatically.
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During the second experiment, a steady increase of the load was introduced (Figure
20a). Again, an additional hot water supply was needed to steadily increase the
temperature in the reactor as the reactor discharged more and more until the low

pressure occurred on the 70™ minute when the reactor was close to being fully

discharged.
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Figure 20. Results of the experiment two: (a) — load power, (b) — pressure after the
reactor, (¢) — power on the FC, (d) — current of the load, FC, and a battery

H2Bio system has two MH reactors. During the third experiment, the reactor one was
charging when the reactor two was discharging to the fuel cell. The load was
introduced decreasing and increasing, simulating volatile nature of the real load. The
temperature was kept around 45°C. However, the discharge process in the reactor two
forced the rise of the temperature of the heating agent for the FC to meet the load
demand as long as possible. In the Figure 21d, the power of the FC, load, and a battery
are shown. The FC fully met the load demand.
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Figure 21. Results of the experiment three: (a) — load power, (b) — temperature in the
reactor, (¢) — pressure after the reactor, (d) — power on the FC, load, and on the
battery.

Finally, performance of hydrogen desorption from the first reactor directly to the FC
was studied with a changing load. The load power graph in Figure 22a shows that the
load had changed rapidly on the 10™ and the 95" minutes and grew steadily from the
20™ to the 90™ minute. The hydrogen flow rate (Figure 22b) was represented by the
graph with impulses when FC intake was active. It was noted that the FC does not
require hydrogen in a steady manner and require high volumes of hydrogen each
period of time. During the first experiments, MH reactor could not provide such an
impulsive output thus a buffer between the FC and the MH reactor was added to enable

MH reactor to collect hydrogen prior to entering the FC.
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Figure 22. Results of the experiment four (a) Load power, (b) hydrogen flow rate, (c) power
of the FC, load, and a battery.

Concluding the experiments in this section, few compelling outcomes were received.
The FC impulsively requires hydrogen, thus a buffer or an additional free volume in
the reactor should be added in the next set up. General working regimes of the system
can be analytically concluded (in the next subsection). The system performs as
expected. However, high-level heating agent temperature was required closer to the

end of the experiment.
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2.3 Working regimes and system integration outcomes

Figure 23 shows frequently obtained profiles of the current on the battery, observed in

the previous experiments.
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Figure 23. Working regimes of the H2Bio system battery: (a) — typical, (b) — optimal,
(c) - critical

It was experimentally found that most of the outcomes of the experiments could be
formulated and generalized into four working modes of the system. These four
working modes of the system repeat one after another: the start of the system, optimal
performance, and different shutdowns. Three current curves above represent the most
common working regimes of the backup battery that supplies the FC. It is important to
investigate in order to formulate a technical need for the backup supply and possible

ways to limit or even eliminate its usage.
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Mode 1 - fuel cell system start — one of the biggest issues with the FC system is the
need of additional power to start it, it was experimentally found that the normal FC
start-up procedure usually takes three initial starts of the FC. It can be explained by the
FC trying to heat up the system inside the fuel cell. It is, however, unclear why the
number of the peaks in the Figure 23a and Figure 23c equal to three approximately
from -2 to 5 A each. It can be connected to the automated system inside the

commercial FC.

Mode 2 — regular working mode of the fuel cell is the working regime we are aiming
for while designing the systems. During this working regime, the FC meets the load
demand and charges the battery whenever the load demand does not exceed or equal to
the maximum power level of the FC. The Figure 23b experience this regime
throughout most of the experiment, while Figure 23a and Figure 23c only show this

regime stable starting from the 30™ minute of the experiment.

Mode 3 - unexpected fuel cell shut down due to the low hydrogen pressure intake —
as it was discussed in the previous subsection, the FC requires hydrogen intake in an
impulsive manner. In order to solve this issue, the buffer was installed to the system.
The rest of this regime examples happened closer to the end of the experiment when
the reactor has already been discharged. However, the battery should have enough
capacity to meet this rapid demand peaks that can be best observed in Figure 23c. The
performance of the battery in these peaks meeting the maximum demand of the load

presents a higher requirement for the backup system installed together with the FC.

Mode 4 - immediate high power demand that is not met by the FC — it often happens
that the FC needs additional time to adjust to a rapid increase of the load. During the
experiments in the previous subsection, additional time was given to the FC to adjust,
however, in a real situation the system needs to be ready to meet the rapid increase,

which again presents a requirement for the backup power supply.
2.4 Effect of ambient air conditions on system performance

Throughout the experiments of H2Bio, a loss of power was detected. The FC was no
longer capable of producing 175W; instead, it could only meet 90W of load demand.
The change of the output power had happened when the centralized heating was turned
on in the lab. We assumed that humidity level in the room has decreased leading to the

loss of necessary humidity level on the FC membrane.
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Since the FC produces water particles as the result of chemical reaction, we run the
system with no to minimal load for about three months every day. Unfortunately, the
power output did not get back to normal. In order to study the ambient conditions on
the FC to avoid further loss of output power, the series of experiments were designed
to investigate the effect of different humidity levels and temperature levels on the FC.
The influence of inlet air temperature was studied, because the designed system is

usually placed in a special container outdoors.
2.4.1 State of the art

Theoretically, FC efficiency is much higher than the efficiency of combustion based
power generation systems. However, given all the uncertainties regarding chemical
reactions and FC membranes, a theoretical efficiency remains higher than the
practically achieved. The heat generated inside the FC performs another negative effect
as it causes the degradation of a membrane, diffusion layers, and a catalyst. Normally,
FC systems have cooling agents in the form of water or air running through the system
or the heat exchangers removing heat and keeping the cell operation temperatures
around 60-80°C. MH system can utilize this heat and the next kW level system called
H2Smart proves this concept (in the following chapters).

Many scientific contributions discuss the problem of water management [173],[180].
In the works of Kim and Hong [173], a substantial impact on a cell voltage by the
temperature and relative humidity is shown on the example of PEM FC with a total
100 cm” area of activity. The humidity level from 40% to 100% was sent to cathode
and anode from two external humidifiers. In [174], a 2D simulation of a single channel
with no external humidification was created to investigate a temperature profile along
the channel. The profile was changed by the heat removal only. Independent from air
temperature, the cell of 300 cm” was studied in [175] with no information about the
amount of water entering the cell and a cathode and anode temperatures influence on

the cell performance were studied in [176].

The performance of the cell in a climatic chamber was investigated by Hottinen et al.
[177] in the range of external temperatures from 10°C to 40°C with an outcome that the
fuel cell performs better at the lower temperatures and the change of relative humidity
from 25% to 90% has a positive effect on the cell at all of the temperature levels. In

[178], a mathematical simulation model of PEM FC showed that increasing current
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density and lower temperature lead to an increase in cell sensibility to temperature
changes overall. In can be concluded that conventional polarization curves do not show
temperature and humidity uncertainty, the authors, instead, suggest using an area of
polarization where a current and voltage density consider temperature changes along

the cell.

As the next step, a 3D model of an FC with microchannels located in parallel has
suggested that higher performance is achieved at 100% relative humidity on the anode
side and 60% on the cathode side [179] in case of a relatively constant operational
temperature. On the contrary, [180] discovers that a relative humidity on a cathode has
a higher impact on the cell performance rather than an anode relative humidity. Also,
Hottinen et al. in experiments [177] discovered that increasing gas temperatures have a

positive affect on an output cell voltage.

The goal of these experiments is to study an influence of temperature and relative
humidity using experimental approach. The objectives of these experiments include the
comparison of FC efficiency in the fixed levels of RH (25%-35% and 95%-100%) with
the changing inlet air temperature and the comparison of FC efficiency under fixed air

temperatures and changing air relative humidity.
2.4.2 Theoretical investigation

A theoretical approach to determine the efficiency of any FC uses the formula

AG

T= AH 2.1)
where AG is a Gibbs free energy and AH is a fixed value that can be equal to a lower

heating value of H» in the case of the water reaction product or a higher heating value
of Hy in the case of vapor reaction product. Gibbs free energy depends on the

temperature and pressure. With an increase of the temperature Gibbs energy decreases
and FC efficiency reduces. With an increase of pressure, Gibbs energy increases and

positively affects the efficiency.

The connection between voltage and temperature is derived by linearizing the free
energy about the standard condition of 25°C, assuming that the change in enthalpy
does not change with temperature [181]. Due to the negative change in entropy, the
voltage output decreases with temperature. The FC has theoretically higher efficiency

at low temperatures [181]. On the contrary, higher temperatures grow the kinetics of
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the reaction, [181] where mass transport, ionic conduction, and other processes become
faster at higher temperatures. Only balancing between these two effects and choosing
the right temperature range can result in achieving maximum efficiency. For PEM FC

this temperature is considered to be around 60°C to 80°C [181].

The influence of air relative humidity can both prevent the interaction between
reactants if it is too high and result in low permeability of the membrane if it is too low
[181]. Also, the relative humidity in the air helps to remove heat from inside the
system preventing the temperature to grow above 90°C as this accelerates water
evaporation and results in a membrane drought. To contrtol the temperature inside the
FC, the automatic cooling fans are installed in the system. An additional cooling
system that can also emulate different external conditions regarding different relative

humidity levels was added to H2Bio.
2.4.3 Added cooling system to the experimental set-up

A cooling system was designed for H2Bio and integrated to the previous system; it can
change the characteristics of inlet air. The scheme and the elements of the system are

shown in Figure 24.
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Figure 24. Cooling system scheme. 1 - fan; 2, 9, 12 - temperature and humidity sensors
(air); 3, 6 - flow rate sensors (air); 4 - heat exchanger; 5, 7 - temperature sensors
(water); 8 - thermostat; 10, 17, 18 - pressure drop sensors (air); 11 - FC; 13 - FC fan;
14 - air reservoir; 15, 16 - pressure sensors (air)

A fan 1 blows the air through a heat exchanger 4 to the air reservoir 14, which has an
open outlet. This set up enables to create an air flow with constant properties and low
overpressure and velocity. The automatic system of cooling was not changed inside the

FC; current can emulate constant exterior conditions for the experiments. Additionally,
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the flow meters and sensors take different measurements throughout the experiment.

Since the temperature can be changed in different blocks of the heat exchanger and the
FC, the temperature was measured before and after these blocks from 7 to 5, from 2 to
9, from 9 to 12. An absolute pressure of the water line was measured before the heat
exchanger at 16; the pressure difference was measured before and after (at 18) the heat
exchanger. The sensor 15 measured the absolute pressure in the line with air and the
sensor 14 - in the air reservoir; 10 and 17 measured the pressure difference. A room

humidifier with piezo element was used to create different ambient humidity levels.

The flow rate of hydrogen and inlet air temperature measurements had 0.8% and 0.5%
relative accuracy. Power measurements were taken using voltmeter and ampere meter
results with an inaccuracy of 0.15%. The air humidifier had a relatively low accuracy

of 3%.
2.4.4 Experimental results and discussions

H2Bio writes values every 0.3s into a file. The power output is shown in Figure 25.
Previously, the maximum output power was equal to 90W, but the recovery
experiments, as well as first experiments with the change of ambient conditions, led to
an increase to 120W output power. The installed heat exchanger created a temperature
range from 15°C to 25°C. In this experiment, only a temperature effect on the FC

performance was studied.

The influence of inlet air temperature on the efficiency of the FC was calculated using
the integration method [182]. It was chosen due to the uneven behavior of the
experimental curves. The relation between the efficiency and inlet air temperature is
shown in Figure 26. It is clear that efficiency grows when inlet air temperature is

lower.
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Figure 25. Typical behavior of the FC power curve.
To investigate the effect of the level of humidity on FC performance, a humidity
controller was added to the system. The cross effect of humidity and inlet air
temperature was obtained. There were three humidity levels: 20%—25%, 60%—65%,

and 95%-100%. All three humidity levels were tested at three temperature levels:
19°C, 22°C, and 24°C.
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Figure 26. Effect of inlet air temperature of FC efficiency.
In Figure 27, the efficiency of the system increased with increasing relative humidity.
The decrease in temperature again positively affected the efficiency with no connection

to the level of relative humidity.
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Figure 27. Effect of inlet air temperature and relative humidity on FC efficiency.
However, this dependence is quite weak as the efficiency changed only by 0.22%
between 19°C and 24°C. The change in relative humidity from 25% to 100% during
18°C -19°C temperature level only resulted in an increase of efficiency by 1.14% and

by 0.81% at 23°C - 24°C.

As a result, the dependence of FC efficiency on the relative humidity and inlet air
temperature was studied. It was experimentally found that the lower air temperature
results in better FC performance and this dependence is in the range of 15-250C does
not have a linear dependence. In order to achieve this, an experimental setup H2Bio
was upgraded with a system that controls inlet air temperature and humidity.
Experiments led to a conclusion that an increase in relative humidity has a positive

effect on FC efficiency, but it is rather small.
2.5 Chapter 2 conclusions

The novel H2Bio 175W power system was designed and developed. The outcomes of
this chapter include system integration of the new reactor with commercially available
PEM FC and a battery backup supply, study of working regimes of the system, MH
reactor output pressures, system integration difficulties, backup power supply working
modes, ambient conditions. All the outcomes of this study prove the possibility of
creating an energy storage system capable of utilizing “MH storage — FC — load”
concept, adding important scientific progress for the lab level technology.
Additionally, all the outcomes are essential for the creation of the next level kW scale

energy storage system.

Experimental investigations of the H2Bio can be concluded as follows:
- Two MH reactors 1401 each with proposed novel design can both store and

clean hydrogen due to the metallic alloy selectively absorbing hydrogen
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System integration of novel reactors suggests using free space in the next
design of the reactor or installing a buffer before the FC to provide the
necessary volume of hydrogen for the impulsive manner of FC intake
Commercial FCs have different working regimes and require an energy source
for start-up procedures and as a backup supply. Different energy sources were
tested in the simulation test bed and described in Chapter 3 of this thesis.

An air cooling system carries out from an FC stack an excessive heat that can
be used and utilized in the design of the next kW scale energy storage system
for MH desorption process. The possibility of this concept is experimentally
investigated in the Chapter 4. The kW scale energy storage system was
designed, developed, and tested in Chapter 5.

The power output of the FC rapidly decreases with increased ambient
temperature and limited relative humidity

The efficiency of an FC increases with increased relative humidity and
decreased outlet temperature. However, the effect is somewhat small: for the
range from 18°C to 24°C, the FC efficiency difference is 0.6%, when the
relative humidity in the same range reaches the increase in 3.4% in the relative

humidity change from 25% to 100%.
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Chapter 3  Novel energy storage simulation methodology and hardware-in-the-

loop tests

During the experiments on H2Bio system described in the previous chapter, a need for
additional energy source for the FC operation was formulated. Power supply from the
battery is normally needed for the periods of the fuel cell start-up and for the
compensation of the power consumption peaks exceeding the maximum FC power.
Additionally, FC may experience unexpected shut downs that also need a
compensation from the back-up supply. In this chapter, a simulation testing facility
was designed and developed with the purpose of experimentally comparing different
types of batteries working in tandem with the FC used in the systems of this thesis. The
creation of energy storage simulation methodology in the form of hardware-in-the-loop
tests described in this chapter helps to avoid expensive physical experiments that

require the purchase of different battery components.
3.1 Battery system design state-of-the-art and problem statement

Current technologies do not present sufficient capacity for the grid scale tests and the
system integration purposes. A battery emulation system integrated to a physical
AC/DC converter can be programmed to provide a physical model of novel
technologies in the form of an output voltage. Running novel simulation methodology
and allowing physical experiments for the grid requirements response and the system
integration tests allows informing the technology development ahead of availability at

scale.

Battery system design includes six steps. First, the battery parameters form the basis
for the design. Then the discharging current, short circuit current, and conductor size
are calculated. And finally, after the protection devices are selected, the whole battery
system assembly is implemented [183]. The first step introduces a high level of
uncertainty when battery size and type are being defined as both depend on the hybrid
system components, system requirements, weather conditions, etc. For the case
introduced in this thesis, Bateman village, a lead acid battery was chosen for the H2Bio
system; however, a similar case from [184] argued a different choice of battery for the

case with similar weather conditions and performance criteria.

Narrowing down by the development level of the technology, there are four types of

batteries described also in the Chapter 1 (Table 1,2) quite mature and reliable with
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many examples on the market [185]: Lead Acid with low specific energy and limited
number of cycles but economically viable, Nickel-cadmium functioning in extreme
temperatures with environmental concerns, medium level toxic Nickel-metal-hydride
with high energy density but fast self-discharge rate and expensive Lithium-ion with
high number of cycle and low maintenance. All four types of batteries have numerous
examples of usage in FC systems [186], in power generation systems [187], but a
strong methodology of choosing the type of battery suitable for each case is still not

defined.

The high cost of physical equipment for experimental tests provides modeling
approach with an additional advantage. In the literature, there are economic and “cost
of use” models [187] that make a comparison based on one criterion. Tremblay et al.
[188] uses three types of battery models: electrical, electrochemical, and experimental
[189],[190] and states explicitly that electrical characteristics of the battery are reliable
enough to use for the system design. The modeling has also been improved by

introducing mathematical models with probability [191] and Thevenin models [192].

Tremblay-Dessaint model [188] was integrated into a physical battery emulator
Regatron that produces an output voltage of different battery types. It is a regular
AC/DC converter with an output voltage calculated from the initial parameters of a
battery type. Theoretically, any energy storage can be programmed into this emulator.
In this thesis, an experimental set-up was created to test different types of batteries to
work in tandem with PEM FC thus a controllable load has been added to the system
through a Triphase inverter controller and connected to the battery emulator Regatron.
It created a model based physical battery-testing set-up for a specific case of H2Bio
PEM FC. In general, any current profile can be integrated to the model in order to test

different types of batteries in a pseudo-physical test environment.
3.2 A mathematical model of simulation

Tremblay/Dessaint model uses the state of charge only as a state variable and
accurately reproduces the curves from the manufacturer for the four types of battery
chemistries: Lead-Acid, Lithium-Ion (Li-lon), Nickel-Cadmium (NiCd) and Nickel-
Metal-Hydride (NiMH). The battery model supplies an output voltage to the voltage
source and uses a non-linear equation based on the actual state of charge of the

battery [188].
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The five mathematical curves build the dis/charge curve (Figure 28):
Part 1: Nominal voltage (battery constant voltage) [V]

Part 2: Internal resistance loss [{1]

Part 3: Polarization Voltage [V]

Part 4: Polarization resistance [ 1/AH]

Part 5: Exponential Zone voltage [V]

The result is a combination of Part 1, Part 2, Part 3, Part 4 and Part5

Discharge
Exponentialarea ===
i)

Nominal area

| Discharge Time

~[h]

' Sate Of Charge (SOC) [%]

Figure 28. A mathematical model based on Tremblay/ Dessaint, 2009. 1 — fully
charged battery, 2 — the start of the exponential zone, 3 — end of the nominal area, 4 —

end of the discharging/start of charging

The most significant advantage of the model is the simplicity of the extraction of the

parameters, as no experimental measures need to be taken. The requirement is in three

points from the typical discharge curve of the manufacturer: fully charged voltage, the

end of the exponential zone, the end of the nominal zone and the maximum capacity,

usually, also the internal resistance (R) can be found.
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The model has few assumptions. The internal resistance is assumed constant during the
cycles and does not change. The characteristics of the model are taken from the
discharge characteristics and used for the charging as well. There is no change in
capacity of the battery with the amplitude of the current. There is no temperature
dependence, self-discharge, and memory effect. The model has few limitations. The
minimum load on the battery is 0V, the minimum capacity of the battery is 0 Ah. The
maximum state of charge cannot overcome 100% even if the battery is

overcharged [188].

The proposed model and approach can be used to model other types of batteries as
well. The model itself can be upgraded to increase the level of accuracy, which is

currently depends on the points extracted from the discharge curves.

The described model for four types of batteries has been used programmed into a

Regatron GSS battery emulator and used in this experimental setup.
3.3 Methodology

Battery emulator Regatron GSS receives power from an AC university grid. DC side of
the emulator is connected to the Triphase DC/AC converter. Energy flow is then sent
to an AC side of the Triphase converting battery voltage (ranging from 10 to 70V) to
send back to the University grid. The flow of the current is simulated using Triphase
model in Matlab, where current curves are programmed from real profile data obtained
in Chapter 2 of this thesis. The goal of these experiments is to test different types of
batteries working in tandem with PEM FC for the design of the kW scale system.

3.4 Experimental set-up scheme and components

The experimental set-up (Figure 29) consists of a battery emulator and controller. It
can generally be characterized as a bidirectional AC/DC/AC converter. The Regatron
GSS control system is based on a mathematical model of Tremblay and Dessaint [188],
where different models of different batteries are programmed. The BatSim controller
receives few input parameters, including a battery type, the state of charge, battery
model data. These parameters are used to calculate desired output voltage reference to
be introduced at the DC-link and set that voltage by feed-forward decoupling control.
The three components: rectifier, controller, and a math model combined to simulate the

performance of any battery as seen from the DC-link.
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Figure 29. Set-up scheme

The Triphase inverter and controller perform as a battery current control system. The
system accepts current output reference as an input parameter and introduces the
desired value. The created scheme is capable of emulating any battery in case of the
presence of a proper mathematical model. Also, the system models not only charge or
discharge currents but also the terminal voltage change according to the state of charge

of the battery. The set-up components are present in Figure 30.

Figure 30. View of the simulation experimental set-up

1). Battery emulator. Regatron TC.GSS hardware emulates four types of batteries
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(NiMH, NiCd, Li-ion, Lead acid). It is physically an AC/DC converter with a script
based performance currently running on the Olivier Tremblay and Louis-A. Dessaint

[188] mathematical model.

2). Bottom-layer control. The current flow is controlled to or from the simulated
battery using Triphase model in Matlab. AC/DC power converter has two functions.
First, it controls DC bus voltage and forms 3-phase AC voltage vectors to correspond
to required currents. The model uses 3-phase to d-q coordinates transformation. While
I, represents reactive current component and can be controlled directly, Iy component
is calculated in order to maintain DC bus voltage. Second, DC/DC converter aims to
control DC charging/discharging the battery connected to DC side. The model allows
setting this current value in Amperes and current flow direction (to or from the
battery). Flowing from battery DC formed by DC part of converter model charges the
DC bus. The AC part of the model calculates 14 component for the AC and forms the
corresponding AC voltage in order to create AC currents that will discharge DC bus

capacitor and maintain it on required level.

Integrated current control model has been added to the Triphase control scheme

(Figure 31).

crteal o

o in
Curve 1 Oﬂ‘O'Dnaﬂ‘I— ~ _

Criical2 ond

Cain
Curve 1 0’\‘0'!7'3“‘-]- °' —

wean ons

Curve 1 onof block

weal on2

CQurve 1 onoTblock

Constant Performing2 o
W on
Swich curve 1 o-vo-nucxa—r

=
1
— |
2
3 Performhg o3
e
ot N
Quve1  onofblock sutent o=
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3.5 Characteristics of the tested batteries

In the first experiment, Li-ion battery was charged to 80% state of charge; it had 15
cells in series and 15 cells in parallel. In the second experiment, NIMH battery was
initially charged to 80%. The model had 30 cells in series and 5 cells in parallel. The
third model of NiCd battery was initially charged to 80% state of charge. The model
had 30 cells in series and 15 cells in parallel. Finally, the Lead-acid battery was
initially charged to 80% state of charge. The model had 30 cells in series and 4 cells in
parallel.

3.6 Results

After obtaining charge and discharge curves, it was clear that a separate case based
criteria need to be formulated prior to the analysis. First, the battery serves as a backup
supply in the system thus it meets the load demand when the FC is out of operation.
Also, the battery is needed to compensate peaks of the power consumption, which
exceed the maximum fuel cell power. In this case, battery suffers a rapid discharge
regime with a loss of energy, which needs to recover as soon as possible before the
next FC shut down. The depth of discharge can be obtained from the state of charge
graph. Since almost all the batteries had a very close level of capacity and the same
initial state of charge percentage, the change of the graph can determine the highest
rated power among all four. It is essential for the proposed system in this dissertation
to have high power performance for the battery to make sure that the fuel cell

shutdowns will not affect the load.

Second important criterion comes from the rapid charge regime as the FC starts to
charge the battery after normalizing operating condition, as the battery needs to recover
the energy spent. But it also important to take into consideration the smoothness of the
graph as rapid changes lead to the shortened life cycle. The velocity of the recovery
can also be obtained from the state of charge graph. The slope of a tangent line to the

SOC graph during the battery charging regime was used.
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Figure 34. SOC of the NiCD battery model Figure 35. SOC of the Lead Acid battery model

When we obtained the graphs, it became evident that the capacity of the batteries need
to receive closer attention, as the depth of discharge is almost identical and highly

depends on the capacity.

Regarding the slope of the tangent line, Li-ion battery has the sharpest graph during the
charge, NiMH and NiCD are close in the growth rates, Lead Acid has the smoothest
graph of all. After the additional analysis on the economics, environmental

friendliness, and other criteria, a Lead Acid battery was chosen for the use in the

system.

The methodology and an experimental set up itself created the test bed for future
energy storage systems design and development that was previously limited by the
theoretical investigations and very specific cases from the literature. With the
methodology described in this thesis, any system requiring an energy from the battery

can be simulated if the needed current profiles are known (experimentally obtained).
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3.7 Fitted Efficiency and Degradation Models

The model was improved by adding fitted efficiency and degradation models.
Parameterized efficiency and degradation models have been created by conducting a
parameter sweep using the physics-based battery model developed in [193]. The result
is a function for capacity loss as a function of the state of charge and state of health and
a function for efficiency regarding state and charge and power. These simplified
(Figure 36) functions were embedded as scripts within the Regatron battery emulation

system.
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Figure 36. Fitted degradation and efficiency models, using the results from a parameter
sweep of simulations of a physics-based model

3.8 Results

The results are presenting the capacity and energy losses from the Li-lIon battery for
the typical, optimal, and critical working regimes of the H2BIO, with the battery
starting at a state of charge of 20%, 50%, and 80%, are shown in Figure 37. Operating

the battery at a higher state of charge leads to a greater loss of capacity and lower
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energy losses while operating at a low state of charge leads to lower loss of capacity
but higher energy losses. Operating cost will be a function of the operating point, but

will also depend on the cost of degradation vs. the cost of energy losses.
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Figure 37. Results showing the capacity and energy losses from the Li-lon battery for
the typical, optimal, and critical working regimes of the H2Bio, with the battery
starting at a state of charge of 20%, 50%, and 80%

3.9 Chapter 3 conclusions

Proposed energy storage simulation set up is capable of modeling different types of
batteries and testing them in a physical situation with current profiles obtained from
real experimental set ups. This approach enables mathematical models examining in an
actual physical condition as a tool for energy storage system design. For the case
investigated in this thesis, a current profile of the energy demand from the FC was
obtained and integrated into the setup. The current profile was tested on four different
types of batteries that were described and compared theoretically among other energy

storage technologies in the Chapter 1 and the obtained SOC graphs were compared.

The Lead Acid battery showed a smooth operating regime as well as fast recover to the
initial SOC, thus was chosen as a backup supply for the FC in the next experimental

setup design.

The mathematical model of the methodology has also been improved with additional
degradation and efficiency models and helped to maintain cost analysis for the capacity
level of the battery. The results showed that higher SOC battery operation leads to a
greater loss of capacity and lower energy losses. Lower SOC battery operation leads to
lower loss of capacity but higher energy losses. Based on the case requirement, the
system must supply electricity to the small town for as long as the solar energy is not
functioning, thus the battery needs to maintain as high SOC as possible and the system

needs to automatically charge the battery whenever it is possible. This concept has
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been developed in Chapter 5.

Even though the difference in the outcomes cannot be considered as significant for the
purpose of tandem operation with the FC for the specific case described in this thesis,
the smoothness of the response to the operating regimes, the recover dynamics of these
batteries and other experimentally obtained results make a sufficient contribution to the
current theoretical basis of the battery technical characteristics comparison (Table 1,
2). The simulation test bed and methodology described in this thesis provide a valuable
contribution to the process of energy storage system design that was previously limited

by theoretical comparison.
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Chapter 4  Preliminary experimental investigations of excessive heat output

Research objectives of the preliminary experimental investigations include internal and
external FC exhaust heat temperature measurements and qualitative assessment of the
desorption process inside a MH reactor. The goal is to experimentally investigate the
possibility of external heat carrier replacement noted in Chapter two for the future kW
scale autonomous H2Smart prototype and form technical requirements for the

intermetallic compound for the MH reactor.

Throughout the experiments, the internal temperature of 1 kW power PEM FC was
tested in different working modes from zero load to 800W. The measurements were
taken by a temperature sensor inside the stack. Also, the temperature and velocity of
airflow from the cooling fans of the same FC were measured. For this, the load was
steadily increasing, and the measurements were taken by the anemometry method. For
the qualitative assessment, a hot airflow was simulated and the desorption process was

measured inside a MH reactor.
4.1 FC internal temperature measurement

1 kW PEM FC was connected to a load that could perform from 0 to 800W. Different
sets of load were introduced throughout the experiment. In the Figure 38a, zero load
was introduced until the 50th minute. However, the battery inside the system was
charging, which kept the overall output power from the FC around 200W decreasing to
100W as the battery was getting charged. After the 50th minute, an additional load of
500W was introduced, making the total load of 600W for the FC, decreasing to 550W

till the end of the experiment.

In the Figure 38a, the temperature increased to 26°C and slowly decreased as the load
was decreasing. On the 50th minute, after an additional load was introduced, the
temperature grew significantly to 38°C and stayed around this measurement. After the

load was switched off, the temperature slowly decreased to 25°C.
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Figure 38. Temperature inside the 1 kW Hoppecke 1100 PEM FC during different
working regimes

(a) — zero load, constant load (400W-500W); (b) — volatile load, maximum load (800W)
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For the second test (Figure 37b), on the 10th minute, a load started to steadily increase
from 300 to 700W until the immediate shut down was introduced in the 20th minute.
When the FC does not receive enough pressure of hydrogen, the automatic shut down
stops the electricity generation process. The FC made a few attempts to restart until we

supplied enough pressure for it to restart in the 38th minute.

It is interesting to note that regardless the numerous shut down and crisis working
regimes, the temperature in the Figure 37b never goes lower than 25°C. We assume
that this happens due to a previously collected heat after 20 minutes of stable
operation. Another crisis was introduced in the 55th minute. The reaction of the system
was similar to the described above. For the rest of the experiment, the load changed
from 500W to 800W, introducing volatile load regime. And, in the 130th minute, the
load was switched off, and the temperature slowly decreased to 28°C. After the 130th
minute, the system turned off an automatic battery charging process where the
temperature started to grow again, showing similar results as on the previous

experiment.

To conclude inlet temperature measurement experiment, a variety of load scenarios
were tested, and the internal temperature of the FC was measured throughout these

scenarios. The findings of these tests are the following:

- The FC heats up to 25-30°C even in the absence of load

- Crisis shutdowns do not bring a rapid decrease in the FC, on the contrary, the
temperature stays on the levels higher than the zero load temperature

- It can be estimated that 30°C is a lower average FC internal temperature with

lower temperatures during the start-up procedures
4.2 FC exhaust heat output measurement

The output heat flow of the exhaust air from the commercial 1 kW Hoppecke E-1100
PEM FC with five cooling fans on the back (Figure 39) was experimentally measured.
A temperature of the flow and a velocity were measured on each cooling fan
separately. While measuring these two parameters, the change of power was in the
range from 75 to 835 W, steadily increasing, the last measurement was taken when the
load decreased from 835W to 640W. The thermal anemometry Testo 450 was used for
the measurements, the output heat was measured in a dynamic airflow state. Output

temperature measurement of the FC exhaust heat can be found in the Figure 40, the
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output velocity from five cooling fans is shown in the Figure 41.

Figure 39. The view of 1 kW Hoppecke 1100 PEM FC with five cooling fans on the
back
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Figure 40. 1 kW Hoppecke E-1100 PEM FC exhaust air temperature (averaged for five
cooling fans and scatter)

In the Figure 40 all the measurements for each power level were averaged for five
cooling fans and scattered. Most of the points show low to no difference between the
cooling fans along the backside of the FC for each power level. Also, the temperature

of the exhaust air steadily increases as the power level increases. Since FC is reactively
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answering to the load, the more demand is introduced, the larger amount of reactions
take place inside the reactor, inside the cell. Thus, the more heat is produced. The point
that is outside the overall shape (640; 42) was obtained closer to the end of the
experiment after the maximum load for this experiment was introduced. The
assumption here, again, is that the FC accumulates heat inside the system and the

temperature measurements will be higher closer to the end of the working session.

The comparison of the change of power with the change of temperature leads to poor
results. The change of power was from 75W to 835W, while the temperature changed
from 26.5°C to 44.5°C only. The overall external temperature went above 25°C right
after the start of the experiment but did not increase higher than 45°C (318K). This
outcome significantly limits the variety of possible metallic alloy compositions that

could be used in such systems.

1 kW FC waste air output velocity
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Figure 41. 1 kW Hoppecke E-1100 PEM FC exhaust air velocity (averaged for five
cooling fans and scatter)

The results of velocity measurement along the backside of the FC are shown in the
Figure 41. On the contrast with the temperature measurement, the velocity of the
cooling fans is not equal among the five fans for one specific power level. Also, no
correlation was found with the increase of power. Since the cooling system of an FC is
automatic, the assumption regarding these outcomes is that the change of velocity

serves as the variable for the amount of the heat released from the FC.
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The velocity of the fans decreases when the load is close to its maximum levels to save
the power. With the decrease of load, a more intensive cooling period starts with the
increase of cooling fans' velocity until the collected amount of internal heat is released

completely.

Summing up, the lower average temperature level of output air of the FC is 30°C, and
the chosen alloy should ensure required pressure levels with the heating agent
temperatures around 20°C. The difference in 10°C was kept for the losses in the system

and possible unstable output air levels.

After the internal and external temperature measurements with the FC, the backside of

the FC was equipped with a radiator, shown in the Figure 42, Figure 43.

N

*Jf / Back view
Front view ~

Figure 42. The design of the radiator

Figure 43. The view of the radiator that utilizes waste heat of the FC in H2Smart
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The radiator collects exhaust heat from the fuel cell and warms up the water inside the
system. The water then is sent to the MH storage system, ensuring the necessary level
of heat for hydrogen desorption process. The experiments to prove it are described in

the following chapter.
4.3 Qualitative investigations of air-heated MH reactor concept

For this experiment, a MH storage reactor of a bigger volume made in JIHT RAS was
chosen to test the possibility of using air as a heating agent for the desorption process
of the MH reactor. Of course, air is not considered as the best heat carrier for this
system. It is only considered as a heating agent due to the availability of excessive air
in the system already. The next step of the development of the concept described in
this Thesis includes the change of the heat carrier and realization of the concept in a
thermosyphon system. However, at this stage of development it was important to
qualitatively test the desorption process using a heat carrier in the form of air for the

purpose of the development of a kW scale system described in Chapter 5.

In this section, the qualitative experiment demonstrates the possibility of heating up of
the 13 st.m’ maximal hydrogen storage capacity [207] reactor made in JIHT RAS
initially designed for liquid cooling/heating by the air, having parameters similar to the
outlet air of commercial air-cooled PEMFC system with capacity in the range of 1 —2.5
kW (e). The data on Hoppecke H2.power product, provided by the manufacturer, is
provided in Table 9. The primary goal of the experimental investigations is to obtain
the data on the volumetric hydrogen flow at discharge and how it corresponds with the

demanded refueling flow of the PEM FC stack.

Another important issue is the maintaining of the pressure at the reactor outlet to fit the
requirements of the PEM FC stack. Since the equilibrium parameters (P-C-T) of the
hydrogen absorbing materials are mainly defined by the composition of the alloy
[208]-[212] and LaNis family gives wide opportunities to achieve the demanded
parameters by the modification of the initial composition, here the question of the

outlet pressure is recognized as secondary.
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Table 9. The parameters of Hoppecke H2.power PEM FC power generation units

Installed Air Air Proposed Hydrogen Minimal stack
H2 power | volume temperature | area for in- | consumption | inlet pressure
(kW) flow at maximal | and outair | at maximal (MPa)
(m’/h) load (°C) | flow (cm?®) load (st.
1/min)
1.1 391 50-55 289 13 0.0551 -
0.0830
2.5 883 50-55 660 30 0.0551 -
0.0830

4.3.1 Experimental setup

The reactor RS-1 detailed design and experimental tests are presented in [213]. The
reactor consists of stainless tubes with inner channels for liquid heating and cooling.

MH placed in the gap between the inner channels and the external wall of each tube.

The reactor has 49 tubes, 65 cm in length each, with common hydrogen collector. Each
tube holds MH inside due to a stainless mesh filter. The intermetallic alloy used in the
system is LagsNdo sAlp1Fep4Co¢2Nis 3, and it fills around 70% of each tube, the total

weight of the alloy is 81 kg, the properties are presented in Table 10 [194].

Table 10. The properties of Lag sNdo sAly 1Fep4Coo2Nis3[194]

Temperature Equilibrium Hydrogen mass Desorption Heat
(&) desorption pressure | content, max (%) | heat (kJ/mole | capacity
(MPa) H,) (kJ/(kg °C)
25 0.11
80 1.16 1.1 353 0.42

The reactor combines liquid cooling inside and natural convection on the outside of the
reactor. For the intensification of the latter, the cover has rectangular ducts (200*600
mm) on the top and the bottom of the cover. For this experiment, the cover has been
flipped horizontally to provide horizontal airflow to simulate the geometry of the flow
from the PEM FC. The scheme of the set up is shown in Figure 44. Three 1kW power

electric heaters provided airflow to the inlet of the duct, were connected in parallel and

&9




had a manual control by variation of voltage from 0 to 220V (AC). The use of curve
duct prevented direct thermal radiation from the heaters to the first MH tubes in order
to maintain the convection nature of the external heat transfer in the experiment. The

total simulated thermal power Q is equal to the heat output by the 2.5 kW PEM FC

cooling system:

Q > W.(1—n)/n, 1)

where W, and 5 represent electric capacity and efficiency of PEM FC. The efficiency
of the commercial systems is taken # = 0.46, taking into consideration hydrogen lower
heating value. The outlet of the cover was equipped with five PY-1238H240S axial
exhaust fans with the capacity of 190 m’/h in a row. The temperature measurements

were taken through the drilled hole in the inlet duct.

pressure sensor hydrogen
\\check valve
flow meter
probe hole ball valve
curve duct cover
heaters <
£
<
B N (=< o
©
o3 :
—AOC- O 5
P D 0Te X °
/‘ //A /‘ | fans
inletair 0.7 m/s : )
water in =¥ D—P water out
Temperature sensors

ball valves

Figure 44. Experimental installation scheme.

Prior the experiments, electric heating parameters were tested; the target 50°C inlet
temperature was obtained at 1.7 kW electric power on the heaters. The velocity
measurements at the inlet of the duct were taken by thermal anemometer Testo 415,
giving the average of 0.7 = 0.1 m/s. The measurements of the air temperature at the

inlet of the reactor were measured by the flexible type-K thermocouple probe in

several points.
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The outcomes of the preliminary tests are the following:

1). MH cartridges inside the reactor create hydraulic resistance thus the obtained
volumetric flow was below the characteristics of the H2power 1.1 kW (Table 9), which

means that the 50°C air heating can be considered as the “lower” estimate character.

2). An excessive thermal power of 1.7 kW has also covered all the heat losses in the
system, thus the 50°C air flow in the experimental setup models real system integration

of MH energy storage with 1 kW PEM FC.

Additionally, the reactor had the residual water inside the system (12 1), was charged to
50% of the capacity, did not have the alloy composition optimized to the given
temperatures and pressures, and did not have thermal insulation on any of the outer
surfaces. All of these components contribute to the statement that current experimental

set up corresponds to the “lower” estimate.

The measurements during the experiment include pressure (absolute) in the reactor,
water temperature inside the reactor, hydrogen flow at the outlet of the reactor. The

methodology of the experiments is the following:

1). The reactor was closed with steady-state values of hydrogen pressure and stable

water temperature inside the reactor.

2). The fans were switched on; the heaters received 1.7 kW electric power (175V AC).

The hot air was supplied to the system resulting in the pressure grow inside the reactor.

3). The ball valve was opened creating no limitations for the hydrogen flow except the

hydraulic resistance of the piping between the reactor and an atmosphere.
4). Hydrogen pressure and flow data were taken for the time period of 75 minutes.

5). Two initial thermal states were introduced in different experiments. During the
“hot” start the reactor was initially warmed up to 30°C. “Cold” start had the ambient

temperature of the reactor.

The parameters of the experimental investigations are presented in Table 11.
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Table 11. The parameters of experimental investigations

Inlet air | Inlet air Air Initial Initial Initial
velocity flow temperature | temperature | hydrogen abs. | SOC
(m/s) (m’/h)) after of reactor pressure (%)
heaters (°C) (MPa)
“Cold” | 0.7+0.1 | 300+43 50+2 17 0.14 50
start
“Hot” | 0.7+£0.1 | 300+43 50+2 30 0.15 41
start

4.3.2  Results of experimental investigations

The change of hydrogen flow from the reactor and the change of pressure for the cases

of “hot” and “cold” start are shown in Figure 45. Red lines in Figure 45 and Figure 47

represent the required refueling rate for H2.power 1.1 and H2.power 2.5 kW PEM FC

systems for the reference.
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Figure 45. Hydrogen flow at air heating of
RS-1 reactor (cold start). Red lines — the
required refueling for the H2.power 1.1
and H2.power 2.5 kW PEM FC systems.
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Figure 47. Hydrogen flow at air heating of  Figure 48. Absolute pressure in RS-1
RS-1 reactor (hot start). Red lines — the reactor at air heating (hot start).
required refueling for the H2.power 1.1
and H2.power 2.5 kW PEMFC systems.

The temperature of the water inside the hydrogen storage system has reached 30°C
during the “cold” start and 34 °C for the “hot” start. The tendency to the water

temperature grow was noted in both cases.

The reactor provided a steady flow of hydrogen for more than 75 min higher than the
refueling rate need of 1.1 kW (e) power. In this experiment, the reactor was taken with
water and natural convection heating and cooling processes with no major upgrade
made for this experiment. The level of hydrogen flow did not reach the required
refueling rates for the 2.5 kW (e) power. The proposed method demonstrated a
sufficient reserve for receiving higher results as no thermal insulation was present. The
reactor could be emptied from the water inside the system. The ABs alloy with higher
saturation pressure at 30°C and the same level of reaction heat could be chosen. The

passive heat transfer intensification could also be used.

One of the important outcomes is that the use of PEM FC exhaust air as the heating
agent has the risk of condensation with manufacturer’s declared relative humidity of
the air exceeds 90%. This creates a need for water evacuation from the heat exchange

surfaces.
4.4 Chapter 4 conclusions

Preliminary investigations and experimental results show the possibility of using the
exhaust air flow from a commercial kW scale PEM FC for the needs of desorption
processes in the MH storage system that previously needed a liquid external heating

agent and limited the use in the autonomous systems. The proposed novel method of
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both utilizing waste heat and replacing heating agent in the MH show satisfying results
for further development of the system that is carries out all the processes at the safe
operation regimes. The desorption process might be also supported by the pressure
instead of the temperature of the heat carrier, however, in this case an electrolyzer
would have to perform higher pressure levels too, which brings an overall pressure
level of the system higher, affecting safety requirements of the system. In this thesis, a
safe operation was at the cornerstone of the proposed concept thus the next chapter
investigates possible IMC and system design for the obtained temperatures of the heat

carrier rather than bringing the pressure level up.

Possible next steps may include the introduction of thermal insulation, further
investigation in metallic alloys with the search for higher pressure rates at the low
temperatures 20-40 °C, heat transfer intensification, radiator replacement by the design
of the reactor itself. However, the design of the reactor should take into consideration
high humidity level of the outlet FC hot air and eliminate condensation issues. The
possibility of using the proposed concept with the high-temperature FCs shows

interesting scope of research that lies outside of the purpose of current thesis.
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Chapter 5  Design and development of a 1 kW hydrogen energy storage system
prototype based on PEM fuel cell and MH

For the case of Northern region of Russia with high solar potential, described in
Chapter 1, an energy storage system concept was introduced to work coupled with
solar panels. The proof-of-concept of such systems was designed and developed in the
form of H2Bio experimental set up. However, the need for additional back-up power
supply, external heat carrier and hydrogen supply has been noted as a major point for
improvement in the next power level systems of such concept. In the Chapter 3,
possible back-up systems were tested. In the Chapter 4, the possibility of utilizing
internal excessive heat from the FC was experimentally proven. As the result of the
investigations in Chapters 2-4, current Chapter 5 presents the design and development
of a 1 kW scale hydrogen energy storage system with no need for additional heat
carriers supplied. Additionally, the system is equipped with an electrolyzer for
hydrogen production on the spot of system integration and with a lead-acid back-up
battery supplies system. The developed system is designed to function at the safe

operation regimes and low pressure levels.
5.1 Technical and design requirements for the system

A novel energy generation system was designed to store excessive energy from
renewable sources of energy or the simulation of renewable sources of energy. The
technology ensures the quality of electrical energy in micro energy systems that have a
load and distributed energy sources through the use of hydrogen energy storage.
Hydrogen storage component uses a solid intermetallic alloy that forms metal hydride
as the result of a chemical reaction with hydrogen. Electricity generation is performed
by 1kW PEM FC. Exhaust heat from 1kW PEM FC is utilized for desorption process
in MH reactor, sorption and desorption processes in H2Smart use hybrid heating and
cooling techniques to perform comparative analysis on the same system. The main

parameters of the system are measured and controlled through NI-PXI and LabView

interface.
Table 12. Technical characteristics of H2Smart MH storage system
Fuel cell power level 1000W
Maximum working pressure no more than 1MPa
Metal hydride metallic alloy LaNis
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The amount of hydrogen stored in MH reactor 1000 1

The nominal pressure of MH reactor charging no more than 0.5 MPa

The nominal excessive pressure of MH storage no less than 0.055 MPa

discharge

The maximum excessive pressure of discharge no more than 0.083 MPa

The nominal hydrogen consumption rate no less than 13 norm I/h and

no more than 15 norm l/h

Type of cooling/heating hybrid: air and water

Heat agent 1 air, 50...55°C, consumption rate

391 m’/h, inlet velocity 0,7 m/s

Heat agent 2 water, 0...95°C

System components of H2Smart include water preparation, electrolyzer, low-pressure
hydrogen storage, PEM FC, control. The system is designed in a separate module and
located in a 19-inch stand. The weight and the dimensions of the system require the
doorway width to be at least 800 mm. One person can transport the module

horizontally.

Table 13. The technology used in the system components of H2Smart

System component

Technology

Development level

Water preparation

Deionization using ion-
exchange filters and

subsequent filtration.

The technology is developed;
numerous solutions are available

on the market.

Electrolyzer

Electrolysis of water with

solid polymer

The technology is developed;
numerous solutions are available

on the market.

Low-pressure

hydrogen storage

Reversible solid-state
storage of hydrogen in

metal hydrides

Pilot samples, separate examples
of integration to storage and

compression systems

Fuel cell

Electrochemical
generation from the
reaction of hydrogen with
air oxygen in the cells

with electrolyte

The technology is developed; the
work is done towards reducing the
cost of installed capacity,
increasing the efficiency. A steady

growth of commercial sales
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around the world

Control system Control technology based | The technology is on the market

on NI-PXI with the user

interface in LabView

Technical characteristics of the H2Smart system components:

1.

Electrolysis subsystem consists of H2box-100 electrolyzer with 100 norm I/h

(standard) and with hydrogen pressure 1.5 — 3 atm;

Hydrogen storage subsystem consists of specifically designed MH reactor with
nominal charging pressure up to 0.5 MPa, nominal excessive discharging
pressure no less than 0.05 MPa, nominal hydrogen consumption rate no less
than 15 norm 1/h (standard), cooling type: liquid (technical water 0...95°C), 5
kg of intermetallic compound La,,Ce,,Nis, hydrogen capacity 1.35% mass.,
67,5 kg (750 norm I). Maximum capacity of 1000 norm | can be reached by 6.7

kg of the intermetallic compound.

The exhaust heat storage system is the radiator, a heat exchanger with water as

a heating agent.

PEM FC is an air-cooled E-1100 with nominal power 1100 W, 24/48 V (DC),

hydrogen consumption rate 14 norm I/min (during the nominal power 1100 W).

Automated system of control and measurement works on the NI PXI (National

Instruments, USA).

5.2 Scheme of the system, working principle

The system (Figure 49) uses excessive electrical energy as an input (regular 220V in

this set up). The electricity is supplied to the electrolyzer and releases hydrogen, which

is being processed through a hydrogen dehumidifier that is integrated to the

electrolyzer due to high-level requirements for the absence of humidity in hydrogen

that is sent to the metallic alloy.
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Figure 49. The scheme of the HySmart experimental setup
Dehumidified hydrogen enters the sorption process inside the reactor. The chemical
reaction of the formation of MH requires heat removal thus cold water supplied to the
reactor either through an external input or from the radiator. Hydrogen is stored in the
reactor until the demand load exceeds the electricity production rate from the
renewable sources of energy or the simulation of such production. When this happens,
the FC is started by a small capacity backup battery supply and hydrogen is released
from the reactor by desorption process with additional heat supplied. After the FC has
reached nominal working conditions (60°C — 80°C inside the stack), the radiator starts
to collect waste heat from the cooling fans of the FC and sends warmed water to the

reactor for further desorption process of hydrogen.

The H2Smart output is a 220V outlet through an inverter. An automated system
collects different sets of data and responds to the user changes made in LabView

interface using NI-PXI integrated to a personal computer.

Gas scheme of H2Smart is shown in Figure 50, the hydraulic scheme in Figure 51, an

outline dimensions in Figure 52.
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Figure 52. Outline dimesions of H2Smart

Table 14. The list of measuring and testing equipment

Name, type

Designation Main characteristics

Absolute pressure sensors
CORUND -DA-001M

KTXJI. 406233.001 max. pressure 2.5 MPa

Manometer DMME

GOST 2405 accuracy class 1.5

Thin-film platinum temperature

SE€Nsors

DIN EN 60751 Temp. range:

-70 to +500 °C

CZ-08491-12 Digi-Sense

ISO 9001 (certified in RF) Temp. range:

-70 to +500 °C
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Figure 53. Final view of H2Smart

5.3 System components
5.3.1 «H2box-100» hydrogen electrolyser

Electrolyzer H2Box-100 produces electrolytic hydrogen for industrial and research
laboratories to supply chromatographs and gas analyzers with plasma-ionic detectors
and other technological processes that require pure hydrogen. The main component of
H2Box-100 is an electrolyzer with solid polymer electrolyte with a high proven
resource (more than 20000h). Uses standard 220 V input, has fully electronic control,

ensures electricity conversion no less than 96.5%.

The high level of automatization of the generator provides a safe utilization of the
device and allows to control the technological characteristics of the electrolysis:

- a current flow rate of hydrogen

- conditions of a hydrogen dryer system

- conditions of a water filtering system
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- cumulative operational time

- other vital characteristics of the generator

The H2box-100 generator is easy to transport, install and use because of the
technological solutions implemented in the generator. It is equipped with replaceable
cartridges with ion-exchange resin and silica gel.

Table 15. Technical characteristics of H2box-100

SPECIFICATION OF «H,BOX 100»
Hydrogen quality GOST 3022-80-A
Hydrogen quality (in the percentage 99,99%
equivalent to dry gas)
Nominal capacity 100 I'h
Output pressure (set-point range) 1,5 -3 atmg
Time to reach the operating parameters 15 min
A volume of distilled water 41
Power consumption (nominal working <450 VA
parameters)
Maximum power consumption <600 VA
Distilled water flow-rate <0,11/h
Overall dimensions 300x450x600 mm
Weight 38 kg
Operating conditions
Ambient air temperature +5°C++35°C
Relative humidity at +35 °C Up to 80%

o

; = s

o)

i

Figure 54. View of the electrolyser H2Box-100
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5.3.2 PEMFC

Table 16. Technical characteristics of PEM FC E-1100

Type FC with a solid polymer electrolyte
Cooling type Air

Nominal power 1100 W

Nominal voltage 24/48 V (DC)

Height 7 inch

Hydrogen consumption 14 norm I/min (at the nominal power 1100 W)

Hydrogen purity 99.95%
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Figure 55. View of PEM FC

5.3.3 MH reactor

MH system is the subsystem in H2Smart that is being studied with respect to heat and
mass transfer processes thus an ability to measure temperature inside the reactor, input
and output pressure, input and output heating agent parameters is needed. The reactor
should be easy to assemble and disassemble as also the characteristics of different

metallic alloys are being studied as well.

The module cartridge type reactor is shown in Figure 56.
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Figure 56. Module MH reactor for hydrogen storage and purification

The reactor has two inlet nozzles, four MH cartridges, water heat exchanger and the
flange with a hermetic high-pressure connector for the output of temperature sensors’
signal cables. The heat exchanger is also an outer shell of the reactor ensuring strength,
rigidity, and tightness of the structure. At the same time, inside the durable casing,

there is a tube for cooling and heating agent.

The cartridge holds intermetallic alloy and stores hydrogen when the MH is formed.
Due to a significant change in volume of an intermetallic alloy, the design of the
cartridge must withstand significant mechanical stress. At the same time, the inner
walls of the block must contain porous material that lets the gas in restraining from
letting in the metal dust to the free volume of the module and then into the pipeline

system. Thus a cartridge cannot be a rigid structure.

The reactor is filled with 5 kg of La, ,Ce, ;Ni;, maximum H2 capacity is 1000 norm 1

(st.L), and nominal operating capacity is 720 norm I (st.L).

For the purpose of sustainable and accurate design and implementation of the MH
reactors of this type, the additional tests and experiments were needed [195] . Below
there are experimental verification tests for two kinetics models presented in [196]-

[199]. Several boundary conditions were used in the calculations:

- The third level boundary conditions were set on the inner and outer walls of the
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cylinder.; the temperature of the cooling liquid, as well as the heat-transfer coefficient,

were taken from the experimental data.

- The variable pressure was set on the input cross-section of the reactor; the

dependence of pressure variations over time was taken from the experimental data.

Figure 57 represents the results of calculation of an integral concentration of consumed
hydrogen [200]-[204] in the solid state in comparison with experimental results. The
calculations were provided with the use of two kinematic models. The data provided

by the alloy manufacturer was used for the equilibrium pressure calculations.
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Figure 57. The change in the average integral hydrogen concentration in the solid
phase in the process of sorption
It might be seen that calculation results have a significant deviation from the
experimental data. Moreover, the calculations which were provided with several

different kinetic ratios give the same result.

Based on the comparison of the calculated model with the experimental data, a
correction curve was established for the equilibrium pressure of the hydrogen-
accumulating alloy as a function of the stored hydrogen concentration, taking into
account the actual data on the effective capacity of metal hydride accumulators

obtained in the course of experiments on reactor charging.

Figure 58 shows the change in the average integral concentration of bound hydrogen in

the reactor during the charging process, calculated using the selected equilibrium
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pressure dependence. The selection was made for the maximum mode, that is why in
this mode there is the best correspondence between the results of calculation and the
experimental data. In the other modes, a deviation is observed at the initial moments of
time, which may be due to the dependence of the plateau width of the equilibrium

isotherm on temperature, which was not taken into account in this calculation.

Figure 59 represents the temperature change in the bed during the sorption process,
calculated using the selected equilibrium pressure dependence. As can be seen from the
figure, some correspondence (according to the maximum temperature) is observed in
all modes; however, obviously, the conditions for cooling of the reactor and the

thermal conditions of its operation require further clarification.

Thus, because of the mathematical modeling, it was possible to achieve a good
quantitative correspondence with experimental data on the average integral
characteristics of the MH operation and qualitative correspondence in local

characteristics.
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Figure 58. The change in the average integral concentration of bound hydrogen in the
process of sorption (calculations using a modified model)
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Figure 59. Temperature change in backfill during sorption

5.4 Alloy material composition and preparation

In the works of JIHT RAS [205] -[207], a variety of LaNis family alloys were studied.
For the creation of MH energy storage reactor, it is necessary to obtain
physicochemical characteristics of the intermetallic compounds. The measurement of
these parameters has been performed in the experimental investigation of a PCT
diagram (pressure, concentration, temperature) using the Sievert method [214]. PCT
diagrams were generally described in the subsection 1.7.4 in Chapter 1. They provide
enough information to choose a proper alloy that will release satisfactory output
pressure of hydrogen experiencing relatively low 30°C - 40°C temperatures of heating

agent. As an outcome of this study, a Lag¢Cey 1 Nis was chosen for the designed system.

5.4.1 Experimental setup description

The method was modified for the bigger scale samples measurement. The laboratory
unit YS150 was used, the installation scheme is shown in Figure 60. The installation
enables the measurement of sorption and desorption isotherms for material samples

from 10 to 800 g at the temperatures from 243 to 673 K and at the hydrogen

overpressure up to 15 MPa.
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Figure 60. Laboratory unit for measuring the desorption isotherms. bJI1 — compressed
tank with hydrogen; VII1-9 - valves; BS1 — hydrogen accumulator filled with LaNis;
BS2 — working autoclave; CV1 — buffer autoclave CV2 — vacuum capacity; /{1 —
absolute pressure sensor (0-1 atm); /12, /14 — excessive pressure gauges (1-150 atm);
I3, 15 — excessive pressure gauges (1-10 atm)

The activated material sample is placed to BS2 and carefully vacuumed by the
turbomolecular vacuum pump “Drytel 1025” until the residual pressure reaches 0.1 Pa.
The temperature is kept in the range from 243 to 373 K during the isotherm
measurement by the low-temperature thermostat “KRIO-VT-017, for the
measurements in the range from 373 to 673 K the heater of the working autoclave is

used.

In the buffer tank CV1, through valves VII 3,4 and 6, from the hydrogen accumulator
BS1 hydrogen is supplied under pressure up to 15 MPa. The pressure and temperature
of the buffer tank are fixed by a platinum resistance thermometer Pt and a pressure
sensor D2. Then, the amount of hydrogen gas in the buffer tank and the adjacent
pipeline section is equal to the amount of hydrogen in all of the the individual sections
of the plant. The buffer tank is then connected to the working autoclave BS2 using the
valve VP 8. After equilibrium is established (the sorption process is considered
complete if the temperature and pressure in the working autoclave remain constant for
30 minutes), the equilibrium amount of hydrogen remaining in the system in gaseous
form is calculated as the sum of the quantities in the buffer tank, the working autoclave
and the connecting pipelines. The amount of hydrogen absorbed by the sample is

calculated as the difference between the initial and equilibrium amount of hydrogen.

The measurement of isotherms of hydrogen desorption is carried out by selecting

108



calibrated portions of hydrogen from a working autoclave into a buffer or vacuum
vessel. After equilibrium is reached, the pressure in all parts of the installation becomes
equal. For the desorption process to begin, some amount of hydrogen is taken from the
buffer autoclave with a closed valve VP 8. And then the amount of hydrogen in the
system is calculated as the sum of the quantities in all tanks. By connecting the
working autoclave with the buffer autoclave by the valve VP 8, the desorption process
begins. After the equilibrium is reached, the amount of hydrogen in the system is

calculated.

The sensors D2 and D4 are used to measure the pressure in the range from 1 to 15
MPa. To improve the accuracy of measurements in the pressure range from 0.1 to 1
MPa, the sensors D3 and D5 are used. The error in measuring pressure by the sensors
D2-D5 is 0.05%. When measuring the pressure levels below 1 bar, the sensor D1 is
used. The error of the sensor D1 is 0.5%. The temperatures of the working autoclave,
vacuum tank, and the pipelines are measured by the chrome-alumel thermocouples
with compensation for the cold junction temperature TP5-10. The temperature of the
buffer tank is measured with a platinum resistance thermometer Pt. The error in
measuring the temperature is + 0.05 K. The design of the installation also allows

changing the volume of the working autoclave.

Calculation of the molar volume of the liberated hydrogen is carried out using the
modified Van der Waals equation proposed by Hemmes and co-authors [215].
Comparison of calculation results and literature data [216],[217] shows that in the
temperature range from 250 to 500 K and pressure up to 15 MPa, the value of molar

volumes obtained using the equation differ from the literature data by less than 0.1%.
5.4.2 Experimentally obtained PCT diagram

The hydrogen-absorbing alloy Lag9CepNis [218] was mechanically shredded to a
particle size less than 5 mm and inserted into metal hydride hydrogen storage units.
100 g of the selected alloy were used to study the absorbing properties. The desorption

isotherms of Lag 9Ce 1Nis are shown in Figure 61.

The heat of reaction determined by the Van't Hoff equation is 4H = 30.7 = 0.5 kJ / mol
H,, the entropy change 4S5 = 110 = 1 J / K mol H,, the linear approximation of the
plateau isotherms in the form ¢ (X) = ¢y (X - 0.5) gives the following value for the
slope coefficient of the plateau: ¢y = 0.29 £ 0.06. The value of the hysteresis
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Pressure, MPa

coefficient is ¢, = 0,4 + 0,05. The maximum hydrogen capacity of the alloy is 1.34 +
0.005% of the mass. The reversible capacity of the alloy is 1.10 ... 1.15% of the mass
or 120.. 130 norm 1/ kg (stL/kg) of the alloy.
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Figure 61. P-C-T (pressure, concentration, temperature) diagram of Lag ¢Ceo 1 Nis [218]
According to the 1 kW Hoppecke E-1100 PEM FC specification, operating gage
pressure of hydrogen should be in the range between 0.55 and 0.83 bar, which is 0.055
to 0.083 MPa respectfully. Experimentally, we marked the low level of hydrogen gage
pressure to be around 0.13 MPa for the safe operation. On the PCT diagram, the 20°C
desorption plateau is situated on the level of 0.2 MPa, and the 40°C desorption plateau
is situated on the level of around 0.45 MPa.

It can be concluded, that the needed pressure of hydrogen from the MH reactor with
this alloy can be reached at the temperatures below 20°C. Thus, the proposed alloy is

suitable for the use in this MH system.
5.5 Experimental results, working regimes

The goal of these tests was to experimentally prove the possibility of integration of the
proposed MH reactor with a commercial 1kW PEM FC, explore working regimes of

the system, run the system coupled with a backup battery power supply.

MH hydrogen storage reactor uses a cartridge approach with free space inside the
cylinder. In the previous MH storage system design a practical problem with PEM FC
performance has occurred. PEM FC hydrogen intake level is not constant with high
peaks of hydrogen demand throughout the operation. An additional free space cylinder
was introduced to the system meeting simultaneous FC demands. In the current design,

free space was integrated into the reactor with no need for additional free space
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cylinder in the system. Heating and cooling processes are performed by water supplied
to the gaps between the housing and the camera. A detailed description of the reactor
design and development is presented in Chapter 6. The MH was fully charged before
the start of the experiment and was discharged by the desorption process for about 100
min. The pressure in the MH reactor is shown in Figure 62, power distribution — in

Figure 63.
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Figure 62. Pressure in the MH reactor
Previously, the pressure level of an FC hydrogen inlet pressure was found
experimentally to be around 0.13MPa [194], [205]-[206]. In this experiment, the MH
reactor was able to maintain needed pressure level for the entire duration of the
experiment. The graph shows that the pressure rose to 0.7MPa before the valve was
open, then it decreased to 0.25MPa and started to decrease with the decrease of the
amount of hydrogen left in the system. Peaks on the graph are the periodic pressure
drops (figure 43), H2 purging impulses which are necessary to remove excessive water
from the fuel cell. Their appearance is typical for the operation of fuel cells at

temperatures below 100°C.

During the first 4 minutes the battery was supplying the FC start-up procedures, then
the load on the FC was zero. Thus the FC was recharging the backup battery. On the
50™ minute, a 450W load was introduced. It was kept for 40 minutes, and then went
back to zero. During these 40 minutes, the FC both met the load and powered up the
battery. It was noted that in the case of load level being equal to the power FC could
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provide, charging of the battery stops automatically. In the cases of the load being
higher than the FC, the battery performs backup supply for the load. It was investigated

more in the 6.2 of the current paper.

In Figure 63, the results of the experiments are shown in the two working regimes of

the system:
1). zero demand load when all the energy from the FC charges the backup battery

2). increased demand load to 450W when the FC supplies both the battery and the

demand
Load
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i FC meets the need of the
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Figure 63. Power distribution during different working regimes

The black line indicates the power requested and received by the load; the red line
shows the power received by the battery; the blue line signifies the power output of the
fuel cell. The power output is positive on the graph, but the concept of output can be
perceived as negative and stand for the sum of both loads (battery and the demand). On
the first part of the picture, the blue line and the red line are identical due to the
absence of the demand load. In case the FC shuts down or experience a low pressure of
hydrogen from the MH back-up battery meets the demand of the load ensuring the
reliability of the supply.
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5.6 Experimental results, system response

The power distribution for the second part of experimental investigations is shown in
Figure 64. The same color indication is used with the previous graph. For the first 17
minutes, enough pressure was supplied to the FC, and the load was increasing in a
step-by-step process: 300W, 500W, and 700W. Then the pressure for FC was made
below operational values of 0.055-0.083MPa gage pressure and the FC shut down can
be noted in the 20" minute. The red lower line indicates that backup battery supply met
the demand of the load. The same backup supply performance can be noted in the

125th minute, where FC again experienced a shutdown.
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Figure 64. Power distribution during FC shut down and a system response
On the 22" minute, rapid peak demand of the load was tested; FC started the operation
and met the required power level of the demand. The lower red peak in the 22" minute
indicates the nuance we have noticed further on during the operation of the FC. Given
different load levels higher and lower than 450W, the plateau of the FC was noted.
After multiple additional experiments, we can assume that the voltage level of the
battery limits the output of the FC. This nuance needs to be further investigated to

draw any conclusions.

On the side of the power, the battery backup supplies FC start-up procedures, crisis
shutdowns. The FC charges the battery as a regular load until it is charged completely.
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During the experiment, the FC met the demand of the load as well as charged the
battery. If the load exceeds the amount of power FC can provide, the battery stops the

charging process automatically and meets the remaining demand of the load.
5.7 Experimental results, demand response

The concept described in this thesis has been proved to be feasible by the experimental
test below. The H2Smart system starting temperature was around 5-8°C. FC exhaust
heat was supplied to the water inside the system and sent to the reactor. Figure 65
shows temperature measurements across the system: inside the fuel cell, inside the
system, and inside the reactor. The purple line on the graph indicates temperature
measurements inside the fuel cell, which increased to maximum 29°C, then slowly
decreased to 25°C. Red and black lines indicate the temperature of the water inside the
system before and after the reactor respectively. The blue line shows the temperature
inside the reactor that increased to the maximum of 23°C and then stayed relatively

constant.

Throughout the experiment, the fuel cell met the demand of the load that slowly

decreased. A power output of the fuel cell is shown in the Figure 66.
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Figure 65. Temperature measurements across the system: inside the fuel cell, inside the
system, and inside the reactor
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Figure 66. Power output of the FC
In the Figure 67, a pressure demand from the fuel cell is shown (red line). The
measurements were taken after a reducer to 0.16 MPa; this is the needed pressure for

the fuel cell performance.

Hydrogen output pressure from the MH reactor is shown in Figure 67 (black line).
Throughout the experiment, MH reactor produced enough hydrogen pressure to supply

successful fuel cell performance.
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Figure 67. Pressure levels in MH reactor and FC inlet
On the next experiment, a similar concept but a longer period of time was tested. In

Figure 68, the outcomes of the experiment are presented. MH reactor was able to
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maintain the needed pressure level and supply FC with enough hydrogen flow to meet
the demand throughout the experiment. On the temperature graph Figure 68a, the
lowering of the temperature inside the reactor show that the volume of hydrogen was
declining inside the reactor. The further experiment continues, the bigger is the
difference between the temperatures after the FC and inside the reactor, which

constitutes to the drawbacks of heat transfer after a long desorption process.
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Figure 68. Experimental results H2Smart: (a) temperature, (b) power, (¢) pressure
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5.8 Chapter 5 conclusions

A novel type of hydrogen storage system with low-pressure MH hydrogen storage
reactor, low-temperature PEM FC, electrolyzer, and an inverter is designed and
developed. The system functions at the safe low-pressure operation levels. The PCT
diagram of intermetallic compound with design requirements from Chapter 4 was
obtained experimentally.

The results prove the possibility of technical realization of the proposed concept and
study multiple working regimes, system and demand response, investigate the pressure
levels depending on the temperature differences inside the system. H2Smart
experimental set-up utilizes a novel type of MH reactor using exhaust heat inside the
system and avoids external heat agents that previously eliminated the possibility of
using MH hydrogen storage in an autonomous power supply.

The proposed system has significantly opened the possibility of creating a novel air-
heated MH storage reactor and provided valuable kW scale experimental results for the
further development of theoretical investigations in electrochemical investigations of

MH storage in a bigger scale.
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Chapter 6  Economic evaluation of the proposed concept
6.1 Test case description

The framework of economic evaluation of the project is based on the real case —
Batamai village in Yakutia region where renewable energy sources were integrated in
2012. Batamai is a small village with a population of 233 people. Since 2012 the
installed capacity of solar PVs was doubled and formed 60 kW of output power. The
performance of RES system is justified by high solar insolation in Yakutia climate
zone. The implementation of solar PVs leads to significant diesel fuel economy (i.e.,

14,4 tones in 2015). Average power generation in 2015 is shown in Figure 69.
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Figure 69. Power generated by RES in 2015

There real storage system, operating in Batamai, consists of 90 Lead Acid batteries and
associated equipment such as inverters, controllers, etc. The installed capacity of the
storage system is 27,6 kW. The assumption of current analysis states that the average
number of operating hours is 200 hours per year while average autonomy time is 2
hours. When the backup storage system operates independently, it provides around 6%

of total diesel fuel economy.

The goal of the economic evaluation is the comparison of hybrid hydrogen energy
storage and the existing lead-acid energy storage system. The total costs of Lead Acid
energy storage will be compared with five different economic scenarios of total costs
of hybrid hydrogen energy storage. These scenarios present different prices for fuel

cell and electrolyzer per kWh as well as prices for a kilogram of MH.
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6.2 Methodology and data [219]

The 27,6 kW hydrogen system with 2 hours autonomy is proposed to be designed in
the Batamai village for the economic comparison with an existing energy storage
system. A simple model for estimation of capital, operational, and total costs for 15
years of ownership was created to compare the hybrid hydrogen backup system with
conventional Lead Acid batteries. Hybrid hydrogen/batteries backup system (H2BS)
combines Lead Acid batteries of a substantially lower capacity and hydrogen
subsystem, including water electrolysis, fuel cells, and metal hydride hydrogen storage.

As the technology is rather young, several price scenarios were estimated.

In the framework of this economic evaluation, NPV and IRR analyses are not provided
rather focusing on real economic benefits (diesel fuel economy) of the system
implementation. There are at least two critical factors such as infrastructural (smooth
integration of solar PVs) and socio-economical (resilient power supply in the remote
area) which could not be assumed or estimated. The goal of the economic investigation
is to calculate and compare the costs of the existing system with the H2BS system.
Moreover, discount rates are difficult to estimate due to the frequent changes of
refinancing rate and bank interest rates. Thus it is hard to predict discount rates for the
chosen long term, as well as currency exchange rates. Life-cycle cost-benefit analysis
is not useful due to the frequent changes in state policy and legislation in the field of

energy efficiency and RES.

The assumption is that the Total Costs of the system is the sum of Capital Expenditures
(CAPEX) and Operational Expenditures (OPEX) from zero years (the year when
CAPEX are invested) to the year which corresponds to the last one in the framework of

the comparison (T):
T T
TCO = 2 CAPEX + E OPEX
= =

Table 17 presents necessary data for the model. It includes retail prices of equipment in
US dollars, production and service prices in rubles. All the prices correspond to the

years 2015-2017 prices for equipment, service, and production.
6.3 Lead-acid batteries

CAPEX are the expenditures for the system creation and installation, includes also a

necessary infrastructure, such as invertors, controllers, etc. Thus the equation contains
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additional 20% for this equipment and assembly:

CAPEX',,, =12N,,,PR,,, (6.2)

Number of batteries scheduled for utilization is

Njunz =Npar /tBAT + Nj_lutil /tBAT’ Noum =0 (6‘3)
Replacement cost for the year ;:
CAPEX’ ,,, = CAPEX",,, / t,,, + CAPEX'™, . /t,., (6.4)

Operating expenditures for the year j are combined from the costs of electricity,

utilization, and testing:

OPEX’,,, =PR,,t. P, /M. /C,,+N PR, +PR (6.5)

kWh" out™ nom loss util util test

Table 17. Data for the model

Backup power system requirements Lead Acid Batteries
Nominal power, kW Prom 27,6 | Capacity, Ah Cpar 300
Nominal DC voltage, V U,om 48 | Nominal voltage, V Upur 32
60,0
Autonomy time, h thom 2| Battery testing, RUB/year PRy 00
Total annual power outage,
h/year tout 200| Battery efficiency, % NBAT 80
Nominal depth of DODg
Comparison term, years T 15| discharge, % AT 80
Metal hydride reactor RS-L Self-discharge, %/year Closs 30
PRgs 100,00
Reactor price, RUB L 0| Battery mass, kg MpAT 48
Alloy mass per reactor, kg~ muym 100 | Retail price, USD PRp4r 435
PRy
Alloy price, RUB/kg H 6000 | Battery lifespan, years 1BAT 4
Nominal alloy capacity,
%%owt. Cm 1.1| Utilization, USD/kg RR.: 1.4
Nominal RS-L H; capacity,
st.m’ Vi 1225
Fuel cell Other data
Nominal power, kW Prc 10| H, density, g/st.m’ PH2 89.8
H, lowest heating value, 119.
FC price, USD/kW PRrc  5000| MJ/kg LHVy, 91
H; 99.999% per 40L
cylinder 11,0
FC efficiency nrc 50| (6 st.m’), RUB PRy 00
H; 99.98% per 40L
PR cylinder
FC maintenance, RUB/year 10,000/ (6 st.m’), RUB PRy, 1800
H2BS maintenance, PRy 30,0
Electrolyzer RUB/year S 00
EL productivity, st.m’/h qEL 0.2] Electricity price, PRiwn 15
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RUB/kWh

EL price, USD/kW PRg;,  5000| RUB/USD (Apr 2016) PRysp 62
EL efficiency, % NEL 65| RUB/EUR (Dec 2016) PRgur 64

6.4 H2BS Hybrid Hydrogen Energy Storage

As Hybrid hydrogen energy system H2BS contains Lead Acid batteries for the startup
process, the specification of the percentage of batteries in the system is necessary. The
parameter K is the part of the load, which is covered by a fuel cell. Thus the number of

RS-L metal hydride reactors might be calculated as:

Nyt = PontoonR 1V, | LHV,, |y 1

nom" nom HOM

Additional 20% for the system balance and assembly are part of the H2BS CAPEX

equation, which includes the costs of FCs, MH, batteries, and electrolyzer:

(6.6)

CAPEX ;;,ps =1.2(RN,; (PR, +my PR, ) + RP,, PRy + QELLHVHZ P, PRy /1) +

+(1- R)YCAPEX,,

Operating expenditures:

OPEX'/HzBS = PRyl i Bro (R 1 +(A=R) /17, 1 Cp ) +(1 _R)ijilPRutil + PRy 55

kWh” out™ nom

6.5 Results and conclusions

Results of the comparison are presented in the Figure 70. The conservative scenario for
H2BS storage system is ‘H2BS: Electrolyzer&Fuel cell ($5000/kW) + MH
($100/kg)’ as the technology is considerably new with high costs. It could be noticed
that H2BS system has more significant Capital Cost than the Lead Acid batteries have.
However, this cost doesn’t change significantly during the lifetime, while conventional
battery systems are suffering from rather substantial Operational Costs and the need for
replacement due to the loss of capacity, which make the H2BS system cheaper in a

long-term span (10 years and more).
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Figure 70. Comparison of the technologies in terms of cost

Lead-acid batteries technology is well developed with established supply chain;
however the issues of this technology are also well known. The new technologies are
required to provide valuable advantages to compete and overtake customer inertia. If
the assumption would be that the same development level of hybrid hydrogen energy
systems is already on the market, a new estimation of the costs is needed with the new
lower prices for electrolyzer, fuel cell, and/or metal hydride. Total costs have a linear
dependence on the mentioned prices (Figure 70) — the lower the prices are, the smaller

system’s CAPEX and thus the more competitive is H2BS system.
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Major conclusions

In this dissertation, the design of four different energy storage technologies has been
presented, including two novel experimental systems that can be considered as a
"proof-of-concept" and one novel simulation methodology. The development and
experimental investigations of these systems comprise the basis for MH storage system
integration, intermetallic compounds composition, and heat and mass transfer

intensification in the future.
Thereby the following statements are concluded from the current thesis:

- The H2Bio system was designed and developed to serve as a low power proof-

of-concept for the proposed technology.

H2Bio is a 175W output power system that integrates MH reactor and PEM FC. Two
MH reactors 140 1 each can store and purify hydrogen due to the metallic alloy
selectively absorbing hydrogen. System integration of the reactors suggest using free
space in the next design of the reactor or installing a buffer before the FC to provide
necessary volume of hydrogen for the impulsive manner of FC intake. The set of
obtained system working regimes suggests that a commercial FC requires an energy
source to start the system and support as a backup supply. The presence of excessive
heat from the air cooling system in the FC has a potential to be utilized for the sorption
process in the reactor. The increased ambient temperature and decreased relative
humidity result in a significant power output decrease of the FC. The efficiency of an

FC increases with increased humidity and decreased outlet temperature insignificantly.

- With the purpose of selecting a backup supply for the FC, a hardware-in-the-loop
simulation methodology has been designed and developed.
A conventional battery model created by Tremblay Dessaint was integrated to the
battery emulator and was connected to a Triphase controller with FC demand current
profile from a real experiment (H2Bio working regimes, Chapter 2) programmed into
it. SOC graphs of four types of batteries are responding to suggested current profiles
were obtained and analyzed. The outcome suggests that a rapid response together with
a smooth recovery of the battery is necessary for the performance with an FC. Even
though all the batteries have met the demand and recovered quite fast the Lead Acid
battery had the smoothest operation regime. Also, the integrated model has few

limitations, including the absence of battery degradation. The mathematical model was
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updated with fitted efficiency and degradation models to investigate the relation of
costs and capacity level of the battery. It was concluded that lower SOC operation
leads to lower loss of capacity but higher energy losses. Even though lower SOC lead
to lower loss of capacity, for the case of Batamai, a reliable electricity generation
system is required thus keeping the battery around the same SOC is a complex task.
The outcome of this section suggests automatically charging the battery when

excessive electricity is produced.

- Preliminary experimental investigations studied the possibility of FC exhaust heat
utilization in a 1 kW system.
Preliminary investigations were designed to experimentally explore the possibility of
supplying excessive heat from the FC to MH storage desorption. With this purpose, an
internal and external temperature of the FC were measured, first integration and
working regimes of PEM FC and MH were shown. The temperature experiments
resulted in obtaining an average temperature of the exhaust air from the FC - 30°C.
The qualitative experiment proved that output hydrogen flow is enough to maintain
required levels of hydrogen flow for 1.1 kW power output system. The 2.5 kW system
requirements, however, were not met. The experiment also had great potential for
better results as no thermal insulation was used and additional water was present in the
reactor. Successful results of the preliminary investigations resulted in a design and

development of a system that utilizes the proposed concept.

- IMC was selected depending on the outcomes of preliminary investigations,
design requirements, technical requirements.
The variety of IMCs was studied to show satisfactory desorption pressure at 20-30 °C.
The samples of IMCs were melted in an electric arc furnace from Cianflone Model
2701 with a non-consumable tungsten electrode on a water-cooled copper crystallizer
in an argon atmosphere. The PCT diagram of a chosen IMC was obtained
experimentally and showed satisfactory pressure levels even at the temperatures 10 °C
below needed.
- The H2Smart system was designed and developed to utilize a proposed technology
as well as a concept of FC exhaust heat utilization for the MH desorption process.
A novel type of hydrogen storage system with low-pressure MH hydrogen storage
reactor, low-temperature PEM FC, electrolyzer, and an inverter was designed and

developed to be autonomous from additional heat supplied to the system. The initial
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scheme of the system was updated with a radiator that collects FC output heat and
intensifies the desorption process in the MH reactor. The experimental results showed
that the concept of heat utilization from the FC is feasible to be used for 1 kW

hydrogen storage systems.

- Economical comparison of the proposed system with lead-acid batteries for the
case of Far East settlements of Russia showed that the proposed system has an
economic advantage over the batteries in the 10-15 year period due to no loss of
capacity.

The primary outcome proves the possibility of creating an autonomous power

generation unit based on low-pressure MH energy storage systems. It has also provided

valuable kW scale experimental results for the further development of theoretical
investigations of bigger scale MH storage and justified the need for creating a novel
air-heated MH storage reactor. As a future outlook, a novel 30 kW MH storage system

should be designed and developed for the field tests in the Batamai village.
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