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Abstract

The growing global energy demand and correlated rise in carbon emissions is forc-
ing us to increase the use of renewable sources. The residential sector represents
a large part of the total energy consumption, and European governments are in-
vesting in distributed PV to increase the renewable share in this sector. However,
on top of the solar power variability, residential systems are also characterized by
very unstable load profiles. This issue can be solved by incorporating energy stor-
age, that has many technical and economic benefits for the prosumer, especially if
a long-term seasonal storage technology is used. Among all the available storage
types, after an extensive literature study, some developing technologies proved to
be suitable for this purpose: redox flow batteries (all-vanadium, hydrogen-bromide,
zinc-bromide) and hydrogen systems.

For this work, a model was built in MATLAB Simulink to study and reproduce
the behaviour of these storage systems in a grid-connected residential environ-
ment, and an optimization was set up to find the optimal sizing of the components
and investigate the economic feasibility of the whole system. The models results
proved that in the present scenario, storage integration is still too expensive with
these technologies. However, future projections with different incentive scenarios
demonstrate the potential of vanadium and zinc-bromine batteries, and highlight a
dramatic cost reduction for hydrogen systems.
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Introduction

1.1. Energy transition

Global demand for energy continues to rise, led by an expanding economy, pop-
ulation growth, stronger heating and cooling needs and growing urbanization [1].
The increased usage of fossil fuels significantly contributes to an increase in the
atmospheric CO, concentration [2] which negatively impacts the climate, and is
compelling governments to seek more sustainable options to meet the rising en-
ergy demand. In 2019 the European Commission proposed the European Green
Deal, an action plan that aims at making the European Union climate neutral in
2050 [3].

As a result of governments policies, the world is experiencing unprecedented growth
in renewable energy deployment. It is estimated that in the European Union, re-

newable energy sources (RES) will account for 80% of new capacity in 2040, wind

power will become the leading source of electricity due to strong growth both on-

shore and offshore, and millions of households, communities and businesses will

invest directly in distributed solar PV [4]. However, the increased share of variable

RES (solar and wind power) is a challenge for energy systems, as it leads to unre-

liability and instability of the electricity supply due to the mismatch between output

power from RES and power demanded from the load.

While wind power is mainly used for large scale energy production, due to its high
investment and maintenance costs, space requirements and noisy operation [5],
the growth potential of distributed PV for households is particularly high, due to
lowered investments costs and incentives [6]. Nowadays, the residential sector is
responsible for almost 30% of the total electricity consumption [7]. Residential sys-
tems are also characterized by very unstable load profiles, deriving from variable
usage of appliances and heating or cooling during the day or between seasons. A
way to cope with this is by incorporating energy storage.

1.2. Energy storage
Energy storage allows energy to be accumulated during high renewable generation

or low demand periods, and to be used during low renewable production or high
demand periods. Storage devices in combination with PV power can be used for

1



1.2. Energy storage

electricity procurement in remote locations (stand-alone systems) or, if connected
to the grid, they can provide several benefits for all the actors involved. Depending
on their type, energy storage systems (ESS) are useful for energy management,
peak shaving, load leveling, seasonal storage, frequency regulation and backup
power [8]. In order to determine which technologies are most suitable for small
scale systems, an overview of their benefits and requirements for storage integra-
tion to the grid is presented.

1.2.1. Grid-connected storage benefits

The electrical grid is a critical component of the energy infrastructure that connects
point of use and power generation. Distributed generation with variable RES has
introduced bidirectional power flows in the electricity network, where consumers
have the potential to feed power to the grid (becoming prosumers), but at the same
time experience instability and unreliability of their own power supply [9]. The tech-
nical and economical benefits of integrating energy storage in residential systems
with distributed PV have been reviewed in recent papers [9-12]:

Costs reduction is manifested in both initial investment and periodic electric bill
costs. Energy storage allows to maximize self-consumption of solar power, to take
advantage of time of use tariffs, and to optimize the capacity (hence price) of the
installed system, as energy demand peaks can be shared between PV and storage
[9]. Moreover, residential PV-storage system installation could give access to the
incentives and feed-in tariffs that many governments are funding to promote RES
integration.

Benefits for behind-the-meter systems mainly come from the time shifting abil-
ity of storage technologies. Using energy stored during irradiation peaks, the ESS
is able to reduce demand highs and lows (peak shaving) and minimize fluctua-
tions of the load (load leveling) as shown in Figure 1.1. Moreover, in case of a
power interruption or surge from the main grid, uninterruptible power supply (UPS)
or backup power can be provided by the ESS.

PEAK SHAVING LOAD LEVELING

Low Demand
Period
<«

Low Demand
Period
- —

Energy
Usage

Energy
Storage
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%
—» LA —
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Figure 1.1: Representation of the peak shaving and load leveling action of an en-
ergy storage system [13]



1.2. Energy storage

Energy trade can be performed by the owner of a PV-storage independent sys-
tem, taking advantage of the fluctuating price of electricity. Furthermore, through
the Energy Management System connected to the local controller of the PV-storage
system, the owner can actively check and manage his own power consumption.

Ancillary services & Grid support can be provided by the ESS, like keeping
frequency and voltage within the stability limits, reducing congestion during high
demand periods or delaying costly investment in transport & development required
in case of load growth.

Application family Application

Self consumption increase

System capacity sizing optimization
Access to incentives/feed-in tariffs
Time of use tariffs exploitation

Costs reduction

Peak shaving

Load leveling
Behind-the-meter benefits Seasonal storage
Uninterruptible power supply (UPS)

Backup power

Independence from electricity market prices
Energy trade Arbitrage in electricity trade
Management of own energy consumption

Frequency regulation
Ancillary services Voltage support

& Grid support TD investment deferral
Congestion relief

Table 1.1: Benefits of energy storage technologies for residential systems [8-10,
14]

1.2.2. Grid-connected storage requirements

To narrow the range of options and find the ESS with higher potential for a residen-
tial grid-connected application, several factors can be taken into consideration:

Discharge times
Grid applications are generally divided into three categories:

« Energy management, that requires long discharge times (days to months)

« Time shifting, that requires discharge times of minutes-hours

3



1.3. Available storage technologies

« Power quality, that requires fast response and short discharge times (sec-
onds)

To effectively improve PV integration and reduce grid dependency throughout the
whole year, energy management and time shifting applications are essential, there-
fore the most suitable type of technologies are long-term (or long-duration) storage
systems, characterized by high energy capacity, modest power rating and long dis-
charge times (> 8 hours) [15]. Moreover, from the prosumer point of view larger
benefits come from this application, as they directly reduce the electricity bills and
increase the reliability of the energy system. Therefore, only long-duration storage
technologies are preferred for this analysis.

Rated power

A small-scale ES system should be able to store as much solar power as possible
and minimize intake from the main grid, covering generation drops and load peaks.
In order to capture all the solar power produced, a microgrid ESS comprising some
houses is estimated to need approximately 50 kW [15] of power. A storage tech-
nology that, with one or few devices in parallel, is able to reach this threshold it
preferred.

Lifetime and cycle life

Ideally, a cost-effective ESS should have a similar lifetime as the associated en-
ergy source. Rooftop PV panels have an approximate lifetime of 20 years, that
assuming one full charge-discharge cycle per day, correspond to 7300 cycles. A
suitable ESS should preferably meet these lifetime and cycle life requirements.

Environment compatibility

Safety is a major concern in residential areas: toxic and polluting materials must be
avoided. Other features like low maintenance requirements and low noise levels
are appreciated. Size and land occupancy are not too limited but have bound-
aries. For example, large mechanical storage methods like pumped hydro (PHS)
and compressed air (CAES) require huge spaces and proximity of specific environ-
ments (respectively water reservoirs at different heights and natural underground
caverns near a gas turbine plant). The site-dependency of these technologies
makes them difficult to be integrated in a residential environment.

1.3. Available storage technologies

Energy storage technologies are generally classified in 5 types, according to the
technology used and form of stored energy, as shown in Figure 1.2: mechani-
cal, electrochemical (electrochemical batteries and redox flow batteries), electrical,
chemical, thermal.

Requirements for ESS are widely varying and no single technology is able to meet
all of them, but each one may offer certain attributes and merits for a certain ap-
plication. Several review papers [8, 13, 14, 16—20] have classified existing ESS in

4



1.3. Available storage technologies

Mechanical Electrochemical | Electrical | Chemical
Pumped Hydro Supercapacitors Hydrogen Fuel - Cryogenic
(PHS) El. Batteries Flow Batteries (ELDC) Cell (PEMFC, storage (CTES)
. Superconductin i -
ACAES, lesspdd V(RS yegneic Syt | (STES)
ICKel-Dase = SMES 3
Flywheel (FES) (NICd, NiMH) (ZBR) . ( ) natural gas ﬁg?jﬁ;;?:—?;s}
Sodium-based Polysuilfide
(NaS, NaNiCl) Bromide (PSB)
Li-ion
Metal air

Figure 1.2: Classification of energy storage technologies [8]

order to determine which application(s) they could satisfy.

As mentioned above, for the sake of this study only long-duration energy storage
technologies with discharge duration greater than 8 hours will be considered.
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| Superconductor

[ Double Layer Capacitor
I Battery Electric Vehicle

rated power
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10KW

0.1 kWh 1kWh 10kWh 100 kWh 1 MWh 10 MWh100 MWh 1 GWh 10 GWh 100 GWh
rated capacity

Figure 1.3: Ragone plot of energy storage technologies [21]

From the Ragone plot showed in Figure 1.3, it is already possible to to identify the
long-duration storage technologies:

» Lead-acid (LA), nickel based (BEV), sodium based (NaS) and Li-ion electro-
chemical batteries



1.3. Available storage technologies

« Redox flow batteries (B)
« Hydrogen (H,) and syngas (SNG) chemical fuel storage

« Pumped hydro (PHS) and compressed air (CAES) mechanical storage

The same storage types are identified as the most suitable for seasonal storage
and time shifting purposes by other review studies [8, 13]. In the following part,
a short description of each of these technologies is given, focusing on possible
application to small scale systems.

1.3.1. Electrochemical batteries

Electrochemical batteries are the most popular and mature energy storage de-
vices [18]. They store energy by creating charged ions through chemical reactions
between two charged plates (electrodes). During charging, electricity is used to
induce electrochemical reactions to create ions, while during discharging these
ions are recombined and chemical energy is converted back to electricity as flow
of electrons in DC form [19]. Existing types of batteries employ a diverse range of
materials and show different features:

» Lead-acid batteries are used in vehicles and stationary applications. They
are low cost, relatively efficient and reliable, however they have low energy
density and specific power, limited cycle life, high maintenance costs, envi-
ronmental impact and suffer degradation for deep discharge [8, 14, 20, 22].

» Nickel-based batteries perform well at low temperatures, have high energy
density and long cycle life, but lower energy efficiency. The most commer-
cialized is the NiCd battery, which however suffers from memory effects and
uses harmful chemicals [8, 22—24] (banned for consumers in EU since 2006
[14]). A similar but less harmful alternative are NiMH batteries, which have
similar application as Li-ion ones [14].

« Sodium-based batteries require high temperatures (270-350°C) to work. NaS
ones are considered a promising solution for stationary EES, due to their high
energy and power density, low maintenance needs, long cycle life and the
use of inexpensive and non-toxic materials. However, they show high initial
costs and some safety problems [8, 20, 25]. NaNiCl or ZEBRA (Zero Emis-
sion Battery Research) batteries have better safety and maintenance char-
acteristics but poorer energy and power density, and have been employed in
EV designs [8, 14, 20, 24].

 Lithium-ion batteries are the most important storage technology, especially
in portable and mobile applications, due to their high cell voltage (3.7 V) and
efficiency (>95%). They are very versatile, thanks to the wide range of dis-
charge times, but have serious safety risks [16, 26, 27]. They are currently
quite expensive, but it is expected that their price will drop in the future [28].

6



1.3. Available storage technologies

» Metal-air batteries are a new, promising and still developing technology, as
they could be the most compact and least expensive environmentally benign
battery. They are composed of an anode made from pure metal and a cath-
ode connected to a supply of air, from which oxygen is used in the reaction.
Currently only Zn-air batteries have been tested and show hybrid properties
between fuel cells and conventional batteries, however electrical recharging
is still difficult and inefficient [16, 20, 24].

1.3.2. Redox flow batteries

In redox flow batteries (RFB), energy is accumulated in two liquid electrolyte so-
lutions, stored in separate tanks. During charging or discharging, the solutions
are pumped to electrochemical cells, where redox reactions occur across selec-
tive membranes, transforming electricity into chemical potential or vice versa. The
main advantage of RFB is their ability to decouple their power section from their en-
ergy section: this determines ease of scalability, no self-discharge, no degradation
for deep discharge and low maintenance needs. These features make RFB a very
attractive technology for RES integration storage. However, they have lower ef-
ficiencies compared to some electrochemical batteries, and high investment cost
[29, 30]. The main types employ materials like vanadium (VRFB), zinc-bromine
(ZBFB) and polysulfide bromide (PSB). Organic RFB are also being studied as
an environmental friendly and inexpensive alternative, however they have not yet
shown competitive performance [31].

1.3.3. Power to chemicals

Energy contained in chemical bonds of fuels is much denser than energy stored in
electrochemical batteries. Fuels like hydrogen and synthetic natural gas (methane)
can be produced using excess renewable electricity and stored for later use. Among
those, pure hydrogen has the highest gravimetric energy density (142 MJ/kg HHV)
but its conversion to other chemical compounds (ex. CH,) facilitates its storage
[16, 24].

» Hydrogen produced from water electrolysis is the most environmentally friendly
energy carrier. A typical hydrogen storage system consists of an electrolyser,
a hydrogen storage tank and a fuel cell, which can be of three main types:
alkaline, PEMFC or SOFC [14, 16]. "Unitized" regenerative fuel cells, where
synthesis and oxidation occur in the same electrochemical cell, are being
studied but still show unsatisfactory performances [32]. Combining electrol-
ysis and fuel cell in two distinct devices has instead become competitive for
seasonal storage of RES due to its high energy density, low maintenance,
very low self-discharge and no toxic emissions or noise. However, the over-
all efficiency is lower than batteries and much concern is related to storage
methods, given hydrogen's low volumetric density [8, 20, 24].

« Synthetic natural gas (SNG) production from renewable H, and CO, has
gained much attention since it combines RES and CO, capture from the at-
mosphere. Here a second step is required beyond water electrolysis: methane

7



1.3. Available storage technologies

synthesis from hydrogen and carbon dioxide in a methanation reactor, which
requires high temperatures (150-550°C [33]). The SNG, composed mainly
by methane, has high volumetric density and can be used for domestic heat-
ing, fed into the gas grid or re-converted to electricity in a turbine, with an
overall power-to-power efficiency of < 35%. However it is not a carbon free
option, since whatever process the SNG undergoes after production emits
CO, [14, 34, 35].

1.3.4. Mechanical energy storage

In mechanical applications, electricity is stored as kinetic or potential energy using
mechanical processes as pumping, compression, expansion, acceleration or de-
celeration. Flywheels, that exploit the angular momentum of a spinning mass, offer
short discharging rates and are used for faster operations [16, 20]. Longer duration
mechanical technologies are, instead, pumped hydro and compressed air:

« Pumped hydro storage (PHS) takes advantage of the potential energy differ-
ence between two water reservoirs at different levels. Water is pumped to
the upper reservoir during charging, while it flows down through a turbine to
generate back electricity. Its capacity is proportional to the quantity of water
available and height difference between the natural reservoirs, therefore this
technology is highly site-dependent. It usually has long lifetime and low cy-
cle cost, but the drawbacks include huge investment costs and environmental
impact [8, 16, 18, 20]. It is the most mature storage technology and currently
provides around 95% of global installed capacity [36] and it is employed for
large scale storage [20].

« Compressed air energy storage (CAES) accumulates energy by mechani-
cally compressing air in natural or artificial caverns. Like PHS, CAES is also
site-dependent, as it needs a suitable underground location and to be close
to a gas turbine plant, where high-pressured air is expanded for power gener-
ation. This application has high power capacity, long energy storage duration
and low capital cost. On the other hand, it has low energy density and is not
carbon-free as it requires fuel combustion in the expansion phase [8, 20, 37,
38]. A promising improvement of this technology is the Advanced Adiabatic
CAES, where thermal storage is integrated to store heat, avoiding combus-
tion and increasing efficiency [38].

For the sake of completeness, Table 1.2 summarizes the technical characteristics
of each technology while Table 1.3 provides an overview their indicative capital
costs and maturity, as found in recent literature.



1.3. Available storage technologies

Type Technology rPa(:in\:gr Ei)rﬁ:harge Egﬁ;ﬂz Efficiency Cycle life Lifetime gizlctharge
Mw Wh/kg % cycles years %/day
Lead-acid 0-20 sec-h 25-50 65-80 200-1800  3-12 0.1-0.3
NiCd 0-40 sec-h 50-75 60-70 200-3500  10-20 0.2-0.6
Electrochem. NiMH 0.1-1 h 70-80 65-70 50-1800 15 0.4-1.2
NaS 0.15-10 sec-h 150-240 75-90 2500-4500 10-15 0.05
NaNiCl 0-0.3 sec-h 100-120 90 2500 10-14 5
Li-ion 0.1-50 min-h 75-200 90-99 1000-10k  5-20 0.1-0.3
Metal-air  0-1 sec-days  110-650 50-65 100-300 0.17-30  0-0.01
VRB 0.3-15 sec-days  10-50 75-85 12k-14k 5-20 0.15
Flow batteries "zgR 00510  sec-10h  30-60 60-80  2000-10k  5-20 ~0
PSB 0.1-15 sec-10h 20-30 60-75 2000 10-15 ~ 0
Chemical Hydrogen <50 sec-days  800-10k 20-50 > 20k 5-20 ~0
SNG 1-100 h-days 10000 20-50 - 30 ~ 0
Mechanical PHS 100-5000 h-days 0.5-2 65-85 10k-30k 30-60 0.01
CAES 5-300 h-days 30-60 70-80 8000-12k  20-40 0.5

Table 1.2: Technical characteristics overview of energy storage technologies [8,

16, 20]
Type Technology Power cost Energy cost Maturity
€KW €/kWh

Lead-acid 240-480 120-400 Mature

NiCd 400-1200 320-1900 Mature
Electrochem. NiMH 480-1450 160-1440 Commercialized

NaS 800-2400 240-400 Commercialized

NaNiCl 120-240 80-275 Commercialized

Li-ion 960-3200 480-3200 Commercialized

Metal-air 1400-1520 8-280 Developing

VRB 480-1200 120-1200 Developed
Flow batteries |"zgr 320-2000 270-1000 Developed

PSB 560-2000 120-800 Developing
Chemical Hydrogen 400-8000 1.5-12 Developing
Mechanical PHS 400-3700 4-345 Mature

CAES 320-640 30-120 Commercialized

Table 1.3: Estimated cost and maturity level overview of energy storage technolo-
gies [8]

1.3.5. Suitability assessment

For each of the technologies described above, compatibility with the requirements
is assessed in Table 1.4.




1.3. Available storage technologies

Type

Technology

Discharge
time

Rated
power

Lifetime

Cycle life

Environ.
friendly

Site-
independent

>8h

>50 kW

>20 yrs

>7300

Electrochem.

Lead-acid

NiCd

NiMH

NaS

NaNiCl

Li-ion

Metal-air

RFB

VRB

ZBR

PSB

Chemical

Hydrogen

SNG

Mechanical

PHS

CAES

Table 1.4: Matrix of application requirements of energy storage technologies to
residential grid-connected systems (data from Table 1.2)

From the table we can deduce that:

« Hydrogen fuel cell systems and Li-ion batteries are the most promising tech-
nology from a technical, environmental and logistic point of view

Vanadium and Zinc-Bromine redox flow batteries lack in power capacity,
which however is easily scalable in this type of technology, therefore are
considered suitable as well

Electrochemical batteries (excluding Li-ion) show some technical and envi-
ronmental dearths, while polysulfide RFB doesn't meet many of the require-
ments

Synthetic natural gas is excluded as it is not carbon-free

Pumped hydro and compressed air are excluded as it is unlikely that they
can be physically placed near residential areas

Because of their maturity, several technical and economic models about the ap-
plications of electrochemical batteries (excluding RFB) in residential PV-storage
systems are already present in literature [22, 39—41]. NiMH and Li-ion batteries
have shown the highest potential for their technical features, although their capital
cost is high [22, 41], while lead-acid batteries have been extensively investigated
from an economic point of view due to their lower initial cost, showing good prof-

itability [40].

10



1.4. Research question and approach

The global demand for batteries is set to increase of 14 times by 2030, leading
to an equivalent increase in demand for raw materials and possible waste, with
significant consequences for the environment [42]. Li-ion batteries are especially
concerning, given the growing employment - in portable electronics, electric vehi-
cles and industrial applications - and small recycle rate (<5% [43]). This issue lead
the European Commission to recently update its legislation on batteries, imposing
new guidelines on sustainability and safety to reduce their environmental impact
[44].

In view of the abundance of comprehensive studies on electrochemical batteries
with respect to other technologies, and acknowledging the concerns behind the
new European regulations which mainly involve those devices, this work will rather
focus on novel and equally promising alternatives. Hydrogen systems and redox
flow batteries are newer and still developing technologies with strong potential for
residential applications, as showed in Table 1.4, and will therefore be the focus of
this thesis.

1.4. Research question and approach

1.4.1. Problem statement

The great diffusion of distributed PV on house rooftops has not yet been followed
by an increased request of energy storage solutions. Excluding pumped hydro
storage, which is extensively used in large scale applications, a few commercial op-
tions available nowadays for smaller scales are conventional electrochemical bat-
teries, mainly lead-acid and lithium ion. However, a comprehensive literature study
highlighted the great potential of some novel technologies, that could soon become
efficient, reliable and affordable ESS, providing benefits for the consumers, the en-
ergy market and the environment.

The aim of this thesis project is to study the performance of novel storage tech-
nologies for a household and neighbourhood residential system equipped with PV.
At different self-consumption rates, the optimal sizing of both PV and storage will
be determined and an economical analysis will be performed to check if the invest-
ment is profitable or not.

1.4.2. Research question

The present work will therefore attempt at answering the question:
Are novel kinds of energy storage, like redox flow batteries and hydrogen,
economically feasible for application in residential household or
neighbourhood PV systems?

The subquestions that need to be answered in order to accomplish to the main
objective are the following:
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« How much is the energy mismatch between a typical household energy con-
sumption and rooftop PV production?

« What are the working principles of these technologies? How can they be
modeled and coupled to the PV-household system?

« How much is the estimated current and future market price of these tech-
nologies?

« How high should the self-consumption level be in order observe the benefits
of a storage system?

« Is the cost of such a system convenient? What can be done in the future to
make it feasible?

1.4.3. Approach

In order to accomplish the thesis goal, the work has been structured as follow:

« Literature study of storage technology options and their benefits of to grid-
connected systems

« Evaluation of the residential energy mismatch

« Study of the storage technologies working principle and implementation in a
MATLAB Simulink model

« Setup of a Mixed Integer Non Linear optimization problem (MINLP) in GAMS
to optimize the system size at minimum cost

 Collection of simulation outputs

« Interpretation and discussion of results

1.5. Document outline

The research question in this thesis is studied and developed in five sections, each
corresponding to a chapter. After a research on current solutions or storage for the
grid presented in this chapeter, the theoretical and commercial features of each
component of the system are presented in Chapter 2, where a literature study is
accompanied by the implementation of a MATLAB model. Then, Chapter 3 pro-
vides a detailed explanation of the procedure employed to size and optimize the
considered residential power systems. Afterwards, in Chapter 4, a comprehensive
costs analysis for the various devices is given. Successively, Chapter 5 collects
and discusses the results of the optimization model. Finally, Chapter 6 shows the
author's conclusions and recommendations.
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Model

2.1. Purpose

In order to determine the feasibility of different storage technologies in a residential
PV-load system, it is important to first understand the theory and working princi-
ples behind each component. This was done with the help of a MATLAB Simulink
model, in which each device is modelled starting from their theoretical principles,
and developed according to experimental data found in the literature and com-
mercially available options. This ensures that the equations and parameters used
later in the optimization are validated and represent the behaviour of commercially
available devices as accurately as possible.

2.2. Structure

The model proposed for this project aims at reproducing the behaviour of a real res-
idential system with PV generation and grid connection, to which a storage system
is added. In such a system, 5 components can be distinguished:

» Load: A single house or a small neighbourhood that consumes electricity

« Generator: Photovoltaic panels for local renewable power generation

Storage: The storage system, object of the study

Grid: A connection point to the main grid

Control: A local controller for power balance and operation management

The model is built in MATLAB Simulink (version 2021a) and made up of a main
Simulink block-diagram, containing blocks and connections that represent the sub-
units of the system (Figure 2.1), plus an input script to initialize the simulation. The
block-diagram is composed by 4 blocks representing load, generation, storage and
grid, while the control role is assumed by the links and operations connecting the
blocks. Information about power flow are exchanged between each block in form
of digital signals along connections performing power balance at every timestep,
in the way outlined in Figure 2.2.
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Mode Location

Group

Mode Location
®) Vanadium RFB

#) Single household #) Rotterdam, NL

Hydrogen-Bromide RFB
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Hydrogen System
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PVP%:EI BatteryPowe 1
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Load

Storage €

Qutput Analysis
Figure 2.1: Appearance of the system model in Simulink
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Figure 2.2: Structure of the system model

Outside the blocks, information is exchanged as power in Watts. The convention
adopted here attributes the positive sign to power produced from the component,
and the negative sign to power consumed or stored by the component. Inside the
blocks, different sub-systems, equations and operations are used to model the be-
haviour of the component, as explained in the following paragraphs.

The model runs for 35040 discrete timesteps, corresponding to one year in 15
minutes resolution (365*24*4 = 35040). This research focuses on seasonal stor-
age, which is only minimally affected by fluctuations in the order of less than hours,
therefore a 15 minutes timestep duration was chosen as it gives sufficient precision
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in the PV generation and house consumption representations, but also reasonable
computation time. Moreover, it is assumed that the PV system is equipped with a
small battery for frequency regulation, therefore small fluctuations in solar irradi-
ance can be neglected.

The behaviour of a storage device primarily depends on the load consumption
versus PV production, i.e. the energy mismatch. In order to provide a sufficiently
complex and general analysis, the model simulates different scenarios that vary
according to:

Rotterdam, NL < Location > Palermo, IT
Neighbourhood
of 10 houses
Gas heating < Heating type > Electric heating

Single house < Housetype >

One northern and one southern Europe location were chosen in order to observe
the behaviour at different sunshine durations and intensities. Moreover, it is use-
ful to study how such a system would work in a single independent house rather
than in a neighbourhood with partially shared and centralized energy consumption.
Heating is an important consuming item in a house, and the current trend foresee a
transition from gas boilers to electric devices, with a huge impact on the electricity
consumption. This alternative is considered in the model as well.

Before the storage technologies analysis, a description on how the load, PV and
grid blocks have been modeled is given in the following sections.

2.2.1. Load block

The load consumption profile is a crucial element as it determines the sizing of the
system. It is taken as a fixed and independent parameter in the model, and all the
simulation is executed starting from it.

Yearly electricity consumption profiles for single houses and neighbourhoods in
the two locations were obtained using the behaviour-based open source software
called LoadProfileGenerator [45]. On top of the default parameters already in-
cluded in the software, historical temperature profiles (the same used for PV) were
added for accurate heating and cooling calculation. A predefined "2 children, 2 par-
ents, 1 working, 1 working at home" household type was used for the single house
mode simulation, while a heterogeneous set of 10 different households types was
chosen for the neighbourhood mode.

Some features worth mentioning are:

« Heating/cooling: In gas mode, no cooling is considered in Rotterdam, while
some electric cooling (fans, air conditioners) is assumed for Palermo. On the
other hand, in electric heating mode, a continuous flow heat pump with COP
3 is used for both locations. These differences are observable by comparing
the energy consumption totals in Figure 2.3.
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Figure 2.3: Yearly load profiles of the 8 electricity consumption scenarios analysed

« Power cutoff: Single house profiles are cut to 3 kW in gas mode and 5 kW
in electric heating mode, according to the limitations imposed by the DSO to
avoid dramatic electricity demand peaks at certain hours of the day. This cut
is not visible in neighbourhood profiles as all the single households hardly
ever reach the maximum power at the same time.

« Holidays: A period where the house owners are out of their home for hol-
idays is foreseen by the software around August, as can be seen in figure.
This is particularly important to consider for seasonal storage.

2.2.2. Photovoltaic block

Local energy generation is performed by photovoltaic panels on the houses rooftops.
These are modelled starting from typical climate data, which is elaborated to ob-
tain the power output. Typical yearly profiles of the main meteorological indicators
for PV performance - namely solar irradiance, air temperature and wind speed -
are extracted from climate databases. Taking average profiles ensures that nei-
ther an exceptionally favourable nor an unfavourable year is considered, providing
a more generic result. On the other hand, neglecting these anomalies could lead
to unrealistic conclusions: this factor must be taken into account, especially when
increasing the self-consumption of the PV-storage system.

Weather data for Rotterdam is taken from the Dutch PV Portal database [46], which
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collects meteorological data measured by the Royal Netherlands Meteorological
Institute (KNMI). Whereas, data for Palermo is taken from the Typical Meteorolog-
ical Year tool of the EU Photovoltaic Geographical Information System [47].

Rotterdam Palermo

1000 1000
800 800
600 600

400 400

Irradiance [W/m?]

200 200

0 0
Jan Mar May Jul Sep Nov Jan Jan Mar May Jul Sep Nov Jan
2021 2021

Figure 2.4: Average yearly irradiance profiles in Rotterdam and Palermo

The power produced by typical crystalline silicon (cSi) photovoltaic panels can be
calculated as:

Poy = (G, Tyy) - Gy A (2.1)
where Fpy, is the panel output power [W], 7 is the overall efficiency which depends
on meteorological factors, G, is the irradiance incident to the module (approxi-
mated to the global horizontal irradiance, assuming that the module is at a 90°
angle of incidence at any time) and A is the panel area [m?].

The overall efficiency 7 at every level of irradiance and temperature is calculated
by Lorenz et al. [48] as:

(G Toar) = Mst(Gr,25°C) - [1 + (T, — 25°C)] (2.2)
where 7, is the efficiency at standard temperature (25°C) taken as 19.2% for typical

cSi, a is a temperature coefficient taken as 0.0035 /°C for cSi [48], and T, is the
module temperature [°C] calculated using the Sandia model [49]:

Ty=1-exp(a+b-vyng) +TLomps @=—32, b=—0.05675 (2.3)
where a and b are parameters relative to the construction, materials and mount-

ing configuration of the module, while 7, and v,,,q4 are respectively the ambient
temperature [°C] and wind speed [m/s] taken from the databases.

2.2.3. Storage block

The storage block is the most complex one and it represents the heart of this study.
Redox flow batteries, electrolysers and fuel cells are all electrochemical devices,
and their behaviour can be modelled in the same way, only varying some numeric
parameters. First, an overview of the theory behind electrochemical devices is
provided, then how each type is modelled is explained.

17



2.2. Structure

The electrochemical cell

Electrochemical devices essentially consist of the same unit element: the electro-
chemical cell. Electrochemical cells are of two types: voltaic (or galvanic) cells,
in which chemical reactions are used to produce electrical energy, and electrolytic
cells, where electrical energy is used to bring forward chemical reactions. A cell
consists of two electrodes (electrically conducing plates) separated by an elec-
trolyte (ionically conducting solution), and is split in two half cells, connected by
an external electrical circuit that enables production or use of electricity. The half-
cells are usually separated by a membrane that allows ionic transport but maintains
electrical insulation [50, 51]. A schematic representation of a galvanic and elec-

trolytic cell is given in Figure 2.5.
{odel cathode

electrolyte

\i

anode cathode

|
|
|
=) electrolyte
I

GALVANIC CELL ELECTROLYTIC CELL

Figure 2.5: Schematic representation of a galvanic and an electrolytic cell [52]

The reactions occurring at the electrodes are called reduction-oxidation (Red-Ox)
reactions and involve transfer of electrons from one substance to another. After
the oxidation process that occurs at the negative electrode (anode), the released
electrons pass through an external electrical circuit and arrive at the positive elec-
trode (cathode), where the reduction process occurs. The generalized reactions
are:

Oxidation: Ox(m—m+ 5  Ox™t + ne
Reduction: Red’* 4+ ne- — Red® ™+ (2.4)
Overall: Oxm—m+ 4 Red’™ — Ox™ 4+ Red? ™"

where m and p represent oxidation numbers and n is the number of exchanged
electrons.

Different chemical species are associated to different voltages according to the
potential difference developed at the interface between the electrode and the elec-
trolyte. By convention, the standard hydrogen electrode (SHE) is defined to have
a potential of 0 V, and all the other electrodes assume negative or positive values
with respect to this reference. The electric potential of a cell depends on the redox
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2.2. Structure

couple used. The overall cell potential at standard conditions equals the difference
between the cathode and anode potentials:

Veell = Vanode — Veathode (2.5)

From a thermodynamic point of view, the cell potential is an expression of the
change in Gibbs free energy AG, and their relation is given by:

AG g = —nFVg (2.6)

where n is the number of exchanged electrons and F' is the Faraday constant. The
sign of Gibbs free energy change describes the spontaneity of a process, there-
fore a positive V¢ (AG < 0) corresponds to a galvanic cell, while a negative V,
(AGg > 0) characterizes an electrolytic cell.

At standard conditions (T = 298 K, P = 1 atm, C = 1 M), the cell open circuit po-
tential can be simply calculated from Eq. 2.5 using standard electrode potentials
tables. However at different conditions, the influence of temperature, pressure and
concentration should be taken into account using the Nernst equation:

o RT  a
Veell = Ve — —5 In red

nk  a (2.7)

OoX

where R is the ideal gas constant, T' is temperature, n is the number of exchanged
electrons, F' is the Faraday constant and « are the activities of reduced and oxi-
dized species (for ideal mixtures, activity can be expressed as molar concentration
for liquids or partial pressure for gases).

The Nernst equation calculates the cell open circuit voltage (OCV), i.e. the the-
oretical electromotive force at zero current, the maximum achievable voltage for
galvanic cells and or the minimum necessary voltage for electrolytic cells. Increas-
ing current, the electrochemical process starts to develop some losses, that de-
crease the available potential in galvanic cells or increase the needed potential in
electrolytic cells. The difference between this new voltage and the OCV is defined
as overpotential n = V — V5cy. Consequently, the current flow in the electrodes
will depend on the applied overpotential.

Losses in an electrochemical device can be visualized by plotting the current-
voltage (i-V) relation as in Figure 2.6. The main types are:

« Activation losses, due to the double layer effect that creates an energy barrier
at the electrode-electrolyte interface, requiring some extra activation energy
to kickoff both spontaneous and induced electrochemical processes.

« Ohmic losses, due to the electrical resistance of electrolyte, wires and current
collectors.

» Mass transport losses, due to the resistance to diffusive transport of mass,
which is more pronounced at high current densities.
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Figure 2.6: Typical i-V curves for a galvanic (left) and electrolytic (right) cell

The complete expression of potential for a galvanic cell therefore becomes:

V= Vocv — Mohmic — (nact + 77trans>an - (nact + 77trans>cat (2.8)

where each overpotential depends on current density in different ways. For elec-
trolytic cells, the equation is the same with opposite 7 signs.

Some redox reactions (like the hydrogen and oxygen evolution reactions) require
an electrocatalyst, a catalytic substance used as electrode or placed on the elec-
trode surface that increases the rate of the electrochemical reaction. This is often
an expensive metal or compound, which increases the overall device cost.

Electrochemical model

To simulate the behaviour of an electrochemical storage device, the literature pro-
poses different types of algorithms with various levels of complexity. A steady
state model based on the most important equations relative to the technology is
employed for this research, inspired by the Vanadium RFB model developed by
Blanc et al. [53]. The main losses are accounted for in the algorithm according to
the following assumptions:

« Electrical conduction and ionic diffusion losses are considered Ohmic resis-
tance, whose value is extrapolated from recent experimental studies

« An overpotential is included, whose value is extrapolated from recent exper-
imental studies

« Losses due to shunt currents are significant only at relatively high current
densities, that are not necessary in this model. Any other stack-related loss
is neglected.

» Losses due to pumps are calculated or estimated in percentage loss depend-
ing on the type of storage technology.

» Losses due to inverters are inserted with a total efficiency of 96%.
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Figure 2.7: Flow chart of the storage block in the Simulink system model

The algorithm works as follows:

1. The first block reads the power requested from the central controller. First,
it compares it to the maximum available power relative to the present state
of charge. Then, the corresponding current is calculated through a 2"¢ order
function of power and SOC. Both functions are interpolated from experimen-
tal data obtained from literature.

2. In the second block, concentrations of the chemicals reacting in the cell are
determined from the SOC, and the Nernst equation is applied to calculate
the open circuit cell potential. Then, the total voltage is calculated as

V=Ven—n—IR)-N (2.9)

where 7 is the overpotential [V], R is the Ohmic resistance [(2] and N is the
number of cells in the battery. Finally, the available poweris P =V - I.
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2.3. Redox flow batteries

3. Then, some calculations in preparation for the next timestep are performed.
The new concentrations depend on the current I, the electrolyte volume Vol
and the flow rate @ [53]:

N
JAt 4+ —— - T (2.10)

N
Chew = Corev & 77777 2FQ

where F'is the Faraday constant and At is the timestep duration. Hence, the
new SOC can be calculated. If its value falls outside the predefined limits,
meaning the battery is either too charged or too empty, the algorithm sets the
output power to zero and leaves the SOC unchanged.

A few parameters (number of cells, membrane area and electrolyte tanks volume)
need to be set before starting the simulation, depending on the technical specifi-
cation of the battery used. The two most important ones are the number of stacks
and the electrolyte or gas product volume, respectively linked to the rated power
and energy capacity of the battery.

During the simulation, at each timestep the sign of power request tells the algo-
rithm to proceed along one of the two "symmetrical" roads corresponding to charge
(positive) or discharge (negative). At the end, the model is able to provide useful
information on voltage, current, power and state of charge profiles, and to calculate
the overall system efficiency.

2.3. Redox flow batteries

A redox flow battery (RFB) is a special type of electrochemical storage device,
where electrolytes are stored in separate tanks and flow into the cell stack with the
help of pumps. Power is generated/consumed when the electrolytes flow through
the cell anode and cathode chambers, separated by an ion-exchange or microp-
orous membrane, and undergo electron-transfer reactions at inert electrodes [29,
30]. The main advantage of RFB is their ability to decouple rated power from en-
ergy storage capacity, unlike common batteries where the two are intimately linked.
This advantage provides a considerable flexibility, as the power output is controlled
by the size of the cell stack, while the volume of the electrolyte tanks defines its
energy capacity [16].

Various metal-based redox couples have been studied over the past few decades.
Among them, all-vanadium RFB (VRFB) and hybrid zinc-bromine (ZBFB) flow bat-
teries are the most investigated ones, while the hydrogen-bromine (HBFB) is being
studied as a combination between a fuel cell and a redox battery.

2.3.1. Vanadium redox flow battery

The all-vanadium redox flow battery (VRFB) is the most successful among RFB
and the only one that has reached effective commercial fruition [54]. Its operation
is based on the ability of vanadium to exist in solution in four different oxidation
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2.3. Redox flow batteries

states. Vanadium ions are used at both compartments, namely VO?* and VO3
in the positive electrolyte (catholyte) and V2+ and V37 in the negative electrolyte
(anolyte). The electrochemical produced by these solutions in the cells are:

Anode: V2E VR e V,, = —0.26V

Cathode: VO; +2H* + e — VO2* 1 H,0 Vg = 1.00V

Overall:  V2f +VOj +2H" — V3 +VO?* +H,0 V=126V
(2.11)

where the arrows are in direction of discharge. The battery consists of two closed
electrolyte circuits containing the vanadium ions solutions, which flow from two sep-
arate containers through an electrochemical cell in each side of the membrane, as
shown in Figure 2.8.

+

— '—'a;;:a?a;ar]—‘

@ @
e()o-e(e

Membrane

Figure 2.8: Schematic representation of a VRFB [29]

The state of charge for this battery can be calculated as [53]:

v oy
SOC = [ar] 1 va7] ~ (Vo3 + [VOR (212

This technology has already been studied for some years and is already commer-
cialized by companies worldwide. A list of the main commercial options and relative
manufacturers is given in Table 2.1.
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Source Manufacturer Model Stack Rated Rated Capacity | Efficiency
Voltage Current Power [kWh] [%]
[Vl [A] (kW]
[55] H2 Inc. EnerFlow 330 5-10 60
[56] Volteiron powerRFB 40-64 10 13
[57] Golden Energy C. GEC-VFB 210 10 30 75
[58] VFlowTech POWERCUBE 10 100 85
[59] UniEnergy Tech. ReFlex™ 42-67 350 14 45 76-84
[60] VisBlue 40-60 5-100 25-500 70
[61] Big Pawer 48-77 210 10 50 >75
[62] Pinflow PFS 30-70 170 30 150 <80
[63] StorEn Tech. TitanStack 48 105 50 500 70-80
[64] Rongke Power Vmodule1-B 200-310 150 50 200 65-75
[62] Pinflow PFM 30-70 170 60 300 <80
[55] H2 Inc. EnerFlow 430 75 385
[62] Pinflow PFL 30-70 170 200 600 <80
[65] Sumitomo Electric 250 750-1500
[66] Cell Cube FB 250 - 1000 250 1000
[66] Cell Cube FB 500 - 2000 250 2000
[66] Cell Cube FB 500 - 2000 500 2000
[67] Largo Clean Energy | VCHARGE+6 500-800 1000-1200 6000 78
[67] Largo Clean Energy | VCHARGE+8 500-800 1000-1200 8000 78
[67] Largo Clean Energy | VCHARGE+10 | 500-800 1000-1200 10000 78

Table 2.1: Technical specifications of commercially available VRFB [55-67]

Due to the nature of this battery, depending on SOC the OCV ranges from 1.1 V
to 1.6 V [54]. Several cells are connected in series to form a stack, so as to pro-
duce and store higher potential. The typical current density of commercial VRFBs
is in the order of 80—100 mA/cm? and correspondingly the power density reaches
100 mW/cm?, however enhancements were found in experimental studies with
improved architecture [68], proving that there is room for future development. Al-
though they present lower energy efficiency than most conventional batteries (65-
80%), VRFB are particularly competitive for stationary systems and long storage
times (such as seasonal storage) for their energy capacity scalability, extremely
low self-discharge, fast response, ambient temperature operation and long cycle
and service life.

Electrolyte pumps play an important role in the battery operation and also in the
overall efficiency. Losses due to pumps are estimated to be 2-3% [69] of the total
energy efficiency. Moreover, since the residential system works in AC, two invert-
ers are required, whose total efficiency is usually around 93% [70].

In accordance to experimental data from recent studies reported in the literature
[53, 69, 70] and considering the technical specifications of commercial options, the
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2.3. Redox flow batteries

vanadium battery model has the parameters and behaviour showed in Table 2.2
and Figure 2.9.

VRFB
Veell 1.26 V Cell area 3000 cm?
Charge R 0.0009 Q2 Discharge R 0.0008 Q2
Charge n 0.001V Discharge n 0.001V
Charge nominal 3 0.083 A/lcm?  Discharge nominal i 0.067 A/lcm?
Charge nominal power d. 0.13 W/cm?  Discharge nominal power d. 0.08 W/cm?
Depth of discharge 0-100 % Auxiliary losses 6.50 %
Electrolyte max concentration 2 M (all vanadium iones)

Table 2.2: Summary of model parameters for the VRFB (validated against experi-
mental data)

VRFB polarization plot VRﬁBgvoltage progression in charge-discharge cycle 100 VRFB efficiency at different load levels
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Figure 2.9: Polarization curve (left), voltage progression in charge-discharge cycle
(centre), and efficiencies (right) of a VRFB (validated against experimental data)

2.3.2. Hydrogen-bromine redox flow battery

The hydrogen/bromine flow battery (HBFB) is a promising alternative to the con-
ventional redox flow batteries, that reported excellent electric-to-electric efficiency.
Its operating principle can be described with a typical cell structure and the reac-
tions in discharge direction are [71]:

Anode: Hy(g9) — 2H"+2¢ V,,=0.00V
Cathode: Br, +2¢~ — 2Br- Veat = 1.09V
Overall:  H,(g)+Br, — 2HBr Veen = 1.09V

It is different from the VRFB as two reactants are in gas form (hydrogen and bro-
mide), and one of them is not stored in solution but needs a compressed tank.
The state of charge for this battery is calculated based on the concentration of Br,
dissolved in water. Other than the inverters, this system requires two circulating
pumps/compressors and a cooling system to avoid heating. The losses due to
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2.3. Redox flow batteries
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Figure 2.10: Schematic representation of a HBFB [72]

these components are estimated respectively at 2% and 3% [73].

This technology is currently being proposed commercially by a Dutch company
named Elestor [74]. The technical features of their battery include:

Sources | Manufacturer | Rated Power [kW] Capacity | Efficiency | N° of | H, tank
[kWh] [%] stacks volume

[m?]

[74] Elestor 200 2000 65-75 25 45

Table 2.3: Technical specifications of commercially available HBFB [74]

The hydrogen-bromine battery parameters and behaviour are showed in Table 2.4
and Figure 2.11, according to the literature [71, 72] and Elestor's specs [74].

HBFB
Veel 1.09V Cell area 100 cm?
Charge R 0.002 ©2 Discharge R 0.004 ©
Charge 7 0.05¢V Discharge n 0.057V
Charge nominal 4 1 A/lcm? Discharge nominal 4 1 Alcm?
Charge nominal power d. 0.80 W/cm?  Discharge nominal power d.  0.50 W/cm?
Depth of discharge 10-90 % Auxiliary losses 9 %
Electrolyte max concentration 4 M (Br,), 2.8 M (HBr)

Table 2.4: Summary of model parameters for the HBFB (validated against experi-
mental data)

26


https://www.elestor.nl/technology-the-elestor-solution/

Voltage [V]

2.3. Redox flow batteries

14 HBFB polarization plot HBEIstoltage progression in charge-discharge cycle 100 HBFB efficiency at different load levels
o o L ] L Stack energy | |
[o N 1.4 90
1.2 o © 1 System energy
o}
x 127 AT 1 — 80 1
1 x 1 E Tl _ )
-~ ~ >
X % Discharge o8 v o |
: g g
0 : 2 k
X L
081 1 60 |
X
X
0.6 X 0.6 \ 1 50 F
0.4 0.4 40
0 0.2 0.4 0.6 0.8 1 0 50 100 150 200 0 20 40 60 80 100
Current density [Alcmz] Time progression Load [%]

Figure 2.11: Polarization curve (left), voltage progression in charge-discharge cycle
(centre), and efficiencies (right) of a HBFB (validated against experimental data)

2.3.3. Zinc-Bromine redox flow batteries

The Zn — Br, flow battery is actually an hybrid between a flow and a conventional
battery, because part of the energy is not stored in electrolytic solution contained
in a separate tank, but rather as a solid layer of zinc coating the electrode, located
in the stack [16]. During charge, a thin layer of metallic zinc is electrodeposited at
the carbon-based negative electrode with the simultaneous oxidation of bromide
ions to bromine at the positive electrode. During discharge, the battery relies on
the inverse reactions. The half cell reactions in discharging direction are [75]:

Anode: Zn — Zn*" +2¢ V,,=-076V
Cathode: Br, +2e¢~ — 2Br- Veat = 1.09V (2.13)
Overall: Zn+Br, — ZnBr, Veen = 1.85V
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Figure 2.12: Schematic representation of a ZBFB [76]
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2.3. Redox flow batteries

The state of charge is expressed as the concentration of solid zinc on the electrode
surface. Due to the greater cell potential and high density of solid zinc, ZBFB offers
higher energy density and power output than VRFB [16]. Zinc is an abundant, recy-
clable and low cost compound, although bromine gas is corrosive and hazardous,
and can cause environmental and public health problems in case of leakage [16].

Sources | Manufacturer Model Stack Rated Rated | Capacity| Electrolyte| Discharge| Efficiency
Voltage | Current | Power | [kWh] volume time [h]
[Vl [Al (kW] (L]
[771 Redflow ZBM2 40-57 60 5 10 100 80
[78] Primus Power | EnergyPod 2 | 200-820 225 25 125 5 70
Table 2.5: Technical specifications of commercially available ZBFB [77, 78]
Despite being a relatively new technology, a few commercial options are already
available, as shown in Table 2.5. From a comparison between the two options, we
can infere that the relation between electrolyte volume and capacity is about 10
L/kWh, and that the discharge time for a 125 kWh battery at rated power of 25 kW
is around 5 h.
ZBFB
Vel 1.85V Cell area 200 cm?
Charge R 0.0001 2 Discharge R 0.006 Q2
Charge n 0.08 Vv Discharge n 01V
Charge nominal 4 0.04 A/cm?  Discharge nominal 4 0.04 A/lcm?
Charge nominal power d. 0.09 W/cm?  Discharge nominal power d. 0.06 W/cm?
Depth of discharge 5-95% Auxiliary losses 6.5 %
Electrolyte max concentration 4 M (Zn), 6 M (Br,), 3 M (ZnBr,)
Table 2.6: Summary of model parameters for the ZBFB (validated against experi-
mental data)
02 ZBFB polarization plot ZBFQEtvoltage progression in charge-discharge cycle 100 ZBFB efficiency at different load levels
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Figure 2.13: Polarization curve (left), voltage progression in charge-discharge cy-
cle (centre), and efficiencies (right) of a ZBFB (validated against experimental data)

Summing up all the information collected from the literature experimental data and
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2.4. Hydrogen system

commercial specifications, the ZBFB parameters and behaviour can be modelled
as the one showed in Table 2.6 and Figure 2.13.

2.4. Hydrogen system

Although extremely abundant, hydrogen is not considered as a source of energy
like fossil fuels. Much of the existing hydrogen is in the form of water and consider-
able energy is required to extract the desired element. If we take this energy from
RES, hydrogen becomes a clean and excellent energy vector for large or small
scale storage applications [79].

At present, approximately 96% of all hydrogen used is produced for industrial pur-
poses by chemical means, through the reformation of diverse hydrocarbons, and
only 4% is produced by electrolysis of water [79]. Water electrolysis, however, has
the potential to become a key element in many sectors for the future sustainable
energy system. In recent years, much effort is being put into the research and im-
provement of water electrolysis to efficiently transform renewable energy in "green"
hydrogen [50]. The pure H, gas obtained by electrolysis can then be stored and
used later to retrieve energy through a fuel cell. In a fuel cell, hydrogen is "com-
busted" by oxygen, releasing water as the only product. The full Power-to-Power
system just described, which in the literature is often referred to as a "Regenerative
Fuel Cell" (RFC), can be outlined as in Figure 2.14.

PV CELLS :@ H2 TANK F LOAD
ww C

_]-

" == AR
ﬂ H,
WATER - C‘>

RESERVOIR

mmm) WATER

RESERVOIR

ELECI'ROLYSER FUEL CELL

Figure 2.14: Schematic representation of a hydrogen system [80]

A hydrogen storage system is therefore composed by an electrolyser, a fuel cell,
a pressurized tank and minor components for auxiliary purposes. The electrolyser
and fuel cell can be modelled in a similar way as redox batteries, although, being
two separated devices, they can have different sizing. The characteristic reactions
and standard potentials in discharge direction (i.e. fuel cell) are:

Anode:  2H" +10,+2e~ — H,0O Vo = 1.23V
Cathode: H, — 2H"+2¢~ V,,=0.00V
Overall: 2H*+10, — H,0 Ve = 1.23V
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2.4. Hydrogen system

The three phases of such a process (hydrogen production, storage and conversion
in fuel cells) are described in detail in the next sections.

2.4.1. Hydrogen production

The overall reaction of electrochemical splitting of water into hydrogen and oxygen
by supplying electrical energy is given by:

H,O — H, + %Oz (2.14)

At standard conditions, the equilibrium potential for water electrolysis is V, = 1.23
V. However, at this voltage level the reaction is endothermic and requires addi-
tional thermal energy to start. The thermal input can be avoided only above the so
called thermoneutral potential, that corresponds to the change in enthalpy for the
water splitting reaction and is equal to £ = 1.48 V. Equilibrium and thermoneutral
potential vary with temperature, and some types of electrolysers take advantage
of this relation to increase the electrical efficiency.

A basic water electrolysis unit consists of an anode, a cathode, a power supply
and an electrolyte. Typically, multiple units are connected in parallel in an electrol-
yser stack, whose voltage output is the sum of all the single cells output. Direct
current is applied at the extremes and electrons flow from anode to cathode, while
ions are transferred through the electrolyte solution to keep the electrical charge in
balance [81]. To improve the ionic conductivity, compounds that readily dissociate
to form ions in water (typically acids or bases) are added to the electrolyte. Elec-
trolysers are therefore classified according to the electrolyte used, and the main
three types are alkaline (AEL), polymer electrolyte membrane (PEMEL) and solid
oxide (SOEL) [82]:

Alkaline Electrolysis PEM Electrolysis Solid Oxide Electrolysis

‘i_l
&
0, H,

H,0

®
0,
P 4

o
OH o

/‘\ /

Anode(Ni, Co, Fe) Cathode (Ni/C) Anode (Ir) Cathode (Pt) Anaode (L5M) Cathode (Ni/Y52)

Diaphragm Polymeric membrane Ceramic oxide

Anode
(ULl 4H,0 +4e” — 40H + 2H, 4H"+4e — 2H, H,0 +2e° = H, + 0%

Figure 2.15: Schematic representation of electrolyser types and half-reactions [83]
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2.4. Hydrogen system

« In AEL, electrodes are immersed in a KOH basic solution and separated by
a diaphragm. It is the most mature and less expensive technology.

« In PEMEL, the electrolyte is acidic and a proton exchange membrane (usually
Nafion®) separates the half-cells. The corrosive acidic environment requires
the use of noble metals as catalysts (iridium for anode, platinum for cathode),
increasing the price.

« In SOEL, the electrolyte dissociates in oxygen ions that permeate through a
ceramic insulating layer. They operate at very high temperature, achieving
higher efficiencies but requiring external heating and attention to material

stability.

An overview of the characteristics of each type is given in Table 2.7.

Parameter AEL PEMEL SOEL
Operating temperature [°C] 60-80 50-80 700-900
Operating pressure [bar] 10-30 20-50 1-15
Current density [A/cm?] 0.25-0.45 1.0-2.0 0.3-1.0
Cell voltage [V] 1.8-2.4 1.8-2.2 0.7-1.5
Voltage efficiency [Yopy] 62-82 67-82 <100
Start-up time 1-5 min <10s 15 min
System response sec msec sec
Lifetime [103 h] 60-90 20-60 <10
Investment cost [€/kW] 1000-1200 | 1860-2320 | > 2000

Table 2.7: Comparison of the technical characteristics of different electrolyte types
[82, 84]

High temperature electrolysis (SOEL) is a relatively new technology and, despite
its higher efficiency, has several shortcomings which make it the less suitable for
our purpose. On the other hand, both low temperature technologies have similar
and promising features. AEL offers the advantage of simplicity, technical matu-
rity, durability and lower costs [81], but is also less powerful and responsive than
PEMEL. Despite the higher cost, PEM electrolysers prove to be the most suitable
for this kind of application.

Buttler and Spliethoff [82] recently published a review of the current status of elec-
trolysis for energy storage. According to their findings, PEM electrolysers are typ-
ically operated at current densities up to 2 A/cm? and pressures up to 35 bar, and
their performance can be summarized as follows:

« At nominal current (2 A/cm?) the energy consumption is about 5 kWh/Nmj,,

corresponding to an efficiency of 60% with respect to the LHV of hydrogen
(equal to 3.00 kWh/Nm?,,)
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2.4. Hydrogen system

« At part-load operation (0.1 A/cm?) the energy consumption decreases to 3.8
kWh/Nm},, corrensponding to an efficiency of 79%

« The overall system consumption, including auxiliary devices, is about 5.25
kWh/Nm,,, corresponding to an overall efficiency of 57%

The performance values just mentioned agree with the technical specifications of

commercially available electrolysers listed in Table 2.8.

Souces Manufacturer Model Max pres- | H,  pro- | Power cons. | Energy Efficiency
sure [bar] | duction [kW] cons. wrt  LHV
[Nm3/h] [KWh/Nm33] | [%]

[85] Angstrom Adv. HGHI70000 4 10 60 5.8 52
[86] Areva H2Gen E5-E120 35 5-120 40 - 960 48-5.7 68
[87] Giner Inc Allagash 40 400 2000 5 60
[88] GreenHydrogen HyProvide P1 50 1 10 5.5 55
[89] Hydrogenics HyLYZER - 3000 30 300 1500 5-54 56 - 60
[90] ITM Power HGAS1SP - 3SP 20 125-409 | 700 - 2350 56-57 54
[91] Kobelco Eco-Sol. | SH/SL60D 4-8 10 60 5-5-6.5 46 - 55
[92] NelHydrogen C10-C30 14 - 30 10 - 30 5.8-6.2 48 - 52
[93] McPhy McLyzer Small 30 10-20 50 - 100 4.5 67
[94] Proton On Site M100 - M400 30 104 - 414 510 -2100 49-51 60
[95] Pure Energy C. 30 2.7-42.6 15-230 54-57
[96] Siemens Silyzer 300 35 3860 17500 4.5 67
[97] Suzhou Jingli DQ 100 32 100
[98] Taledyne En. Sys. | Titan HMXT 10 28-11.2 4.8 63
[99] Treadwell Corp. 76 10.2

Table 2.8: Technical specifications of commercially available electrolysers [85—99]

2.4.2. Fuel cells

Fuel cells physics, structure and types are similar to the ones of electrolysers, since
they perform the same chemical reaction but in opposite directions.

The overall reaction of water recombination in a fuel cell is:

2H, + O, — 2H,0 (2.15)
The electrons produced at the anode and collected at the cathode pass through
an external circuit, where the electron flow is captured by a generator. Due to the
activation energy and voltage losses explained before, the actual voltage that one
cell is able to develop is only around 0.7 V. For this reason, to reach a useful output
voltage, multiple cells are connected in series in a compact design characterized by
"bipolar plates": electrically conductive plates that act as both anode and cathode
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Figure 2.16: Schematic representation of fuel cell types and half-reactions [83]

of two adjacent cells, and have vertical and horizontal channels to let the reactant

gases flow [100].

As for electrolysers, different types of fuel cells exist depending on the electrolyte
used: alkaline (AFC), polymer electrolyte membrane (PEMFC), direct methanol
(DMFC), phosphoric acid (PAFC), molten carbonate (MCFC) and solid oxide (SOFC).
Some of them require the presence of carbon compounds in the fuel mixture (methanol
for DMFC and CO, for MCFC), consequently they emit carbon dioxide. They are
shown in Figure 2.16 alongside with their electrolyte ion, reactants, products and

optimal operating temperature.

Parameter PEMFC | AFC PAFC SOFC
Operating temperature [°C] | 60-80 60-90 200 900-1000
Operating pressure [bar] 1-3 1-5 1-8 1-10
Current density [A/cm?] <1 0.1-02 | <0.8 <1
Electrical efficiency [%] 40-50 > 60 40-55 60
Start-up time <1 min | mins 1-3 h hours
Load flexibility fast fast | very fast slow
Lifetime [103h)] 2-4 5 > 40 > 30
Investment cost [€/kW] 2000 1200 2400 2150

Table 2.9: Comparison of the technical characteristics of different fuel cell types

[101-103]

PEMFC, AFC and SOFC have the same working principles as their correspondent
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electrolyser. DMFC and MCFC are not considered in this analysis as they cannot
be considered a fully carbon-free technology. A similar analysis as for electrolyser
types is provided for the remaining technologies in Table 2.9.

Similarly in this case, a clear distinction between high and low temperature fuel
cells in present. Despite the higher efficiency and current density due to the high
temperature, PEMFC has better start-up time and load flexibility, which are the
most relevant parameter for our purpose. Therefore, it appears the most suitable
type for small-scale storage application.

Hydrogen fuel cells are extensively studied as engines for cars, ships or airplanes,
while their stationary application is less investigated in the literature. However,
there are some commercial options for this kind of application:

Sources | Manufacturer Model Voltage [V] Nominal cur- | Nominal H2 consump-
rent [A] power [KW] tion rate [L/min]
[104] Ballard FCgen - HPS 202 645 140
[104] Ballard FCgen-LCS 176 360 2.3-634
[105] Elring Klinger | EKPO NM5-EVO 201 380 76
[105] Elring Klinger | NM12 Single 215 570 123
[105] Elring Klinger | NM12 Twin 359 570 205
[106] Horizon VL30 - VL100 100 - 180 270 33
[106] Horizon H12 - H5000 78-72 1.5-70 0.012-5 0.18 - 65
[107] Nedstack FCS 7-XXL 46.6 - 29.5 230 6.8 77
[107] Nedstack FCS 10-XXL 46.1-72.8 230 10.6 572
[107] Nedstack FCS 13-XXL 58.9-93.2 230 13.6 732
[108] PlugPower GenSureHP 480 250 - 1000
[108] PlugPower ReliOn E-1000x 48 - 24 21-42 1
[108] PlugPower ReliOn E-2200x 48 - 24 46.5-93 2.2

Table 2.10: Technical specifications of commercially available fuel cells [104—108]

2.4.3. Hydrogen storage

Hydrogen is the element with lowest volumetric density, which is a major issue for
storage. In order to increase the hydrogen density in a storage system, either work
must be performed to compress hydrogen, or temperature has to be decreased be-
low the critical temperature or finally, the repulsion between hydrogen molecules
(or atoms) has to be reduced through interaction of hydrogen with another mate-
rial. An important criteria for hydrogen storage is the reversibility of the uptake and
release.

There are several methods to reversibly store hydrogen with an increased volu-
metric and gravimetric density. The most relevant ones are the following:
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» Compressed gas is the most commonly used and commercialized storage
method for gaseous fuels. High pressure gas cylinders with a maximum pres-
sure of 20 MPa are commonly used as tank, but new lightweight composite
cylinders have been developed, which are able to withstand a pressure up to
80 MPa, reaching a hydrogen volumetric density of 36 kg/m? [109]. The ma-
jor drawback is the relatively small amount of hydrogen that may be stored
in a reasonable volume. The efficiency of energy storage by compressed
hydrogen gas is about 94% [110].

« Liquid hydrogen is stored at ambient pressure in cryogenic tanks at 21.2 K.
The challenges of liquid hydrogen storage are energy efficient liquefaction
and thermal insulation of the cryogenic storage vessel to reduce boil-off of hy-
drogen, due to its low critical temperature (33K). The large amount of energy
necessary for the liquefaction and the boil-off limit the possible applications
to niches where cost is not an important issue and hydrogen is consumed in
a rather short time [109].

» Physisorption is the adsorption of gas on a solid surface as a consequence
of the field force at the surface of the adsorbent, which attracts the molecules
of the gas or vapor. The amount of hydrogen that can be adsorbed is pro-
portional to the specific surface area of the adsorption substrates. The most
popular adsorbent materials are activated carbon, with a hydrogen adsorp-
tion capacity of 0.0015 mass%m2g at 77 K, and carbon nanotubes. It is
a promising technology for mobile application as adsorbent materials are
lightweight, however it is still very expensive [110].

« Metal hydride storage is relatively new compared with pressure vessel and
liquid hydrogen. In metal hydride storage, hydrogen molecules are chemi-
cally bonded with metals or alloys. Heat is generated during hydrogen charg-
ing (absorption) and the same heat is needed to discharge the hydrogen
(desorption). Metal hydride storage may be a suitable and affordable op-
tion when weight is not a major concern due to the heavy metals or alloys.
However, speed of charging/discharging and stability under frequent cycles
should be improved [110].

An overview of the densities and operational parameters of these technologies is
given in Table 2.11.

At the moment, despite its low volumetric density, compressed gas in pressure
vessels is the most favorable technology because of its maturity, simplicity, high
storage energy efficiency and low cost. This storage method seems the most suit-
able one for a residential application, in which energy efficiency is important and
space is not a major constraint.

2.4.4. Overall system

Putting together all the information from the literature and commercial options, the
resulting parameters and behaviour of a complete hydrogen system is showed in
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Storage method

Volumetric den-

Gravimetric den-

Pressure [bar]

Temperature [K]

sity [kgH,/m?3] | sity [mass%]
Compressed gas <36 13 800 298 (standard)
Liquid hydrogen 71 100 1 (standard) 21
Physisorption 20 4 70 65
Metal hydrides <150 2 1 (standard) 298 (standard)

Table 2.11: Overview of technical characteristics of different hydrogen storage
technologies [109]

Table 2.12 and Figure 2.17

Hydrogen system

Veell 1.23V Cell area 100 cm?
Charge R 0.24 Q Discharge R 0.24 Q
RT

Charge and discharge i BT (arcsinh(s1gi1os) + arcsinh(z555))

Charge nominal 4 2 Alcm? Discharge nominal i 1.2 A/lcm?

Charge nominal power d. 3.9 W/cm? Discharge nominal power d. 0.84 W/cm?

Depth of discharge 0-100 %  Auxiliary losses 7 % (EL), 10 % (FC)
Electrolyte max concentration 100 bar H,

Table 2.12: Summary of model parameters for a hydrogen system (validated
against experimental data)
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Figure 2.17: Polarization curve (left), voltage progression in charge-discharge cy-
cle (centre), and efficiencies (right) of a hydrogen system (validated against exper-

imental data)
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3

Optimization

In order to determine the economic feasibility of a system, a model was built in
GAMS, an optimization and modelling software. The purpose of the model is to
find the optimal size of the PV system and of the battery such that the system cost,
spread over the whole lifetime of the project, is minimized.

An optimization is made op of an objective function, some variables, some parame-
ters and some constraints. In the following sections, all these different components
are described and explained.

3.1. Variables

3.1.1. Photovoltaic variables

Power Py, generated by photovoltaic panels is
Poy =n(t)G(t)A (3.1)

The first two factors 7(¢) and G(t) depend on climate, while the panel area A iden-
tifies the size of the system. PV panels have now an efficiency close to 20% and
in the future this efficiency is estimated to reach 30% [111]. This is accounted for
in the optimization through a multiplicative factor only inserted in the future case,
calculated as 30/19.2 = 1.5625.

3.1.2. Storage variables

The storage devices analysed in this studies (flow batteries and electrolyser/fuel
cell system) have the peculiarity of allowing independent power and energy scal-
ing, therefore these two sizes are optimized separately.

Power Pg stored and delivered by an electrochemical storage device scales with
the number of cells (V) present in the system. Its value is limited by the character-
istic cell voltage, which for many batteries depends on the state of charge (SOC),
and by the maximum charge or discharge current density. For this model, a poly-
nomial expression for the maximum cell power P, ;; yax as function of the SOC is
derived for each storage technology:

Ps < N Py max(SOC)
Peeimax(SOC) = a - SOC + (3.2)
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3.1. Variables

Charge Discharge

Storage technology Q B Q I5;
VRFB 0.7991 | 354.28 | 0.6712 | 214.64
HBFB 0.1512 | 129.52 | 0.1512 | 44.52
ZBFB 0.0454 | 126.87 | 0.0454 | 80.43
Hydrogen 0! 387.78 0! 80.59

Table 3.1: Polynomial coefficients for P, yax calculation as function of SOC (own
model validated against experimental data)

The sizing variable for the optimization is the number of cells V.

The energy storage capacity lies in the volume of electrolyte or gas that can be
accumulated. Assuming a constant charging and discharging energy efficiency e,
that accounts for all the stack and system losses, the energy content of the battery
is calculated at each new timestep depending on how much power is stored or
delivered in the previous timestep:

Es(t+1) = Eg(t) + Psc(t)At - €, — %{:&)At (3.3)
Storage technology | e, €4
VRFB 86% | 86%
HBFB 85% | 82%
PRESENT ZRFB 86% | 86%
Hydrogen 70% | 60%
VRFB 88% | 88%
HBFB 85% | 82%
FUTURE ZBFB 88% | 88%
Hydrogen 84% | 70%

Table 3.2: Present and future energy storage efficiencies for energy capacity cal-
culation of each storage technology (own model validated against experimental
data)

The total energy capacity Eg . is then determined through the SOC definition and
boundaries:

Es(t)
SOC(t) = =3
( ) ES,tot
0 <SOC(t) <1 Vte {year}

! Peimax for hydrogen production and oxidation is not SOC-dependent

(3.4)
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3.2. Objective function

3.1.3. Grid variables

At each timestep, the remaining power required to balance the system is bought
or sent back to the main grid. The grid is a "passive" component, whose size is
simply defined as the amount of energy bought Eg; or sold back Eg ,, calculated
as:

year
Egi=)  Poilt)At
t

year

Ego =Y Pgolt)At (3-5)
t

In conclusion, the 5 variables representing the power sources are:
A, N, Egior, Egiy Ego

representing the PV panel area A [m?], the number of storage cells N, the total
storage energy capacity Eg . [KWh], the energy bought from the grid Eg; [KWh]
and the energy sold to the grid Eg , [kWh].

3.2. Objective function

The economic feasibility of the different storage technologies is investigated through
a sizing optimization based on costs. Specifically, the size of the residential PV-
storage system components that yield to the minimum total cost of energy is eval-
uated for a minimum level self-consumption.

As explained in Chapter 4, the levelized cost of energy (LCOE) formula is used
to evaluate the economic viability of our system. The total LCOE of the system
including load, PV panels, a storage system and grid connection can be written
as:

Costpy + Costg + Costg)
E F
This equation is the objective function to be minimized in order to obtain the optimal

solution. The cost of every component depends on the corresponding variables
representing their size and nominal power or energy:

LCOE = ( (3.6)

Costpy = (Inpy - A)(1 + Oppy F) (3.7)
Costg = (Ingfix + Ing membr * NV Scell + 175 power * NV Peei max

+ Ing energy - Estot) (1 + OpsF) (3.8)

Costg = Ing + Opg I - Eg; + Ing o+ Opg oF - Eg (3.9)

The numerical value corresponding to each cost item is detailed in Chapter 4.
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3.3. Constraints

3.3. Constraints

In order to accurately describe the system, the following constraints are used.

Storage:
if P (t) < Ppy(t) then U(t)=0 (3.10)
Pg 4(t) < NFPymax(SOC, 1) - U(?)
Pso(t) < NP.yax(SOC,t) - (1 = U(t)) (3.11)

Equations 3.11 make use of the binary variable U to avoid simultaneous charging
and discharging. The variable is defined according to the sign of current mismatch
(P — Ppy) through conditional statements in 3.10.

Balance:

Poy(t) = Ppi(t) + Ps(t) + Pgolt)
B(t) = Pp(t) + Psg4(t) + Pgj(t) (3.12)
Poy(t) — BL(t) + Pgg(t) — Psc(t) + Pg(t) — Pgo(t) =0

Photovoltaic power usage, load share and the whole system are balanced at every
timestep through constraints 3.12.

self-consumption:

EG i
——= >8C .
1 ] (3 13)

The self-consumption (SC) of the system is defined as the amount of load con-
sumption met by energy produced by internal devices (PV and storage). For con-
venience, in this model it is calculated as the reciprocal of the load consumption

satisfied by the grid. Constraint 3.13 sets the minimum self-consumption at a pre-
defined value indicated with SS (in the 50% - 100% range).
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Costs

4.1. Levelized Cost of Energy

One of the most used methods to investigate the economic viability of distributed
generation projects is evaluating the levelized cost of energy (LCOE) [112]. It es-
sentially represents the lifecycle cost divided by the lifetime energy production of a
component in an energy system, and it aims at comparing different technologies in
terms of their capital, operation, maintenance costs and performance. The formula
for each power unit can be written as:

L Fuel,+Op,
Ino + thl (1+r)t
L

B, (4.1)
t=1 (14r)t
where ¢ represents time in years, L is the project lifetime, In, is the investment
cost incurring all at time 0, Fuel, are fuel costs and Op, are operation and main-
tenance costs in the year ¢, and E, is the total energy provided by that component

in the year t.

LCOE =

The (1 + r)* factor accounts for the compound interest in time, where r represents
the annual discount rate or weighted cost of capital (), which is a fundamental driver
in investment decisions. Studies show that the WACC varies between technolo-
gies, countries and over time as technologies mature [113], influencing the model
outcome. For this study, r is taken as 4% for Netherlands and 5% for ltaly as
calculated in [113]. For the sake of simplicity, in the model the discount rate is
approximated as:

L -L
1 1—(14+r
Z : A ( ) =D (4.2)
—~ (1+7) r
Therefore, the total LCOE of a system including load, PV panels, a storage system
and a grid connection (all with zero fuel consumption) can be written as:

Inpy + OppyD + Ing + OpgD + Ing + OpgD
E.D
The total energy generated by all the power units equal to the energy consumed

by the load, therefore E, is taken as the yearly electricity consumption of the ref-
erence house in kWh.

LCOE = (4.3)
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4.2. Photovoltaic cost

Investment and maintenance costs are different for each component and depend
on several factors, like rated power or physical size. In the next sections an anal-
ysis of the current and future costs is presented.

4.2. Photovoltaic cost

According to IRENA, the cost of crystalline solar PV modules declined by around
90% between 2009 and 2019, becoming increasingly competitive with the electric-
ity prices on the market [114], and will continue to decrease.

Investment costs related to PV can be subdivided into three main categories:

» Hard costs related to hardware costs of every piece of material needed to
build the system

« Installation costs related to the setup of the PV system

» Soft costs comprising permits, marketing, sales and administrative costs as-
sociated with the system

Accepting the assumption that there is a common EU market, the hardware cost is
considered constant among countries. The reference used here is for crystalline-
Silicon fixed-axis panels produced in Germany [115]. On the other hand, soft and
installation costs are more heterogeneous and depend on average worker wages.
Maintenance costs can be taken as 1% of the total investment costs for fixed-
angle configurations [115]. In the future, according to an analysis performed by
the Fraunhofer ISE institute [111] based on the current scenario and the photo-
voltaic learning curve, prices will halve with respect to current ones and module
efficiency will reach 30% on average.

Following these considerations, the current and future prices for Netherlands and
Italy, converted to €/m? (1 kWp = ca. 5 m?) are shown in Table 4.1.

Inpy Oppy
€/m? | €/m? year

Rotterdam | 163.95 1.64
Palermo 136.99 1.37
Rotterdam | 86.40 0.86
Palermo 76.80 0.77

Location

PRESENT

FUTURE

Table 4.1: Summary of photovoltaic costs [111, 115]
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4.3. Storage cost

4.3. Storage cost

Electricity storage is currently an economic solution off-grid, in solar home systems
and mini-grids where it can increase the fraction of renewable energy, as well as in
the case of islands or other isolated grids [28]. Emerging market segments include
the pairing of storage with residential rooftop solar PV to increase self-consumption
and/or to avoid peak demand charges by levelling load.

Flow batteries and hydrogen systems are still developing and not broadly commer-
cialized, therefore their cost assessment is afflicted with uncertainties. Neverthe-
less, thanks to techno-economic analysis and economic models found in literature,
it is possible to roughly estimate their cost. Missing or unclear data was deduced
from generic cost estimations, sometimes taking advantage of the similarities be-
tween the different technologies. In the following section, the resulting costs for
each storage technology are outlined.

4.3.1. Redox-flow batteries cost

Estimating the commercial present and future cost of a redox-flow battery is not
an easy task, as it includes a set of developing technologies that have been tested
and analysed for different applications in a wide range of power and energy ca-
pacities.

The total investment cost for a RFB is usually calculated as follows:

Ig = Costareq - NA + Costpoyer - N FPegimax + Costenergy - Es (4.4)

where the cost components are defined as:

+ Cost of area Cost,, [€/m?], related to stack components (membranes, elec-
trodes, bipolar plates, current collectors, end plates, catalysts)

+ Cost of power Cost e [€/kW], related to the inverter, power conversion sys-
tem (PCS) and balance of plant (BOP) components

« Cost of energy Costonerqy [€/kWh], related to the electrolyte chemicals, tanks
and flow management devices (pipes, pumps, valves)

Maintenance and operation costs are usually expressed as a percentage of the
investment costs.

Minke and Turek [116] recently reviewed all the available literature on techno-
economic assessment of vanadium batteries, and found that the significant differ-
ences in system boundaries and input data result in a wide range of VRFB costs
(564-12931 €/kW or 89-1738 €/kWh). The main reference for this work is Noack
et al.'s techno-economic model of a 10 kW, 120 kWh vanadium battery [117], that
provides a detailed cost breakdown of all the device components.
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4.3. Storage cost

On the other hand, only two economic studies are found regarding the hydrogen-
bromide RFB [73, 118], among which Hugo et al.'s paper [73] provides a useful
cost breakdown of the HBFB system.

Despite being a more developed technology, few papers are found about economic
models of zinc-bromine batteries. Cost data for this battery type was mainly taken
from a recent PhD thesis by Hao Xin [119] and validated against IRENA's findings
[28].

Estimated present costs of each cost category are summed up in Table 4.2 and
can be explained as follows:

« The cost for a standard Nafion™ion exchange membrane for present day
scenarios is 230 €/m? on average. Other stack components have similar
costs for the VRFB and HBFB, resulting in a total stack cost of around 1200
€/m?, including assembly.

« Current collectors and end plates are estimated at 100 €/kW for VRFB and
HBFB and at 45 €/kW for ZBFB. The bidirectional inverter can be assumed
equal for all battery types, costing around 145 €/kW. Another 100 €/kW is
allocated for control and BOP devices.

 Electrolytes, tanks and flow management costs are the ones varying more
between different technologies. Vanadium is relatively expensive (8-22 €/kg)
but doesn't require a cooling system, which is instead necessary for HBFB.
Zinc bromide and bromine are less expensive (0.33 $/kg and 0.63 $/kg re-
spectively [120]), but their higher specific energy leads to a relatively large
cost. System assembly costs are also considered here.

Ing
Battery type | Coslarea | Costooner | COStanergy Ops

€/m? €/kW €/kWh | €/year

VRFB 1280 365 450 1.5 %

PRESENT HBFB 1163 365 350 1.5%
ZBFB 1200 290 480 1.5 %

VRFB 120 100 100 1.0 %

FUTURE HBFB 324 245 134 1.0 %
ZBFB 150 157 144 1.0 %

Table 4.2: Summary of redox-flow batteries costs [28, 73, 116—-119]

Costs for the future scenario have been estimated from component price drop pre-
visions and from overall system price reduction projections. VRFB and ZBFB are
projected to reduce their price by 66% in the future according to IRENA [28], while
HBFB is estimated to reach the cost of 128 €/kWh [73].
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4.3. Storage cost
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Figure 4.1: Cost reduction pathway from present to future scenario for VRFB (left)
and HBFB (right)

4.3.2. Hydrogen system cost

As previously explained, an hydrogen storage system has separate charging and
discharging components, the electrolyzer and the fuel cell respectively. A storage
tank is also necessary in order to stock fuel. Therefore, the total investment cost
for such a system are given as:

I?’Ls = COStEL . NELPCEe‘ﬁ:MAX + COStFC . NFCPCFeEMAX + COSttank . ES (4.5)

where the coefficients are defined as follows, and the corresponding numerical
values are collected in Table 4.3:

« Cost of electrolyzer Costg [€/kW], related to a PEM device. In the present,
the expense results to be 957 €/kW, whereas forecasts for future scenarios
indicate a decrease up to 305 €/kW [121].

 Cost of fuel cell Costg [€/kW] of PEM type. Despite the prevalence of fuel
cell manufacture for automobile applications, a current cost of 2500 €/kW
can be estimated for stationary applications [122], with a projected future
cost drop to of 325 €/kW [123].

 Cost of storage Costy,, [€/kWh] related to the H, tank, BOP components and
all storage-related devices. For this project, a Type IV low pressure vessel
is employed. The considered costs are extracted from James et al. [124]:
the current cost is 23 €/kWh while in the long-term period, with increasing
manufacturing expertise, the cost is expected to drop to 10 €/kWh.

Maintenance and operation costs Opg are taken as 2 % of the total investment
costs [125] and assumed to halve in the future.
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4.4. Grid cost

O
Cpr | Cre | Cran | 18
€/kW | €/kW | €/kWh | €/year
PRESENT | 957 | 2500 23 2.0%

FUTURE | 305 | 325 10 1.0%

Table 4.3: Summary of hydrogen system costs [121-124]

4.4. Grid cost

The operational cost of the grid component in the present system is nothing else
than the cost of buying energy from the DSO. Electricity market prices depend on
a range of different supply and demand conditions, including the geopolitical situ-
ation, the national energy mix, import diversification, network costs and taxation,
and are therefore different for each country. For this work, they are taken from
recent statistics as 0.1361 €/kWh in the Netherlands and 0.2153 €/kWh in Italy
[126].
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Figure 4.2: Price of electricity in European countries in 2021 [126]

The main drivers influencing the electricity prices in the future are fossil fuel prices,
CO, prices, the levels of the electricity demand, the decommissioning of the exist-
ing capacity (e.g nuclear) and the deployment of renewable energy [127]. Several
models can be made to estimate future electricity prices, for this work it is assumed
that the increase in CO, prices and of investments in renewable energies will de-
termine an increase of 50% with respect to current prices [128].
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4.4. Grid cost

Investment costs are represented by the cost of grid connection, which is assumed
at 50 €/kW [129], i.e. 150 € for a household with 3 kW of maximum power.

. Ing Opg

Location e w | €/kwh

Rotterdam | 50 | 0.1361
PRESENT Palermo 50 | 0.2153
Rotterdam | 50 | 0.2042

FUTURE  palermo | 50 | 0.3230

Table 4.4: Summary of grid costs [126, 128, 129]
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Results

5.1. Outline of results

Chapter 5 collects the outputs of the optimization process. Several simulations
have been performed in order to study the feasibility of the different technologies
in the various situations. The diagram in Figure 5.1 tries to summarise the studied
cases.

BATTERY TYPE
I
| 1
PRESENT FUTURE
——
[ 1

Rotterdam Palermo Rotterdam Palermo
— 50%SS — 50%SS Gas heatin Electric Gas heatin Electric

° ° 9 heating 9 heating
L 70%SS — 70%ssS | Incentiveon |  Incentiveon | Incentiveon || Incentive on
— 90% SS — 90% SS — Feed-in tariff — Feed-in tariff — Feed-in tariff — Feed-in tariff

| Incentiveon | Incentiveon | Incentiveon | Incentive on
battery battery battery battery

Figure 5.1: Scheme of the optimization scenarios considered

For each technology, the present scenario is first investigated. The behaviour of
the systems in the two sites, Rotterdam and Palermo, was simulated at different
levels of self-consumption. The three percentages of autonomy allow to study the
LCOE dependency on self-consumption.

Available estimates on projected scenarios give the possibility of investigating fu-
ture applications of the considered storage systems. Since in the next years the
load consumption is likely to change, the two diverse load conditions (gas and elec-
tric heating) are studied. It stands to reason that in the future there might be greater
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5.2. Example of system behaviour

incentives to promote renewable energy utilization, therefore three different kinds
of subsidies are hypothesized and implemented in the simulations:

» Incentive on PV which is the same bonus adopted in the present case, i.e.
50% incentive over the PV investment cost.

« Feed-in tariff which is not a one-time incentive, but rather a policy mecha-
nism that provides compensation to the prosumer when he enters power into
the grid. 50% of the projected grid energy cost was taken as revenue for the
electricity given back.

 Incentive on battery which corresponds to a 50% discount over the storage
system capital expense.

5.2. Example of system behaviour

As explained in Chapter 3, the model's purpose is to find the optimal sizing of the
system components such that the cost is minimized. In doing this, the software
also identifies the optimal control strategy, modulating the power flow from and to
the different components. In this sense, the LCOE obtained from the optimization
is only ideal, as in the real case it is not possible to forecast the exact irradiance
and load profiles at any time.

The following plots show an example of ideal system behaviour according to the
data and equations described in the previous chapters (the reference taken here
is Zinc-Bromine battery - Rotterdam - Single house with gas heating - 90% self-
consumption).

Storage state of charge profile
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Figure 5.2: Example of optimization model result in yearly plots: power profiles
(left) and SOC profile (right)
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5.3. Present scenario results

A full overview of the power flows throughout the year is given in Figure 5.2. In the
left graph, the negative side corresponds to power flowing into the system (pro-
duced by PV, discharged by the battery or bought from the grid), while the positive
side shows power taken out from the system (used by the load, stored in the battery
or sold to the grid). Ideally, the storage device (blue) is able to cover a substantial
part of the load (purple) and to take up as much solar excess power (yellow) as
possible. The load or solar power fraction that the battery is not able to cover, is
handled by the grid (green).

The seasonal storage action is evident in the annual state of charge profile on the
right: the SOC is kept close to 100% for most of the year (where it has the maxi-
mum discharge power) while all the energy capacity is exploited in the least sunny
period.

A closer look at the daily profiles is showed in Figure 5.3, where the 21st day of
each month are plotted consecutively. The sign convention is the same as be-
fore, and here we can observe the daily storage action: the storage device mainly
charges during the sunny hours, and discharges in the evening or morning in cor-
respondence to load peaks.

Power profiles of 21st day of every month
6000 T T 1 1 T

| PV Load Grid Storage |

|
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Figure 5.3: Example of optimization model result in yearly plots: power profiles of
the 21st day of each month

5.3. Present scenario results
The optimization results in the present scenario finally allow to determine the cost of

implementing a residential PV-storage system using the four different technologies,
and to identify the differences between them.
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5.3. Present scenario results

5.3.1. LCOE present results
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Figure 5.4: LCOE results and trends as function of self-consumption for each bat-
tery type in the present day scenarios

In Figure 5.4, the dots represent the calculated LCOE of the system employing
each technology (indicated by the color) at three levels of self-consumption. The
dashed lines indicate the cost exponential trend in the whole 50-100% self-consumption
interval. Costs higher than 50 €/kWh are not shown in favor of a clearer view of
lower costs.

From an economic point of view, the obtained costs are all above the current elec-
tricity prices (0.1361 €/kWh in the Netherlands and 0.2153 €/kWh in Italy), therefore
no solution can be considered economically feasible in the present day scenario.
However, it is worth analysing the differences between the battery types. It is ev-
ident that the hydrogen system is significantly more expensive than the others,
followed by the HBFB, while the ZBFB and VRFB are equally less expensive. This
can be explained in different ways:
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5.3. Present scenario results

« The specific cost of hydrogen-based technologies is higher, because they
are affected by its low volumetric density and they require tanks, a cooling
system and specific piping.

« The hydrogen system currently has a very low round-trip efficiency (around
50%) compared to the other devices. The HBFB has a slightly lower effi-
ciency too.

« The hydrogen-bromine and water splitting-reforming standard voltages are
the lowest ones (1.1 and 1.23 V respectively), and these reactions suffer
from relatively high resistance losses.

Therefore we can conclude that the VRFB and ZRFB are currently more performing
than hydrogen-based systems for residential seasonal applications. In particular,
the ZRFB stands out as the most convenient to use.

5.3.2. Battery utilisation

The energy storage technologies studied in this thesis are still in their developing
phase and, as described in Chapter 4, their prices are still quite high for an in-
vestment in the residential environment. The optimization results of the present
scenario clearly show that the revenues coming from storing excess PV power for
later use do not compensate the expense of installing such a storage device. In
other words, unless the system is forced to make use of storage to reach a high
level of self-consumption, it is not convenient to make use of storage, but rather to
invest in (cheaper) photovoltaic panels to reduce the electric bill cost.
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<2 €/kWh ~5 €/kWh > 20 €/kWh
Levelized cost of energy
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Figure 5.5: Correspondence between self-consumption level, cost, battery size
and battery capacity utilization
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5.4. Future results

The results show a clear correspondence between self-consumptionf level, cost
and battery sizing, as described in Figure 5.5 (numerical values and graphs corre-
spond to the ZBFB). Here we can clearly see that increasing the self-consumption
(SC), the need for storage determines an increase in battery size, that in turns
makes the cost rise. From the SOC plots we can infere that the seasonal storage
action is exploited only in these cases, while the battery essentially has no purpose
at low SC.

5.4. Future results

As explained in the introduction of this chapter, future simulation include a wide
series of scenarios and incentive patterns. This time, results are presented using
Box & Whisker diagrams as cost ranges divided by case. Each bar represents the
cost range from lower to higher self-consumption levels of the technology in the
indicated case. The relative "height" of the bar is taken from sample VRFB results
and adapted to all the other types.

5.4.1. Present/Future comparison

Firstly, let us compare the present and future results collected in Figure 5.6, where
the red horizontal line represents the market electricity price for comparison.

PRESENT FUTURE

B VRFB E HBFB M ZBFB M Hydrogen B VRFB M HBFB M zBFB M Hydrogen

30.00 30.00
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0.00 0.00
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Figure 5.6: Comparison of present and future LCOE results for different types of
incentives

The battery investment costs drop and efficiency improvements lead to a clear de-
crease of levelized costs. In particular, the hydrogen system experiences a great
cost reduction, probably due to the optimistic future developments in terms of per-
formance improvement and cost reduction.

53



5.4. Future results

5.4.2. LCOE future results

In the following page, a complete overview of the results in each case is pro-
vided. Major differences are observed between the neighbourhood and single
house case, the latter being less convenient. Regarding the location, Palermo
is unsurprisingly more convenient than Rotterdam, due to the greater solar irradi-
ance, hence PV power produced. It is also worth mentioning that the difference
between gas and electric heating is minimal - this means that the system is not
very sensitive to energy consumption changes, but rather to power distribution (a
single home has a more irregular load profile than the neighbourhood).

A few other observations regarding the different storage technologies can be made
looking at Figure 5.7:

« The hydrogen-bromide is still the less effective and convenient technology,
probably due to its poor expected efficiency improvement.

« The VRFB and ZBFB, on the other hand, prove to be the best solutions even
for the future, with an average LCOE of less than 3 €/kWh. In some cases
their levelized cost is very close to the market price of electricity. In the feed-
in incentive scenario even some negative prices are obtained, meaning that
the prosumer actually earns money from the system.

« Knowing that hydrogen systems are probably the most studied technologies
between the four, the great cost improvement of hydrogen is an exceptionally
promising result.

Nevertheless, it must be pointed out that even these future results cannot be inter-
preted as feasible, as in most of the cases the prices for a high self-consumption
are far from the market prices of electricity. However, the situation could change in
case governments adopt stronger or allow to combine them. For example, a com-
bination of feed-in tariff and incentive on the battery installation would probably
have a greater benefit on the price than the sum of their single ones.
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5.4. Future results
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Conclusions

The increasing levels of CO, in the atmosphere released by fossil fuels and the
rising global energy demand are leading us to the use of renewable sources, like
wind and photovoltaic. The unreliability and instability of these energy sources,
however, is an important issue that can be solved by incorporating energy stor-
age, particularly in the residential environment.

Introducing a storage device in a residential system equipped with PV has several
technical and economic advantages, especially for the house owner. In particular,
storage technologies that are able to retain large amounts of energy for long times
can be employed for seasonal storage. Among all the available storage technolo-
gies, the most suitable for this purpose are found to be the redox flow batteries (in
particular the all-vanadium RFB, the hydrogen-bromide RFB and the zinc-bromide
RFB) and the hydrogen system composed by electrolyser, hydrogen tank and fuel
cell.

The system described in this work is composed by four main units:

» Load: a single house or small neighbourhood that consumes electricity. This
has been modeled thanks to the LoadProfile Generator software.

« Generator: photovoltaic panels, the type considered in this work is crystallyne-
Silicon with standard efficiency of 19.2%. They have been modeled starting
from average annual weather data including irradiance, air temperature and
wind speed.

« Storage: the 4 types of storage devices considered. They have all been
modeled starting from their basic structure, the electrochemical cell. Losses
are taken from literature and validated against technical specification of com-
mercially available devices.

« Grid: a connection point to the main grid. A passive component modelled
from the power balance equation.

In order to determine the economical feasibility of these storage technologies, an
optimization model was built, reproducing the control logic of a microgrid system
based on power balance and self-consumption. The economic indicator used is
the levelized cost of energy, a measure of the lifetime cost of an investment project.
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6. Conclusions

The present and future cost of each component was then determined from litera-
ture. The missing prices for the storage devices were assumed by similarities or
deduction.

The optimization results showed that in the present scenario none of the tech-
nologies has a feasible price to be profitably installed in a residential system.
Among the different types, the vanadium and zinc-bromide batteries have the low-
est prices, while hydrogen is extremely expensive in the present. On the other
hand, in the future scenario several types of incentives were simulated. Techni-
cal improvements and cost reductions of the batteries lead to an important drop in
levelized cost, that in some cases becomes close to the market price of electric-
ity, especially in the neighbourhood case and in Palermo. The zinc-bromide and
vanadium batteries remain the most convenient ones, while the hydrogen system
shows a dramatic improvement from the present to the future scenario.

In conclusion, a PV-storage solution using these technologies is very inconvenient
in the present, and only in some cases it can be considered convenient in the fu-
ture. Further improvement in manufacturing costs and performance of the storage
devices could certainly lead to an increased feasibility. Moreover, a combination
of ad-hoc incentives to promote storage utilization in houses could be the deter-
mining factor for redox-flow batteries or hydrogen storage implementation in the
residential sector.

Some recommendations for future studies are:
« Try combining more incentive types to observe their influence on cost

« Incorporate Time Of Use tariffs in the model to understand the potential of
time shifting and energy trading

« Increase the number of houses in a neighbourhood to observe the economic
potential of sharing a storage system

Despite the results of this work may not seem very optimistic, thanks to technical
improvements and investments in sustainable energy solutions, | am sure we will
have the possibility to incorporate these technologies in our energy system, taking
advantage of their many benefits.
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Appendices

A. GAMS Code

The following code has been used for the optimization in GAMS. Items between
square brackets ([ 1) are replaced with data according to the simulation scenario.

*x*x*x** Tnitial parameters ***xx*x*

Set t hours /t1*t8760/;

Scalar minSS Desired self-sufficiency of the system /[#]/;
Scalar bigM Utility number for conditional statement /1eb5/;

*AFxxxkHxx Tocation - related parameters ***x**xx
Scalar IP /[#1/, OP /[#1/;

Scalar IGi /[#]/, OGi /[#1/;

Scalar IGo /[#]/, OGo /[#]1/;

Scalar F Compound interest rate factor for r = 0.04 and
lifetime = 20;
F o= [#];

**xx*xx*% Data imported from Excel ***x**x*xx
Parameter data(t,*) Load consumption

Scall GDXXRW [FILENAME].xlsx trace=3 par=data rng=A1:D8760
rdim=1 cdim=1

$gdxin [FILENAME] .gdx

$load data

Sgdxin

Scalar kWhL Load energy consumption;
kWhL = sum(t, data(t, "Load'))/1000;

*xxHkxkx Storage parameters *FxFx AKX

Scalar cellA Cell active area in m2~ /[#]/;
Scalar Pcmin Cell min charge power /[#]/;
Scalar PcMAX Cell max charge power /[#]/;
Scalar Pdmin Cell min discharge power /[#]/;
Scalar PdMAX Cell max discharge power /[#]/;
Scalar effc Charge efficiency /[#]/;

Scalar effd Discharge efficiency /[#]/;

Scalar cO0 Coefficient for charge power calculation wrt SOC
/#1/:
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A. GAMS Code

Scalar cl Coefficient for charge power calculation wrt SOC
/T#1/3

Scalar dO Coefficient for discharge power calculation wrt SOC
/T#1/3

Scalar dl Coefficient for discharge power calculation wrt SOC
/#1/:

Scalar IS /[#]/, ISn /[#]/, ISp /I[#1/, ISe /I[#1/, OS /[#]1/:

Variables LCOE Levelized cost of energy

Variables CostP, CostS, CostG Costs of single components
Variables SOC(t) State of charge of storage system
Variables SS Self sufficiency

Positive Variables A Area of PV panels

Positive Variables N Number of cells of storage system
Positive Variables pSdMAX(t), pScMAX(t) Max discharge and
charge power

Positive Variables ES(t) Energy content of storage at time t
Positive Variables kWhS Energy capacity of storage

Positive Variables kWhGi, kWhGo Energy bought of sold back to
the grid

Positive Variables pP(t) Photovoltaic power

Positive Variables pPL(t) Photovoltaic power going to the load
Positive Variables pSd(t) Storage power delivered to the load
Positive Variables pSc(t) Storage power stored from PV
Positive Variables pGi(t) Power bought from the grid
Positive Variables pGo(t) Power sold back to the grid;

Binary Variable U(t) Storage charge-discharge mode switch;

pSAMAX.lo(t) = Pdmin; pSdMAX.up(t) = PdMAX;
pPScMAX.lo(t) = Pcmin; pScMAX.up(t) = PcMAX;
SOC.lo(t) = 0; SOC.up(t) = 100;

U.l(t) = data(t,'U");

*xFxkAkAkAxx Single house/Neighbourhood *****kkk4x
*** Single House ***

A.lo = 1; A.up = 50;

N.lo = 1; N.up = 100;

kWhGi.up = 50000; kWhGo.up = 50000;

kWhS.lo = 1; kWhS.up = 5000;

*** Nieghbourhood ***
A.lo = 1; A.up = 500;
N.lo = 1; N.up = 100;
kWwhGi.up = 500000; kWhGo.up = 500000;
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A. GAMS Code

kWhS.lo = 100; kWhS.up = 50000;

Equations

P Definition of PV power

Ul Definition of storage charge-discharge switching vari-
able

U2 Definition of storage charge-discharge switching wvari-
able

MAXd Calculation of max discharge power wrt SOC

MAXc Calculation of max charge power wrt SOC

Sd Definition of storage discharge power

Sc Definition of storage charge power

DES Change in energy content of storage

Ch Definition of state of charge of storage

EGi Calculation of energy bought from the grid

EGo Calculation of energy solf back to the grid

BalP Balance of PV power

Ball, Balance of load power

Bal Total system balance

SSuff Definition of self sufficience

SSufflLim Self sufficience limit imposition

CP Calcualtion of PV cost

CS Calculation of storage cost

CG Calculation of grid cost

OBJ Total LCOE cost;

P(t).. pP(t) =e= data(t,'PVm2') * A;

Ul(t).. data(t,'Load') - pP(t) =1= bigM * U(t);
U2(t).. pP(t) - data(t, 'Load') =1= bigM * (1-U(t));
MAXd (t) .. pSdMAX(t) =e= d0 + d1*SOC(t):

MAXc(t) .. pScMAX(t) =e= c0 + cl*SOC(t);

Sd(t).. pSd(t) =1= N * pSAMAX(t) * U(t);

)
) pSc(t) =1= N * pScMAX(t) * (1 - U(t));

DES (t) .. ES(t++l) =e= ES(t) - pSd(t)/effd + pSc(t)*effc;
) .. SOC(t) =e= (ES(t) / (1000*kWhS)) * 100;

EGi.. kWhGi =e= sum(t, pGi(t)/1000);
EGo.. kWhGo =e= sum(t, pGo(t)/1000);

BalP(t).. pP(t) =e= pPL(t) + pSc(t) + pGo(t):

BalL(t).. data(t, 'Load') =e= pPL(t) + pSd(t) + pGi(t);
Bal(t).. pP(t) - data(t,'Load') + pSd(t) - pSc(t) + pGi(t) -
pGo (t) =e= 0;
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B. Complete Results

SSuff.. SS =e= 1 - (kWhGi / kWhL);
SSufflLim.. SS =g= minSS;

CP.. CostP =e= (IP + OP*F)*A;

CS.. CostS =e= (IS + ISn*cellA*N + ISp*N*PcMAX + ISe*kWhS) *
(1 + OS*F);

CG.. CostG =e= IGi + OGi*F*kWhGi + IGo + OGo*F*kWhGo;

OBJ.. LCOE =e= (CostP + CostS + CostG) / (KWhL*F);

Model PVStorage ;

Option epsmip = 1.0e-3;

Solve PVStorage using MINLP minimizing LCOE

B. Complete Results

A complete collection of all the simulation results is given in the following tables.
The notation used here is the following:

« SH = Single house, NB = Neighbourhood

« GH = Gas heating, EH = Electric heating

Numbers written in red represent the lower or upper limit for that variable. In the
future scenario, the PV panels area, number of cells and energy capacity have
been calculated only at 75% self-consumption.
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B. Complete Results

LCOE [€/kWh]

PV panels area [m"2]

Number of cells

Energy capacity [kWh]

SC [%] VRFB HBFB ZBFB  |Hydrogen| VRFB HBFB ZBFB |Hydrogen| VRFB HBFB ZBFB |Hydrogen| VRFB HBFB ZBFB |Hydrogen
o 50 4.86 1.83 1.38 17.78 44,03 49.44 42.62 41,25 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.82
- 70 7.98 10.17 6.34 42.17 50.00 50.00 50.00 50.00 1.64 6.07 5.29 2.79 17.27 62.78 14.59 415.88
il 90 28.04 42.10 22.42 138.76 50.00 49,91 50.00 50.00 5.38 25.44 16.86 10.07 240.63 296.43 250.33 | 788.04
- 50 0.79 0.33 0.41 2.08 176.65 | 236.88 | 498.69 | 499.14 1.33 1.00 1.00 1.00 15.32 1.00 1.00 1.36
= 70 3.59 4.67 2.89 19.41 500.00 | 500.00 | 500.00 | 500.00 6.92 27.65 22.85 11.75 67.53 88.69 23.14 | 2393.55
= 90 12.86 16.72 10.42 62.50 500.00 | 493.01 | 500.00 | 500.00 20.68 92.10 65.29 40.97 | 2221.81 | 2053.60 | 1964.74 | 5915.77
- 50 3.76 1.41 1.10 13.90 24.72 33.94 36.16 42.67 1.00 1.00 1.00 1.00 1.41 1.00 1.00 1.71
= 70 4.57 6.91 3.68 31.96 50.00 50.00 50.00 50.00 1.19 5.48 3.90 2.69 14.04 17.07 6.93 211.79
& 90 15.88 24.73 12.63 98.56 50.00 50.00 50.00 50.00 4.30 20.21 14.11 8.91 30.88 43.42 15.95 461.35
= 50 0.60 0.42 0.38 1.90 187.87 | 490.05 | 497.24 | 497.24 1.00 1.00 1.00 1.00 1.63 1.00 1.00 1.61
= 70 2,75 3.85 2.21 19.17 500.00 | 500.00 | 500.00 | 500.00 5.73 24.84 18.81 12.95 61.72 90.41 23.12 | 1254.92
= 90 9.94 61.29 8.06 66.30 500.00 | 500.00 | 500.00 | 500.00 22.29 100.00 75.22 48.78 215.37 | 50000.00 | 88.83 | 2940.32
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B. Complete Results
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LCOE [€/kWh] PV panels area [m"2] Number of cells Energy capacity [kWh]

Inventive type SC [%] VRFB HBFB ZBFB |Hydrogen| VRFB HBFB ZBFB |Hydrogen| VRFB HBFB ZBFB |Hydrogen| VRFB HBFB ZBFB |Hydrogen
50 0.29 1.15 0.54 0.67

Incentive PV i 1.69 6.71 3.14 3.94 500.00 | 500.00 | 215.83 | 500.00 5.84 3593 452 14.26 18.58 910.34 10.20 2268.85
90 3.08 12.28 553 7.20
- 50 -0.13 -0.63 -0.01 -0.34

m Feed-in 75 1.29 6.45 0.14 3.50 500.00 | 500.00 | 500.00 | 500.00 5.82 35.74 3.76 14.26 18.91 931.76 6.92 2268.85
= S0 2.70 13.54 0.28 735
50 0.42 1.50 1.14 0.83

Incentive Battery Tl 1.15 4.12 3.13 2.28 500.00 | 500.00 | 221.54 | 500.00 5.82 41.70 4.48 14.26 19.06 249.50 10.26 | 2268.85
90 1.89 6.75 5:12 3:73
50 0.22 1.09 0.29 0.53

Incentive PV 7is) 1.79 S.04 2.42 438 500.00 | 500.00 | 465.39 | 500.00 13.87 70.62 9.85 26.95 45.67 5390.15 11.87 5626.50
90 3.37 16.99 4.55 8.24
- 50 0.00 0.01 0.00 0.01

H Feed-in 75 1.53 8.89 1.33 4.19 500.00 | 500.00 | 500.00 | 500.00 14.02 70.17 9.72 26.95 43.73 5364.59 11.76 5626.50
< 90 3.07 17.77 2.66 8.38
50 0.22 0.97 0.44 0.46

Incentive Battery 75 1.21 5.34 2.42 2:52 500.00 | 500.00 | 465.39 | 500.00 14.40 70.67 9.84 2717 44,71 | 539292 | 11.87 |5578.99
90 2.19 9.70 4.40 458

LCOE [€/kWh] PV panels area [m"2] Number of cells Energy capacity [kWh]

Inventive type SC [%] VRFB HBFB ZBFB  |Hydrogen| VRFB HBFB ZBFB |Hydrogen| VRFB HBFB ZBFB |Hydrogen| VRFB HBFB ZBFB |Hydrogen
50 1.40 5.55 1.48 271

Incentive PV 7] 4.03 15.95 4.25 7.78 50.00 50.00 50.00 50.00 1.23 q:75 6.61 3.49 16.49 87.76 93.45 352.09
90 6.65 26.35 7.01 12.85
T 50 1.02 436 1.12 2.06

m Feed-in 75 3.63 15.55 4.00 7.36 50.00 50.00 50.00 50.00 1.23 9.65 6.60 3.49 16.15 86.61 93.44 352.09
= 90 6.24 26.75 6.88 12.66
50 0.93 3.60 1162 1.68

Incentive Battery 7] 2.46 9.49 4.28 4.43 50.00 50.00 50.00 50.00 1.25 9.83 6.67 3.49 16.34 91.01 93.58 325.09
90 3.98 15.38 6.94 7.18
50 0.62 3.36 1.10 1.61

Incentive PV 75 2.89 15.71 5.12 7.55 50.00 50.00 50.00 50.00 3.36 15.63 14.15 6.05 789.21 | 1984.53 | 1583.81 | 1853.29
90 5.16 28.06 9.15 13.48
sz 50 0.48 2.73 0.89 1.30

% Feed-in 75 2.78 15.69 5.10 7.47 50.00 50.00 50.00 50.00 3:39 15.63 14.15 6.50 749.32 | 1984.53 | 1583.82 | 1853.29
= 90 5.08 28.64 9.30 13.63
50 0.43 231 1.29 1.07

Incentive Battery s 1.73 9.22 5.13 4.27 50.00 50.00 50.00 50.00 3.63 15.63 14.15 6.50 671.66 | 1984.56 | 1583.83 | 1835.29
90 3.03 16.13 8.96 7.46
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B. Complete Results

LCOE [€/kWh] PV panels area [m"2] Number of cells Energy capacity [kWh]
Inventive type SC [%] VRFB HBFB ZBFB |Hydrogen| VRFB HBFB ZBFB |Hydrogen| VRFB HBFB ZBFB |Hydrogen| VRFB HBFB ZBFB |Hydrogen
50 0.35 1.22 0.60 0.95
Incentive PV 75 1.63 5.65 2.76 4.39 379.32 | 500.00 126.66 | 379.32 5.65 37.69 553 17.38 40.55 158.50 6.04 1288.74
90 2.90 10.08 4.93 7.84
- 50 -0.39 -2.17 1.05 -1.55
M Feed-in 75 0.93 5.20 -2.52 3.71 379.32 | 500.00 | 500.00 | 379.32 5.68 38.58 515 17.38 34.54 139.62 7.16 1288.74
= 30 2.26 12.56 -6.09 8.97
50 0.30 1.01 0.48 0.74
Incentive Battery 75 1.01 3.41 1.64 2.50 378.99 | 500.00 62.69 379.32 5.93 39.18 5.85 17.38 23.51 110.02 10.01 | 1288.74
90 1.73 5.81 2.79 4.26
50 0.30 1.11 0.41 0.81
Incentive PV Fis) 1.66 6.23 2.32 4.56 370.43 | 500.00 | 211.45 | 370.43 9.23 60.02 6.82 24.60 42.85 164.13 27.01 3007.79
90 3.02 11.36 4.23 8.31
- 50 -0.19 -0.88 0.18 -0.64
ﬁ Feed-in 75 1.23 5.70 -1.16 4.14 370.43 | 500.00 | 500.00 | 370.43 9.32 5791 6.41 24.60 38.09 216.74 26.12 3007.79
= 90 2.65 12.29 -2.50 891
50 0.25 0.92 0.35 0.63
Incentive Battery Tis 1.01 3.75 1.41 2.58 370.43 | 500.00 | 159.28 | 370.43 12.68 62.49 7.11 24.60 55.64 87.50 27.71 | 3007.79
S0 1.78 6.58 2.48 453
LCOE [€/kWh] PV panels area [m"2] Number of cells Energy capacity [kWh]
Inventive type SC [%)] VRFB HBFB ZBFB |Hydrogen| VRFB HBFB ZBFB |Hydrogen| VRFB HBFB ZBFB |Hydrogen| VRFB HBFB ZBFB |Hydrogen
50 1.19 4.57 123 2.74
Incentive PV 75 2.79 10.75 2.89 6.46 50.00 50.00 50.00 50.00 105 8.66 6.07 3.54 12:71 25.32 11.37 187.87
90 4.39 16.92 455 10.17
T 50 0.40 2.06 0.49 1.14
m Feed-in 75 2.00 10.30 2.45 5.69 50.00 50.00 50.00 50.00 1.05 8.66 6.08 3.54 12.81 25.33 11.36 187.87
“ 90 3.60 18.54 4.40 10.23
50 0.76 291 0.77 2.96
Incentive Battery 75 0.79 6.35 1.68 6.46 50.00 50.00 50.00 50.00 1.05 8.80 6.09 3.54 13.93 24.89 11.36 187.87
920 2.57 9.78 259 9.95
50 0.85 3.36 1.04 2.08
Incentive PV Ji) 2.54 10.06 3.12 6.23 4991 50.00 50.00 50.00 1.93 11.53 10.12 4.44 26.67 187.01 36.79 721.42
90 4.22 16.76 5.20 10.37
= 50 0.35 1.64 0.48 0.97
m Feed-in 743] 2.07 9.82 2.87 5.78 50.00 50.00 50.00 50.00 1.94 11.88 10.10 4.44 26.89 13422 36.71 721.42
A 920 379 18.00 5.26 10.60
50 0.58 2.23 0.69 2.38
Incentive Battery 7] 1.52 5.85 1.80 6.23 50.00 50.00 50.00 50.00 1.97 11.90 10.22 4.44 23.64 134.19 37.33 721.42
90 2.46 9.46 2.91 10.07
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