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The functioning of an energy grid necessitates the ongoing matching of supply and demand
for power. Maintaining a substantial capacity of backup/standby 'Peaker’' power is the key
strategy for coping with the fluctuation in renewable energy generation. Nevertheless,
off-peak renewable energy generation is often reduced because it could be used or
absorbed cheaply. Low-cost, practical energy storage might allow for the more efficient
deployment of intermittent electric generating resources to elevated markets. The viability,
energy system prices, and advantages of hydrogen energy storage (HES) integrated with
the power grid are investigated in this proposed study. This study aims to shed light on the
effects of adaptable hydrogen production in high participation from RES on electric grids
for converting renewable power into low-carbon hydrogen. This method can assist balance
the electric grid while offering an energy carrier for use in various energy applications.

Considering an excess of intermittent renewable power, this study discovered that using H2
as a storage medium round-trip energy arbitrage does not cost-viable. Because of the low
round trip efficiency and high capital costs, investing in hydrogen-producing infrastructure
for arbitrage purposes is inefficient. Selling H2 as a fuel for transportation can be an
elevated revenue stream for otherwise underutilized generating capacity. Given an external
market for H2 power, efficient expenditure in electrolysis and H2 storage capacity enables
this value to be collected. Highly renewable systems may lower grid operating costs, boost
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renewables inclusion in power generation, and deliver sufficient hydrogen to run millions
of electric vehicles at cents per kilometre comparable with petrol.
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Energiaverkon toiminta edellyttdd jatkuvaa sdhkon kysynnidn ja tarjonnan
yhteensovittamista. Huomattavan vara-/valmiustehokapasiteetin  ylldpitdminen on
keskeinen strategia uusiutuvan energian tuotannon vaihteluista selviytymisessd. Siitd
huolimatta uusiutuvan energian ruuhka-ajan ulkopuolella tuotanto vdhenee usein, koska
sitd voitaisiin kayttdd tai ottaa halvalla. Edullinen, kdytdnnollinen energian varastointi
saattaa mahdollistaa ajoittaisten sdhkontuotantoresurssien tehokkaamman kéyttoGnoton
kohonneille markkinoille. Tédssd ehdotetussa tutkimuksessa tarkastellaan séhkdverkkoon
integroidun vetyenergian varastoinnin (HES) kannattavuutta, energiajirjestelméan hintoja ja
etuja. Tamén tutkimuksen tavoitteena on valaista mukautuvan vedyn tuotannon vaikutuksia
uusiutuvien energialdhteiden suurella osallistumisella sdhkoverkkoihin uusiutuvan
energian muuntamiseksi vdhdhiiliseksi vedyksi. Tamd menetelmd voi auttaa
tasapainottamaan sdhkoverkkoa samalla kun se tarjoaa energian kantajan kdytettdvaksi
erilaisissa energiasovelluksissa.



Ottaen huomioon uusiutuvan energian ajoittainen ylimédrd, tdmé tutkimus havaitsi, ettd
H2:n kadyttd tallennusvilineend edestakaisen energian arbitraasi ei ole kannattavaa.
Alhaisen edestakaisen matkan tehokkuuden ja korkeiden padidomakustannusten vuoksi
investoiminen vetyé tuottavaan infrastruktuuriin arbitraasitarkoituksiin on tehotonta. H2:n
myyminen liikenteen polttoaineeksi voi olla kohonnut tulovirta muuten vajaakdytdssé
olevalle tuotantokapasiteetille. Kun otetaan huomioon H2-séhkon ulkoiset markkinat,
tehokas elektrolyysi- ja H2-varastointikapasiteetti mahdollistaa tdimén arvon kerddmisen.
Voimakkaasti uusiutuvat jdrjestelmit voivat alentaa verkon kéyttokustannuksia, lisdtd
uusiutuvien energialdhteiden osuutta sdhkontuotannossa ja toimittaa riittdvasti vetyéd
miljoonien sdhkbdajoneuvojen ajamiseen bensiiniin verrattavalla sentilld kilometrilta.
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1 Introduction

1.1 Background and motivation

Onshore solar and wind PV systems have evolved fast since the early 2000s (SBC Energy
Institute, 2014). While these renewable source generating technologies currently account
for a small percentage of the worldwide power mix, they play an essential role in specific
energy markets (Wetstone et al., 2016). Estimates for renewable growth by 2050 range
from 8 to 18 times higher than in 2014. (Statoil, 2017). This growing supply of renewable
energy presents new issues for system managers. Because these technologies are produced
seldom, they are essentially rigid, variable, and frequently in remote areas. The latter
problem is complicated when renewable-rich places (very windy or sunny) are not close to
high-demand centers, necessitating long-distance transmission. Even if supply-side
flexibility could be sufficiently integrated via dispatch management, improved
demand-side involvement and market connection would be required as the overlap
between the electricity and electrified transportation sectors expands (Edwards et al., 2008;
Ibanez et al., 2016). These challenges make the operation of a renewable-intensive
portfolio extremely challenging, necessitating a comprehensive solution to the current
grid's systemic inflexibility. Through supply and demand-side shaping, hydrogen energy
storage (HES) might provide an answer to this inflexibility and unpredictability while also
producing an energy storage commodity with multi-sector end applications (Robinius et

al., 2017; Steward, 2010).

The functioning of an energy grid necessitates the ongoing balancing of producers and
consumers for power. Maintaining a provision of backup/standby for peak demands is the
key strategy for coping with the fluctuation in non-conventional energy generation. Even
Nevertheless, off-peak renewable energy generation is often reduced because it cannot be
used or absorbed cheaply (Lindley, D. (2010)). Low-cost, practical energy storage might
allow for the more efficient deployment of intermittent energy production capacities to
elevated markets. The viability, costs for the energy system, and advantages of hydrogen

energy storage (HES) integrated with the power grid are proposed to investigate in this
10



proposed study. This study aims to shed light on the effects of responsive water electrolysis
in high-renewable penetration power networks for converting renewable power into
low-carbon hydrogen. This method can assist balance the electric grid while also offering

an energy carrier for use in a variety of energy applications (Balat, M. (2008)).

Solar
= Industry
- Water B
Electrolysis D
R
Electricity
Wind
Road
7 U\ _ N Transport
I
c
E Grid
Reliability
Battery and Hydrogen Storage

[Figure 1: Model of India in 2050 (Source: www.iea.org)]
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This study discovered that using H2 as a storage medium allows for complete power
exchange. It is not financially viable to have a surplus of intermittent renewable
production. Low efficiency with the high initial cost makes investing in
hydrogen-producing facilities necessary investing on its own (Barbir, F. (2005)). H2 as a
transportation fuel has the potential to be a high-value revenue source if there is otherwise
excess generation capacity. Optimizing spending in the electrolytic process and H2 storage
capacity enables this value to be collected, providing an external market for H2 fuel.
Highly renewable systems that use an H2 system can decrease grid operational expenses,
boost solar power integration into the power generation, and have enough hydrogen to
energize millions of fuel cell electric vehicles (FCEVs) at lower prices that are competitive

with gasoline (Yalcinoz, T. (2007)).

1.2 Research problem

The intermittent nature of renewable energy, particularly with wind and solar, is one of its
drawbacks. Renewable energy sources can overproduce electricity on occasion, which
forces production to be reduced in order to avoid overloading the grid. Advanced
techniques to preserve this electricity are now being explored. Hydrogen has this
capability. Pyrolysis, which produces hydrogen from gas, and electrolysis, which produces
hydrogen from water, can both be powered by excess renewable energy. The renewable
energy can be kept indefinitely once it has been converted to hydrogen. Hydrogen
undergoes reverse electrolysis and, when required, is mixed with oxygen to produce water
and, more crucially, energy. Multi-sector interactions with the potential to lower GHGs and

criterion pollutants can be made possible via hydrogen storage.

Problem: It is unclear how the hydrogen-based energy storage system will be required in

the next three decades with the increase in renewable energy based generation.
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1.3 Objectives

To review the optimal investments in energy storage for hydrogen systems. Also,
conduct the sensitivity analysis between energy storage system and system
considering the markets of electric vehicles and analysis for the fuel pathways

incorporating low carbon, low-cost hydrogen fuel.

The issue is changed into study a objective, that establishes the target for such a

dissertation. This objective is stated as follows:
e To study the hydrogen energy storage system for renewable energy systems

e To evaluate an Indian case study of hydrogen energy storage for electric grids

with high penetration of renewable energy systems

1.4 Research questions

The research questions that will be addressed using this research work are enlisted
below.

1. Given a heavily penetrated electricity grid (Possibly Indian scenario), how
will optimal investments in energy storage for hydrogen systems impact the
emissions of greenhouse gases, the carbon intensity, and the operation costs?

2. How sensitive is the energy storage system with these types of networks in
the context of markets of FCEV?

3. What is the role of an energy storage system for hydro for low carbon,

low-cost H2 fuel pathways?

1.5 Research method

This works involves quantitative research method

The Optimized Dispatch of Energy Systems and Storage (ODESS) model evaluates
system factors to identify the most cost-effective resource production over a time

horizon, given specified electrical demands and regulatory limitations. A modelling in
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General Algebraic Modeling System using the MATLAB 2021 programming language

1s achieved

1.6 Scope

Hydrogen as a storage medium can be used while considering an excess of intermittent
renewable power in the Indian market. Because of the round-trip efficiency and capital
costs, investing in hydrogen-producing infrastructure for various purposes need to be
studied thoroughly. Selling H2 as a fuel for transportation can be considered as another
source of revenue stream and its utilization. Given the market for H2 power whether
internal or external, the expenditure in electrolysis and H2 storage capacity might value
this value to be collected. The effect of renewable systems on grid operating costs, and
the share of renewables inclusion in the power generation, and the delivery of the
hydrogen to run electric vehicles and the positioning of the gasoline compared to the

initial price

1.7 Contribution

The dissertation work carries out the research work on the estimation of hydrogen energy
storage requirements during the high penetration of renewable system. At the present
scenario, the use of renewable energy-based electricity is increased due to climate issues.
The trend with which the penetration of renewable energy-based generation is happening
will need the research work on the estimated hydrogen based energy storage requirement in
the next three decades. This research work evaluates and model the need of such system in
the nearby future using past data of trusted agencies in the Indian scenario which not only
showcase the renewable energy increment in India but also showcase it as a developing

country.
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2 Literature Review

2.1 Literature selection

Qualitative method is used to illustrate and define the various parts of this literature review.
Various literature for the qualitative data gathered from the sources of databases like

Scopus, IEEE Xplore, Science Direct, DOAJ, JSTOR, and Google Scholar (other journals).

Paper Database

M Scopus

M IEEE Xplore

M science Direct
Hpoal

W ISTOR

M Google Scholar

[Note: Above figure depicts the percentage of data and information has taken as a
reference from different resources such as Scopus, Google Scholar, DOAJ (Directory of
open Access Journals), JSTOR and Science direct. All resources has been used equal

percentage in thesis writing].

2.2 Indian Scenario

An essential subject is a growing urgency in pushing the global solution to climate change.

India has assisted very little to global greenhouse gas emissions, but the country is already
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experiencing the consequences. The research in this paper is based on a thorough
examination of current or announced energy policies and objectives in India. These include
plans to increase four times the renewable power capacity by 2050, more than double
natural gas's part in the energy mix, improve energy efficiency and transportation

infrastructure, increase local coal output, and reduce dependency on imports.

The Indian Legislature has passed several laws to lessen the environmental effect of the
country's energy and transport systems by 2050. Regulation promotes the increase of the

use of renewable energies in mobility and the use of renewables in energy generation.

2000 2020 2030 2050
Electricity 369 1207 1959 3146
demand(TWh)
Industry 8.2 18 59 153
Buildings 117 489 857 1512
Transport 158 480 710 1075
Agriculture 85 214 324 394
Electricity 562 1583 2461 3887
generation (TWh)
Coal 390 1135 1343 1334
Natural gas 56 71 108 157
Nuclear 17 40 109 222
Renewables 77 332 893 2169
Hydro 74 175 226 307
Solar PV 0 48 392 1221
'Wind 1.7 66 195 520
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Other renewables (1.3 42 81 121
Capacity (GW) [114 414 792 1552
Coal 67 235 269 260
Natural gas 11 28 30 46
Nuclear 2.8 7 16 31
Nuclear 2.8 7 16 31
Renewables 27 137 436 1066
Hydro 26 49 76 101
Solar PV 0 38 248 724
'Wind 0.9 38 96 217
Other renewables [0.2 12 16 25
Batteries 0.0 0.0 34 144
C02 intensity of|817 725 537 336
generation

(gCO2/kWh)

[Table 1: Electricity demand, generation, and capacity by scenario (Source: www.iea.org)]

In all of the scenarios considered, electricity consumption develops far faster than overall
energy demand, putting electricity at the heart of India's modernization (Table 1). The
reform of India's power industry is also progressing. By 2050, variable renewable energy
sources will provide a more significant percentage of overall power output than coal,
according to the Indian policies. By 2050, installed solar capacity will top 700 GW,
providing roughly a third of India's electricity consumption. The widespread deployment

of batteries contributes to this rate of expansion.
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The past decade has been a watershed moment in India's electricity industry. The grid was
synchronized in 2013, making it one of its biggest. Over the previous ten years, a
widescale electrified initiative has delivered near-universal home access to electricity, and

more than $200 billion has been invested in transmission and distribution networks.

Oh 12h 24h Oh 12h 24h

 ndustry Agriculture . Transport
Services s Residential ===+ Pro-crisis projection

=
©

[Figure 2: Daily electricity demand in India in 2020 and 2050 (Source: www.iea.org)]

Variations in daily, monthly, and seasonal load profiles accompany considerable increasing
power consumption. The average hourly change in demand over the year is now roughly
17 GW. By 2050, the STEPS will have increased to 100 GW. Peak daily demand almost
triples, despite macroeconomic growth being revised downward, so this increase is 15%

lower by 2050 than in pre-crisis estimates (Figure 2).

The challenge of regulating the daily fluctuation of demand, mainly dealing with the level
at which demand peaks, is a critical component of electrical system management and
planning. The pace of development in variable renewables over the coming decade makes
this effort even more difficult. According to declared Indian policies, India will build about
900 GW of wind and solar power by 2050. Solar PV is at the forefront of the charge
(Figure 3). The great bulk of capacity increases come from big, utility-scale projects; the
role of distributed solar PV in policy remains low because of its relatively high-cost
relative to largescale solar projects and logistical and regulatory hurdles that have

hampered capacity expansion in presenting.
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[Figure 3: Changes in coal and solar capacity and share of power generation in India in the
2000-2050 (Source: www.iea.org)]

New solar PV has grown more economical in India than new coalfired power plants, and
the VALCOE of solar PV is now around 25% lower than that of new coal capacity. That
difference is slightly less than the standard LCOE would imply solar PV has a lower
system value when compared to coal, owing to its smaller contributions to system
adequacy and flexibility. Combining short-duration battery storage with solar PV raises
both the prices and the system value, putting this alternative on par with coal-fired
electricity (Figure 4). Despite the massive range in coal generating costs, solar PV is
currently competitive with some existing coal-fuelled power plants with high variable costs
or low thermal efficiency. Nevertheless, the fleetwide average variable cost appears to be
lower than that of new solar PV; therefore, replacing existing coalfired power with new
solar PV will not, in most situations, cut the overall energy cost of production or consumer

electricity rates.
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[Figure 4 Value-adjusted levelized cost of coal and new solar, with or without batteries, in India in 2020 and
2030 (Source: www.iea.org)]

According to Indian policies, expenses on networks rapidly outpaces expenditure on

capacity expansion, and investment opportunities in batteries begin to take hold by the end

of the decade, indicating how the government's policy try to achieve visionary renewable

energy goals is progressively being supplemented by an emphasis on power system

transformation (Figure 5).

Billion dollars (2019)

60 " Networks:

51] .............................................................................................................-......

W Storage

B Transmission and

40 distribution
Generation:

30 = Other

20 B Renewables

10

2010-15 2015-13 2019-25 2025-30

[Figure 5: Average investment spending on electricity generation and networks in India in 2010-2030
(Source: www.iea.org)]
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India's electricity grid is transitioning to renewables and away from coal quicker.
Renewables will account for almost 60% of total power capacity by 2050, with 450 GW of
non-hydro renewable capacity. Utility-scale solar PV will surpass 60 GW in 2022, while
solar will meet close to 30 GW of agricultural load in the following five years. By 2030,
solar PV alone will have met 75 percent of India's 2030 renewable target, and it is on
course to produce about 800 GW by 2050. Offshore wind deployment is also picking up
speed, with the industry gaining traction in the 2020s and capacity finally reaching 30 GW
by 2050. (Figure 6).

g 800 Solar PV
()
600
400
Coal

200 Battery storage

Other

2000 2025 2050

[Figure 6: Power capacity in India by source in 2000-2050 (Source: www.iea.org)]

2.3 Grid operation

The electric grid is a vast network made up of energy end users, transmission and
distribution tools, and power plants that interact with one another through running
electricity markets. Because energy is a finite resource and there are few opportunities for

extensive electrical storage, the system must maintain a constant balance between power
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supply and electricity demand. The three topics of marginal cost dispatch, producing
variability, and transmission resources will be covered in this part since they are essential

to the operation of the energy grid and the suspension of supply and demand.

Electric utilities within a regulating region deploy power plants in increasing order of the
price at which producers bid to operate the system (economic dispatch). This bid price is
commonly expressed as the marginal cost of electricity or the cost of each extra unit of
generating, excluding fixed costs. Land purchases, licenses and permissions, and capital
expenditures are set expenses. The cost of fuel, labour, and maintenance account for most
of the marginal cost of power generating. All else being equal, plants with lower marginal
costs are brought onto the grid first, followed by plants with increasing marginal costs as

demand grows.

Variable renewable energy producers have very relatively low costs because little or no
fuel is required (Lazard, 2014). As a result of economic dispatch, renewables facilities are
often dispatched ahead of more emissions-intensive power plants (Callaway, Fowlie, &
Mccormick, 2015). Suppose any electrical demands, such as grid-integrated hydrogen
generation via electrolysis, are variable in their time. These loads can be allocated to
periods with adequate idle capacity among renewables or efficient power plants, reducing
cost and carbon implications (SBC Energy Institute, 2014). This is referred to as

demand-side management (DSM).

Examples of DSM include load limiters, load switching, smart metres, and time-of-use
pricing. Though they all operate in the same way, these strategies all have different
implementations. With the help of these techniques, system loads may be modified and the
price of acquiring electricity can be reduced. To do this, you can utilise monetary
incentives, usage restrictions, smart appliances that change their active hours, or consumer

education (Strbac, 2014; Torriti, 2012).

Power plants that use very low-cost fuel, such as renewable resources, often run at their
maximum practical availability. Demand from fossil generators decreases, and other
nations create more significant renewable resources, albeit this reduction varies
significantly in time over hours, days, seasons, and years. Currently, this generation
variability is balanced by dispatching relatively inefficient natural gas Peaker units. These

facilities can ramp up power rapidly enough to compensate for a corresponding fall in
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generation from an intermittent renewable plant or a surge in load. However, these
generators are expensive and inefficient, requiring a high capital investment with a poor
capacity factor while burning a huge volume of natural gas at a very low heat rate (Lindley,

2010).

The transmission system is a network of high-voltage electrical cables that transport
electricity from power facilities to regions where it is consumed across vast distances.
Transmission capacity is limited by the electricity capacity of certain transmission lines,
restricting regional trading capability. Furthermore, energy losses occur throughout the
transmission and distribution of electricity, which rises with the transmission distance,
resulting in increasing costs when meeting power demand in one place with generation

from a distant one.

2.4 Hydrogen production

There are many ways to create hydrogen, including using energy or hydrocarbons.
Creating H2 from primarily fossil-based feedstock interacts with electricity very little,
which limits its ability to positively impact grid performance. The main method of

producing H2 is covered in this section.

2.4.1 Steam reforming of natural gas

By steam reforming natural gas or other carbon-containing fuels, hydrogen has mostly
been produced. In the presence of a metal-based catalyst, this system converts
high-temperature water vapour into H2 and CO2. The hydrogen produced by this method
often has a high emissions footprint, although it can also be purified using other
technologies (pressure swing adsorption purification). Furthermore, the use of fossil fuels
is not decreased by natural gas steam reforming. SMR has served as a bridge technique for
H2 synthesis, enabling the production of hydrogen for a variety of applications, including
fuel for vehicles. The creation of new technological paths would be necessary to move

toward a hydrogen fuel that is low-carbon and capable of acting as a tool for grid stability.
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2.4.2 Polymer Electrolyte Membrane Electrolysis

Electrolyzers use very sound technology to split water into hydrogen and oxygen
(Grigoriev, Porembsky, & Fateev, 2006). Polymer electrolyte membrane (PEM), alkaline
with liquid electrolyte, alkaline with solid electrolyte, and solid oxide electrolyzer are the
most common electrolyzers being produced and developed (SOEC). For the sake of this
study, we will assume that PEM electrolyzers are the dominant technique for H2
production. Because of their operating flexibility and wide range of possible system
configurations, they are an excellent choice for load following and grid service provision.
According to Eichman et al's research at the National Renewable Energy Lab,
electrolyzers can help the electric sector rapidly adjust their power consumption profile. By
offering auxiliary services (ramping, frequency regulation, spinning reserve, non-spinning
reserve, and transmission & distribution assistance) as well as hydrogen for use in cars, the
aforementioned functional behaviour can enhance the controller's value (Eichman,
Harrison, & Peters, 2014; Eichman & Townsend, 2016). Additionally, it is believed that
PEM electrolysis has a substantial potential for cost reduction because of economies of
scale and a decrease in the amount of noble metal catalyst used in production, similar to
PEM fuel cells in automotive applications (Barbir, 2005; James & Moton, 2014; Millet,
Ngameni, Grigoriev, & Fateev, 2011; Tsuchiya & Kobayashi, 2004).

2.5 Hydrogen as an Energy Carrier

Even though it does not exist in its molecular form in nature, hydrogen has unique
properties that make it a potentially useful energy carrier. Such characteristics involve an
outstanding energy-to-mass ratio, transport and storage options, a cohesion among both H2
generation and intermittent renewable generation, no on-site emissions when converted to
energy with a fuel cell, abundant raw materials for its production, safety benefits, and a
plethora of multisector end-use applications (Balat, 2008; Beach, 2005; Mazloomi &
Gomes, 2012).

In comparison to fossil fuels, H2 has long-term viability and practicability. Hydrogen may
be created from various feedstocks, including water, electricity, hydrocarbons, and

ammonia. Furthermore, hydrogen has an energy per mass content of 143MlJ/kg, which is
24



up to three times larger on a fuel-only basis (without considering the weight of fuel tanks)
than common liquid hydrocarbon-based fuels (Ahluwalia & Peng, 2009). This produces
H2, a versatile energy source with several applications, including turbines, combustion
engines, and fuel cells (Mazloomi & Gomes, 2012; Weeda, Wilde, Schaap, & Wallmark,
2014).

Hydrogen can be kept in containers or salt caverns as a gaseous material, as a cooled
liquid, in a metalloid framework, or as a hydrogen-rich substance such as anhydrous
ammonia (Evans, Strezov, & Evans, 2012; Lindley, 2010; Renewable & Wolf, 2011;
Rowsell & Yaghi, 2015; Schlapbach & Ziittel, 2001). This plethora of storage possibilities
enables customization to individual applications. Concurrently, pipes used for transmission
and distribution might easily act as extra product storage if packed with H2. Hydrogen is a
prospective energy carrier for customers who previously used liquid or gaseous
hydrocarbon-based fuels because of its ability to store energy on a large scale for extended

periods of time.

There are various challenges with sizable hydrogen-generating, storing, transmission, and
utilization as an energy carrier. Most major conversion methods have a low round-trip
efficiency for energy storage (electricity-hydrogen-electricity) when compared to
alternative energy storage technologies. There are further issues with hydrogen
transmission and distribution. While specialized polymer pipes that are resistant to leakage
and embrittlement are now in production, the chemical characteristics of the molecule
make it particularly prone to both leakage and embrittlement of metallic pipelines. Because
of its low energy-to-volume ratio in its gaseous state, it is expensive to deliver by truck and
impractical by ship. Lastly, the hydrogen sector's lack of maturity results in a scarcity of

personnel competent to deal with H2 related technology.

2.6 FCEV market projections

The industry for fuel cell electric vehicles (FCEVs) provides a consistent demanded flow
for H2. Stabilization in consumption provides businesses assurance to create
infrastructures (refueling and generating). It increases the return on that investment
forecast for car manufacturers to enter the alternative vehicle industry. For these reasons,

the potential magnitudes of EVs penetration into the car market until 2050 must be
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considered. This section will go through EVs technology and market predictions in further

detail.

Fuel cell electric cars are electric-drive vehicles that generate electricity by using a fuel cell
with an onboard hydrogen storage tank. The fuel cell uses an electrolyzer's
thermodynamics to generate electricity on demand from hydrogen and oxygen, with only
water and heat as byproducts. As a result, FCEVs emit no tailpipe emissions. If
zero-carbon energy is not employed, total fuel cycle emissions can be created from
hydrogen synthesis and energy consumed for compression, transportation, and dispensing.
An FCEV may be run without causing any upstream emissions when combined with
zero-carbon hydrogen that uses zero-carbon energy for compression, transport, and

dispensing.

Because fuel cells have no moving components and are manufactured in a modular
fashion, they offer the potential for great dependability and cheap production costs.
Furthermore, due to the electrical powertrain's technological similarities to both hybrid and
battery electric cars, several components of FCEV production can leapfrog further along

the learning curve than a conventional inceptive technology (Tsuchiya & Kobayashi, 2004)

A 25percentage share of the market of FCEVs in the light-duty sector has the potential to
account for more than 10% of the cumulative emissions reductions required to limit
climate change to two degrees Celsius (International Energy Agency, 2014). As a result,
several nations have 14 included FCEV adoption in their emission-reduction goals. The
United States, Japan, South Korea, and the European Union have pledged to have over
520,000 FCEVs on the road by 2020, with over 830 fuelling stations (Weeda et al., 2014).
Following similar agreements, the International Energy Agency predicts that by 2050,
FCEVs might account for up to 30% of all new vehicle sales worldwide, or nearly 60
million cars delivered annually (Department of Energy, 2016; International Energy

Agency, 2014)

FCEVs can also be used in other modes of transportation. Globally, fuel cell-powered
buses are being shown, while research and development are being conducted to investigate

the practicality of hydrogen-powered medium- and heavy-duty vehicles, trains, and ships.
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2.7 Hydrogen as a Clean Alternative in the [ron and Steel Industry

Hydrogen is a clean fuel that is progressively being used in transport and power
generation. Furthermore, hydrogen is being investigated as a way of decarbonizing
manufacturing processes which have failed to minimise ghgs, such as chemical
manufacture, hydrogen as a source of heat, and iron & steel production. Iron and steel are
essential components of modern life. Iron and steel's strength and adaptability have led to
its employment in a wide range of industries, including building, transportation, and
energy. However, the manufacturing of these materials has substantial environmental
consequences. As of 2017, the iron and steel sector accounted for 7-9% of total world
GHG emissions. The carbon emissions are directly tied to iron ore reduction, a method
which yields workable pig (crude) iron, which is then converted into crude steel (Fuel Cell

& Hydrogen Energy Association, 2019).
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[Figure 7: HYBRIT production compared to traditional blast furnace methods. Source: HYBRIT
(Source: www.kajembren.org)]

Conventional iron ore reducing relies on a chemical interaction among iron oxide and
carbon monoxide, which is produced by burning coke fuel in a blast furnace. Coke is a
solid, porous, virtually pure carbon substance produced by heating coal without the
presence of air (in coke ovens). In the blast furnace, coke functions as a fuel and a reducing

agent, producing carbon monoxide when consumed and reacting with iron oxide to
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generate molten pig iron and carbon dioxide. Each tonne of steel produced in 2017
generated in an average of 1.83 tonnes of CO2 emissions. That year, the world produced
slightly more than 1,864 million tonnes of steel. New manufacturing techniques are
investigating the use of hydrogen gas rather than coke. Hydrogen combines with iron oxide
in the same way as carbon monoxide does, however the sole consequence is water vapour
rather than carbon dioxide. Only when hydrogen utilised in this procedure comes from
renewable or decarbonized sources, the steel-making procedure could become fully

emission-free, resulting in 'green steel.' (Fuel Cell & Hydrogen Energy Association, 2019).

How is hydrogen stored?
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[Figure 8: Different ways to store hydrogen ( www.Energy.gov.in)]
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2.8 Hydrogen Storage Specifications

Hydrogen can be physically stored as a gas or a liquid. High-pressure tanks (350-700 bar
[5,000—10,000 psi] tank pressure) are commonly required for hydrogen storage as a gas.
Since this boiling point of hydrogen at one atmospheric pressure is 252.8°C, storing it as a
liquid necessitates cryogenic temperatures. Hydrogen can also be maintained on solid
surfaces (through adsorption) or inside solids (by absorption) (Hydrogen Storage,
Department of Energy).
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3 Research methods

There are several methods for carrying out the study. Qualitative, quantitative, and mixed
methods. These categories are created based on how and what type of data is used for

concluding the studies.

3.1 Qualitative Method

This type of study does not use statistical analysis as the basis of the conclusion of the
study. These types of methods are more of building the theoretical basis. The finding of the
research which are carried out using the qualitative method are later used in the
quantitative method as hypothesis. The hypothesis can be from the technology acceptance
model. It has been theorized model and provides the basis for conducting the quantitative
approach. Qualitative research aims toward finding new construct for the given research
and often comprises literature reviews and interviews instead of a survey. Qualitative
research can be applied in the technology acceptance model. For qualitative research,
interviews can also be conducted. With the help of qualitative study, the author had
identified several new acceptance factors which are not yet been found or considered in
past quantitative-based studies. Finding the factors that influence the use of the mobile
phone in senior citizens and acceptance of Chinese English as a foreign teacher can be

evaluated using qualitative approach.

3.2 Quantitative Method

Unlike the qualitative method, here the conclusion or analysis is provided with the help of
statistical data. In this approach, the relationship between measured variables is analyzed.
The modelling is done using the simulation data in the MATLAB software. In the
hypothesis based method, most studies are focusing on technology acceptance using
quantitative methods, due to which existing constructs are either verified or rejected based
on the data collected. This quantitative method generally consists of experiments or a

survey that aims at collecting the data and analyzing it. Similarly, here in this study, a
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modelling simulation is carried out to find the estimation of hydrogen requirement in case

of high penetration of renewables and EVs.

3.3 Mixed Method

Mixed methods are used when there is a need to explore an area which had not been
explored yet or researchers want to carry out the qualitative as well as quantitative
methods. Also, when a researcher is undertaking the novel approach, the author has to
carry out the qualitative research to build the construct for which the researcher can
perform quantitative methods. For example, in this study to estimate the hydrogen storage
requirement, MATLAB based modelling simulation has been carried out. This only is
found by performing the quantitative methods but to find which model to be used that can

be found out using qualitative literature review.

3.4 Other Methods

There are other methods of research as well. Which is nomothetic and idiographic. In
nomothetic studies, a group of people is studied and a general rule which applies to the
large group of people is identified. Whereas in idiographic, instead of the group an

individual is studied.

3.5 Methodology

Employing contemporary optimization approaches, network dispatching modeling aim to
reflect the functioning of complex electrical networks. Network dispatching model, in
essence, determine the cheapest cost mix of resources to fulfil a certain amount of demand
across many zones, including physical and economic features of both transmission and
generation inside the network border considered. Such modelling technique has previously
been used to depict a wide range of systems using two strategies: long-term system

planning models and short-term hourly models.
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Long and complex models often are conducted at the network level with a low level of
temporal precision across long time frames. These often seek to reduce the network
expense of investing in and managing the energy grid by optimising the mix of generating
units as well as their dispatching, in addition to technical improvements, in order to comply

to a series of external restrictions (Remme, Lehitla, Loulou, Goldstein, & Kanudia, 2016).

Short-term time series approaches use hour past data on electricity distribution and
consumption to evaluate a network's capacity to balance market dynamics. Such
approaches normally run on an hourly basis, without an increase in capacity for power
generation. Work done to examine the implications of incorporating renewable sources,
Electric vehicle charging schemes, storage technology facilities, & policy studies are

elements of such simulations (Richardson, 2013).

Previously, dispatching algorithms used load demand estimates as inputs, reflecting
network management' limited real-world ability to control demands dynamically. Current
research has looked into including certain element of electricity demand as a weighting
factor inside the optimization technique (Ogden, Sohnen, Fan, & Yang, 2015). Such
approach involves a wide range of studies and practical aspects, such as controlling electric
car loads, producing alternative energy sources like hydrogen, improving processes of

industry, & exploiting large-scale storages of battery.

3.5.1 Outline of model

Integration of renewable energy is a successful strategy for addressing environmental
issues and advancing sustainable development, but due to the erratic nature of wind and
solar generation, adequate backup capacity is required to ensure the smooth running of
power systems. Energy storage can help integrate renewable energy supplies into power
systems by adjusting demand over time and reducing real-time power mismatch. The cost
of energy storage per unit capacity is still quite high when it is hydrogen-based, and the
capacity of hydrogen energy storage is typically constrained. Given the significant
uncertainty and limited capacity of energy storage, it is crucial to utilise energy storage

units to their full potential through strategic dispatch and control.
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Energy storage dispatch and control, from a mathematical perspective, result in a
sequential decision-making process with uncertain parameters and inter-temporal
constraints. Such mathematical modelling can be achieved from the linearize models, one

such model is Optimized Dispatch of Energy Systems and Storage (ODESS) model.

The Optimized Dispatch of Energy Systems and Storage (ODESS) model evaluates system
factors to identify the most cost-effective resource production over a time horizon, given
specified electrical demands and regulatory limitations. A modelling in General Algebraic

Modeling System using the MATLAB 2021 programming language.

The program is unique because it optimises power generation, energy storage capacities
expenditure, as well as the functioning of a hydrogen energy storage unit featuring
numerous end - use applications for such energy carrier all at the same time. The above
modelling program creates a variety of information on cost-effective energy infrastructure

that fulfil a forecasted electrical load while adhering to predefined limits.

Table 2: Model parameters

General
External information which aids to create limits & system parameters criteria are
provided. Within these factors are varied needs, expenses, performance scalars, as well

as policy constraints.

Sr. | Parameters Description

No

1 lddmd,, The hour electricity usage in time T and area a. Every hour
requirement correlates to a load recorded over one specific period
in the specific year. Such hour demands then are formed utilizing
hourly load characteristics including energy consumption, &
electric vehicles electricity demand. Power demand predictions

determine the amount of the consumption.

2 Cstgen,,, Approximate expense of dispatching generator unit u in area a in
Rupees per megawatthour. The consumption of fossil for the

electricity generation rates are derived from the standard example
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of Power System Operation Corporation Limited, Ministry of
power India. Every load area's price of fuel is aligned to the
POSOCO subarea that has the most overlap with

a is the related area.

Genmax, , ¢

This parameter indicates unit u maximum power in an area a for
time T. The base case analysis for the year 2019 is taken from
POSOCO. The unit accessories are combined in case of each

area, supply of fuel, and other relevant factors.

captranm,

This parameter indicates the power transfer capacity between two
areas a i.e. al and a2 in megawatts. The details are taken from

POSOCO for base case references.

FldmdHydg, ,

This parameter indicates the auxiliary market consumptions of the
fuel H2 in area a for days d. Generally, we have considered for 7

days corresponding to the maximum consumption.

Fpre

This parameter indicate the cost of the hydrogen paid in the

auxiliary market by the client in Rupees per megawatthour

Lsstranm

This parameter indicate the loss percentage considered between

arcas

Efin

This parameter indicate the efficiency for the transformation of

electrical energy to chemical energy for storing energy

Efout

This parameter indicate the efficiency for the transformation of

chemical energy to electrical energy

10

Elts

This parameter indicate the expense of extra capacity of

electrolyser in rupees per megawatt

11

Flel

This parameter indicate the expense of extra capacity of fuelcell

in rupees per megawatt

35



12 | Strgtnk This parameter indicate the expense of extra capacity of energy
storagel in rupees per megawatthour

13 | hdrmx, ; This parameter indicate the max.power generated from
hydropower plants to area a in time T

14 | hdrmn, This parameter indicate the min.power generated from

hydropower plants to area a in time T

Related to Financing metrics
Such parameters are a collection of decisions taken just once throughout the
optimisation. This level of constraints upon different dispatching options is determined

by amount invested at every area.

15 | Capstrg, This parameter indicate the capacity of storing H2 in
megawatthour for each area a

16 | Capfe, This parameter indicate the capacity of FC in megawatt for each
area a

17 | Capelts, This parameter indicate the capacity of electrolyser in megawatt
for each area a

Related to dispatching

Such model parameters comprise decisions taken throughout each investigation hours
regarding how dispatching generating through power generation, distribution, energy
transfer, storing, as well as market transactions in order to satisfy an external load

profiles at every area for time T.

18 | Strgy, This parameter indicate the megawatthour energy storage
required for Time T in area a
19 | IStrg This parameter indicate the megawatthour energy required for

storage for Time T in area a
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20 | OStrg This parameter indicate the megawatthour energy obtained by
storage for Time T in area a

21 | gn,, This parameter indicate the megawatt generated by every unit u in
area a for time T

22 | H2fy, This parameter indicate the megawatthour H2 marketed to

electric vehicles in area a for time T

Our approach determines expenditure in H2 transport & distribution network, which is

anticipated to be done on a per kilogramme scale. Furthermore, zero expenditure is made

in H2 filling stations or related facilities. For account for those kind charges of every

kilogramme, a value of 100ruppees per kilogramme is included to the expense of acquiring

H2.

3.5.1.1 Network cost for operation

The modelling’s goal is to reduce the expense of dispatching of generating

electricity. Such modelling attempts to minimise the total of combined associated

factors.

For generating power

For Expenditure

For Auxiliary

A

AUTT
Z (gna,u,T i CStgenu,a)(l)

a,u,T

Z(Capstrga * strgtnk) + (Capeltsa * elts) + (Capfca * fle)(2)

a

ATT

¥ (HZfT’a * Fpre)(3)

aT
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3.5.1.2 Constraints considered

Table 3: Table of model constraints

The ODESS model additionally includes a set of mathematical constraints which should
be met. Such expressions provide two major functions.
This set of model constraints requires the modelling to function in a manner that is

compatible with practical processes.

Sr.No | Constraint

1 About all areas a and time T, dispatching power should balance demand load
while considering for both energy storing and power transmission performance.

2 Distributing electric power shouldn't exceed max unit’s power, including all
units in every area throughout time T.

3 Including all areas, a and time T, storing H2 and supplying H2 into to the
auxiliary market should not be greater than the storing volume of an area.

4 The electric power transferred shouldn't exceeds the transmission’s capability for
transmission along any tie lines among any combination of areas a at any point
of time T

5 Energy and mass have always been preserved for every area throughout every
data point while optimizing both energy losses & power traded to the auxiliary
markets.

6 The total of power trading towards the auxiliary trade during week w shouldn't
surpass the electricity demand in the auxiliary trade for that area a throughout a
periodic cycle of seven days for every area a.

7 A power generated transformed into energy storing for every area throughout

every time must not surpass the limit of the transforming capacity
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The volume of energy storing transformed into power for every area throughout

every time shouldn't surpass the capability of transformation.

Overall aggregate of hydropower dispatching shouldn't exceed the total
distributed hydropower for every area & unit in a subgroup hydropower

throughout every time.

10 An aggregate of hydropower dispatching over day d for every area within a day
and every unit in subcategory hydropower mustn't be less than the specified

assessment criteria of such a unit.

3.5.1.3 Presumptions

All settings of design variables are allocated according to an evaluation of relevant
research conducted i.e., literature study in the area. The values that are considered
for every factor for each modelling case are provided. The Fpre value shows the
payments made for Hydrogen customers in the auxiliary market. For the purposes of
this study, the auxiliary market exclusively includes Hydrogen bought as a fuel
source. Rupees 320 for every kilogramme of Hydrogen will be the threshold value
for which H2 is predicted to be competitively with petrol in respect of cost of fuel for
every kilometre Such values indicated the user's desire to purchase the goods, it isn't
only the expense of producing and distributing the commodity. Assuming
hydropgen is produced, the price would be no more than Ruppees 320 per
kilogramme of hydrogen. This is expected that manufacturing of Hydrogen at prices
higher than this may be uncompetitive compared to petrol and therefore wouldn't be
accepted by buyers. An electrolyser and fuel cell generally considered to have a
lifespan of years rather than operational time. Such presumption were used to keep

the approach predictable and decrease computational burden.

The following values considering practical implications are considered

1. The price of fuel is Rupees 320 for every kilogramme of hydrogen
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The power losses in the transmission is 5% (POSOCO)

The electrical to chemical energy transformation efficiency is 85%
The chemical to electrical energy transformation efficiency is 60%
The price of electrolyser for every kilowatt is Ruppees 81,400

The price of fuel cell for kilowatt is Ruppees 84,000

The price for storing for every kilowatt-hour is Ruppees 100

® N kv

The lifespan of an electrolyser and fuelcell is 7years and 8years respectively

3.6 Considered cases

The part shall describe the basic possible conditions, major system parts, and
parameters adjusted to model and evaluate situations for storage of energy obtain
from hydrogen.

Aside from financial and technological improvements, the network referred to in this
research as the baseline case (BC) has 3 main operational differences from of the

existing grid of 2019. These are the following aspects:

Power generation that is strong in all areas

Intensive emissions reduction of power generation

Electrification of mobility on a wide scale

Such 3 structural and operational modifications have a significant impact on the
area's total co2 emission. Energy conservation methods are being introduced in all
industries since they are financially feasible and efficient at decreasing total demand.
These initiatives in the BC situation reach their theoretical maximum in future for
next 3 decades.

Decarbonization of the power generating industry also has another objective. A low
emission concentration of power enables for electrifying in all other areas to function
as a carbon capture and storage strategy in alongside the initial carbon reduction

involved with reducing emissions.
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Emissions reductions of the electricity industry is theoretically viable, with a variety
of approaches (pv system, windturbine, tidalenergy, concentrating energy from the
sun, biomass energy, carbon sequestration, hydropower, and bioenergy) accessible to

accomplishing this objective.

Once the power industry has been decarbonized, electricity might well be utilised to
substitute on-site burning of fossil fuels with zero-carbon energy. Heating systems
and automobiles are among the main aims of these electricity. Though electricity
could be highly efficient in reducing carbon emissions, it raises power needs, which

raises the needed annual production of generation.

However, with considerable efficiency measures adopted in the BC case,
electrification of heat transfer and vehicles raises total power requirements by
10percent above the alternative. Further it can be explained as provided below. The
utilization of Optimized Dispatch of Energy Systems and Storage to study the
operations of the baseline case provides for an examination of the optimal
functioning of the electrical grid. Hydrogen energy storage cases were created using
identical methods for comparison. Apart from the possibility of investing in
Hydrogen energy storage facilities and, in some cases, greater demand for Hydrogen
on the auxiliary market, everything between the Hydrogen energy storage and
Baseline case is remained same. Throughout situations, the generating range,
automobile and system for heating electricity supply rates, and consumption trends

are all kept uniform.

Table below compares the baseline case, the Hydrogen energy storage, No Market
case, the Medium EVs case as well as the Rising EVs case. There are several
possible end applications for Hydrogen which could be investigated in the auxiliary
market. Beyond the power exchange, only one channel of marketing for this
initiative is Hydrogen like a fuel source. It refers to the utilization of H2 as the
primary source powering hydrogen-powered cars. This study analyses 3 Hydrogen
energy storage-compatible cases to comprehend the vulnerability of electricity grids

to the scale of transport fuels needs: No Market, Medium EVs, & Huge EVs. Using
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layman's words, following simulations examine the accounting of a Future system's

capacity to meet transport fuels requirements provided a user's desire to spend for

fuel. H2 is delivered to refilling facilities on a 7-day period.

Table 4 Developed cases to study

EVs

kilogram

Sr. Case System for Hydrogen expenses EVs total travelled

no storing kilometers

1 Baseline Not considered | Not considered Not required
scenario

2 In case of no Considered Not considered Zero required
market

3 In case of Considered Ruppees 320 for every | Required, approx
medium EVs kilogram 0.15*total travelled

4 In case of high Considered Ruppees 320 for every | Required, approx

0.75*total travelled

Overall fuel requirement forecasts are calculated on case specific EVs inventory, &

automobile efficiencies. Table below contains the outcomes of these computations.

Considering variations in petrol use from the Energy Agency, yearly consumption is

broken down into monthly usage. This monthly requirement for Hydrogen fuel is

calculated by multiplying such consumption trends by the yearly amount of use.

Table 5 Cases with number of EVs and Hydrogen requirement

Sr. Case Inventory Yearly demand of hydrogen in
no terrawatthour
1 In case of no market | Not required Not required
2 In case of medium Around 10 30
EVs millions
3 In case of high EVs Around 40 150
millions
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4 Results

4.1 Baseline case
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Figure 9: Generation dispatching for 3 days for 2020 and 2030 (Source: www.iea.org)]

Figure 9 depicts an example 3-day period of generation dispatch for the whole Indian
power network in the baseline case. The black dashed line for the demand depicts the total
system demand for electricity at each recorded time step. All dispatched generation is tied
to demand. The figure also illustrates the outcomes of grid operation in the base line case.
The carbon intensity (CI) of electricity in the baseline case is 120g CO2/kWh given the

considerable decarbonization of the electrical industry, this is an expected outcome.

With approximately 64% emission free generating capacity, from the power sector the rates
of emissions are reducing drastically. As we can see that total wind and solar makes upto
51% of the demand of power across the country in the next decade. It's almost mainly

attributable to the massive amount of intermittent rated capacity in the profile, which
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accounts for approximately 51% of capacity. Regardless, 25% of all wind and solar power
was reduced. This equates to over 180 terrawatthour of resource zero-carbon intermittent
curtailment. Meanwhile, coal, gas, and nuclear facilities all ran at capacity factors in
comparison to other sources of generation (33%, 3%, and 3% respectively). Hydroelectric
zero-marginal-cost generating has and hence would be favoured above other dispatchable
sources of power with a non-zero marginal cost, although it is only 9% efficient. That's
also owing to both transmission capacity restrictions, which limit broad usage of
geographically restricted resources, and environmental restrictions on the maximal flow of
waters out of a reserve. Consequently, the baseline case generating mix resulted in total

yearly emissions of 2,412 million metric tons.

4.2 In case of no market

In case of no available market, this has resulted in yearly power system operation which
was equivalent to the baseline case. Optimal operation results in 0% specified storage &
Hydrogen production capacity. Electricity was produced and routed in the same manner as
in the baseline case. It further happened for two key reasons: first, the high capital cost of
installing conversion and energy storage; and second, the inefficiencies related with
employing HES as an energy storage solution, — lower performance transformation from
electrical power to Hydrogen & reverse operation. It was better to run the system
depending on dispatchable fossil fuel plants instead of HES to minimise these two
expenses. The expenses and inefficiency noted above may be partially compensated by
policy initiatives like NAPCC that put a price on carbon dioxide emissions or promote low
carbon dioxide production. Additionally, developing a marketplace for selling
hydrogen—Iike a place for transportation fuels—would enable the storing and converting

equipment to operate at a larger efficiency.

4.3 In case of medium EVs

According to the medium EVs case, ten percent of the Indian passengers traveling light
duty vehicles will be satisfied by electric vehicles. In 2018, there were over more than 130
thousand on the road. The concept is only required to supply a total of such a week's

44



consumption; it isn't required to supply all the H2 fuel need per week. By supplying an
external eagerness for Hydrogen fuels, these are controlled (in rupees per kilogramme of
H2). So till whether first, overall fuel requirement for that particular week is satisfied or
second, the marginal process of manufacturing a unit of Hydrogen exceeds the market's
capacity to pay for that units, the algorithm will create and sell H2 into the supplementary
energy market efficiently. The models would then make the best investments possible in
the facilities required to produce the Hydrogen. The optimised Medium EVs case has a
capacity of fuel be zero, 3.2 gigawatt of electrolyser capability, & thirty-terawatt hour of

Hydrogen reserve.

The modelling didn't include additional hydrogen fuel capacities since the best option did
not entail any Hydrogen generation for storing energy or exchange. It's due to the lower
round-trip effectiveness and high investment costs of network level Hydrogen converter
equipment, as was discussed in the No Market scenario. The established converting
technologies and storage capacity were employed to provide the high-priced FCEV fuel
market. This mechanism satisfied 100percentage of the requirement for Hydrogen fuel
source. A fairly large auxiliary sector as well as a energy storage system operating on the
system produced a total power CI of 20 kilogramme of carbon dioxide per megawatt hour,
over two percent increase over the baseline case. Because there was no restriction on
Carbon dioxide in such a case, carbon emissions were occasionally used to generate
Hydrogen if doing so would be achieved economically. As a result, compared to the
baseline case, yearly emissions rose by around four percent to over 35 million tonne Co,

from the baseline case.

Following table provides generating information and capacities variables for the medium
EVs case. Consumption was met in a manner that was quite similar to the generational
demographics in the case of no markets. Regarding generating capacity, coal saw the most
rise proportionally, rising by 6% from the baseline case. Approximately three percent
intermittent restriction from the baseline case was used in the medium EVs case. In
conclusion, the introduction of a significant EVs fuel market boosted yearly zero-carbon

production across baseline case by ten Terawatt hours while increasing coal, gas output
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across baseline case by approximately four Terawatt hours. Well over 80percent of the
hydrogen need for Rupees 320 per kilogramme is met by the medium EVs' 250 kilotonne
hydrogen production capacity. Considering typical travel patterns, this is sufficient
hydrogen to power further about than a 1,000,000 EVs for a whole annum. This generated
hydrogen contained 300 grammes of carbon dioxide per kilogramme of hydrogen. without
taking into consideration the fuel cell's superior chemical2mechanical conversion of energy
performance compared to an IC engine. The additional capacity of zero-emission
production and the capability to effectively absorb this surplus make it possible to produce

limited fuel on a massive scale.

4.4 1In case of high EVs

According to the High EVs case, there are roughly forty million vehicles EVs. As a result,
the consumption for H2 is almost approximately two times more than it would be under the
medium EVs case. Following table provides generating information and usage statistics for
the High EVs case. Besides combined coal and gas, that increased by 1.2% compared to
baseline case, virtually less altered from previous cases in terms of the proportion of total
consumption which was satisfied by every generating technology. Nevertheless, there has
been a significant rise in capabilities for most technologies. Because of their low marginal
costs’ fossil fuel based, solar and wind all had strong upward trends in generating capacity
from baseline case. The increased competition for hydrogen eased restrictions on certain
places which have been supplying and over 80% of the requirement in the event of

medium EVs, enabling for an increase in power generation altogether.

This level of financial readiness for hydrogen remained constant. Such prevented a change
in the ordering of sources which could be successfully extracted to produce hydrogen,
leaving coal, CCGT, and zero-marginal cost generating sources as the main targets for cost
reduction. As a natural outcome, the carbon intensity of the energy increased by 26.8%
first from baseline example to 21 kgCO2/MWh. There's a better opportunity for the
network to catch bigger quantities of normally low-capacity factor generating sources

when a high demand attracts more substantial increases in capacities.

Reduced intermittent production went down to 27percentage of possible production in the

High EVs case from 32percent in the baseline instance. Therefore, in case, 150 Terawatt
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hours of hydrogen fuel, or approximately 100percent of the requirement, was produced.
These provides around 40,000,000 EVs with a year's worth of hydrogen fuel. Therefore, in
example, unlike the situation of medium EVs, zero expenditure in hydrogen fuel capacities
were required. There wasn't any economic incentive to invest in reconversion technology
that would allow energy arbitrage, given the significant expenditures in electrolysers (8.4

GW) and energy storage of hydrogen (112 Gigawatt hours).
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5 Discussions

5.1 Comparison and connections with former research

The amount of research in the area of renewable energy and storage system is abundant.
Often for the storage system, battery energy storage system is used and optimized. The
intermittent nature of renewable energy is combated by such storage systems. However,
there is no particular research available so far in the literature which specifically deals with
the estimation of hydrogen energy storage system in India with increasing number of

renewable energy generation.

5.2 Objectivity, and reliability aspects of the results and the research

5.2.1 Objectivity of results and research

The current work is focused on the modelling of the hydrogen energy storage system for
the next three decades considering the high renewable penetration in India. For the results
of the modelling the data was collected from the official sites 1.e. posoco.co.in and India
energy outlook which guarantees the credibility of the data. Once manually scrutinising the
data for any outliers, the data was used for baseline case scenario. Various constraints are
also added to remove the biasing, observations, and assumption side from the author side,

to get the objective results.

5.2.2 Reliability of results and research

For the analysis of the current research problem, the data was obtained from the credible
websites. For the analysis purpose, the optimization of the hydrogen energy storage system
is carried out using ODESS. Optimized dispatch energy storage system is the standard

modelling method available in the literature for the analysis of energy storage system
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considering efficiency and cost constraints. The use of data and the standard model ensure

the reliability of the results and the research carried out.

5.3 Key findings

The estimation of hydrogen energy storage system in the high penetration of renewable is

modelled. The following three cases i.e., for when no market is available, when medium

number of EVs are available, and when large number of EVs are available are shown

below.

In case of no available market, this has resulted in yearly power system operation
which was equivalent to the baseline case. Optimal operation results in 0%
specified storage & Hydrogen production capacity. Electricity was produced and
routed in the same manner as in the baseline case. It further happened for two key
reasons: first, the high capital cost of installing conversion and energy storage; and
second, the inefficiencies related with employing HES as an energy storage
solution, — lower performance transformation from electrical power to Hydrogen &

reverse operation.

Approximately three percent intermittent restriction from the baseline case was
used in the medium EVs case. In conclusion, the introduction of a fairly significant
EVs fuel market boosted yearly zero-carbon production across baseline case by ten
Terawatt hours while increasing coal, gas output across baseline case by
approximately four Terawatt hours. Well over 80percent of the hydrogen need for
Rupees 320 per kilogramme is met by the medium EVs' 250 kiloton hydrogen
production capacity. Considering typical travel patterns, this is sufficient hydrogen
to power further about than a 1,000,000 EVs for a whole annum. This generated
hydrogen contained 300 grammes of carbon dioxide per kilogramme of hydrogen.
without taking into consideration the fuel cell's superior chemical2mechanical
conversion of energy performance compared to an IC engine. The additional
capacity of zero-emission production and the capability to effectively absorb this

surplus make it possible to produce limited fuel on a massive scale.
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3. Reduced intermittent production went down to 27percentage of possible production
in the High EVs case from 32percent in the baseline instance. Therefore, in case,
150 Terawatt hours of hydrogen fuel, or approximately 100percent of the
requirement, was produced. These provides around 40,000,000 EVs with a year's
worth of hydrogen fuel. Therefore, in example, unlike the situation of medium EVs,
zero expenditure in hydrogen fuel capacities were required. There wasn't any
economic incentive to invest in reconversion technology that would allow energy
arbitrage, given the significant expenditures in electrolysers (8.4 GW) and energy

storage of hydrogen (112 Gigawatthours).

5.4 Novelty value of the results

In the present scenario, more research has been carried out on the domain of renewable and
energy storage systems. Currently, in the presence of such high renewable generation, the
use of energy system is essential. The novelty value of the results will be the estimation of
the use of hydrogen energy storage using the ODESS model. The model estimates the use
of hydrogen-based energy storage system for next three decades. The model also estimates
the use of hydrogen energy storage system in four different cases i.e. in the present
scenario of 2020, the use of hydrogen based energy storage in case of no auxiliary market
available, which can be used by researches for further research. Third, the case where the
Electric Vehicle (EV) requirement is medium in the grid, and fourth the case where the EV
requirement is high in the grid, then the hydrogen-based energy system requirements are

different.

5.5 Possibilities of generalization and utilization of the results

The present research work has been carried for the 2020 case i.e. the base electric grid
Indian scenario. In this case the work can be extended for the other countries such that a
case can be generated, and the results are obtained. Generalization of the result in this way
can be done. The possibility of the method to be used by the industries is higher due to the

prediction of three decades of energy storage requirement. The Indian government can also
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use the results to determine the error. Similarly, the other participants can use the data to

interpret the renewable generation plant with hydrogen energy storage system

5.6 Topics for future research

Upcoming research on such subject may be useful in shedding lighter on the advantages of
hydrogen energy storage in network stabilisation and the development of alternative fuels.
Additional information regarding operational restrictions like rates of ramps, required
functional durations, and control of frequency would've been possible if ODESS were
converted to a model with non-linearity. A evaluation of other storage methods, either
alone or in combination with hydrogen energy storage, would also be of importance.
Lastly, modelling a more complicated auxiliary marketplace may be able to shed light on
the relative worth of different Hydrogen channels. Increasing transportation marketplaces,
commercial refinement, mixing into the natural gas transmission, Ammonia synthesis, as

well as the creation of artificial fuels are a few examples of these paths.
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6 Summary

Numerous problems in the mobility and electrical industries might be reduced with the use
of hydrogen storage systems. These are achieved by producing a storage technology media
that could be used for a variety of purposes and acting as a load-shaping instrument.
Together, such two services are usually provided to the integration of intermittent
generation, the reduction of consumption of fossil fuels the lowering of grid operating
costs, the reduction of consumption for peaked capacity, the reduction of consumption for
transmission capacity, as well as the provision of a supplier of Hydrogen that may be
utilized as an alternative energy source with low-carbon emissions. The study is being
carried out to shed light on how a energy storage system for hydrogen which should

operate in a system that is heavily dependent on renewable energy in 2050.

To model network functioning at the lowest possible cost, an economic dispatch model
(ODESS) was developed. To create the 2050 Baseline situation, data was accumulated and
assembled. This worst-case scenario was tested using ODESS, and it was contrasted with
other ODESS runs that simulated different HES and post-generation H2 market
capabilities. Table contains a detailed breakdown of the results of various scenario runs.
The method was capable of accounting for variations in prices related to different
technologies, periods, and places and uses them to increase the penetration of renewable
energies. Variable hydrogen output enabled the network to produce very low emission fuel
for thousands of EVs whereas simultaneously reducing curtailment by up to 26 Terawatt

hours.

The Indian's policy to promote an economically sustainable hydrogen energy storage

system must concentrate on three key basics:

1. Expanding the use of intermittent & zero-carbon sources of energy.

2. Enhancing EV supply - establishing consistent, long-term consumption
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3. Development cost in systems for energy storage is subsidised.

By concentrating upon those 3 fundamentals, we can create the right conditions for a
transition in energy management that is more focused on the market. Significant renewable
energy intermittent penetration creates an excess of zero-marginal cost generation which
can be used to produce Hydrogen at a costing that's also competing with other fuel's
sources. Increased market adoption of EVs will reassure stakeholders that would otherwise
be reluctant to engage in the market by offering stability and dependability. Subsidies for
energy storage facilities may also assist in bringing HES communicate and connect,

boosting the availability of H2 and shortening the period of adjustment.
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Appendix

This section contains the ODESS Code used to solve the optimization model for a
hydrogen energy storage system with to identify the most cost-effective resource
production over a time horizon, given specified electrical demands and regulatory
limitations. It can be modified for less complicated scenarios without certain inputs by
simply setting those affected parameters to 0. For example, if there is no storage system, all

the parameters can be set to 0.

classdefOptimizati on <h andle & matlab . mixin . Copyable
properties

ne t = Network . empty

homes = Home . empty (0 ) ;

K

N=5

t
results

grid=struct()
buyPriceRampSteps =10% Oprocentaccurateafterthese
amounto fsteps(linear)

buyPriceAvg =0.1 6

buyPriceDev =0. 0 2
sellPriceRampSteps=10%0procentaccurateafterthese
amounto fsteps(linear)

sellPriceAvg=0.10

sellPriceDev=0.01



lambda=[1100]% [ gencost, tempcost |
useConstraints=struct(’bus’,true,’line’,true,’
punishTempOver ’, false,’temp’,true)
useForecastPrice=true;%trueif

end

properties(Hidden,SetAccess=private)
inited=false

end

properties(SetObservable, AbortSet )

tmax = 96

spd=96 % stepsperday

end

methods
functionthis=Optimization (casename )% Constructor
% C re a te network

this.net= Network ( casename ) ;

%addlistenersfortmax and spd when they change
addlistener(this,’tmax’,’PostSet’, @ this.pushValues);
addlistener(this,’spd’,’PostSet’, @ this.pushValues) ;
%Constructelectricitypricesforbuyingandselling
this.constructPrices();

%Setincidentmatrices
incidentst=this.net.storage.incident;

incidentpr=this.net.production.incident;



%Setstoragepropertiestobusdimensions
stEmaxbus=incidentst’*this.net.storage.Emax;
stAbus=incidentst’*xthis.net.storage.A;
stBbus=incidentst’*this.net.storage.B;
tEObus=incidentst’*this.net.storage .E0Q;
%Setproductionpropertiestobusdimensions
OPTIMIZATION
prPavgbus=incidentpr’*this.net.production.Pavg;
prQavgbus=incidentpr’*this.net.production. Qavg;
% C on s t ruc t homes

forb=1:this.net.nb

homedata=struct;

homedata.i1d=b;

homedata . type =this.net.busType (b);

homedata . spd=this.spd;%stepsperday=24*4 (time
stepsofl5min)

% Se t demand data

homedata . Pd avg =normrnd (0.3,0.1);

homedata . Qd avg =normrnd (0.05,0.02);
%Setstoragedata

i fismember(b,this.net.storage.L)
homedata.stora ge .Emax = stEmaxbus(b) ;
homedata.storage.A perhour = stAbus(b) ;

homedata . stora ge.B perhour = stBbus(b) ;



homedata.storage .EQ=stEObus (b) ;

end

% Setproductiondata

i fismember(b,this.net.production.L)

homedata . prod . Pavg = prPavgbus(b) ;

homedata . prod . Qavg = prQavgbus(b) ;

end

%constructhome

this.homes(b) = Home( homedata ) ;

end

this.inited=true;

end

%% Constructbuyandsellprices
functionthis=constructPrices(this)
%constructmore foriftmaxorspdchanges

safety=5;

timesize=this.tmax*xsafety+this.N;

%realprices

real BuyPrices=normrnd (this.buyPriceAvg,this.buyPriceDev ,
[timesizel]);
realSellPrices=realBuyPrices—this.buyPriceAvg+this.
sellPriceAvg+normmd (0,this.sellPriceDev,[timesize
11);

% makepredictionprices



allBuyPrices=zeros(timesize);
allSellPrices=zeros(timesize);
fork=1:timesize

buyRamp =min (1, (k—1)/this.buyPriceRampSteps) ;
sellRamp=min (1, (k—1)/this.sellPriceRampSteps);
allBuyPrices(k,:)=(l-buyRamp) *real BuyPrices+
buyRamp * normrnd (this. buyPriceAvg,this.
buyPriceDev,[timesizel]);
allSellPrices(k,:)=(1-sellRamp)*xrealSellPrices+
sellRamp * normrnd (this.sellPriceAvg ,this.
sellPriceDev,[timesizel]);

end

this.grid.realBuyPrices=realBuyPrices;
this.grid.realSellPrices=realSellPrices;
this.grid.allBuyPrices=allBuyPrices;
this.grid.allSellPrices=allSellPrices;

end

functionthis=reset(this)

forh=this.homes

h.reset();

end

end

functionthis=setTime (this,t, showPlo ts)

this.t=t;



this K=t:(t+this.N—1);

ifthis.useForecastPrice
this.grid.buyPrices=diag(this.grid.allBuyPrices(1:
this.N,this.K));
this.grid.sellPrices=diag(this.grid.allSellPrices(1:
this.N,this .K));

else
this.grid.buyPrices=this.grid.allBuyPrices(1,this.K)

% .
2

this.grid.sellPrices=this.grid.allSellPrices(1,this.
K)’;

end

ifexist(’showPlots’, var’) && showPlots==true

184 figure(1)
plot([this.grid.buyPrices,this.grid.realBuyPrices(this
KD

figure(2)
plot([this.grid.sellPrices,this.grid.realSellPrices(
this.K)]);

pause (1)

end

end

functionthis=solve(this,updateA fterDone )

% updateA fterDone=truedefault



nb=this.net.nb;

ng=this.net.ng;

nl=this.net.nl;
nst=this.net.storage.nst;
npr=this.net.production.npr;
N=this .N;

%startCVX

cvxbeginquiet

cvxsolverSeDuMi
cvxprecisionbest
%Definevariables
variablePg(ng , N)nonnegative
variableQg(ng ,N)nonnegative
variablePgsell(ng,N)nonnegative
variableQgsell(ng,N)nonnegative
variable W(nb, nb ,N) complex
variableuheat(nb,N)nonnegative
variableTover(nb,N)nonnegative
variable T(2*nb ,N)
variableshortfactor(npr,N)nonnegative
variable Pst(nst,N)

variableEst(nst, N)nonnegative
%Defineexpressions

ex pression Pgbus(nb,N)



expression Qgbus(nb,N)

ex pression Pstbus(nb ,N)
expressionshortfactorbus(nb,N)
expressionThomes(nb,N)
expressionTheats (nb,N)
expressionV2(nb,N)

expressionPlm(nl,N)

expressionQlm(nl,N)

expressionSlm (nl,N)
expressiondiffVlim(nl,N)
%Setexpressions
Thomes=T(1:2:end,:); % odd rows
Theats=T(2:2:end,:); % even rows
forb=1:nb

Tdes(b,:)=this.homes(b).T. Tdes(this.K);

end
Pgbus=this.net.incidentG.’ * (Pg-Pgsell);
Qgbus=this.net.incidentG.’ *(Qg-Qgsell);
shortfactorbus=this.net.production.incident.’*
shortfactor;
Pstbus=this.net.storage.incident.’ * Pst;
fork=1:N

forb=1:nb

V2(b,k)=real(trace(this.net M{b}*W(:,:,k)));



end

fori=1:nl

l=this.net.edgesList(i,1);
m=this.net.edgesList(i,2);

Qlm(i,k)=1imag ((W(1,1,k)-W(l,m k))*this.net.
Ybus(1,m)’);Plm(i,k)=real ((W(l,1,k)-W(I,m,k))=*this.net.
Ybus(1,m)’);

SIm (i,k)=abs((W(Il,1,k)-W(I,m,k))*this.net.
Ybus(1,m)’);

258 diffVim (i, k)=real (W(l,1,k)+W(mm,k)—W(m,1,k)
-W(l,mk));

end

end

%Endexpressions

OBJECTIVE FUNCTION
gencost=sum(Pgxthis.grid.buyPrices—Pgsell*this.grid
.sellPrices);

tempcost = sum(sum( ( T homes—T des—T over)."2));
obj=this.lambda(1)*gencost+this.lambda (2)*tempcost;

minimize (obj);

% CONSTRAINTS



subjectto

fork=1:this.N

l=this.ttk—1;%realfuturetime
W(:,:,k)=—hermitiansemidefinite(nb);
cstgen(b,k)+shortfactorbus(b,k)*this.homes(b). Ppr(
1)—this.homes(b).Pd(1)—this.homes(b).T. ppu
*uheat(b,k)—Pstbus(b,k)==trace(this.net.

phi {b} * W(:,:,k));

captransm(b ,k)+shortfactor(b,k)*this.homes(b). Qpr(
l1)—this.homes(b).Qd(1)—this.homes(b).T. gqpu
*uheat(b,k)==trace(this.net.

psi{b} *W(:,:,k));

CONSTRAINTS
ifthis.useConstraints.disp power==true
if(k==1)
T(rg®,2),k)==this.homes(b). T.sys.x;
else
T(rg®,2),k)==this.homes(b) . T.fnnext(I]
—l,uheat(b,k-1),T(rg(b,2).k-1));

end

%% PUNISH OVER CONSTRAINTS
ifthis.useConstraints.storeh2==true

Hover(b,k)==0;
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end

vhydg(:,k)<=1;

end
ifthis.useConstraints.fprc==true
hdrmx(b,k)<=this.net.effn(b).” 2;
hdrmx(b,k)>=this.net.effut(b).”2;

end

end

% LINES

fori=1:this.net.nl% foreachedge
CONSTRAINTS
ifthis.useConstraints.line==true
abs(PIm(i,k))<=this.net.PlmMax(i);
Sim(i,k)<=this.net.SImMax(1i);

abs(diffVIm (1,k))<=this.net.diffVImMax (1);
end

end

%% STORAGES
forsb=1:nst%foreachstoragebus

strge=this.net.storage .L(Istrg);

if(k==1)



Est(sb,k)==this.homes(b).storage.E;
else
Est(sb,k)==this.homes(b).storage.A * Est(sb, k
—1)+this.homes(b).storage .B*h2f(sb, k—1)
end
Est(:,k)<=this.net.storage .Emax;
Est(:,k)>=this.net.storage.Emin;
Pst(:,k)<=this.net.storage .Pmax;
end

%% PRODUCTION
forpr=1:npr%foreachproductionbus
shortfactor(pr,k)<=1;

end

%% GENERATION
flcl(:,k)<=this.net.capfc;

fldmd (:,k)<=-this.net. capelts;

flcl (:,k)<=this.net.capelts;
Capstr(:,k)<=-this.net.capstrg;

end

cvx end

%Infeasibility check

if(isnan(obj))

disp(’infeasibleresult!uissetto0’)
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if exist(’ updateA fterDone ’, ’ var ’) |~ updateA fterDone
forb=1:nb

h=this.homes(b);

h.update (this.t,0,0);

end

end

else

% Writeresultstoresultstruct
results.cvx.obj=o0bj;
results.cvx.status=cvxstatus;
results.Pg=(Pg-Pgsell);
results.Qg=(QgQgsell);
results.Pst=Pst;
results.Est=Est;

results. W=W;
results.eigW=eig(W(:,:,1));
results.rankW =roundRank (W(:,:,1));
results.uheat=uheat;
results. T=T;

results.Pgb=Pgb;
results.Qg=Qgb;
results.Thomesest=Thomes;
results.Theatsest=Theats;

results.shortfactor=shortfactor;



results.Tdes=Tdes;
results.buyPricesest=this.grid.buyPrices’;
results.sellPricesest=this.grid.sellPrices’;
results.buyPricesreal=this.grid.realBuyPrices(this.t
:this.t+N-1)’;
results.sellPricesreal=this.grid.realSellPrices(this
.t:this.t+N-1)’;

results.Plm=-Plm;

results.Qlm=—-Qlm;

results.Slm=Slm;

results.diffVim=diffVim;

results.V2=V2;

forb=1:nb

h=this.homes(b);
results.Thomesreal (b)=h.T. Thome;
results.Theatsreal(b)=h.T. Theat;
results.Tout(b,:)=h.T.Tout(this.t:this.t+N-1);
results.Pinj(b)=trace(this.net.phi{b} *W(:,:,1))
results.Pdb,:)=h.Pd(this.t:this.t+N-1);
results.Qd(b,:)=h.Qd(this.t:this.t+N-1);
results.Ppr(b,:)=h.Ppr(this.t:this.t+N—1);
results.Qpr(b,:)=h.Qpr(this.t:this.t+N-1);

end



this.results=results;

% update homes i f updateA fterDone =true;

1f ex1ist(’ updateA fterDone ’, ’ var > ) | ~ updateA fterDone
forb=1:nb

h=this.homes(b);

h.update (this.t,uheat(b,1),Pstbus(b,1));

end

end

end

end

%% Solveforalltimestepsinloptimiziation
functionresults=solveTotal(this)
fprintf(’solvingfort=1:%d’,this.tmax);
t=1;

oldt=this.t;

oldN=this.N;
oldForecastPrice=this.useForecastPrice;
this . N=this .tmax;
this.useForecastPrice=false;
this.setTime(t,false);

this.solve(false);
results=this.results;

%% Resettooldstate

this .N=oldN;
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this.setTime (oldt);
this.useForecastPrice=oldForecastPrice;
end

functionplot(this)
plot(this.results.Thomes’);

end

functionhomeTable =homeTable (this)
homeStruct =t h i s . homeStruct () ;
homeTable=struct2table ( homeStruct);

end

functionret=homeSummary(this)
ret=summary(this.homeTable())

end

fun ctionhomeStruct = homeStruct(this)
homeStruct=struct();

forh=this.homes

T=h.T;
homeFields={’id’, Pdavg’,’Qdavg’,’ Ppravg’,’
Qpravg’, ’demand’, ’spd ’ } ;
tempFields={’hp’,’hpest’,’hpreal’,’outavg’,’
outdev’};

forf=homeFields

f=char(f);

OPTIMIZATION



fType=class(h.(f));

iffType=="struct’
fn=fieldnames(h.(f));
fori=1:numel(fn)
homeStructth.id).(strcat(f,’’,fn{i}))=h
A(F). (fafid);

end

else

homeStructth.id).(f)=h.(f);

end

end

forf=tempField s

f=char(f);
homeStructth.i1d).(strcat(’T’,f))=T.(f);
end

end

end

%% Push new v al u e s tmax and spd t o homes i f they change
functionpushValues (this,src,evt)
switchsrc.Name

case’tmax’
ifisfield(this.grid,’allBuyPrices’)&&this.tmax
>length(this.grid.allBuyPrices)

disp (’Opt: New tmax isbiggerthan
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precalculatedprices,thepriceswillbe
recreated’);

this.constructPrices();

end

case’spd’

forh=this.homes

fprintf(’ pushingspd=%s from Optt o home %s
...\n’,int2str(this.spd),int2str(h.id))
h.spd=this.spd;

end

end

end

end

end

functionrg=rg(b,n)

rg=nx(b-1)+1n*b;

end

fun ctionrk=roundRank (W)
eigenvals=eig(W);
rk=sum(abs(eigenvals)>=1le-5);

end
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