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Epigraph

Ïmagination is more important than knowledge.
Knowledge is limited. Imagination encircles the
world".

Albert Einstein
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Symbology

V Nominal Voltage, in V

Espec Specific Energy, in Wh/kg

WeightWeight, in kg

Ebat Battery Energy, in kWh

Ah− rate Ampere-hour rating, in Ah

C − rate Charge-Discharge duration, in h

I Current, in A

Ppeak Demand Power, in kW

Pconv Converter Power, in kW

Pun Fill Power, in kW

PPV PV installation Power, in kW

Pbatmax Maximum batterry power, in kW

Ebatmax Maximum battery capacity, in kWh

SoC State of Charge, in %

DoD Depth of Discharge, in %

SoH State of Health, in %

costbat Battery cost, in AC/kWh

costconvbat Converter cost, in AC/kWh

costPV PV cost, in AC/kWh

LCOE Levelized Cost of Energy, in AC/MWh
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Nomenclature

EU European Union

EC European Commission

H2020 Horizon 2020

JRC Joint Research Centre

IEA International Energy Agency

TSO Transmission System Operator

DSO Distribution System Operator

REE Red Eléctrica de España

IDAE Instituto para la Diversificación y Ahorro de la Energía

AEGE Asociación de Empresas de Gran Consumo de Energía

PNIEC Plan Nacional Integrado de Energía y Clima

VRES Variable Renewable Energy Sources

DSM Demand Side Management

DR Demand Response

DG Distributed Generation

O&M Operation and Maintenance

VPP Virtual Power Plant

kWh Kilowatt hour

MWh Megawatt hour

LEC Local Energy Communities

LES Local Energy Systems

IoE Internet of Energy

WSN Wireless Sensor Network

IoT Internet of Things

ICT Information and Communication Technology

SCRM Supply Chain Risk Management

WEC World Energy Council
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WEF World Economic Forum

DER Dynamic Energy Resilience

NIS Network and Information Systems

ECSO European Cybersecurity Organisation
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GDPR General Data Protection Regulation

EE Energy Efficiency

EEB Energy Efficient Buildings

SB Smart Buildings

GEB Grid-Interactive Efficient Buildings

BEMS Building Energy Management System

MAS Multi-Agent System

MPC Model Predictive Control-Agent

CI Computational Intelligence

AI Artificial Intelligence

ANN Artificial Neural Networks

FL Fuzzy Logic

ESS Energy Storage System

BESS Battery Energy Storage System

SLB Second-life Batteries

EOL End of Life

BMS Battery Management System

CAGR Compound Annual Growth

TAM Total Addressable Market

SAM Service Addressable Market

SOM Service Obtainable Market

PESTEL Political, Economic, Social, Technological, Environmental, Legal analysis

SWOT Strength, Weaknesses, Opportunities, Threats analysis

VP Value Proposition
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BMC Business Model Canvas

EMS Energy Management System

ToU Time-of-Use

BIPV Building Integrated Photovoltaics

ADSM Automatic Demand Side Management

ReDR Reward from Demand Response

WSM Wholesale Market

AEC Annual Energy Costs

SGAM Smart Grid Architecture Model

IP Internet Protocol

TCP Transport Control Protocol

OCA Open Charge Alliance

OCPP Open Charge Point Protocol

SME Small-Medium Enterprise

TRL Technology Readiness Level

CRL Customer Readiness Level

BRL Business Readiness Level
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Abstract

The main focus of this project is to evaluate the implementation of second-life batteries for a building
stock enabling the energy flexibility schemes like Demand Response (DR). This project will focus parti-
cularly on how the building stock and its energy infrastructure (energy storage systems, legacy-assets,
communication devices and grid architecture, among others) can participate as innovative energy so-
lutions of the next generation of smart-grids, acting as virtual power plants (VPP) in order to deploy
the distributed generation (DG) concept in the actual energy field and paving the way to unlock the
demand response (DR) market in the distribution energy network. In addition, the implementation of
these technologies will led to plan different business models and the scalability of them in the tertiary
building sector.

Battery energy storage systems (BESSs) are already being deployed for several stationary applicati-
ons in a techno-economical feasible way. This project focuses in the study to obtain potential revenues
from BESSs built from EVs lithium-ion batteries with varying states of health (SoH). For this analysis,
a stationary BESS sizing model is done, using the parameters of a 14 kWh new battery, but also doing
a comparison with parameters if the same battery would be 11.2 kWh second-life battery. The compre-
hensive sizing model consists of several detailed sub-models, considering battery specifications, aging
and an operational strategy plan, which allow a technical assessment through a determined time frame.

Therefore, battery depreciation and energy losses are considered in this techno-economic analysis. Po-
tential economical feasible applications of new and second-life batteries, such the integration of a Buil-
ding Integrated Photovoltaics (BIPV), self-consumption schemes, feed-in-tariff schemes and frequency
regulation as well as their combined operation are compared. The research includes different electricity
price scenarios mostly from the current Spanish energymarket. The operation and integration of ICT-IoT
technology upgrades is found to have the highest economic viability for this specific case study.

A detailed study for this project will enhance the relevant importance of these topics in the energy field
and how it will be a disruptive solution for the initial problem statement. A general context is given in
order to introduce the main and specific objectives thus to trace an adequate way to follow and achieve
them. The development of this master thesis will be coupled with the Demand Response Integration
technologies (DRIvE) [10]H2020 EU funded project, currently on-going, considering some of the energy
consumption data and initial parameters from the selected case study at COMSA Corporación office
building in Barcelona, Spain.
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Preface

While the share of renewable energy in the electricity sector is growing continually, other sectors, such
as transport, buildings and industry, still depend largely on fossil fuels. To decarbonise these sectors,
they can either be electrified or the fossil fuels can be substituted by renewable gases such as hydrogen
or other innovative energy solutions such as the implementation of Distributed Generation (DG). These
technologies have emerged against climate change and they have been developed well in recent years to
aim the adequate energy transition.

The attention focused on these particular topics has led into an important role of the distributed power
generation in the modern network’s security, stability and reliability, particularly the application and de-
velopment of distributed generation using smart-grids. Adding stability to the system, it lowers the need
for coal and gas fired spinning reserves, usually needed to run power plants by burning fuel continu-
ously in order to be ready to supply power at short notice. This stability also decreases the need for
local network investments, as it shifts consumption away from peak hours in regions with tight network
capacity. In addition, improved grid reliability and power quality legislation are gaining more attention
in economical terms because this could be an interesting tool to encourage more users to participate in a
penalty-reward energy system against performance.

Moreover, the introduction of new telecommunication and digital technologies with encryption and
remote inspection of assets, will increase the security of an electric grid and strengthen it. Newgrid archi-
tectures and new paradigms are needed to solve many technical problems related to that. In this context,
autonomous or connected smart-grids represent a very interesting solution increasing the renewable
energy penetration, improving energy efficiency and the resilience of the main electrical systems while
contributing to a sustainable and competitive development in the countries. In the end, distributed ge-
neration working in parallel with smart-grids and energy storage will bring to the participants the ability
to control energy consumption, using energy flexible schemes.
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Chapter 1

Introduction

According to Energy Performance of Buildings Directive (EPBD) [1], buildings are responsible for
40% of the energy consumption and 36% of the total CO2 emissions in the European Union (EU). More
than 35% of EU buildings are very old and more than 75% of the total building stock is energy ineffi-
cient. Therefore, an important part of this consumption is mainly due to legacy equipment, which varies
depending on the sector. For instance, in tertiary sector buildings, Heating, Ventilation, and Air Condi-
tioning (HVAC) systems are responsible for the most relevant of the consumption, typically reaching up
to a 40% of the overall energy profile.

During the next fewdecades, the stronguptake of electric vehicles (EVs)will result in the availability of
terawatt-hours of batteries that no longer meet required specifications for usage in EVs systems. Finding
applications for these still-useful batteries can create significant value and ultimately even help to bring
down the costs of energy storage to enable further renewable-power integration into our electric systems
as stationary storage applications in building stocks.

The European Commission [2] has reformed its electricity markets to facilitate the participation of
energy storage inmanaging, supply anddemand and also supporting new energy initiatives for batteries,
distributed generation, Hydrogen economy, among others. Climate change and the need to integrate
large amounts of clean renewable energy generation into the grid have been more significant drivers
encouraging smart-grid and energy storage activities in the sector.

Electric systems already require a range of ancillary services to ensure smooth and reliable operation.
Supply and demand need to be balanced in real time in order to ensure supply quality (e.g., maintaining
constant voltage and frequency, large stations tripping offline, loss of an interconnection), avoid damage
to electrical appliances and maintain supply to all users. For this case, energy flexibility gives the oper-
ators tools to rapidly restore the system equilibrium and making feasible to match these needs with the
upcoming second-life battery market.

2
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1.1 DRIvE H2020 European Project

The current proposed master thesis is a case study that COMSA Corporación can deploy as a continu-
ation of the Demand Response Integration technologies (DRIvE) [10] H2020 EU funded project adding
important value. Some of the data used for this case study about ESS The DRIvE project links together
cutting-edge science in Multi-Agent Systems (MAS), forecasting and cyber-security with emerging in-
novative SMEs, making first market penetration in european DRmarkets. Market solutions are strength-
ened with lower Technology Readiness Levels (TRL), but also higher risk functionalities that develop
the concept of ’Internet of Energy’ and a collaborative energy network of prosumers.

DRIvE will unlock the Demand Response (DR) potential of residential and tertiary buildings in the
distribution grid through a platform bridging the energy value-chain from planning and design of asset-
s/buildings towards optimal operations in the next generation Smart Grids, and then will fully deploy
the DR market in the distribution network. Therefore, a Multi-Agent Systems (MAS) will include real
time operations and progress from a limited number of assets toward decentralized management of a
larger number of assets providing DR services to prosumers, grid stakeholders and distribution system
operators. Figure 1.1 shows the most important objectives of the DRIvE project:

Figure 1.1: DRIvE H2020 process map. Source: DRIvE H2020 (2018)

The benefits that DRIvE will generate in the local energy market will be valuable, for instance by un-
locking the DR potential of the building assets, integrating advanced technologies such as ICT platforms,
a proper smart grid architecture and communication to give local security, will led into the energy inter-
operability with also innovative load prediction and optimization algorithms.
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Figure 1.2: Security in DRIvE. Source: DRIvE H2020 (2018)

Moreover, DRIvE will engage and stimulate customers to participate in DR programs through a con-
sumer portal and these customers will track their personal assets such as home appliances and consump-
tion from lightbulbs, washing machines, refrigerators, among others, as it is shown in Figure 1.3:

Figure 1.3: Customer’s home appliances linked with DRIvE. Source: DRIvE H2020 (2018)

DRIvE H2020 project will create a substantial impact in different areas:

1. Technological Impact:

The development of Demand Response (DR) enabling different energy technologies for residential
and tertiary buildings, also, to enable a platform with information and selected data for flexibility
optimization and market facilitation.

2. Economic Impact:

One of the most important features of the DRIvE is to reduce the end-user’s electricity cost after
applyingDR schemes. The energy innovationwill be essential to develop local flexiblemarkets and
the reduction of DSO’s investments in the grid balancing and reinforcement. Moreover, DRIvEwill
change the energy scenarios and enter in the local flexibility markets, while creating new business
opportunities.

3. Environmental Impact:

At a district level the local energy balancing will be enhanced and also a migration to this kind of
technologies in order to promote clean and sustainable solutions and reducing the carbon footprint.

4. Social Impact:

For the inhabitants of European smart districts in which DRIvE will operate, some social benefits
related to the energy cost reduction will be increased.

5. Policy and Standards Impact:
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DRIvE will impact the policy and standards stated by the EU, aiming a reduction of the GHG
emmisions, and increasing the energy efficiency in buildings and districts. New strategies will
come up from DRIvE in order to help into a clean energy transition.

6. Energy Network Impact:

As mentioned in the economic impact, it will be a reduction in the grid reinforcement and at the
same time an increased grid balancing due to the DRIvE initiative.

In the next chapters, the proposedmaster thesis project in co-relationwith theDRIvEH2020 EU funded
project [10], will explain how to enhance the application of the energy flexibility concept by having a high
impact in the future power systems with high penetration levels of Variable Renewable Energy Sources
(VRES). Nowadays, the new challenge is to unlock the remarkable potential of Demand Response (DR)
in the distribution grid where the main sources of flexibility are the residential and tertiary buildings,
particularly the Demand Response topic will be explained more in detail in the Chapter 2, Section 2.3.
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1.2 Chapter description

This project has six main chapters that will interconnect different concepts related to the energy engi-
neering, renewable energy technologies such as distributed generation with virtual power plants, micro-
grids and energy storage with batteries, also how all these type of technologies will help to participate in
the flexible energy markets developing the demand response (DR) schemes with new business models.
Moreover, the distribution of the main chapters will be:

• Chapter 2. Building assets enabling energy flexibility

Chapter 2 analyzes the local market of building assets in a general context alignedwith the Span-
ish legislation for energy flexibility and self-consumption. Different energy market services will be
explained and linked to the specific objectives of this master thesis project. The chapter’s sections
will include the explanation of some key concepts such as VPPs, LECs, Microgrids, Internet of En-
ergy (IoE) and cyber-security in the energy field. In addition, a co-relation with the EU project
H2020 DRIvE, in which COMSA Corporación is being part, will be explained and how all those
mentioned key concepts are essential for the development of a techno-economic analysis at COMSA
Corporación building office in the next chapter.

• Chapter 3. Energy storage for buildings using second-life batteries (SLB)

Chapter 3 focuses in the implementation of energy storage technologies in the project. Circular
economy of batteries and its benefits for this project will be explained aswell as other technical con-
cepts related to Battery Management Systems (BMS), types of batteries and chemistries, charging
and discharging parameters to be chosen. Moreover, an evaluation of the disruptive energy stor-
age solutions that will open the energy market creating new business opportunities and revenue
streams from them.

Potential business models for the tertiary buildings sector are evaluated regarding the specific
market to focus (Spanish market), taking into account the main focus of the EU H2020 DRIvE
project. In addition, tools like Business Model Canvas (BMC), SWOT, PESTEL, market analysis,
and a Value Proposition (VP) analysis are used in order to clarify and demonstrate the solution for
the project.

A techno-economic analysis using MS Excel and Matlab is done in order to show the potential
results and savings by comparing two scenarios of energy storage in tertiary buildings. One sce-
nario uses a new battery in the mentioned pilot and the other scenario uses a second-life battery.
In the end, the results are shown and some learning outcomes are taken for later deployment. A
tailormade solution for the COMSA Corporación case study must be implemented. The correct
selection of the battery parameters will rely on the technical decisions made in this chapter.

• Chapter 4. Energy Management System (EMS) and implementation barriers

Chapter 4 describes the importance of a proper EnergyManagement System (EMS) for this kind
of applications. The architecture model of the study case and the interoperability concept aligned
with the local energy legislation from Chapter 2 will be crucial to identify the potential barriers
or risks associated to the implementation of the energy storage technology (second-life batteries)
proposed in the Chapter 3. Theory and information about communication protocols, IoT devices
on buildings and smart grids will be summarized here.
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• Chapter 5. Conclusions

In theChapter 5, a summary of all the findings and assumptions from the projectwill be reported.
Also, important discoveries about the research and future research questions will be developed.
Some suggestions about advantages and disadvantages of this innovative study will be explained
here.

• Chapter 6. Environmental Impact

In the Chapter 6, an environmental impact will be discussed regarding the results and scope of
the project and how the implementation of second-life batteries will be a better option in terms of
sustainability for stationary storage applications in buildings.

• Chapter 7. Budget

In the Chapter 7, a brief estimation of the budget for the development of this project is calculated.
The computational tools, software and also the human resources are considered.
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1.3 Objectives

1.3.1 Main objective

• Evaluate the implementation of second-life batteries as flexible assets for enabling buildings to
participate in Demand Response (DR) programs.

1.3.2 Specific objectives

• Explain the role of the building stock enabling the energy flexibility in a specific context andmarket.

• Evaluate the scalability of new business models of second-life batteries for tertiary buildings ap-
plications considering regulatory frameworks of the local energy market.

• Determine the suitable battery parameters such as power, energy capacity, adequate chemistry,
energy density, cyclability, among others for the interoperability of the case study at COMSA Cor-
poración office building.

• Develop a techno-economic analysis taking into account all the variables and assumptions pro-
posed for the implementation of second-life batteries in the proposed model of a VPP at COMSA
Corporación office building.

• Calculate the Levelised Cost of Energy (LCOE) of each battery scenario and check the feasibility
of the project implementation at COMSA Corporación office building.

• Analyze the energy infrastructure (devices, assets, controls, and other communication protocols)
of a model Virtual Power Plant (VPP), regarding the DRIvE H2020 European project.

• Study the local security in this project and raise the awareness and maturity of security processes
in it.

• Define the protectionmeasures formitigating the risks associatedwith the proposedmodel of VPP,
following a Supply Chain Risk Management (SCRM) methodology.



Chapter 2

Building assets enabling energy
flexibility

2.1 General context

According to the International Energy Agency (IEA)[3], the building and construction sectors com-
bined are responsible for 40% of global final energy consumption and nearly 36% of total CO2 emissions.
Building sector electrical energy demand is growing at 5% per year, and for example once buildings
become home to charging stations for electric vehicles, demand may increase by a further 15 to 20%
per year. In fact, energy-related carbon dioxide (CO2) emissions rose again in 2018 by almost 1.7% and
increased above to an all-time high in the last decade.

One of the reasons of this phenomena is the extreme weather conditions that have raised the energy
demand for heating and cooling, which together represented one-fifth of the total global increase in final
energy demand in 2018. The use of less-efficient technologies, legacy assets, insufficient investments in
sustainable buildings and lack of effective policies have affected the enormous potential of these assets
to enable the energy flexibility. Transmission and Distribution are becoming more unreliable due to
extreme weather events amplified by climate change and due to socioeconomic threats, but some energy
systems and solutions have decreased sharply in price and now in the form of micro-grids, will allow
buildings to self-generate and store electrical energy.

The concept of grid-interactive efficient buildings (GEBs), shown in the Figure 2.1, is the key to a de-
carbonized new energy future and how the societies are reshaping their energy consumption habits. The
decentralized nature of these microgrid enabled buildings is a vital distribution feeder asset especially
when they can be harnessed by a smart grid. These buildings can help utilities adapt to rapid changes
in the grid, including the adoption of technologies like EVs, batteries for energy storage, smart devices
as well as new policy directions like benefits in electrification. Also, they deliver substantial energy and
emission reductions by using highly efficient materials and equipment.

9
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Figure 2.1: Grid-interactive efficient buildings. Source: ACEEE (2019)

The utility companies, consumers andusers of grid-interactive efficient buildingswould benefit greatly
from creating programs that accurately value both energy efficiency and grid flexibility benefits. GEBs
can also act as resources to the grid, by using less overall energy than a normal building and strategically
shifting or reducing energy consumption during peak times. The true value of a distributed energy
resource (DER) is about a more resilient energy future, where building owners and utilities profit from
the self-consumption of locally available and affordable clean energy.

Figure 2.2 shows a graph that compares the energy efficiency (EE) versus the grid interactivity, while
the complexity and level of technology integration increases. The programs showed are the ones that
could be applied with a grid-interactive building, for example evolving from the concept of demand
response (DR) programs to load flexibility and aiming the benefits of a smart energy management with
the GEBs at the upper end of the scale. The demand response (DR) concept will be explained more in
detail on this chapter, in the section 2.3.
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Figure 2.2: Energy efficiency vs Grid interactivity. Source: ACEEE (2019)

On the other hand, a lack of interoperability standards for residential and tertiary buildings, energy
management and ICT-IoT systems to communicate with the grid, would not promote the coordination
between energy efficiency and grid flexibility mentioned in the paragraph above. In this case, it is es-
sential to upgrade the IoT infrastructure and EMS of the building to achieve these energy goals. The
interoperability concept in this kind of applications will be developed in the Chapter 4, Section 4.2.

Furthermore, a proper energy management protocol will led the building owners and participants to
introduce either rooftop PV and energy storage systems to manage their energy flexibility in terms of
local loads and play an important role in the stability of the grid with services like voltage regulation
and frequency response. In the end, a major shift away from the centralized one-way electrical grid is
an opportunity for the massive real estate industry to explore the profitability of new business models,
with the emerging grid-interactive and efficient building leading the way.
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2.2 Demand Side Management (DSM)

Demand Side Management (DSM) involves different actions taken by electric energy consumers to
change their behavior with the objective of improving the performance of the energy systems. The main
techniques of DSM are energy efficiency, energy conservation, and demand response (DR). Since elec-
tricity is difficult and expensive to store, in most cases it has to be consumed at the same moment that is
being generated and this causes a number of operational issues that have traditionally been addressed
through services provided by common energy generators.

Nevertheless, in the last few years, the potential of consumers to address these operational issues
through the modification of their consumption patterns have been increasingly recognized and valued.
Therefore, electricity utilities and consumers have realized that it is important to implement an economic
and affordable strategy to improve the competitiveness through the reduction of production costs. This
section presents the concept of DSM, and explains how it can be a suitable strategy to solve issues related
to the electricity demand from the consumer’s point of view, either residential, commercial or industrial.

Throughout the day, changes occur in the demand curve: at the start of the working day, the closure
of businesses at lunch time or people increasing consumption at home in the evenings are only some of
the examples that explain why the demand curve is not uniform during the different hours of the day.
There are, however, certain consumption patterns will help to determine some demand forecasts. Figure
2.3 shows the measures of a demand side management curve and the energy efficiency solutions:

Figure 2.3: Demand Side Management curve(DSM). Source: Red Eléctrica de España (REE) (2020)

These measures contribute to a more efficient and sustainable management of the electricity system.
Also, they are classified in four major groups depending on the type of impact they have on the demand
curve.

1. Reduction in consumption:
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While improving the efficiency of equipment, appliances and processes, the consumption will be
drastically reduced.

2. Shifting consumption from peak hours to valley hours:

An adequate response to electricity market prices and the time of use (ToU) tariffs from the energy
market.

3. Filling valleys:

The use of several energy storage technologies such as battery storage, charging and discharging
of electric vehicles (EV), pumping storage stations, among others will contribute to a DSM during
valleys.

4. Reduction in consumption during peak hours of the system:

Some tools like the interruptibility services, and automatic load management are measures to re-
duce energy consumption during peak hours. These tools are explained more in detail in the Sec-
tion 2.4.

Demand SideManagement (DSM) can act as a cost effective balancing resource for variable renewable
generation and also must balance the contradictions between the supply system and consumption, as an
emerging power generation industry. DSM seeks a balance between energy demand and supply both
on the side of utilities, system operators and consumers. Thus, it is very important to make a difference
among the concepts of Demand Side Management (DSM) and Demand Response (DR), while DSM
includes all demand-reducingmeasures, in other words, it includes both vehicles for its implementation,
demand response and energy efficiency, that are part of the englobed concept of DSM. Figure 2.4 shows
this conceptual difference between DSM, DR and EE:

Figure 2.4: Demand Side Management (DSM). Source: EU Project RESPOND (2020)
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2.3 Demand Response (DR)

According to the document, "Demand Response status in EU Member States"[11], Demand Response
(DR) is a tariff or program established to incentivise changes in electric consumption patterns by end-
use consumers in response to changes in the price of electricity over time, or to incentivise payments
designed to induce lower electricity use at times of high market prices or when grid reliability is jeopar-
dised. Demand response (DR) refers on how to increase a system’s adequacy and to reduce the need for
investment in peaking generation by shifting consumption away from times of high demand. Many op-
portunities from distributed generation can be taken to provide ancillary services such as reactive power
and voltage support and improve the power quality, can add up improvements in the overall electric
system reliability.

In terms of stability, unfortunately in many cases, demand and renewable energy availability are not
favorably correlated, for example, periods of high (low) demand do not often coincide with periods of
high (low) renewable energy production. Consequently, Demand Response (DR) aligned with energy
storage applications can give several benefits to the potential consumers in the residential, commercial
and industrial scenarios by providing themwith the adequate energymanagement systems, controls and
signals to adjust their consumption at specific times. It is most commonly implemented in the industrial
sector, where energy use is high and peak energy demand comes at a significant cost to utilities and the
grid itself.

However, as distributed energy resources and renewables become accessible, the demand response
programswill play an increasingly important role in balancing energy demandwithin the tertiary build-
ing sector aswell. Despite having a lower individual energy consumption per site, the potential to exploit
demand flexibility for home appliances can contribute to grid load balancing and demand shaping. In
order to promote investment on renewable-based technologies, the incentives throughDR programs and
the associate electricity pricing schemes can be effective. One of themost effective platforms for customer
engagement is the participation in the electricity market. However, most end-consumers, especially in
residential areas, they do not have access to dynamic price signals of electricity and therefore have been
limited to their participation in energy markets.

In addition, DR aggregators play a fundamental role in tapping into the end-consumer market, by
creating customized, automated controls for consumer loads and appliances that enable remote access,
while taking into consideration preferences and behavioral patterns. These aggregators have the ability
to bridge the information and technology gap that is currently being faced by power networks. The
figure of an aggregator coordinates and manages the demand of the consumers and offers services of
management of the demand to the system. Some of the main functions are:

• Responsibility formaximizing productionwith different and distributed sources in the supply area
of the grid (residential, commercial buildings, among others.), cooperating with prosumers and
facilitating the exchange of energy between consumers (balance between surplus and needs of
energy). See Figure 2.5.

• Incorporating storage systems distributed in buildings and in each transformer station to model
the energy load curve that negotiates with the network operator (upstream of the transformation
center).

• Having the competence to develop, install and operate a network of charging points for electric
vehicles, either in the public space or in private parking lots.
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Therefore, some of the benefits that aggregation schemes offers are:

• Providing security and predictability to the system because it assumes the deviations in the tech-
nical and economic fields.

• Combining the interests of all the consumers and represents them, not only in front of the distrib-
utor, but also in front of the operator of the system.

• Managing the flow of energy according to needs, so it becomes a key element in the management
of demand.

• Apossible technological capability of, in certain situations, working in isolatedmode and becoming
a manager of a micro-network that maintains continuity in the supply. This mode of operation
would allow the last step in supply quality, reducing almost to zero the total non-programmable
supply chutes.

• Assuming the financial and technical risk of operating the micro-network, both in front the system
operator and consumers.

Figure 2.5: Aggregators-Prosumers value chain. Source: UFLEX (2020)

Consequently, the Demand Response (DR) programs can led to other several benefits such as:

1. Generate income:

Participating in DR services enables the users to generate revenue simply by managing the energy
consumption or generation in ways that support electrical grid of the country/region. The income-
earning potential is significant and, in most cases, no investment or capital outlay is required. If
the participants already have underused assets on site, it is good scheme to capitalize. Here is
how the implementation of second-life batteries could play a key role on DR programs, and will be
explained more in detail in Section 3.

A range of DR balancing services is available, each with different payment regimes that are re-
lated to the required response times and duration of response. The level of income that the users
can earn is linked to the speed of response required. Frequency response services, which require
instantaneous action in response to frequency fluctuations on the network, pay the highest rates.
Reserve services do not require an immediate response, and so offer lower payments. In Section
2.3.2, it will be explained how with the use of a Battery Energy Storage System (BESS) could make
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some revenue streams taking into account the operability of this energy systems.

2. Improve asset maintenance:

To take part in DR services, it is necessary to maintain the energy generation assets in good work-
ing conditions. DR payments will help to fund essential regular maintenance of the assets, while
frequent operation will keep them in better working order – helping to prolong their lifespan.

3. Enhance the corporate-social responsibility:

Demand Response (DR) participation also incentivises improved energy efficiency (EE), since it
requires energy consumption to be carefully managed and reduced at key times. The net result
is that carbon emissions are reduced, supporting the environmental efforts and helping to meet
regulatory obligations of the societies.

Finally, the implementation of demand response requires the installment of infrastructure allowing
communication to the consumers (one direction or bidirectional), and also communication of consumer
appliances able to adapt their consumption to the broadcast signals. This upgrade of the grid and of
the consumer appliances is often associated with the notion of smart-grid. It must be important that a
better understanding of a particular architecture of a smart-grid will be compulsory in order to give a
tailormade solution based on energy consumption patterns. In this project, the model case study will be
the architecture of COMSA Corporación office building (shown in Figure D.2).

2.3.1 DR market participants

Market players in DR programs can include producers, grid operators (Transmission System Opera-
tors (TSOs), Distribution System Operations (DSOs)), retailers, aggregators, Balance Response Parties
(BRPs), policymakers, and consumers (building owners and occupants). New actors (aggregators) and
new roles (e.g., retailers’ aggregation service) appear in the energy market. The main relationships be-
tween actors in the DR market are shown in Table 2.1:

Table 2.1: Actors in Demand Response (DR) programs. Source: Zheng Ma et. al (2017)
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In the new decentralized energy market, these entities are referred to as market agents, players or
stakeholders and are explained as follows:

1. Consumers:

Consumers are the main users of electricity and they represent all different sectors such as indus-
trial, commercial and domestic sectors. They can buy electricity in a traditional way from either the
pool or future markets, or they may obtain their electricity through bilateral contracts from other
market agents, such as producers or retailers. Bilateral contracts are energy arrangements between
suppliers and consumers, which takes place outside the limits of energymarkets. In such contracts,
consumers can buy their energy directly from the producer, or through an energy retailer. Also,
consumers have the option to participate in reserve markets, and they may need to participate in
balancing markets if their consumption.

2. Producers:

Producers are the market agents who have electricity generation units. They can sell energy in
energy markets or directly to consumers or retailers, through bilateral contracts.

3. Non-dispatchable producers:

Non-dispatchable generation refers to electricity generation units based on RES, such as wind or
solar power.

4. Retailers:

Entities which buy electricity from the wholesale market and sell to consumers, who are not inter-
ested or allowed to participate in such markets. Retailers do not have to own power generation,
transmission or distribution assets.

5. Market operator:

A nonprofit entity that provides a platform that enables the trading of electricity. In the day-ahead
and intra-day markets, the market operator receives the sale and purchase offers from the sellers
and buyers respectively through an online platform. Also, it is responsible for setting the market
rules, receiving the energy bids from all market agents and then clearing the energy market.

6. System operator:

A nonprofit entity which is responsible for the technical management of parts of the network. For
example, the distribution system operator (DSO) is responsible for the operation andmaintenance
of a distribution network at a given area. Similarly, the transmission system operator (TSO), owns
and operates the transmission network and ensure the secure transmission of electricity from the
generation to the distribution sides of the network.

7. Market regulator:

A governmental entity that ensures the fair competitiveness and trading of the energy markets.

8. Balance responsible party (BRP):

An entity that is responsible for maintaining a continuous power balance between production and
consumption. Also, a BRP can provide ancillary services to the system to maintain the system
reliability and efficiency level.
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2.3.2 DR programs

Several utilities haveDR programs that provide financial incentives and price signals to customer own-
ers of distributed generation units to make them available for electric system operators and also reduce
their electricity consumption during peak demand periods. According to Zheng Ma et al [27], there
are two types of DR programs: explicit and implicit demand response. The two types of DR programs
are activated at different times and serve different purposes in markets. Consumers can participate in
both programs. Consumers typically receive a lower bill by participating in a dynamic pricing program
(implicit DR), and receive a direct payment for participating (explicit DR).

• Implicit DR (Price-based DR program):

Implicit DR refers to the voluntary program in which consumers are exposed to time-varying
electricity prices or time-varying network tariffs (such as a day/night tariff). Compared to explicit
DR with direct load control, implicit DR provides less flexibility from the perspective of energy
suppliers. Price-based programs depend on the cost of electricity production at different times,
and on consumers own preferences and constraints.

• Explicit DR (Incentive-based DR program):

Explicit DR is divided into traditional-based (e.g., direct load control, interruptible pricing) and
market-based (e.g., emergency demand response programs, capacity market programs, demand
bidding programs, and ancillary services market programs).

In this program, demand competes directly with supply in wholesale, balancing, and ancillary
services markets through services by aggregators or as single large consumers. Load requirements
(size of energy consumption) need to comply to participate in DR programs. Therefore, small
consumers only can participate by contracting with DR service providers. DR service providers
can either be third-party aggregators or customer retailers. Through incentive-based programs,
consumers receive direct payments to change their electricity consumption upon request (e.g., to
consume more or less).

In the end, Explicit DR is more flexible in terms of helping DR service providers acquire DR
resources. Direct load control enables DR service providers to control appliances within a short
notice. Explicit DR provides a valuable and reliable operational tool for system operators to adjust
load to resolve operational issues.
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2.4 Spanish legislation for energy flexibility

Electricity demand in Spain is highly variable, both within the same day, as between days. There
are several factors that influence it, the most direct being the time, type of day and weather. This causes
large differences to occur between themaximumpeak, consumption peak, and theminimumof electrical
demand, known as valley. The operation of the system must maintain a constant balance and in real
time between consumption and generation. Low energy storage capacity and the limited international
interconnections of the electricity system have led to dimension generation based on peak demand.

Solutions to avoid potential problems, both from the waste of energy resources such as the over-sizing
of the systemdue to the great difference between themaximumandminimumdemand, pass by applying
strategies of active management of electricity demand. Active demand side management is the set of
strategies and measures aimed at facilitating greater flexibility, as well as more active participation of
consumers in the electricity markets and in the operation of the system, through economic incentives.
On this section, this mechanism consists of the application of a system of prices and tariffs, both energy
and the use of networks and other regulated costs, which reflect actual operating costs. The consumer
responds in a way voluntary to market price signals by changing their habits of consumption.

The International Energy Agency (IEA) [4] refers that in Spain, the scarce interconnection capacity of
the Iberian peninsulawith the rest of Europe (2.8% instead of aminimumrecommended by the European
Union of 10%) and the remarkable penetration of variable resources (24% of total electricity generation
in 2014) have created the need to improve the energy flexibility of the Spanish system, which so far has
been facilitated by the involvement of large industrial consumers in direct load control programs. In
2013, these programs took the form of auctions managed by the Spanish TSO Red Electrica de España
(REE) while in the previous framework the programs could be activated only for technical reasons, as in
case of an emergency in the system, today the TSO has the possibility to activate them also for economic
reasons, as when the curtailment option is cheaper than alternatives.

The market is characterized by seven DSOs and by three large firms covering more than 60% of the
total electricity generation. The energy efficiency of the industrial sector is generally lower than in the rest
of Europe, while energy intensity is much higher than in other countries (for example in the case of non-
metallic minerals (42%), basic metals (82%), and chemicals (94%). The Spanish regulatory framework
for distribution networks is based on a revenue-cap formula with four-year periods, taking into account
also inflation and efficiency requirements, with incentives to improve continuity of supply and reduce
energy losses.

In January 2014, the auctions covered a total capacity of 2.2 GW, and a recent paper by Asociación de
Empresas de Gran Consumo de Energía (AEGE), (an association representing 12% of total peninsular
electricity consumption and 30% of total industrial consumption), declared that a proper remuneration
of interruptible programs was a measure to approximate competitive electricity prices for large energy-
intensive industries, generally these industries belong to the basic industry, which is the one dedicated
to the transformation of raw materials, and to guarantee security of supply and to improve the overall
efficiency of the electricity system. Since July 2020, the interruptibility services of the Spanish electricity
market has stopped working and now a new regulatory framework is being discussed in order to im-
plement new measure that will help the residential, commercial and tertiary sectors in terms of energy
self-generation and consumption.
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2.4.1 Regulatory framework PNIEC 2021-2030

The new regulatory framework to be discussed in the ’Plan Nacional Integrado de Energía y Clima
(PNIEC) 2021-2030’ [9], aims for the integration of aggregation into the electric system and sets 2.5 GW
as the objective for new batteries to be installed in such period, which could by far take into account
of all the balancing services in the country. In fact, increasing the flexibility of the system is one of the
actions that contributes to achieving the electricity generation objectives of renewable origin set forth in
the PNIEC.

The contribution to a greater integration of the electricity market is addressed. Additionally, depend-
ing on the characteristics of the geographical areas, the rapid changes in the dynamics of consumption
and generation can pose challenges for the management of distribution networks. In this sense, the use
by the distributors of the services they can offer the energy resources distributed in a particular area,
appears as a possible cost-efficient alternative for solving network congestion or other challenges at the
local level.

If all the regulatory constraints regarding to the Demand Response (DR) schemes are cleared, the
PNIEC will promote a proactive role for citizens in the decarbonisation, regulatory changes at Spanish
and European level and technological development promote that citizens go from being passive con-
sumers to actors and prosumers and can also participate in demand management through energy effi-
ciency systems, the provision of recharging services for electric vehicles or other energy services. Mean-
while, those regulatory framework changes are in process, the structure of the ancillary services and
capacity mechanisms will be the same in Spain as in the rest of Europe (Benelux, Germany and UK).

In addition, this new regulatory framework will accomplish the guidelines of the Energy Efficiency
Directive 2012/27/EU and of the Winter Package. For these reasons, the analysis performed through
other European markets already opened to DR programs via aggregation is useful to formulate a new
alternative in the Spanish current energy legislation. In the end, the DR programs could be a cheaper
and more environmental-friendly solution to reduce payments to peak power plants and decommission
the older ones.

The Instituto para la Diversificación y Ahorro de la Energía (IDAE) [9] explains the self-consumption
considerations that are mentioned in this new regulatory framework. The consumer figure is the con-
sumer of electrical energy at a supply point that has associated facilities close to the internal network or
facilities close to the network. It can be associated with individual self-consumption, or with collective
self-consumption. In any form of self-consumption, it may be a natural or legal person different from the
consumer and the producer. Thus, it is possible that the owner is an energy services company, a commu-
nity of owners, building stock owners. For example, different modes of self-consumption are established
in article 9 of Law 24/2013, and are again included in article 4 of Royal Decree 244/2019. Currently, the
following modalities are distinguished:

• Modality of supply with self-consumption WITHOUT surpluses:

When the installed devices prevent the injection of any surplus energy into the transmission or
distribution network. In this case, there will be a single type of subject from those provided for in
article 6 of Law 24/2013, of December 26, which will be the consumer subject. In facilities WITH-
OUT surpluses, the owner of the self-consumption installation will be the consumer. In the case
of collective self-consumption, the ownership will be distributed among all associated consumers.
Moreover, the figure of associated producer surplus does not exist, but the installation does not
need to be registered.
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• Modality of supply with self-consumption WITH surpluses UNDER compensation:

In terms of this project, this compensation mechanism will be the chosen for the analyses and
calculations for the COMSA building in the next chapters. The energy from the self-consumption
installation that is not consumed instantly or stored by the associated consumers, is injected into
the grid. When consumers require more energy than the self-consumption facility provides, they
will buy the energy from the grid at the price stipulated in their supply contract (PVPC or free
market agreed with the marketer).

At the end of the billing period (which may not exceed one month), the compensation is made
between the cost of the energy purchased from the grid and the value of the excess energy injected
into the grid when generation facilities can (valued at average hourly market price less the cost
of the deviations or the price agreed between the parties, depending on the supply contract to
PVPC or the free market respectively). In addition, the figure of associated producer may be one
of the associated consumers or another natural or legal person, and will act as the owner of the
installation.

Figure 2.6: Self-consumption WITH surpluses UNDER compensation scheme. Source: PNIEC (2020)

Figure 2.6 represents the possible configurations for installations WITH surpluses under com-
pensation, which will always be connections in an internal grid. The savings represented in these
diagrams reflect the reductions in bills that are obtained thanks to the compensation of the energy
discharged. To be eligible for the surplus compensationmechanism, the following conditions must
be met:

1. The generating facility is from renewable sources

2. The power of the production facility is equal to or less than 100 kW

3. A single contract for consumption and auxiliary services has been signed

4. A surplus compensation contract is signed between producer and consumer

5. The facility has not been granted a specific additional remuneration scheme

Additionally to the self-consumption installations WITH surpluses that meet the above conditions,
consumers associated with a self-consumption installations WITHOUT surpluses may benefit from the
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compensation mechanism. In this case (self-consumptionWITHOUT surpluses), as it is a collective self-
consumption facility, the associated consumers must agree on the energy sharing mechanism and sign a
document that reflects it ("Distribution Agreement").

In August 2020, the Spanish Government via the PNIEC will destinate a fund of around € 300 million
distributed in all the autonomous communities to the Building Retrofitting sector in order to improve the
Energy Efficiency (EE), that is an important energy consumption share (30 %) in the country. Moreover,
the application of this new regulatory frameworkwill led to the creation of 48 000 new jobs and innovative
SMEs boosting the green economy in Spain.

In the end, emerging self-consumption model in Spain opens new cost-containment opportunities
for energy consumers therefore becoming active ’prosumers’, but also for other consumers which are
faced with high electricity prices, and allowing them to increasingly control their energy bills. Amongst
residential consumers, new behavioral patterns are emerging ranging from in particular rooftop solar
photovoltaic (PV) systems owned by individual households or third parties in buildings, to develop
self-consumption plus energy storage projects.

2.4.2 Ancillary services - Balancing Market Services

As it was mentioned in the above Section 2.4.1, this project is going to evaluate a case study using
Demand Response (DR) schemes in parallel with ESS applications on buildings. For this case study,
the ancillary services model applied in the Netherlands will be used as a reference in Spain, taking into
account the market opportunities, revenues streams and business scalability. In the present section, the
Dutch ancillary services model will be explained in detail and afterwards in the Chapter 3, Section 3.3,
will be applied in the Business Model Canvas (BMC) and techno-economic Excel Model.

Many studies have stated that the second-life batteries have enough functional capacity to be used for
ancillary services such as area and frequency regulations at a much lower cost generating an income.
Batteries can supply real power to the system very fast, therefore it can work along the generators for
primary and secondary frequency control. Figure 2.7 shows that the frequency control can be categorized
into three steps- primary, secondary, and tertiary:
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Figure 2.7: Frequency control schemes: primary, secondary, and tertiary. Source: IEEE (2019)

Moreover, demand response (DR) programs were limited in some ways since aggregation was only
allowed in manual FRR (Secondary Control Reserve) for reserve capacity and RR (Tertiary Control Re-
serve) and not in FCR (Primary Control Reserve). However, according to the Dutch TSO TenneT, FCR
is opened very recently after the successful pilot in the Netherlands. Other than these, automatic FRR
(aFRR) and manual FRR (mFRR)for emergency power is available for load participation.

In other cases, demand response programs open to aggregation participation required a 4 MW mini-
mum capacity (it has changed to only 100 kWminimum threshold) from consumers to participate. The
advantage of this change is that new FCR programs will allow smaller aggregations to participate as
well. On the other hand, regarding payments, RR considers only utilization, and FRR provides both
availability and utilization incentives in the cases of emergency power and regulating capacity. Penalties
for non-compliance are harsh, reaching up to 10 times the payment value. FCR will hold availability
payments, with no extra fees for activation.

First, most assumptions of the Dutch market is that every customer (connection) is responsible for
arranging his energy position, except small customers where the supplier is obliged to take this respon-
sibility on board. Balancing, including FCR (Frequency Containment Reserve) and mFRR (Manual Fre-
quency Restoration Reserves), intraday and day-ahead markets in the Netherlands are all open for de-
mand response (DR). In the case of Spain, the FCR (Frequency Containment Reserve), primary reserve,
is not possible yet due to the faster response that must be accomplished.

Aggregation relies on consistent contractual arrangements between consumer and supplier and be-
tween consumer and flexibility service provider. Larger consumers can arrange their own balancing
responsibility and sourcing on the wholesale market or negotiate the terms and conditions of the use of
their flexibility. A lot of different forms of contracts exist, there is not a one-size-fits-all contract. Smaller
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consumers rely on offers developed by various suppliers andwill select the most attractive or a combina-
tion of offers for their specific situation, including the opportunity to market their flexibility. As a result
of a consistent focus on market freedoms and a clear division of responsibilities, the Dutch electricity
markets (including retail) have reached a significant level of maturity.

There is no separate FSP (Flexible Service Provider) market role defined. An FSP must take up the
role of a supplier or sign a bilateral agreement with the supplier / BRP / customer on the connection. In
order to do so the following actions need to be taken :

1. Connect to local Distribution System Operator (DSO)

2. Inform the DSO about your intention to enter the market

3. Plan and perform PQ test (test can vary depending on the services you want to provide)

4. Hand in PQ test report and necessary documentation (financial statements)

5. If requirements are met a BSP license (that needs to be renewed every 5 years)

According to Tennet, TSO from the Netherlands, both larger and smaller connections can be settled
based on the 15 min measurements of the meter. Below there is a brief description of feasible services to
provide for the Business Model Canvas (BMC) in the Chapter 3.

Frequency Containment Reserve (FCR): [5]:

• Minimum threshold of 1MW (changed in the Dutch market starting at 100 kW letting small aggre-
gators to participate)

• Aggregation of multiple smaller units is allowed

• Minimum accuracy of the frequency measurement: 10 mHz or industry standard, whichever is
better

• Insensitivity range of the FCR control: Maximum 10 mHz

• Activation speed: 30s for the full allocated volume (will vary between reserves)

• Frequency deviation for full FCR activation: + 200 mHz / – 200 mHz

Automatic Frequency Restoration Reserve (aFRR): Regulating Power [6]:

• Minimum threshold of 1MW (changed in the Dutch market starting at 100 kW letting small aggre-
gators to participate)

• Two directions

• A BSP can offer at maximum three bids smaller than 4 MW. For smooth and efficient control of
aFRR it is beneficial to have a mix of small and large bids.

• The ramp rate of the offered aFRR (up and/or down) volume should be at least 7% per minute of
the bid volume.
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• An observable power change is expected within 30 seconds after a setpoint change.

Manual Frequency Restoration Reserve, scheduled activated (mFRRsa): Power Reserve [7]:

• Minimum threshold of 1MW (changed in the Dutch market starting at 100 kW letting small aggre-
gators to participate)

• Two directions

• The BSP must be able to receive a mFRRsa activation via the call-up screen

• Apowermeasurement of the BSPmust bemade available to enable TenneT tomonitor themFRRsa
supply.

According to the PentaRegion energymarkets [8], there is a separate flexibility service providermarket
role implemented. Other countries are in the process of defining the flexibility service provider market
role and in some countries it is only possible for a flexibility service provider to become a supplier or to
sell services to a supplier. Based on that, the following distinction between possible market models is
proposed:

1. Integrated/Broker Model:

There is no separatemarket role (needed) for an FSP. The FSP has the option to become a supplier
(integrated model) or to become a service provider for the supplier (broker model)

2. Contractual Model:

The FSP signs a contract with the customer and with the supplier/BRP at the connection. The
actions of the FSP result in changes in the portfolio of the BRP of the supplier.

3. Uncorrected Model:

The FSP signs a contract with the customer but not with the supplier/BRP. The actions of an
FSP at the connection have an effect on the portfolio of the BRP but the effect is not neutralized.
Financial compensation is organized bilaterally between BRP-Supplier and Supplier.

4. Corrected Model:

In the corrected model, the meter reading is corrected by the amount of flexibility which is acti-
vated by the FSP. The customer pays the amount of energy to the supplier based on the corrected
meter reading value. The FSP settles the amount of energy with the customer based on the dif-
ference between the real meter reading value and the corrected meter reading value. Financial
compensation of the Supplier is organized via the customer at the customer’s retail rate.

5. Central Settlement:

In the central settlement model the amount of flexibility which is activated at the connection of the
customer is financially compensated between Supplier and FSP via an intermediate party (TSO).
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These new business models will led any market party (including new actors as aggregators) can ob-
tain the necessary license to supply buildings and households or become a Balancing Responsible Party
(BRP) active in the energy market. The figure 2.8 shows the types of business models mentioned above:

Figure 2.8: DR-Aggregator business models. Source: Benelux.int (2020)

As a reminder, these DR programs are now implemented in the Netherlands but since the Spanish
energy market is changing its regulation framework, these schemes could be applied as well to develop
some business models and in order to enter into the market soon as it starts. In the end, the Spanish
energymarket could led the participants to act on a supplier role (Integratedmodel), make arrangements
with the consumer and its original supplier (Contractual model), and become a service provider for the
supplier (Broker model). A complete table with all the Balancing Markets Services can be seen at the
Appendix A.2, Figure A.3 with the description of each scheme applied nowadays around Europe.
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2.5 Virtual Power Plants (VPPs)

Nowadays, the energy generation is changing from centralized control of production units and large
conventional power plants to distributed generation that will displace these services. These type of con-
ventional power plants will continue operating as backups units in the energy mix providing support
services such as load following, frequency and voltage regulation and reserves. For those central power
units some substantial investments, operational andmaintenance (O&M) costs at both transmission and
distribution levels must be taken into account. Therefore, in order to make the most of distributed en-
ergy resources (DERs), a new concept for power system operation in which the joint coordination of
distributed generators and flexible loads can fully replace conventional power plants should be imple-
mented.

In the book, "Integrating Renewables in Electricity Markets"[12], a virtual power plant (VPP) is a pool
of several small and medium scale installations, either consuming or producing electricity. Individual
small plants sometimes cannot offer services as balancing reserve or offer their flexibility on the power
exchanges as their production or consumption profile varies strongly. It can be seen as a network of
independent DER systems utilizing a cloud-based control system to perform like a single large capacity
energy source while relieving the load on the grid by smartly distributing the power generated by the
individual units during periods of peak load.

One of the main features of the virtual power plants is the energy flexibility, meaning the quick and
versatile ability to balance the grid, and this is one of their most notable difference compared to large
conventional power plants (thermal, nuclear, hydro, among others). A virtual power plant can deliver
the same service and trade on the same markets as large central power plants or industrial consumers.
Figure 2.9 shows an ideal virtual power plant concept using IoT systems and enabling the integration of
the renewables energy sources.

Figure 2.9: Virtual Power Plant(VPP) concept. Source: Toshiba (2020)
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The implementation of the virtual power plant concept in the energymixwill allow theDERs to interact
with the transmission system and participate in both energy markets and system management. Thus,
enabling several consumers to participate in the future distribution grids andflexible loads. TheVPPs can
utilize the aggregated power to react to changes of the electricity price, quickly adapting to the existing
supply of power in the grid and execute trades. Other important benefits that DERs will give to the
energy generation are voltage control or VAR (reactive power) supply, ancillary services, environmental
emissions benefits, reduction in system losses, energy production savings, enhanced reliability, power
quality improvement, combined heat and power, demand reduction and standby generation.

On the other hand, the scheduling problem of distributed energy resources (DERs) is a very important
issue in power systems nowadays and it is studied from various aspects such as modeling techniques,
solvingmethods, reliability, emission, uncertainty, stability, demand response (DR) asmentioned in Sec-
tion 2.3, and multi-objective standpoint in the micro-grid and VPP frameworks. Finally, the combination
of several types of flexible production and consumption units, controlled by a central energy manage-
ment system (EMS), is the concept behind a Virtual Power Plant.

2.5.1 Local Energy Communities (LECs)

Many energy experts and researchers have shown in different articles that the virtual power plant
(VPP) and local energy community (LEC) concepts share some similarities between them. A commu-
nity, in relation to an energy system, is a social network of people (and organizations) that collectively
engage in energy related initiatives and projects, ranging from renewable energy generation, energy con-
servation and efficiency to energy management. This type of networks can be virtual (as explained in
section 2.5)or sectoral and can include not only inhabitants or citizens, households owners but also other
actors like local entities, companies and municipalities.

According to T. VanDer Schoor andB. Scholtens [14], the local energy communities (LECs) are defined
as a number of residential households, industrial facilities and small power plants that aim at balancing
energy demand and supply within a specific geographically bounded region. For curtailing load and
optimizing electricity consumption for amostly self-contained local energy community, appliances adapt
their demand to the available electricity by shifting the load to timeswhere, e.g., energy fromphotovoltaic
power plants and wind power plants is available.

In addition, the article "Trust-less electricity consumption optimization in local energy communities" [15],
states that optimizing energy consumption in local energy communities is one of the key contributions
to the concept of a ’Microgrid’. Such communities are equipped with rooftop photovoltaic power plants
or other small power plants for local energy production. A number of appliances allow for shiftable
energy consumption, e.g. batteriesmay act as buffers and some appliances such as heat pumps or electric
vehicles (EVs) allow for relatively easy load curtailment, other appliances are less flexible. The ability to
shift is, however, dependent on customer preferences and requirements.

2.5.2 Microgrids

The increasing interest in the development of distributed generation (DG) has heightened the need for
the concept of ’Microgrids’ in the current energymix. The study done byA. Hirsch et al. on their scientific
article "Microgrids: A review of technologies, key drivers, and outstanding issues" [16] shows that deploying
intermittent renewables in with co-located flexible loads and storage technologies in microgrids allows
for small-medium scale local balancing of supply and demandmakes widespread distributed renewable
deployment more manageable.
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Thedevelopment anddeployment of the building-integratedmicrogrids rely on somedrivers to achieve
like energy security, clean energy integration and economic benefits, also aligned with the growing in-
vestment in local, renewable production and an existing and operating electrical grid infrastructure that
could be connected to other services like energy storage technologies in order to provide ancillary ser-
vices like voltage control support, spinning reserves, load following, and peak shaving among others as
mentioned also in the previous sections 2.5 and 2.5.1.

Most commercial and industrial buildings are connected to the main grid, but are increasingly adopt-
ing connectedmicro-grid solutions in order tomaximize the auto consumption ratio, optimize the energy
bill (tariff management and demand charge management) by leveraging the local resources and loads
flexibility and participate in the mentioned demand-response mechanisms playing an active part in the
electricity system balancing process. One appealing residential microgrid application combines market
available grid-connected rooftop PV systems, electrical vehicle (EV) slow/medium chargers, and home
or neighborhood energy storage system (ESS). During the day, the local ESS will be charged by the PV
and during the night it will be discharged to the EV. The inclusion of an ESS alleviates overvoltages dur-
ing the day due to excess PV power generation and undervoltages during the night caused by the huge
current drained to charge the vehicle. The figure 2.10 shows a typical residential microgrid application:

Figure 2.10: Microgrid concept. Source: researchgate.net(2020)

New technologies implemented in the energy sector can be coupled with the emerging revolution
of IoT and Big Data, therefore the ’Smart building’ (SB) concept proposes a multi-source, multi-load,
and multi-storage system, all of it massively managed by software and communication systems and
controlling all the assets such as micro-turbines, PV panels, wind turbines, fuel cells, energy storage
capabilities, electrical vehicles and global building loads that will use information like energy market
constraints (energy price), weather forecast, and other external and internal constraints to perform at
the best point.
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2.6 Internet of Things (IoT) in the energy sector

According to the article "The Internet of Energy: Smart Sensor Networks and Big Data Management for
Smart Grid"[17], Internet of Things (IoT) technology is the interconnection of different networked em-
bedded devices used in the everyday life integrated into the Internet. It aims to automate the operation
of different domains such as home appliances, health care systems, security and surveillance systems,
industrial systems, transportation systems, military systems, electrical systems, and many others.

Briefly explaining the Internet of Things (IoT), it has three system layers: the perception layer, the
network layer, and the application layer as shown in Figure 2.11. The perception layer can detect objects,
collect and exchange information via sensors, Global Positioning Systems (GPS), cameras, Radio Fre-
quency Identification Devices (RFID) and other communication devices that could be sent to a nearby
gateway.

Therefore, the network layer implement technologies such as WiFi, 2G, 3G, 4G, and Power line Com-
munication (PLC) to carry the information for long distances based on the application. Finally, the upper
layer is the application layer, where incoming information is processed to design better a power distri-
bution system and energy management strategies. This will be explained more in detail in the Chapter
4. ’Energy Management System (EMS) and implementation barriers’.

Figure 2.11: Internet of Things (IoT) architecture. Source: sciencedirect.com (2015)

IoT will help to realize the potential capabilities of situational awareness, smart control, cyber security,
and online monitoring. These functions would improve efficiency, sustainability, and security of energy
systems. Improving the productivity and presence of energy systems, efficient DER control, and effective
customer engagement are among the benefits of IoT.

Furthermore, IoT technology will be linked to residential applications such as smart refrigerators,
home security systems, lighting control, temperature control, and other electrical appliances to led the
householders to control their houses as a whole unit, monitoring real-time data and predicting future
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activities to be prepared in advance for a more convenient, comfortable, secure, and efficient living envi-
ronment. This application could scalable into smart communities as mentioned on section 2.5.1 as well
as smart cities evolving into the concept of VPP (Section 2.5), changing the way to produce and control
energy nowadays.

An increase in the electricity demand will put an important constrain on the current traditional and
over stressed power infrastructure causing some serious network congestion problems and lowering the
transferred power quality to the end-users. Moreover, a lack of efficient process monitoring, automation
techniques and fault diagnostic will led into difficulties to integrate new distributed energy sources in
the current infrastructure but also increasing the inflexibility of the energy services.

The smart-grids and microgrids technologies have emerged to tackle the challenges explained above,
where a a new concept of intelligent energy infrastructure is already implemented. As it is known, in
a smart grid a reliable and real-time monitoring is highly required to provide solutions quickly when
for example natural accidents or catastrophes occur to prevent power disturbance and outage. This real-
time and sensorialmonitoringwill assure the capabilities of the power grid enhancing rapid deployment,
energy flexibility, and aggregated intelligence via parallel processing.

The Internet of Energy (IoE) concept is the result of the implementation of Internet of Things (IoT)
technology with distributed energy systems. Its purpose is to optimize the efficiency of the generation,
transmission, and utilization of electricity. IoT technology enables the IoE by creating networks of sensors
that have numerous smart grid applications. These include demand-side energy management (DSM),
distributed storage, and renewable energy integration, also a continuous monitoring of transmission
line’s status in addition to environmental behaviors and consumer’s activities to send periodic reports to
the grid control units.

Consequently, an example of how the IoE works for energy consumers is a system that combines a
microgrid, intelligent energy storage, renewable energy generation, and smart devices. This system can
be programmed to run energy prices are cheaper than usual or when there is a stored surplus of en-
ergy in an intelligent energy storage system. As a result, the energy costs can be minimized or virtually
eliminated while plummeting the carbon footprint at the same time.

In the end, the concept of Internet of Energy (IoE) is an exciting new frontier in the development of
the IoT. Implementing IoE technology will yield opportunities and efficiencies in the grid and electrical
power systems carrying into several benefits for all participants and creating new business opportunities
in the energy market.
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2.7 Cybersecurity in the energy sector

The European energy system is undergoing to a fundamental transformation towards a model with
a high share of variable distributed renewable energy, flexible demand, energy storage facilities and
sector coupling. Electricity is becoming ’smart’ with internet-connected appliances, smart homes, Ad-
vanced Metering Infrastructure (AMI) and ICT applications that can contribute to the management of
the electricity grid and a better alignment of electricity production and demand, but they also present
opportunities for cyber-attacks.

The production, distribution and use of energy is becoming increasingly digitalized and automated, a
trend which will further increase with the transformation towards a distributed carbon-neutral energy
systemand the growth of the ’Internet of things’ (IoT),whichmeans that a growing number of networked
devices and control systemswill be connected to the electricity grid. This technological transformation in
the sector will led to multiple opportunities for hackers and malicious actors to carry out cyber-attacks
and inadvertent disruption on the energy infrastructure, creating a physical and a social damage. In
addition, natural disasters such as storms, earthquakes, volcanic eruptions, floods and electromagnetic
pulses can also cause serious disruption to energy systems, necessitating more resilient infrastructure.

According to an article from the European Parliamentary Research Service: "Cybersecurity of critical
energy infrastructure" [18], the dangers are increasing, but the risk is doubtful to valued until a sizable
attack takes place. The energy and the utility sector constitute a crucial part of a critical national infras-
tructure, that produces it an expensive target for state or non-state performers causing chaos and dis-
ruption. Disabling the energy grid can provoke civil unrest, disrupt chains of communication, degrade
military readiness, and generally impede a government’s ability to respond quickly and effectively in a
crisis situation.

The potentially cascading impact of malicious cyberattacks on critical infrastructure is a rising concern
for the sector and governments. The frequency and severity of cyberthreats in the power sector are in-
creasing. Phishing remains the most common means of attack, but malicious actors are also deploying
a more extensive range of methods such as credential theft and advanced persistent threats. The losses
can include direct costs such as loss of revenue due to operational/productivity disruptions, costs asso-
ciated with restoring operations and improvements to cybersecurity defenses, regulatory fines, and legal
liability, as well as indirect costs such as regulatory fines and reputational damage.

2.7.1 Dynamic Energy Resilience

Since 2018, theWorld Energy Council has been developing a dynamic energy resilience framework for
the purpose of helping energy firms and communities improve their approach to resilience to endoge-
nous or exogenous shocks and disruptive innovations. It integrates three previously separate systemic
and emerging risk themes:

1. Extreme weather or natural hazard

2. Digital or cyber risks

3. Food-energy-water nexus with a practical focus on risk identification and assessment, situational
awareness and prevention-mitigation plans
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In an article "Cyber challenges to the energy transition"[19] published by the World Energy Council, the
concept of dynamic resilience is gaining popularity because it recognizes that if an attack occurs, the
ability to isolate a problem, mitigate and restore to normal activities will define the future success of the
correct energy supply chain. Nowadays, the conventional risk-based approach of reducing uncertainty
is getting obsolete since resilience is no longer just about returning single assets or components to full
operation after a disruptive event, but part of a coordinated approach to ensure the optimal recovery of
the energy system as a whole. The figure 2.12 shows the process map with the main stages of dynamic
resilience framework to be applied:

Figure 2.12: Dynamic resilience. Source: World Energy Council (2019)

• Baseline reserves - instruments, policies and collaborative networks:

The systems, policies and processes in place are involved to strengthen resilience. This would
involve a comprehensive cyber risk management framework that includes regularly tested incident
response plans for the digital resilience. Skilled professionals in cybersecurity must be linked to
networks that strengthen the digital and cyber resilience in a crisis.

• Capabilities in situational awareness:

This is the ability tomonitor, understand, assess, and continuously refresh the landscape of current
and evolving digital and cyber risks, exposures, and potential impact on the organization and un-
derstanding the scope for cascadewithin andbeyond the sector. It includes assessments of potential
cyber-risk exposure and potential business impact (e.g., power outage and impact on revenue, net
fuel, or energymargin basis) to help key decision-makers determine how to best allocate cyber-risk
management resources and focus these resources in a crisis.

• Agility and speed of response

It includes quick prioritization setting and coordination with key stakeholders. One of the most
important benefits of an efficient event response system is the ability to react swiftly to a crisis and
thereby decrease the severity of an event and lessen the reputational impact.

• Adaptive capacity and flexibility
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This is the capacity and flexibility to evolve mitigation plans which are an essential feature of dy-
namic resilience. For example, determining clear governance structures in advance of any cyber
event so that the organization understandswhohas the authority to determine a change in response
plans during an ongoing cyberattack.

• Regenerative and preventive capacity

This is the process to support a transformative approach that enables adaption and innovation of
the cyber risk management framework and includes an assessment of existing resources, systems,
and capabilities to prevent future comparable attacks and enhance normal operational function.
For example, an immediate goal during an event is to return to ’normal operations’ as swiftly
and effectively as possible. However, lessons learned should be captured to evolve the response
mechanisms and processes. A consistent review process should be established as part of dynamic
resilience.

The digitization of the energy industry will continue. As the industry relies more on interconnectivity,
the potential for cyberattacks to cause severe disruption to operations, loss of data, and financial losses
should remain a key concern for energy executives. In response, building and maintaining dynamic
resilience must be seen as a continuous exercise. A regular cadence of exercises will develop a pattern to
respond and help identify when and how overall digital resilience can be strengthened.

In Chapter 4, Section 4.4, a supply chain risk management methodology will be studied and explained
in order to develop the resilience of interoperability and communication in the energy infrastructure of
the case study at COMSA Corporación office building.

2.7.2 European cybersecurity energy framework

Changes in the energy sector and the newdigitalization era aremaking the energy grid very vulnerable
to attacks. The EuropeanCommission (EC) promotes information sharing at a higher-level via dedicated
events, protocols and fosters best practices among the EUMember States and has addressed the question
of cybersecurity in energy sector also through the ’Clean energy for all Europeans package’ [20] amongwhich
the most important are:

• The new regulation on electricity on risk-awareness in the electricity sector makes EU Member
States to develop national risk preparedness plans and coordinate their preparation at regional
level, including measures to cope with cyber-attacks.

• The recast of Electricity Regulation gives a mandate to the EC to develop a network code on cyber
security for the electricity sector in order to increase its resilience and protect the grid.

The energy sector report from the European Cybersecurity Organisation [21], emphasizes that in the
last few years, legislations and policies related to cyber security for different sectors have been defined at
an European level as a consequence of the recent changes observed in the energy sector. The main cyber
security regulations are:

• The Directive on Security of Network and Information Systems (NIS) Directive was adopted by
the European Parliament on 6 July 2016. It is a major component of the European cyber security
strategy aimed at strengthening Europe’s cyber resilience and cooperation across different sectors.
The implementation of the NIS Directive in EU countries has been in effect since May 2018.

• The General Data Protection Regulation (GDPR): it was adopted in 2016 and defines requirements
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for the protection of personal data. The GDPR regulation has been in effect in EU Member States
since May 2018.

• Regulation (EU) No 994/2010: the gas supply regulation aims at ensuring the security of gas sup-
ply. Member States shall establish at a national level a Preventive Action Plan and an Emergency
Plan.

• The EU Cybersecurity package, including the Cyber Act, as presented in the joint communication
to the EU Parliament and the Council ’Resilience, Deterrence and Defence: Building strong cybersecurity
for the EU’ in September 2017, covers many aspects such as: a reinforced and permanent mandate
of ENISA, a EU cybersecurity certification framework, a cybersecurity competence network with a
European Cybersecurity Research and Competence Centre, developing Information Sharing and
Analysis Centres (ISACs).

• Cybersecurity Network Code: in the context of the EU Clean Energy package (released on Novem-
ber 30th, 2016), theCybersecurityNetworkCodeproposes cybersecurity technical rules for electric-
ity aiming at going beyond the NIS Directive obligations by addressing energy sector specificities.

The 2nd intermediary report [22], set up by the Smart Grids Task Force-Expert Group 2, was published
in July 2018. The main components proposed in the 2nd draft for the Network Code on cybersecurity
are:

• Early warning system in Europe for the energy sector

• Cross-border and cross-organizational risk management in the EU

• Minimum Security Requirements for critical infrastructure components

• Minimum Protection Level for energy system operators

• European Energy Cybersecurity Maturity Framework for Operators of Essential Services

• Supply Chain Risk Management for Operators of Essential Services

• National security strategies and legislations: beyond the definition of cyber security strategies in
European countries, national legislations related to cyber security for critical infrastructure opera-
tors have been defined.

• Other initiatives have been initiated by the European Commission to strengthen existing cyberse-
curity policies and legislations.



Chapter 3

Energy storage systems (ESS) for
buildings using second-life batteries
(SLB)

The European Commission states on its article "Energy Storage - The role of electricity"[2], that energy
storage is a key component in providing flexibility and supporting renewable energy integration in the
energy system. Since themain energymarket is changing, new players are involved in the energy scheme
of balance centralized and distributed electricity generation. These new players are consumers becom-
ing energy producers, aggregators and third parties managing demand and supply, in addition to utility
planners and operators using demand response and energy storage technologies on the grids also con-
tributing to energy security, flexible generation and provide a complement to grid development.

According to the "Circular EconomyAction Plan"written by the European Commission[24], sustainable
batteries and electric vehicles will enhance the energy and mobility sectors of the future. To progress
the swift on enhancing the sustainability of the emerging battery value chain for electro-mobility and
boost the circular potential of all batteries, the European Commission will also propose to revise the
rules on end-of-life batteries with a view to promoting more circular business models by linking design
issues to end-of-life treatment, considering rules on mandatory recycled content for certain materials of
components, and improving recycling efficiency.

Nowadays, the ’Circular Energy Storage’ term considers the rules on recycled content andmeasures to
improve the collection and recycling rates of all batteries, ensure the recovery of valuable materials and
provide guidance to consumers in order to enable integration of distributed storage solutions into the
energy system and their commercial use. This initiative addresses the existing development needs by
combining second-life batteries with an innovative local ICT-based Energy Management System (EMS)
in order to develop a low-cost, scalable and easy-to-deploy battery energy storage system. In the end,
energy storage can also contribute to the decarbonization of other economic sectors, and support the
integration of higher shares of variable renewable energy (variable RES) in transport, buildings or in-
dustry.

36
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3.1 Second-life batteries (SLB)

The IEEE states on its article "A Comprehensive Review on Second-Life Batteries: Current State, Manufactur-
ing Considerations, Applications, Impacts, Barriers & Potential Solutions, Business Strategies, and Policies"[25],
that the use of batteries after the have reached the end of their useful life (EOL) is called ’second-life’.
Since the recycling technologies for Lead-acid (Pb-acid) batteries are substancially developed nowadays,
the newmarket participant is the lithium-ion (Li-ion) battery type. The use of Li-ion batteries is increas-
ing without any sign of declining, and in high-capacity applications such as electric vehicles (EV).

Developing businessmodels supporting the extension of a batteries’ lifetime in second life applications
is a promising market: the European industry (car original equipment manufacturers/OEMs, battery
producers and utilities) must seize the opportunity to maximize the residual value of these assets, while
at the same time leverage their environmental stance into a competitive advantage. Consequently, a sub-
cycle towards a circular economy starts with the second use of EV batteries after recycling, as showed
in Figure 3.1, which supposes an enlargement of the battery useful life and a reduction of its impact per
kWh exchanged.

Figure 3.1: Battery life process. Source: Capgemini (2019)

The decreasing price of Lithium-ion batteries seems to be a good study subject because of the tech-
nological, economic and environmental potential applications that these batteries could develop after
end-of-life (EOL) in electric vehicles (EV). Battery packs can be reused in stationary applications as part
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of a ’smart grid’, for example to provide energy storage systems (ESS) for load leveling, residential, com-
mercial and industrial power. These lower price batteries are supposed to bring business opportunities
to renewable energy sources that see in batteries a good alliance, as mentioned, converging to post fossil
carbon societies.

From a technical point of view, the focus in the second-life batteries (SLB) has predominately been on:

• Quality and remaining capacity in used electric car batteries

• Test and verification methods for determining reuse potential for batteries

• Battery Management Systems (BMS) in recycling applications

• Increase the potential lifetime of used batteries in other applications

A technical comparison between a new batteries (NB) and a second-life batteries (SLB) is shown in the
Table 3.1, where the newbatteries are focused as a BatteryManagement System (BMS) in electric vehicles
applications, which their performance will depend on the driving mode, braking systems, periodicity of
the use. On the other hand, the second-life batteries will be used with Energy Storage System (ESS) in
frequency and voltage control, as well as peak shaving for stationary applications.

Table 3.1: Comparison of new and second-life batteries. Source: IEEE (2019)
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Rising adoption of Li-ion batteries on account of there enhanced energy stability across the ancillary
services including load leveling, microgrids and distribution and transmission networks will drive the
stationary battery storage market growth. Temperature stability, lower cost, energy efficient density and
safe operations are some of the key parameters which will encourage the product penetration.
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3.2 Market-Customer analysis

According to an article about second-life batteries by Capgemini [28], the lithium ion battery market
is projected to grow over 25% by 2030 and about 3.4 million used electric vehicle (EV) batteries are ex-
pected to hit the market by 2025. Improved life cycles, gravimetric densities and high volumetric are the
prominent factors which will encourage the product demand. In addition, large number of manufac-
turing facilities coupled with the declining battery costs by major industry players including Tesla will
positively influence the industry landscape.

Growing consumer awareness toward establishment of energy efficient infrastructure along with the
strengthening of microgrid networks will drive the local energy storagemarket share. Rising adoption of
solar and wind technology along with upsurge in investments to stabilize the peak power demand will
positively complement the business outlook. In addition, shifting trend toward clean energy sources
coupled with the advancements and innovation in battery technologies will foster the stationary battery
storage market growth.

3.2.1 PESTEL analysis

A PESTEL analysis is an analytical tool for strategic business planning, incorporating strategies and
programs to reach the business goals. A PESTEL analysis is also used to identify and analyze the external
key drivers of change in the business environment, aswell aswhen plans to launch a newproduct, project
or service into the market. For this project, a PESTEL analysis was carried out taking into account six
important branches with an international focus, in order to aim the studied case to any country in the
world. These six branches are showed in Figure 3.2 below:
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Table 3.2: PESTEL analysis. Source: Author (2020)

Some of the remarks enlisted in this analysis are part of the international/global context inwhich Spain
and COMSA Corporación must take into account in order to compete. The political branch is crucial due
to the changes in the regulatory framework to allow energy flexibility and interoperability in Spain as
mentioned in the Chapter 2, Section 2.4. The Legal branch will be notable because a new customer figure
will be part of the business model as a ’prosumer’, so some legal aspects such as rights contract terms
and laws must be noticed.

3.2.2 Market analysis - TAM SAM SOM

A top-down approach has been made for the market analysis, from global variables such as the To-
tal Addressable Market (TAM), Serviceable Available Market (SAM) and the Serviceable Addressable
Market (SOM). This analysis will give a better focus of the market volume:
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Table 3.3: TAM SAM SOM analysis for second-life batteries. Source: Author (2020)

• Total Addressable Market (TAM):

TAM is the overall revenue opportunity that is available to a product or service if 100%market share
was achieved, in other words, howmuch a company would make in sales per year if there were no
other competitors. In the second-life battery market, it should be noted that there is an expected
grow in 2025 with a Compound Annual Growth Rate (CAGR) of 11.42% to € 31043 million euros,
since the market size at 2020 is € 14 555 million euros.

• Serviceable Addressable Market (SAM):

SAM refers to the segment of the TAMwhich can be reached the market with our current business
model. As it can be seen in the figure, 44% out of the TAM market size, corresponds globally to €
3860 million euros. This percent is just the share related to Residential, Commercial and Industrial
applications in which COMSA Corporación would be interested to aim implementing second-life
batteries.

• Service Obtainable Market (SAM):

SOM is the share of the segmented market SAM, that COMSA Corporación can realistically aim
and compete. This market size is delimited by geographical considerations in this case, Spain and
Europe by the moment. According to the International Energy Agency (IEA), around 4-5% of the
second-life battery manufacturing market is held in Europe and the stationary storage applications
will be a share of around € 100 - € 150 million euros starting this year 2020.

Before entering to the Section 3.3 related to the Business Model Canvas some potential downstream
markets for second-life batteries are evaluated. The following chart helps to visualize the various lithium-
ion markets in terms of their energy density and cost of system downtime requirements as mentioned in
the SAM and SOMmarket sizes:
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Figure 3.2: Comparison of Lithium-ion markets by downtime cost and required density. Source: Bartlett
(2017)

As it can be seen in Figure 3.2, the potentialmarkets for demand areGrid-scale storage, andResidential,
Commercial and Industrial storage market (households, tertiary buildings and industrial applications).
Therefore, the table 3.4 shows the potential applications of second life batteries (SLB) in the building
energy storage sector:

Table 3.4: Applications of second-life batteries. Source: IEEE (2019)

• Residential Storage:

In the residential sector, the applications in which the second-batteries could be used include elec-
trical appliances for water and space heating. The integration of the renewable energies will create
a benefit, merging the consumption with for example PV devices to generate energy during the
day and meet a daytime demand. During the evenings, when there is no electricity production by
PV, batteries will be used.
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• Commercial Storage:

The commercial demand for electricity on average ismuch higher than the residential demand. The
peak demand for the commercial sector occurs closer tomidday in contrast to the residential sector,
and thus the need to shift demand from the evening is not the main concern here. However, the PV
generation being dependent on climate conditions such as rain and cloud prevalence necessitates
the need for storage systems. The average commercial load being higher, load following and peak
sharing applications may be more appropriate.

• Industrial Storage:

The industrial sector is a demanding one since the demand for consumers is very much higher
than the residential and commercial consumers. The peak demand occurs during midday and the
PV generation is the highest during this time. Consequently, using a storage system can provide
back up during low solar irradiance. The peak shaving application for industrial sector requires a
similar amount of capacity like the commercial sector.

The market-customer analysis integrates the possible participants using second-life batteries (SLB)
as energy storage systems. As it was mentioned before the key markets will be focused in residential,
commercial and industrial storage. Figure 3.3 shows the applications of these markets:

Figure 3.3: Potential participants in a demand response (DR) program using BESS. Source: Ponds et al
(2018)

After completing the market-customer analysis, stationary energy storage applications stands out as
the strongest option for a second-life battery business idea for COMSA Corporación. In addition, the
cost structure for the reuse of batteries in these market sectors will rely on an efficient production chain
in order to bring down the costs which is required as the batteries must be sold with a proper discount
in relation to new batteries due to their shorter lifespan.
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3.3 Business Model Canvas (BMC)

A key goal of this project is to present a research that can be used easily by companies or users who
want to address the problem of the value gap. The analysis made in the previous section about potential
markets for second-life batteries shows that could be applied to stationary energy storage applications
and grid integration. By definition, a second-life battery has lower energy density than a brand-new
cell, as some of the battery’s ability to hold a charge has been degraded over time, but it still possesses
the same physical weight and dimensions. Although there is still plenty of usable charge in the second-
life cell. Figure A.2 in the Appendix A.1 shows the BMC proposed for this project using a Explicit DR
scheme.

The proposed business model is one of energy storage as a service (ESaaS). One of the potential rev-
enue streams could be that batteries can be leased to a building owners and customers, so they can use
them for back-up, peak shaving and self-consumption systems. Monthly, the building owners will pay a
lease that could be a 5%-10% of the initial battery purchase price in €/kWh. On top of the kWh installed
for the owner, a certain amount is oversized that COMSA Corporación can use to sell balancing services
to the DSO/TSO via an aggregator, as well as wholesale market (WSM) trading. The combination of
different services and trading, also bilateral O&M contracts to ensure maximum use of battery capacity
with aim to increase revenues. Both building owners and grid operators gain value from this installed
battery capacity.

3.3.1 Value Proposition (VP) and Archetypes of BMC

After evaluating the possible value propositions for this business idea, the most important point to
make clear is the potential application of the second-life batteries as Battery Energy Storage Systems
(BESS) in buildings and take advantage of this newmarket niche. This value proposition could lead to a
development of higher supply-demand flexibility matching also a decentralized coordinated control us-
ingDR programs aiming interoperabilitywith external protocols. Figure 3.4 shows the value proposition
analysis with all the variables to take into account for this project.

Figure 3.4: Value Proposition Model. Source: Author (2020)
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It should be noted that the most important gains from this project will be new business opportunities
regarding the BESS using second-life batteries, potential market expansion in other sectors and new cus-
tomer profiles that could be interested. The inclusion of second-life batteries into this business model is
to enhance the circular energy storage economy and be aligned with EU Commission goals settled in the
Paris Agreement but also create new value from the ESS sector. On the other hand, some pains implied
in the value proposition are CAPEX, OPEX, lack of technology and specialized human resources and
from a technical point of view, the low energy capacity generated by prosumers to aim energy flexibility.

According to the Section 2.3.2, since the DR programs are divided in two: Implicit DR and Explicit
DR, an analysis made by Burger and Luke [26] identified three business model archetypes for Demand
Response (DR) and Energy Management Systems (EMS):

1. Market-based capacity and reserve DR:

This Business Model Canvas (BMC) provides customers with EMS to control their energy con-
sumption and potential generation. Furthermore, the DR businesses facilitate customer participa-
tion in DRmarket places through the EMS. Alternatively, the response of large customer loads may
also be manual. Moreover, the profit for businesses in this BM type typically comes from taking a
portion of the revenues from the sales of capacity and reserve services (brokerage fees) – and/or
from subscription fees for the use of the energy management tools.

2. Utility-based capacity and reserve DR:

According to Burger & Luke [26] businesses sell DR products such as firm capacity, operating
reserves and mitigation of network constraints directly to regulated utilities (i.e. distribution or
transmission networks or vertically integrated utilities). The participants benefit from getting a
share of the revenues earned by the DR aggregator whereas the revenue for the aggregator comes
through subscription fees from the utility or through brokerage fees.

3. EMS service providers:

EMS providers, focuses mainly on the optimization of local energy usage in response to energy
prices and local needs. These companies target especially the commercial, industrial, institutional
and municipal customers and earn their revenues from shared saving arrangements, subscription
fees (software), and asset sales (monitoring and control equipment).

The best archetype for a BMC is the one that could combines the features of the three ones mentioned
above. Since, the idea of COMSA Corporación is to develop the aggregator concept as a new venture in
which can be part of, entering into the flexible energy Spanish market taking advantage of the current
DR programs and energy storage technologies such as second-life batteries in order to evaluate a future
business expansion in the country. The Subsection 3.3.2 will explain more in detail these correlations in
one BMC.

3.3.2 Buildings Access (Large Energy Consumption – via an Aggregator)

The focus of this business idea enpowered by COMSA Corporación is to engage the already defined
customer segment that has in previous Engineering and Construction projects, since the legislation is
changing as mentioned in the previous chapter, the customer segment with the best profile is the tertiary
building sector, more specifically commercial (shopping malls, cinemas, supermarkets, office buildings,
etc) and industrial (manufacturing plants, ports, airports, etc).
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Large energy consumers will be mostly tertiary buildings and industrial sector as customer segments.
In other words, buildings which already have or plan to have DERs (PV, micro-CHP, EV vehicles and EV
charging stations) and are able to obtain direct payments by providing energy flexibility and COMSA
Corporación participating with them. The volume threshold for power producers may prevent small
DER owners to trade their energy individually. COMSA Corporación will be a bridge between the cus-
tomer andDR aggregator andwill aggregate DERs and flexible loads from these type of tertiary building
customers to participate in the market with lower risk.

As it was mentioned in the Chapter 2, Section 2.3.2, DR programs usually integrate DERs such as
rooftop solar photovoltaics (PVs) with a BESS and seeks to charge the battery storage during times of
cheap electricity price or high surplus energy generation of DERs. The discharge of BESS during a con-
gestion or peak price of electricity is considered by an aggregator to secure its contractual obligation of
lowest price guarantee while making a profit from the higher energy price. In the end, end-consumers
can obtain better benefits from their solar PV systems, with the assistance of an aggregator. This idea
will be explained further in the section 3.5.1 about Time-of-Use (ToU) and how to take the benefits from
it.

In addition, COMSA Corporación can engage with owners of EVs and vehicle-to-grid (V2G) systems
for the purpose of capitalizing off of their available power and storage abilities. Although V2G is only
in the pilot stage of development and are yet to be physically implemented in the market, they represent
a very useful asset for the power system due to their flexible power outputs and storage abilities and
are, therefore, set to be major players in the future. Customers with EV technologies should consider
the nature of EVs operation which inherently means that they can ’ramp-up’ and ’ramp-down’ at high
rates and quick response times. Furthermore, EVs by design can connect and disconnect from the grid
for charging purposes using bi-directional charger stations.

DER owners can participate in different aggregation markets. For instance, due to response require-
ments for different markets (FCR, aFRR, mFRR with a minimum of 100 kWh taking the Dutch market
as a reference), aggregation potentials that can be provided by DER owners depend mainly on the types
of DERs integrated. In the customer relationships, a DR aggregator can provide customized market ac-
cess strategies for different types of DER owners also because this will influence the DER owners’ daily
business or energy usage patterns to participate. COMSA Corporación must maintain good customer
relationships with the participants through:

1. Customer service and technical support platform for any customer inquire

2. Provide accurate forecast information of supply and demand (Building occupancy, thermal inertia,
HVAC, lighting, among others).

3. Training and energy consulting service, including DR knowledge and market information sharing.

4. Customized DR contracts based on customers’ energy constraints and preferences.

5. Provide discounts on tailor-made user-friendly control systems to participate in the DR market.

6. Installation and maintenance services to customers to perform in the DR market.

Since the main reason for DER owners (customer segments) is to participate in the energy flexibility
market is monetary benefits or income needs to be generated. Heating Ventilation and Air Condition-
ing (HVAC) systems and Electric Vehicle Charging Stations (EVCS) are identified as best Demand Re-
sponse resources. Heating Ventilation and Air Conditioning systems are especially suitable for demand
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response as buildings can be viewed as energy storage systems in terms of thermal energy, being able to
respond for a short period without compromising thermal comfort.

Thus, an efficient and fair payment systemmust be provide that can also enhanceDERowners’ satisfac-
tion and engagement motivation. In the Appendix A.1, Figure A.2 shows this archetype of this business
model more in detail.

3.3.3 SWOT analysis

This project outlines the implementation of second-life batteries in efficient buildings and how can
COMSACorporación could benefit fromDR schemes in energymarkets. Advantages and disadvantages
of this new market participant from different aspects are based on a SWOT analysis [29], a strengths,
weaknesses, opportunities, and threats analysis for a sample DR aggregator is presented. SWOT evalu-
ates the internal and external aspects that are advantageous and unfavorable to satisfying the objectives
of that business. The analysis from the figure in the Appendix A.1 represents a correlation between the
potential Strengths, Weaknesses, Opportunities and Threats regarding this business idea.

• Strengths:

This business case shows different ’Strengths’ such as the implementation of new technologies
in the energy infrastructure of buildings such as ICT-IoT technologies in order to upgrade it and
make the buildings more adapted into potential changes regarding second-life batteries since the
battery prices are plummeting year by year and also include EV chargers to provide fast response
and higher power capacities.

These strengths will led into cost reduction strategies, implementation of DER technologies with
cutting edge control systems, increasing the number of prosumers willing to participate into a
flexible energy mix. Additionally for COMSA, these strengths will led to deploy the technologies
and grow in the current market faster than other competitors.

• Weaknesses:

One of the most important weakness is the low capacity from prosumers to meet the required
energy flexibility and participate, this due to a lack of knowledge of the proposed concept, but also
not having the adequate energy infrastructure such as feasibility studies for battery installations,
PV installation, correct communication protocols, EV technologies.

A low awareness about the dynamic energy pricing will make difficult to engage new customers
and offer tailor-made contracts and diverse payments schemes, but a good strategy will be the
promotion of the business idea via webinars, seminars, andmarketing campaigns to the customers
to increase the potential benefits.

• Opportunities:
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The services that COMSA can provide with this business idea like offer peak load services to
system operatorswillmaintain a grid reliability and alsowill increase the TRL levels of the business
unit in the company as new venture.

The capacity to offer forecasting mechanisms by integrating end-consumer technology and be-
havior loads to provide flexible capacity and make profit from that.

• Threats:

The regulation and framework barriers in some countries are creating uncertain business envi-
ronments for the application of energy storage technologies. Another threat is the lack of energy
infrastructure that can minimize potential economies of scale, slowing the ROI and payback peri-
ods.

These threats need to be tackled and controlled to be able to have a fast and effective reaction
when/if they occur. This is why a close and continuous tracking of regulatory and market tenden-
cies needs to be implemented and then adjust scope approach as needed.

3.3.4 Value Chain analysis

In the following lines, the connection between the processes and actors of this value chain is described.
It is an important fact to consider that no nonexistent elements interact in this value chain, which means
that all the elements can be identified and connected to be able to continue developing the products.
After evaluating a model of Value Chain for the business idea, the main areas to consider regarding
technology maturity and related projects of the participant players are:

• Second-life batteries (SLB):

This a key player in the value chain, the implementation of second-life batteries from battery man-
ufacturers, transportation sector such as leasing car companies, and other fleet companies (buses,
public transportation) would be important to consider.

• EMS-BMS-EV Charging Stations:

Alternative energy saving solutions like envelope retrofitting, energy equipment replacement and
renewable energies gaining market would have an effect in the acceptance of business idea. The
improvement of new technologies linking energy storage solutions, second-life batteries will have
a positive impact in the market.

• ICT-IoT integration:

Software engineering and IoT technologies such as Machine Learning, AI are another part of the
value chain that is controlled and provided directly by Energy Management companies. These
profile companies will be in charge of providing its single front-end interface for the user’s tool
and connect easily with them.

• Application of Second-life batteries (SLB):

Inside the application and operation of second-life batteries (SLB) phase it is possible to identify
those activities related to hard operations, which include the installation and operation of the sys-
tems in buildings. Also the implementation of associated hardware (e.g. hardware engineering,
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communication protocols, BEMS, EMS, etc) is considered.

• Ancillary Services:

The regulatory framework regarding the ancillary services could led into legal changes in regula-
tions that put specific focus on the mentioned aspects or due to an improvement of competitive-
ness/performance of these alternative solutions. In Spain, since the regulatory energy framework
is changing, COMSA could benefit from it and take an important advantage in the market offering
the proposed services as a Facility Management services company.

Figure 3.5: Value Chain Analysis. Source: Author (2020)

As can be seen in the Figure 3.5, the second-life market in Spain is analyzed from second-life manufac-
turers to potential ancillary services providers, also the position of COMSA Corporación in this map is
considered due to its participation in the REFER Project in Barcelona. Also, the SUNBATT Project from
Endesa and SEAT was evaluated to allocate this companies in this spot of the value chain.

The role of COMSA as a Facility Management company will implicate offering solutions to reduce the
energy consumption by applying Demand Side Management (DSM) strategies to do so. These solutions
will be increasingly automated, trying to minimize human intervention through self-learning software
(AI, Machine Learning, etc). On the other hand, finding algorithms that accurately learn the cost of
energy in real-time and with rapid response systems will enable the energy ’prosumers’ to benefit by
adjusting as far as possible the consumption curve to the production curve of the energy power plants
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and/or viceversa, resulting in economic savings for both parties (win-win), also assisting in energy pur-
chasing to reduce the energy price.

Additionally, some factors related with energy, geography and technology are taken into account for
COMSA as a valuable participant of this value chain:

• Current and expected evolution cost of electricity in Spain

• New energy consumption trends

• New types of energy sources to power HVAC systems of buildings

• Technology improvement(BMS-BEMS) and culture awareness of Facility Management services in
the market

Finally, the COMSA proposal is a set of tools that enables tertiary buildings to face the challenge of
reducing operating costs related to energy consumption by focusing on 2 strong vectors:

• Reducing energy intensity and usage by improving building efficiency (kWh/m2/yr) with energy
storage initiatives

• Reducing average energy unit cost (€/kWh)

• Percentage of economic reward from utility (TSO, DSO) for flexibility services.

From the customer’s site some of the benefits perceive will be:

• Energy Use and balanced pricing awareness

• Facility efficiency increase (reduction of kWh)

• Price decrease (average €/kWh decrease due to second-life batteries)

3.3.5 Competition analysis

The competition map has identified the different competitors existing in the Spanish market and com-
pare them with COMSA by locating the different companies in a two axis chart in which the technology
maturity feature is compared. The comparison of them has allowed to graphically identify the position
of these companies among the second-life battery (SLB) technology deployment in Spain.

In Figure 3.6, COMSA is located as a contender in the second-life market in Spain. The technology
maturity development is something already known for COMSA as well as for other contenders in this
analysis like BeePlanet.
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Figure 3.6: Competition Analysis. Source: Author (2020)

It can be seen that the car manufacturers such as Nissan and SEAT have more advantages to re-use
the second-life batteries into other applications, but some partnership with them or other manufacturers
could be studied in the future in order to position COMSA as a Facility Management company in tertiary
buildings.
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3.4 COMSA Building Model

In order to validate the proposed business model from the Section 3.3, a battery sizing model was
created. In this section, the different parts of the sizing model will be explained to give the reader an
overview of the calculations and analysis. Appropriate sizing of the storage system (battery and power
electronics) is a further criteria for system optimization, as for revenue maximization not only profits
attainable but also the upfront cost for investments and potential replacement costs have to be taken into
account.

3.4.1 Pilot description, assets and operational licenses

COMSAHeadquarters office building is the chosen site to develop the case study. The building consists
in a 2600m2 total surface across the 7 floors with different power consumption patterns each. Data from
all controllable and monitoring systems is gathered, streamed and stored from 1- 15 minute resolution.
The controlling systems of the building are:

• 77 individual HVAC indoor units (electric)

• 11 Outdoor HVAC VRF Units (electric)

• 180 kW Total HVAC Electric power installed

• 14 kWh battery (specifications explained below)

The monitoring and testing systems are:

• 22 electricity meters

• Weather station on roof (relative humidity, temperature, rain, barometric pressure, windspeed and
direction, solar irradiation)

• 8 relative humidity and temperature sensors (by floor)

• ’Digital Twin’ BIM testing model (electricity and thermal)

Other important systems and data:

• 22 kWpBIPV installation (not available right now, other external companymanages this installation
but for this project a PV energy production simulation will be calculated)

• 150 kW Contracted Power Demand (3 period contract)

In Figure B.1, Appendix B, the consumption values can be seen and for this sizing model analysis, the
4th floor is chosen. Particularly, the HVAC systems data of the 4th floor are used to develop this analysis
and to select the battery that could perform without any issue. The overall consumption value of the
building is 9730 kWh since the beginning of the current billing month and the maximum demand of the
building is 360000 kWh/year. The average power consumption of the HVACs per floor is about 10 kW
(For this case the data from January 2020 was taken for the analysis).
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The system is made up of 4 main elements (3 DC / AC converters single-phase with a 7.2 capacity
in total and 1 lithium-ion battery) with a three-phase power of 10 kW and a capacity of 14 kWh, in
addition to other auxiliary elements (controller and DC busbar with fuses of protection). Figure B.2 in
the Appendix B shows an example on how this system will be connected in the building.

Lithium-ion battery

An analysis of the building consumption, power demand and battery types were considered. The cho-
sen battery is a lithium-ion modular battery from the car manufacturing company BYD. The modularity
is showed in the battery packs in the Figure 3.7 and a possible parallel connection of them from 1module
of 3.5 kWh to amaximum of 4modules reaching a total of 14 kWh capacity as this case. Moreover, Figure
B.3 in Appendix B, shows the specifications of the BYD Battery Box L 14.0.

Figure 3.7: BYD Battery Box L 14.0 . Source: BYD Battery Box (2020)

The LiFePO4 cathode lithium ion batteries are a variation of the previous groupwith LiCoO2 cathode.
Lithium iron phosphate is low cost, non-toxic, high iron abundance, very good thermal stability, and
good safety characteristics with good electro-chemical performance for this type of applications. They
are batteries whose greatest advantage is safety due to their great chemical stability and have a very good
charge capacity and a longer useful life than the previous ones.

Advantages:

• High voltage open circuit, 3.3 V

• LiFePO4 is an intrinsically safer material cathode than LiCoO2

• They do not contain toxic products.

• It is the lithium battery that best tolerates high temperatures

• Exceeds 2000 life cycles and has a life of more than 10 years
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• Charging time between 15 and 30 minutes

• Good ability to withstand overload

• Good specific energy and energy density

Disadvantages:

• They need additional electronic circuits

• Significantly lower energy density than LiCoO2

The specifications of the Lithium-ion battery for this case study were studied in detail. Some battery
specifications are enlisted in the Table 3.5:

Table 3.5: Battery specifications - BYD Battery Box L 14.0

Type of Battery New battery / Second-life
Brand BYD
Model B-Plus L 14.0 (14 kWh)
Battery Type LiFePO4
Battery Capacity 14 kWh
Nominal Voltage 51.2 V (max)
Specific Energy 1891.55 Wh/kg
Weight 194 kg
Max Output Power 10 kW
Peak Output Power 15 kW
Current (I) 1433 A
Ampere-hour rate 7615.12 Ah
C-rate 0.2 C (5 hours) h
Battery cycles 365 cycles
Scalability in parallel 42 kWh
Battery Lifetime (@ 0.2C) - Warranty 10 years

Other important data for the battery power sizing model is included in the Table 3.6, as the battery
capacity, battery price per kWh, number ofmodules (packs) per battery installed in the building, number
of floors per building:

Table 3.6: Battery power sizing model in COMSA building

nº of modules per battery 4 packs/battery
Usable energy size per battery module 3.5 kWh
Battery Unit - Max Usable Size Energy NB - 14 kWh SLB - 11.2 kWh
State of Health (SoH) NB 100% SLB 80%
Available battery storage size for COMSA NB - 14 kWh SLB - 11.2 kWh
Price of battery (€/kWh) NB - 550 €/kWh SLB - 275 €/kWh
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Table 3.7: Battery physical configuration

nº of batteries in power shelf 1 batteries/shelf
nº of power shelves in cabinet 1 shelves/cabinet
nº of cabinets per column 1 cabinet/column
nº of columns per row 1 columns/row
nº of rows per floor 1 rows/floors
nº of active floors 7 floors/building

PV Converters

Regarding the specificacions of the inverter, the Figure B.4 in Appendix B shows the most important
ones in order to be considered. The chosen inverter is the Victron MultiPlus-II 48/5000/70-50 with a
converter power peak of 10 kW, Figure 3.8:

Figure 3.8: Inverter Victron MultiPlus-II 48/5000/70-50. Source: Victron (2020)

TheMultiPlus-II can be used in photovoltaic systems, connected to the electrical network or not, and in
other energy systems alternatives. It is compatible with both solar charge controllers and grid-connected
inverters, as in the Figure 3.9. It will use the data from the external AC sensor or the energy meter to
optimize self-consumption and, if desired, avoid the return of excess energy to the grid solar. In the event
of a power failure, it will continue to power critical loads.
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Figure 3.9: Inverter Victron MultiPlus-II in PV array configuration. Source: Victron (2020)

Moreover, another advantage of this type of inverter is the offered modularity to be placed in parallel
in a correct configuration, as in the Figure 3.10:

Figure 3.10: Inverter Victron MultiPlus-II parallel configuration. Source: Victron (2020)

Operational Licenses

Since the energy costs in tertiary buildings constitute a significant percentage of the total operating
expenditures of the building sector, other kind of assets will be described ahead. The operational licenses
to optimize both the energy consumption in kWh and the price paid in €/kWh will be an important
reduction of these costs and a key part of this business case.

The main objective is to tackle this issue developing a set of tools that will, in different ways, enable
optimal operation of the tertiary buildings aimed by COMSA and consequently reduce energy costs.
The implementation of these licenses was taken as a reference from the document BEEST [37], and are
gathered according with their features in different apps:
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Table 3.8: Operational license apps:

Automatic Demand Side Management ASDM 10 % savings of AEC
Reward for Demand Response ReDR 5 % savings of AEC
Wholesale electric market trading WSM 10 % savings of AEC

These licenses also have a specific amount of operational hours per year that must be considered in
the business case. Table 3.9 shows the operational time per license:

Table 3.9: Operational hours of license apps:

Automatic Demand Side Management (ADSM) 24 hours/year
Reward for Demand Response (ReDR) 10 hours/year
Wholesale electric market trading (WSM) 10 hours/year

The use of these licenses apps in the business case will make easier the goals of COMSA in the value
chain and also will benefit the tertiary buildings customer by:

• Adjust HVAC set points, while ensuring reasonable levels of comfort in the buildings.

• Disconnect non-critical loads (such as HVAC) when the utility makes a request or there is an op-
portunity by the aggregator to participate in the ancillary services.

• Reduce available capacity that is not used most of the time, reducing the energy consumption and
balancing the electricity bill.

The operational license apps mentioned above will be included in the study, each of them with their
initial investment in hardware (not necessary in every case), annual license costs, and impact on cus-
tomer’s energy cost savings. An estimation license costs of 0.15-0.30 AC/m2 is used, since the COMSA
building has a surface of approximately 2600 m2, keeping an average cost of 600 AC/year for all the li-
cense apps. In the following paragraphs, details on each of the license apps will be given, taken as an
example the BEEST project [37]:

• Demand Side Management (DSM):

DSM is based on the forecast data coming from the HVAC equipment by the Facility Manage-
ment company (COMSA). Its purpose is to optimize operation of existing HVAC equipment while
ensuring a reasonable end user comfort. In this particular case, the ADSM (Automatic Demand
SideManagement)will be the preferred option because the system overridesmanual configuration
of the BMS thanks to an integration and direct connection with the communication protocols.

A prerequisite to implement this license app is a minimum building area of 2000 m2 to ensure
profitability in the business case for the customer, which takes into account the need for an initial
investment. Also, an annual license fee and 2 hours per month are recurrent costs for the customer
to use this license. This can be added in a operation and maintenance contract.

Automatic energy savings actions (reduced total kWh), the system automatically adjusts to min-
imize the energy consumption. This will allow a much bigger gain to be achieved because very
regular and fine-grained adjustments are possible which will not be feasible on a manual level.
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The potential savings regarding this license app in the COMSA business case are about a 10 % of
the Annual Energy Costs (AEC).

• Reward for Demand Response (ReDR):

The energy purchaser will target this license app but also the Facility Management company
(COMSA) will be aware of the impact in the building exploitation. The usage of this app implies
availability for disconnection of non-critical equipment (HVAC) when is requested by the utility
(TSO/DSO) or the aggregator. A prior implementation of a forecast assessment and the Automatic
Demand Side Management (ASDM) app is necessary and a building minimum area of approxi-
mately 2000m2 is needed.

On the other hand, this license app does notwork correctly simultaneouslywith theWSM license
due to technical reasons. An annual license fee and 10 hours per year intervention to check DSM
perfomance and economic rewards are other recurrent costs for the customer.

Providing a certain amount of flexibility capacity (e.g. kW of HVAC) for a maximal amount
of interventions per year to turn down the power, would give a yearly upside DSM service fee
towards the customer. The potential savings regarding this license app in the COMSA business
case are about a 5 % of the Annual Energy Costs (AEC).

• Wholesale electricity market trading (WSM):

The implementation of the WSM allows the corresponding energy retailer to bid for electricity
at a lower price thanks to demand forecast assessment information and the use of the ASDM. The
customer is rewarded with a reduction in average price of kWh. In the same case as ASDM and
ReDR, an approximatelyminimumbuilding area of 2000m2 is recommended to ensure profitability
in the business case for the customer, which takes into account the need for an initial investment of
the ADSM app.

The simultaneous usewith ReDR app is not possible, in general, due to technical reasons. A prior
implementation of a forecast assessment and the Automatic Demand Side Management (ASDM)
app is necessary. Some recurrent costs for the customer are an annual license fee and the energy
purchaser intervention for 10 hours per year and WSM revenue checking. One of the most ad-
vanced contract possibilities of the WSM app is a dynamic market contract (on the whole-sale
market) and then be optimized by means of real time control of impacting energy consumption
devices (HVAC). The potential savings regarding this license app in the COMSA business case are
about a 10 % of the Annual Energy Costs (AEC).
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3.5 Battery Sizing Model

In this section, the sample sizing model of this battery is explained. After deciding that the building
will have one batterywith the specifications showed above, aMATLAB code namedBattery_ COMSA.m
(Appendix D.1) indicates the charging and discharging behavior graphs related to the battery capacity
Ah, voltage V and current I.

Peukert’s law consists of a co-relation between the state of charge (SoC) of a battery and its discharge
rate: the higher the discharge rate, the lower the capacity of the battery. Peukert’s equation is as follows:

Cp = Ik · t (3.1)

Where,

Cp = No-load voltage (V ),

I = Actual discharge current (A),

t = Actual download time (h),

k = Peukert’s constant (dimensionless),

The previous equation can be reformulated consideringH the theoretical discharge time of the battery:

t = H · ( C

I ·H
)k (3.2)

Theoretically, if we have a battery with a capacity of 7615.12 Ah, if we discharge it at an intensity of
1433 A, we will have a duration of 6 h approximately as shown in the Figure 3.14.

However, if we consider Peukert’s Law the calculation is not so direct. If we assume that the battery
has a Peukert constant of 1.2 for a Lithium-ion battery (a lead-acid battery has a k between 1.1 and 1.3)
and we subject it to a discharge of 1433 A, we obtain:

t = 6 · (7615.12
1433 · 6

)1.2 = 237h (3.3)

q1a = total − I · 1− e−k·t

k
+ c · I · 1− e−k·t

k
− c · I · t (3.4)

The ShepherdModel allows us to calculate the state of charge of a battery from its internal parameters
by measuring the voltage at its terminals. The equation used to model the battery is as follows:

E = E0 −K
Q

Q− i · t
−R · i+A · e−B·i·t (3.5)
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Where,

E = No-load voltage (V),

E0 = battery voltage constant (V),

K = Bias voltage (V),

Q = Battery capacity (Ah),

i · t = Instantaneous state of charge (Ah),

A = Voltage of the beginning of the exponential zone (V),

B = Inverse of the time constant of the exponential zone (Ah−1),

R = Internal resistance,

i = instantaneous intensity (A)

With the proposed model, when the battery is completely discharged and there is no current circulat-
ing, the voltage tends to 0. This model represents highly accurate results and also does not compromise
the stability of the model.

The parameters used by the battery can be extracted from the discharge curves offered by themanufac-
turer. However, in the case of internal resistance, sometimes the value supplied by the manufacturer is
notwhatmakes the obtained curve fitmore closely to reality. The nominal efficiency value used is around
93 % and 98%. It is for this reason that a method for obtaining internal resistance through efficiency has
been determined:

R = Vnom · 1− η

0.2 ·Qnom
(3.6)

Where,

Vnom = Nominal voltage (V),

Qnom = Nominal battery capacity voltage constant (Ah),

η = Round-trip efficiency,

Q = Battery capacity (Ah),

As part of the equation 3.5, the A value, B value, polarization voltage K, and constant battery voltage
E0 are enlisted in the following equations:

A = Emax − Emin (3.7)

B = 3/Q (3.8)
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K =
Emax − Vnom +A · (e−B·I·H − 1) · (Q−Qnom)

Qnom
(3.9)

E0 = Emax +K +R · I −A (3.10)

The Figure 3.11 shows the battery capacity in Ah related to a charging time in minutes, with a current
I value of 1433 A as stated in the Table 3.5. The equation 3.11 shows the behavior of the battery at these
parameters:

E2 = Emin − (Emax − Emin) ·
q1a
Q

(3.11)

Where,

E2 = Charging voltage (V),

Emin =Minimum battery voltage (V),

Emax =Maximum battery voltage (V),

Q = Battery capacity (Ah),

q1a = Battery capacity changing in time period (Ah),

Figure 3.11: Battery Capacity (Ah) vs Charging Time (t). Source: Author (2020)

The Figure 3.12 shows the battery voltage in V related to a charging time in minutes, with a current
I value of 1433 A as stated in the Table 3.5. After 6 hours the battery can reach a voltage value of 40 V
approximately.
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Figure 3.12: Battery Voltage (V) vs Charging Time (t). Source: Author (2020)

Figure 3.13: Current (A) vs Charging Time (t). Source: Author (2020)

The Figure 3.14 shows the battery capacity in (Ah) related to a discharging time in minutes, with a
current I value of 1433 A as stated in the Table 3.5. The capacity in ampere-rate plummeted from 7000
Ah during the discharging time of the battery at a discharge current of 1433 A.
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Figure 3.14: Battery Capacity (Ah) vs Discharging Time (t). Source: Author (2020)

Moreover, the Figure 3.15 gives the battery voltage in V related to a discharging time in minutes, with
a current I value of 1433 A as stated in the Table 3.5. The battery voltage plummeted as well from a value
of 59.2 V to 40 V during the 6-hour discharging time of the battery at 1433 A.

Figure 3.15: Battery Voltage (V) vs Discharging Time (t). Source: Author (2020)

Therefore, the equation 3.12 indicates how the discharging voltage decreases from a maximum to a
minimum in the period of 6 hours:
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E1 = Emin + (Emax − Emin) ·
q1a
Q

(3.12)

Where,

E1 = Discharging voltage (V),

Emin =Minimum battery voltage (V),

Emax =Maximum battery voltage (V),

Q = Battery capacity (Ah),

q1a = Battery capacity changing in time period (Ah),

Figure 3.16: Current (A) vs Discharging Time (t). Source: Author (2020)

The MATLAB modeling code Battery_ Modelling.m (Appendix D.1) displays a simulation if more
power is generated by the PV installation than is consumed, then this power is stored in the battery.
Also, it shows a relation between the stored power in battery and the demand to cover from the HVAC
reference system.

If more power is consumed than is generated, what is left to supply is extracted of the battery as long as
the battery stores a set minimum power. In this case, the minimum has been set at 20% of the maximum
capacity. The converter would restrict the value to the maximum it can regulate (in absolute value). The
sign criterion followed is for power inputs to the battery and converter system, positive power values.
For outputs, negative values.

The starting data stored in dataCOMSA.mat is the ratio of the current power it generates a BIPV
installation between the maximum installed power respectively. The ratio between current demand to
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be covered by the battery and the assumed average HVAC power peak is also provided at 10 kW, but the
values will vary between floors as it can be seen at Figure B.1, Appendix B.

Due to the COVID-19 lockdown COMSA building was closed, so the data used for calculations pur-
poseswas taken fromone year calendar (May 2019 -May 2020). The data is a sample for every 15minutes
measure with a total of 31774 measures of the HVAC 4th floor system, taken from the data platform of
the DRIvE H2020 project:

• One year data: From 01/05/2019 to 01/05/2020

Figure 3.17: HVAC 4th floor Demand (kW), one year data - (01/05/2019 - 01/05/2020). Source: Author
(2020)

• One month data: From 01/01/2020 to 31/01/2020
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Figure 3.18: HVAC 4th floorDemand (kW), onemonth data - (01/01/2020 - 31/01/2020). Source: Author
(2020)

• One week data: From 27/01/2020 to 31/01/2020

Figure 3.19: HVAC 4th floor Demand (kW), one week data - (27/01/2020 - 31/01/2020). Source: Author
(2020)

• One day data: From 31/01/2020
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Figure 3.20: HVAC 4th floor Demand (kW), one day data - (31/01/2020). Source: Author (2020)

3.5.1 Time-of-Use (ToU)

The Time-of-Use (ToU) is a rate plan in which rates vary according to the time of day, season, and
day type (weekday or weekend/holiday). Higher rates are charged during the peak demand hours and
lower rates during off-peak (low) demand hours. Rates are also typically higher in summer months
than in winter months. This rate structure provides price signals to energy users to shift energy use from
peak hours to off-peak hours. Time-of-Use pricing encourages the most efficient use of the system and
can reduce the overall costs for both the utility and customers.

Time-of-use windows can significantly affect demand charge savings. ToU windows that extend out-
side of daylight hours tend to decrease savings, whereas windows that are entirely within daylight hours
tend to increase savings. Demand charges can vary by time of the day, by season, or can be based on
more complex calculations of the building’s demand. The process outlined on the next calculations use
the simplest demand charge—ones that are assessed based on a building’s monthly maximum demand
(From January to December).

In the solar field, it is increasingly more important to show detailed financial savings versus system
costs. With the decreases in system costs that we have seen over the last few years, a specific analysis to
show return on investment (ROI) can help typical time-of-use (TOU) net metering projects sell them-
selves. Time-of-Use (TOU) rate structures have a tendency to favor Building Integrated Photovoltaic
(BIPV) systems. This is due to the fact that energy that is delivered to the grid and net-metered will
generally earn the system owner energy bill credits at the retail electricity rate when the electricity is
delivered to the grid.

For this specific project, a BIPV installation is considered but due to the fact that this PV installation is
being managed and rented by an external company at the moment of this project (not COMSA Corpo-
ración), an estimated monthly energy production was calculated using the online interactive tool PVGIS
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from the European Commission (EC) [38]. With this tool the user can choose the current location in
which the PV installation can operate, in this case the COMSA office building located in Barcelona:

Figure 3.21: COMSA Corporación PV installation location. Source: PVGIS (2020)

The PVGIS interactive tool lets the user input some key data in order to get accurate results regarding
the simulated BIPV installation. In this case, the BIPV installation is stated to have 5 % of the losses from
the 22 kWp. The yearly PV energy production is around 36959.43 kWh as it is shown in the figure 3.22:

Figure 3.22: COMSA PV installation - PV inputs. Source: PVGIS (2020)

Using the online interactive tool PVGIS from the European Commission (EC) [38], a PV generation is
calculated as stated in the Figure 3.23, where the Monthly energy output for one year is showed in the
graph:
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Figure 3.23: Monthly energy output. Source: PVGIS (2020)

In the Figure 3.24, the interactive tool calculates a PV generation for a complete year, using a 5 % losses
as a design criteria in the installation. The maximum yearly energy produced is 36659.43 kWh/year and
approximately 3079.95 kWh/month PV energy generation per month.

Figure 3.24: PV generation - JRC - PVGIS. Source: Author (2020)

Moreover, it is important to state that the percentage of the PV production regarding the total con-
sumption of the COMSA building is calculated with the equation:

%PVproduction =
PV Productionyearly

BuildingEnergyDemandyearly
· 100 (3.13)

%PVproduction =
36959.43kWh/year

360000kWh/year
· 100 = 10.27% (3.14)

The calculations from the above equation 3.14 show that a 10.27 % is covered regarding the total yearly
building demand (360 000 kWh). The monthly production that can be stored in the battery will depend
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on its capacity (New battery (14 kWh) or Second-life battery (11.2 kWh)).

Analyzing the case of implementing a new battery, in the Figure 3.25, taking the catalog specifications
(cycles, C-rate, among others) from the new battery with a capacity of 14 kWh, the maximum yearly
energy that can be stored is 5040 kWh/year and approximately 420 kWh/month PV energy generation
per month can be stored.

Figure 3.25: PV generation - Stored energy in new battery (catalog data)

In addition, the percentage of the PV surplus energy stored regarding the total consumption of the
COMSA building is calculated with the equation:

%PVproduction =
PV surplusyearly

BuildingEnergyDemandyearly
· 100 (3.15)

%PVproduction =
5040kWh/year

360000kWh/year
· 100 = 1.40% (3.16)

The PV production could be monthly stored in the proposed lithium-ion battery (new battery or
second-life battery) and the surplus can be sold at a price into the energy mix to have some revenues
from the feed-in-tariff scheme. Figure 3.26 shows the reference tariff prices depending the period (Off-
Peak, Mid-Peak, Peak) from ENDESA:

Figure 3.26: ENDESA electricity market tariffs. Source: Author (2020)

In the Figure B.5, in the Appendix section B.2, the calculations made for the PV surplus curtailed
energy and yearly related savings considering a new battery are shown. The yearly ToU savings are the
PV surplus energy per month (difference between PV generated and PV stored in battery) times the
energy price rate plan (Peak price), then the sum of all months.
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Additionally, the PV stored energy in the battery times the energy price (Off-Peak price), then sum of
all months, represents the revenue from the ToU analysis. Peak indicates high price periods, Mid-Peak
indicates moderate price periods, and Off-peak indicates low price periods. Since the battery operates
8760 hours/year, so a total revenue of 3829.41 €/year is accounted from this PV installation model using
the energy price reference from figure 3.26.

Figure 3.27: COMSA PV production - ToU savings curve using new battery. Source: Author (2020)

Finally, the Figure 3.27 shows the complete ToU analysis, with themonthly PV production and savings.
Themonths with higher PV production are the summer ones (May, June, July andAugust), also the ones
with higher revenues during one year analysis.

Analyzing the case of the second life battery with a capacity of 11.2 kWh, in the Figure 3.28, taking the
catalog specifications (cycles, C-rate, among others) from the second-life battery, the maximum yearly
energy that can be stored is 4032 kWh/year and approximately 336 kWh/month PV energy generation
can be stored.

Figure 3.28: PV generation - Stored energy in second-life battery (catalog data). Source: Author (2020)

In addition, the percentage of the PV surplus energy stored regarding the total consumption of the
COMSA building is calculated with the equation:

%PVproduction =
PV surplusyearly

BuildingEnergyDemandyearly
· 100 (3.17)
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%PVproduction =
4032kWh/year

360000kWh/year
· 100 = 1.12% (3.18)

In the Figure B.6, in the Appendix section B.2, the calculations made for the PV surplus energy and
yearly related savings considering a second-life battery are shown. The yearly ToU savings are the PV
surplus curtailed energy per month (difference between PV generated and PV stored in battery) times
the energy price rate plan (Peak price), then the sum of all months.

Additionally, the PV stored energy in the battery times the energy price (Off-Peak price), then sum of
all months, represents the revenue from the ToU analysis. Peak indicates high price periods, Mid-Peak
indicates moderate price periods, and Off-peak indicates low price periods. Since the battery operates
8760 hours/year, so a total revenue of 3860.89 €/year is accounted from this PV installation model using
the energy price reference from figure 3.26.

Figure 3.29: COMSAPVproduction - ToU savings curve using second-life battery. Source: Author (2020)

In the end, Figure 3.29 shows the complete ToU analysis, with themonthly PV production and savings.
Themonths with higher PV production are the summer ones (May, June, July andAugust), also the ones
with higher revenues during one year analysis. Since the capacity of the second-life battery is only 80%of
the total capacity of a newbattery, the energy that can be stored is lower but the amount of surplus energy
(curtailed generation) due to the ToU calculation is higher, the revenues using a second-life battery will
be € 31.48more than integrating a newbattery in the installation due to the cyclability and State of Charge
(SoC) of the second-life battery.

In the Figure 3.30, the graph shows the behavior of theHVAC 4th floor demand versus the PVmodeled
generation during the whole year as mentioned above. The PV generation is higher than the power
demanded by the HVAC 4th floor systems at the COMSA building. The curtailed generation is evident,
so the implementation of an energy storage system with the battery is a very good alternative to take an
advantage of the PV energy generation surplus as mentioned in the last section.



Implementation of second-life batteries as energy storage systems in tertiary buildings page. 74

Figure 3.30: PV Power Generation and Annual HVAC demand

Finally, the specific cyclability behavior of this particular battery is out of the scope of this thesis since
the installation and integration of it in the building is pending, but as a matter of fact, the cyclability
data of the battery (new and second-life battery scenarios) taken into account for this calculation, is
merely catalog data for the COMSA Model hypothesis. One cycle per day is the assumption regarding
the lifespan (10 years) and daily operation of the battery is shown in the Figure 3.31, where there is the
behavior between the HVAC 4th floor load demand (kW) and the battery State of Charge (SoC) in one
day (31/01/2020):
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Figure 3.31: HVAC Load Curve vs Battery State of Charge (SoC) - One day. Source: Author (2020)

The operational schedule at COMSA building (4th floor) starts with a high demand peak between
7:30 am and 8:30 am, then starts to decrease until the midday hours when again there is another peak
but lower than the one from the morning. It is interesting to see that during lunch time (1:30 pm - 3:30
pm) the load demand starts to decrease until the end of the working day (6:00 pm) and the state of
charge (SoC) of the battery increases in parallel reaching a full-charge state again.

3.5.2 PV generation and energy storage system (ESS) analysis

Since solar and wind power are tied to environmental conditions there are a few hours each year
where the environmental conditions are near-perfect for their production. As a result, a small amount
of curtailment into their projects (i.e., solar inverters that clip excess production) during these periods
of peak renewable production. In the end, the goal is to minimize the cost of the product and maximize
its value to the customer. Figure 3.32 shows a simulation of the three 7.2 kW inverter system proposed
to operate with the new battery in the PV installation and the peak load data from the project:
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Figure 3.32: Battery Inverter Power 7.2 kW simulated in MATLAB modeling code using a new battery
(NB) - One year. Source: Author (2020)

Figure 3.33 shows a simulation of the inverter used with the second-life battery in the PV installation
and peak load data in one year:

Figure 3.33: Battery Inverter Power 7.2 kW simulated in MATLAB modeling code using a second-life
battery (SLB) - One year. Source: Author (2020)

The cost per kilowatt (kW) of the installed BIPV system, the inverter system and the cost per kWh of
the battery are also data included in the optimization modeling code "Battery_ Modelling_ Building.m"
(Appendix D.1). The function to be minimized is the total cost as mentioned above. This economic data
is accompanied by the LCOE or the uniform cost of energy measured in lifetime the total cost between
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the required energy in the whole COMSA building. The service life of the proposed configuration either
a new battery or second-life battery has been set at 10 years.

The input values of the LCOE algorithm calculation are showed in the Table 3.10:

Table 3.10: Input values:

dload 31774 nº data measures
incT 0.025 time increments
Ppeak 110 kW
costPV 1300 €/kW
costconvbat 300 €/kW
costbat 550 €/kWh (New battery (NB))
costbat 275 €/kWh (Second-life battery (SLB))

Once the system has been modeled and dimensioned based on different simulations in the previous
subsection, it is proposed the need to minimize the LCOE cost as possible. The cost function is fx:

f(x) = costPV · x2 + costconvbat · x3 + costbat · x4 (3.19)

In the Table 3.11, the study variables of the algorithm are:

Table 3.11: Study variables:

PV installed capacity - x2 22 kWp
Converter power - x3 7.2 kW
New Battery (NB) capacity - x4 14 kWh
Second-life Battery (SLB) capacity - x4 11.2 kWh

One of the restrictions of the model is the power balance. The difference between the power generated
and the power consumed by the load is equivalent to the sum of power that regulates the converter and
the power that is thrown.

a(t) · x2 + b(t) · x3 − c(t) · Ppeak = Pconv(t) (3.20)

Moreover, the restriction on the value of the power of the converter, which in no case can exceed the
value maximum allowed. Remember that for the project the total power of the converters system set is
7.2 kW.

− x3 ≤ Pconv(t) ≤ x3 (3.21)

Another important restriction is the energy storage limits. The energy at the end of time iteration t is
between the minimum and maximum of battery capacity (new or second-life battery).

Ebat(t) = Ebat(t− 1) + incT · Pconv(t) (3.22)
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k · x4 ≤ Ebat(t) ≤ x4 (3.23)

• The variable x1 is the every 15-minute measures of the data model.

• Where a(t), b(t) is the ratio of photovoltaic and demand respectively. The variables x2, x3, x4 are
the value of the variables to be dimensioned.

• Pconv(t) is power that the converter regulates and curtailed power in the time t from the PV gener-
ation.

• Ebat(t) is the energy in the battery at time t.

• The constant k that is taken to determine the minimum battery capacity that can fit is 0.2.

• The increase in time, incT, and the peak power Ppeak are also constant. For convenience, will hence-
forth be called the total demand at time t.

C(t) = c(t) · Ppeak (3.24)

A key part of the model regarding the battery types, is to check the LCOE costs evaluating the pro-
posed scenarios in theMATLABmodeling code Battery_Modelling_ Building.m (Appendix D.1). After
evaluating the sizing model, the results for both scenarios are given in the next tables:

Table 3.12: New battery (NB) sizing model results:

New Battery capacity (Ebatmax) 14 kWh
Battery converter power (Pbatmax) 7.2 kW
Total building Power Peak Demand (Ppeak) 110 kW
HVAC Power Peak Demand (Ppeak) 10 kW
Power BIPV installation (PPV) 22 kWp
PV curtailed generation per year before storage 36959.43 kWh
PV stored energy in battery per year 5040 kWh
PV surplus energy per year after storage 31919.43 kWh

Table 3.13: Second-life battery (SLB) sizing model results:

Second-life battery capacity (Ebatmax) 11.2 kWh
Battery converter power (Pbatmax) 7.2 kW
Total building Power Peak Demand (Ppeak) 110 kW
HVAC Power Peak Demand (Ppeak) 10 kW
Power BIPV installation (PPV) 22 kWp
PV curtailed generation per year before storage 36959.43 kWh
PV stored energy in battery per year 4032 kWh
PV surplus energy per year after storage 32927.43 kWh

Therefore, as stated in the Figures 3.25 and 3.28, the amount of energy stored per battery type (new
battery and second-life battery) will vary due to the capacity of each one. To demonstrate the behavior of
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the battery storage system and correlate this analysis with the one done in the Subsection 3.5.1, referred
to time-of-use (ToU). The results of the energy stored in a new battery (14 kWh) are showed below in a
yearly, monthly, weekly and daily basis:

• PV energy stored in a new battery (NB), one year (From 01/05/2019 to 01/05/2020):

The amount of energy stored in the battery is around 5040 kWh per year. In the figure, the
behavior during this period of time is showed:

Figure 3.34: PV energy stored in a new battery, one year - (01/05/2019 - 01/05/2020). Source: Author
(2020)

• PV energy stored in a new battery (NB), one month (From 01/01/2020 to 31/01/2020):

The amount of energy stored in the battery is around 420 kWh per month. In the figure, the
behavior during this period of time is showed:



Implementation of second-life batteries as energy storage systems in tertiary buildings page. 80

Figure 3.35: PV energy stored in a new battery, one month - (01/01/2020 - 31/01/2020). Source: Author
(2020)

• PV energy stored in a new battery (NB), one week (From 27/01/2020 to 31/01/2020):

The amount of energy stored in the battery is around 98 kWhperweek. In the figure, the behavior
during this period of time is showed:

Figure 3.36: PV energy stored in a new battery, one week - (27/01/2020 - 31/01/2020). Source: Author
(2020)

• PV energy stored in a new battery (NB), one day: 31/01/2020
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The amount of energy stored in the battery is around 14 kWh per day. In the figure, the behavior
during this period of time is showed:

Figure 3.37: PV energy stored in a new battery, one day - (31/01/2020)

On the other hand, to demonstrate the behavior of the second-life battery (SLB) storage system and
correlate this analysis with the one done in the Figure 3.28, referred to time-of-use (ToU), the results of
the energy stored in this type of battery (11.2 kWh) are showed below in a yearly, monthly, weekly and
daily basis:

• PV energy stored in a second-life battery (SLB), one year (From 01/05/2019 to 01/05/2020):

The amount of energy stored in the battery is around 4032 kWh per year. In the figure, the
behavior during this period of time is showed:
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Figure 3.38: PV energy stored in a second-life battery, one year - (01/05/2019 - 01/05/2020). Source:
Author (2020)

• PV energy stored in a second-life battery (SLB), one month (From 01/01/2020 to 31/01/2020):

The amount of energy stored in the battery is around 336 kWh per month. In the figure, the
behavior during this period of time is showed:

Figure 3.39: PV energy stored in a second-life battery, one month - (01/01/2020 - 31/01/2020). Source:
Author (2020)

• PV energy stored in a second battery (SLB), one week (From 27/01/2020 to 31/01/2020):
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The amount of energy stored in the battery is around 78.4 kWh per week. In the figure, the
behavior during this period of time is showed:

Figure 3.40: PV energy stored in a second-life battery, one week - (27/01/2020 - 31/01/2020). Source:
Author (2020)

• PV energy stored in a second-life battery (SLB), one day: 31/01/2020

The amount of energy stored in the battery is around 11.2 kWhper day. In the figure, the behavior
during this period of time is showed:

Figure 3.41: PV energy stored in a second-life battery, one day - (31/01/2020)
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3.5.3 Levelized Cost of Energy (LCOE) analysis

The Levelized Cost of Energy (LCOE) is considered a cost metric which compares energy storage
systems with different characteristics on a comparable basis. For instance, these systems have unequal
lifetime, capacities, rated power, capital cost and efficiencies. The LCOE represents the lowest cost at
which energy should be sold out so as to realize break-even over the storage life cycle. This approach
allows for a fast and simple assessment of various energy storage systems.

The LCOE approach iswidely used to value and compare energy storage systemswith different charac-
teristics. Thismethod defines a unit cost of electricity generation over the life of the system. It determines
the price per energy unit, which balances out the total costs of the system. The LCOE is calculated by
dividing the total capital cost of the storage, over the expected energy output while talking into consid-
eration the time-varying value of money.

As mentioned in the previous subsection 3.5.2, the possibility to store the surplus energy generation
from the PV energy production in the proposed lithium-ion battery will help to minimize the LCOE of
the installation and create a better synergy increasing energy production and reducing project total costs,
considering a time period of 10 years and whole year demand database (31774 measures). From the
MATLAB modeling code Battery_ Modelling_ Building.m (Appendix D.1), the equations below show
how to calculate the LCOE of the system:

Enetot = sum(dload) (3.25)

lifetime = 10years (3.26)

LCOE(MWh) =
cost

(1e− 6 · lifetime · (31774/length(Ebat)) · Enetot)
(3.27)

The analysis has a levelized cost of generation, or of discharge, which means dividing all the project
costs or leveling all the project cost by the discharged energy, you get to a levelised cost of electricity
number that represents the price you need on a megawatt-hour basis to recoup all of costs and then
hitting the equity rate targets for the project. This LCOE analysis is merely a technical approach from the
evaluated battery scenarios using a 22 kWp BIPV installation and a total building power peak demand
of 110 kW:

• LCOE - New battery (NB) storage system + BIPV installation:

Table 3.14: LCOE new battery (NB) + BIPV installation results:

New battery capacity (Ebatmax) 14 kWh
Battery converter power (Pbatmax) 7.2 kW
Power BIPV installation (PPV) 22 kWp
System Costs 38.46 kAC
LCOE (MWh) 37.56 AC/MWh
LCOE (kWh) 0.03756 AC/kWh

• LCOE - Second-life battery (SLB) storage system + BIPV installation:
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Table 3.15: LCOE second-life battery (SLB) + BIPV installation results:

Second-life battery capacity (Ebatmax) 11.2 kWh
Battery converter power (Pbatmax) 7.2 kW
Power BIPV installation (PPV) 22 kWp
System Costs 33.84 kAC
LCOE (MWh) 33.05 AC/MWh
LCOE (kWh) 0.03305 AC/kWh

• LCOE - only BIPV installation:

Table 3.16: LCOE only BIPV installation results:

Battery capacity (Ebatmax) 0 kWh
Battery converter power (Pbatmax) 0 kW
Power BIPV installation (PPV) 22 kWp
System Costs 28.6 kAC
LCOE (MWh) 27.94 AC/MWh
LCOE (kWh) 0.02794 AC/kWh

A comparison of all LCOE scenarios is illustrated in the next table:

Table 3.17: LCOE comparison between scenarios:

LCOE new battery (NB) + BIPV installation (MWh) 37.56 AC/MWh
LCOE second-life battery (SLB) + BIPV installation (MWh) 33.05 AC/MWh
LCOE only BIPV installation (MWh) 27.94 AC/MWh

The LCOE values from the Table 3.17 are compared with the LCOE benchmark values from the Inter-
national Renewable Energy Agency (IRENA) [39] from figure 3.42 where the global average weighted
LCOE in 2019 was 68.40 $ /MWh (57.84 AC/MWh):
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Figure 3.42: LCOE benchmark for Solar PV - 2020. Source: International Renewable Energy Agency
(IRENA) (2020)

Consequently, the LCOE values from the calculations are lower than the average LCOE value from
IRENA [39]. The cost of electricity from utility-scale solar PV has been decreasing since 2010 around 82
% until nowadays and the capacity factor increased until 18 %. In addition, the total installed price of a
solar PV is 995 $ /kW (850 AC/kW) approximately but in terms of this project, an installed price of 1300
AC/kW is considered for the LCOE analysis because of a Building Integrated Photovoltaic (BIPV).

Figure 3.43: LCOE auction benchmark for Solar PV - 2020. Source: International Renewable Energy
Agency (IRENA)(2020)
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From Figure 3.43, in order to correlate the analysis from the Section 3.5.1 about ToU, energy storage
system modeled and the LCOE values from the Table 3.17, the most adequate option for the project is
the LCOE second-life battery (SLB) + BIPV installation, because of its LCOE value of 33.05 AC/MWh
compared to LCOE auction value of 38.40 AC/MWh for this year 2020. It is inferred that with this lower
value the project will have many technical and economical benefits applying these technologies on it. In
addition, it is expected that for the year 2021 the LCOE auction value will decrease until a value of 33
AC/MWh making these projects more profitable.
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3.6 Techno-Economic Model

In the next sections, an analysis of the battery implementation will be held, so the main cases will take
into account a new battery (NB) installation in the COMSAbuilding pilot site versus a second-life battery
(SLB) installation, so the initial investment, battery prices, input parameters, flexible markets revenues,
and other details will be studied and compared in order to check the feasibility and profitability of the
both business cases.

In this analysis, the total costs of the power systems were annualized, and these include investment re-
payments, fixed and variable operation andmaintenance (O&M), integration and implementation costs.
The Excelmodel offers the possibility to analyze both cases (Newbattery and Second-Life battery) chang-
ing some input parameters. In the Table 3.18, the main CAPEX costs are considered in the analysis:

Table 3.18: General initial investment costs (CAPEX)

New Battery (14 kWh) 7700 €
Second-Life Battery (11.2 kWh) 3080 €
3 Inverters Victron Energy (7.2 kW) 3180 €

In the Table 3.19, the main OPEX costs are considered in the analysis. The maintenance costs and
battery charging costs are included per year, also a linear battery depreciation rate of a 10 % /year is
considered according to the battery capacity cost and if it is a new battery or a second-life battery.

Table 3.19: General initial investment costs (OPEX)

Battery + inverters maintenance costs 400 €/year
Battery depreciation cost rate 10 % /year
Battery depreciation cost - New battery 770 €/year
Battery depreciation cost - Second-life battery 308 €/year
Estimated licenses operational cost 600 €/year

3.6.1 Licenses cases

After the description of the licenses in the Subsection 3.4.1, some cases related can be described in order
to understand better the potential revenues. This licenses cases will be analyzed for both alternatives
using either a new battery (Subsection 3.6.2) and a second-life battery (Subsection 3.6.3).

Table 3.20: License apps cases

Base Case AEC AEC No Licenses, No ToU
Case 1 ToU ToU yearly revenues
Case 2 All Licenses All Licenses yearly revenues
Case 3 All Licenses + ToU All Licenses and ToU yearly revenues

• Base Case Annual Energy Costs (AEC):
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The Base Case only takes into account the current situation at the COMSA building pilot. An An-
nual Energy Cost (AEC) of 36360 €/year without any update or implementation of ToU to reduce
the electricity bill.

• Case 1 - ToU:

In the Case 1, the implementation of the ToU is goodway to see the potential yearly savings. In fact,
in the Subsection 3.5.1 these potential ToU savings will be explained and how the ToU is calculated
taken as an example an estimated PV installation using the COMSA data of the 22 kWp and the
battery that COMSA is willing to install.

• Case 2 - All Licenses:

Integrating all licenses in the model would be another strategy to reduce the AEC. The licenses are
Automatic Demand SideManagement (ADSM), Reward fromDemand Response (ReDR), Whole-
sale electricitymarket trading (WSM) and each of themwill provide some annual revenues (ADSM
10 %, ReDR 5 %, WSM 10 %), according to Table 3.8.

• Case 3 - All Licenses + ToU:

Case 3 will be another potential profitable case by integrating all licenses in the model plus the ToU
analysis to mitigate the Base Case AEC and have extra revenues from the solution.

3.6.2 New battery (NB) scenario analysis

The goal of this section is to show the potential techno-economic advantages of installing a new battery
(NB) in the project, and furthermore this case will be compared with a second-life battery (SLB) one.
The results of the financial calculations of this scenario are given below. The NPV is calculated using
an interest discount rate of 0%. It is clear that break-even is reached and the project does seems very
profitable in the shape it is in applying different case combinations. Figure C.5 in theAppendix C, Section
C.2 shows the initial investment of the new battery case.

According to the Subsection 3.6.1 about the license operational apps, in this analysis it will be studied
the benefit of the implementation of the assets (battery, inverters, PV installation) and the license apps
in order to demonstrate the final potential revenues using a new battery (NB) in the COMSA pilot:

• Base Case Annual Energy Costs (AEC):

The Base Case only takes into account the current situation at the COMSA building pilot. An An-
nual Energy Cost (AEC) of 36 360 €/year without any update or implementation of ToU to reduce
the electricity bill.

• Case 1 - ToU:

In the Case 1, the implementation of the ToU is an useful method to see the potential yearly savings.
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Figure 3.44: Case 1 - Economic indicators without discount rate, New battery (NB). Source: Author
(2020)

Figure 3.45: Case 1 - Cumulative Cash Flow graph, New battery (NB). Source: Author (2020)

In the Figure 3.45, the amount of € 10897.99 in the first year, corresponds to the initial investment
considering the new battery and the inverters only. A cash flow analysis is done and represents
how this initial investment is returned through the 10-year time period.

• Case 2 - All Licenses:

In Case 2, integrating all licenses in the model would be another strategy to reduce the Annual
Energy Costs (AEC). The licenses are Automatic Demand Side Management (ADSM), Reward
from Demand Response (ReDR), Wholesale electricity market trading (WSM) and each of them
will provide some annual revenues (ADSM 10 %, ReDR 5 %, WSM 10 %), according to table 3.8.
This licenses can provide around 15 % savings in total from the AEC value.

Figure 3.46: Case 2 - Economic indicators without discount rate, New battery (NB). Source: Author
(2020)



Implementation of second-life batteries as energy storage systems in tertiary buildings page. 91

Figure 3.47: Case 2 - Cumulative Cash Flow graph, New battery (NB). Source: Author (2020)

In the Figure 3.47, the amount of € 10819 in the first year, corresponds to the initial investment
considering the new battery, inverters and also the licenses (ADSM, ReDR and WSM) included in
the solution. A cash flow analysis is done and represents how this initial investment is returned
through the 10-year time period.

• Case 3 - All Licenses + ToU:

Case 3 integrates the Automatic Demand Side Management (ADSM), Reward from Demand Re-
sponse (ReDR), Wholesale electricity market trading (WSM) licenses in the analysis and adding
the ToU scheme. This licenses can provide around 15 % savings in total from the AEC value plus
the yearly revenues from the ToU.

Figure 3.48: Case 3 - Economic indicators without discount rate, New battery (NB). Source: Author
(2020)
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Figure 3.49: Case 3 - Cumulative Cash Flow graph, New battery (NB). Source: Author (2020)

In Case 3, Figure 3.49, the amount of € 10066.99 in the first year, corresponds to the initial in-
vestment considering the new battery, inverters and also the licenses (ADSM, ReDR and WSM)
included in the solution. The integration of the Time-of-Use (ToU) led to yearly savings included
in the analysis. A cash flow analysis is done and represents how this initial investment is returned
through the 10-year time period.

3.6.3 Second-life battery (SLB) scenario analysis

The goal of this section is to show the potential techno-economic advantages of installing a
second-life battery (SLB) in the project. The results of the financial calculations of this scenario
are given below. The NPV is calculated using an discount rate of 0%. It is clear that breakeven
is reached and the project does seems very profitable in the shape it is in now applying different
case combinations. Figure C.7 in the Appendix C, Section C.2, shows the initial investment of the
second-life battery (SLB) case.

According to the Subsection 3.6.1 about the license operational apps, in this analysis it will be
studied the benefit of the implementation of the assets (battery, inverters, PV installation) and the
license apps in order to demonstrate the final potential revenues using a second-life battery (SLB)
in the COMSA pilot:

– Base Case Annual Energy Costs (AEC):

The Base Case only takes into account the current situation at the COMSA building pilot. An
Annual Energy Cost (AEC) of 36 360 €/year without any update or implementation of ToU
to reduce the electricity bill.

– Case 1 - ToU:

In the Case 1, the implementation of the ToU is good way to see the potential yearly savings
generated.
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Figure 3.50: Case 1 - Economic indicators without discount rate, Second-life battery (SLB). Source: Au-
thor (2020)

Figure 3.51: Case 1 - Cumulative Cash Flow graph, Second-life battery (SLB). Source: Author (2020)

In the Case 1, Figure 3.51, the amount of € 5808.12 in the first year, corresponds to the initial
investment considering the second-life battery and inverters only as in the new battery anal-
ysis. The initial investment value implies a reduction in the battery cost since is a second-life
battery. A cash flow analysis is done and represents how this initial investment is returned
through the 10-year time period.

– Case 2 - All Licenses:

In order to reduce the AEC, the integration of all licenses in the model would be an useful
revenue strategy. The licenses are Automatic Demand Side Management (ADSM), Reward
from Demand Response (ReDR), Wholesale electricity market trading (WSM) and each of
them will provide some annual revenues (ADSM 10 %, ReDR 5 %, WSM 10 %), according to
Table 3.8. These licenses can provide around 15 % savings from the AEC value.
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Figure 3.52: Case 2 - Economic indicators without discount rate, Second-life battery (SLB). Source: Au-
thor (2020)

Figure 3.53: Case 2 - Cumulative Cash Flow graph, Second-life battery (SLB). Source: Author (2020)

In the Figure 3.53, the amount of € 5737 in the first year, corresponds to the initial invest-
ment considering the second-life battery, inverters and also the licenses (ADSM, ReDR and
WSM) included in the solution. A cash flow analysis is done and represents how this initial
investment is returned through the 10-year time period.

– Case 3 - All Licenses + ToU:

Case 5 is a potential profitable case by integrating all licenses in the model plus the ToU anal-
ysis would be another alternative to mitigate the Base Case AEC. These licenses can provide
around 15 % savings from the AEC value plus the yearly revenues from the ToU.

Figure 3.54: Case 3 - Economic indicators without discount rate, Second-life battery (SLB). Source: Au-
thor (2020)
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Figure 3.55: Case 3 - Cumulative Cash Flow graph, Second-life battery (SLB). Source: Author (2020)

In Case 3, the Figure 3.55, the amount of € 4977.12 in the first year, corresponds to the initial
investment considering the second-life battery, inverters and also the licenses (ADSM, ReDR
and WSM) included in the solution. The integration of the Time-of-Use (ToU) led to yearly
savings included in the analysis. A cash flow analysis is done and represents how this initial
investment is returned through the 10-year time period.
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3.7 Revenues Model - Comparison between scenarios

3.7.1 New battery (NB) scenario results

Figure 3.56: New battery (NB) economic analysis results. Source: Author (2020)

1. All cases have positive NPV and yearly revenues. The Case 1 - ToU not using any licenses
only ToU will have a yearly revenue of 2659.41 €/year approximately in the study period,
not applying a discount rate. The Internal Rate of Return (IRR) is 21% and the payback
period will be 6.10 years keeping a positive Benefit-Cost ratio (BCR) of 1.44. The Time-
of-Use (ToU) net yearly savings are 3829.41 €/year.

2. Case 2 -All Licenses alsowill have annual revenues of 3684 EUR/year butwithout the ToU
savings this case is not so profitable as Case 3 - All Licenses + ToU. Case 2 - All Licenses
has a better payback period of 4.94 years rather than the Case 1 - ToU. Also, this case has
a higher Benefit-Cost ratio (BCR) of 2.41 and an a greater Internal Rate of Return (IRR)
of 32% rather than Case 1 - ToU.

3. Themost profitable case is the Case 3 - All Licenses+ToUwith annual revenues of 7513.41
€/year. The Internal Rate of Return (IRR) increased until 74% which is the best rate from
three cases. The payback period is about 3.34 years and the Benefit-Cost ratio (BCR) will
be 6.46. Compared with the Case 2 - All Licenses, there is a revenue of 2.03 times higher
by applying the ToU with the licenses.

4. To apply Case 2 - All Licenses or Case 3 - All Licenses + ToU, it is better to wait until the
end of 2020 or the beginning of the 2021, when the Spanish energy legislation be fully
defined in terms of potential DSO and FCR revenue streams depending on the building.

From the results, it is visible that the parameters in the business model will have to shift
to make the model more profitable. A sensitivity analysis for the new battery (NB) scenario
is calculated in order to show the variations between battery prices through a specific time
period.

The cost of the battery has a significant impact on the initial investment and will therefore
impact the NPV of the project. Current battery cost can be estimated to be 550€/kWh for
lithium-ion batteries. Figure C.10 in the Appendix C, shows the cost variation data in a period
for the most profitable case. This price is expected to drop over the coming years due to the
battery depreciation and also the faster growth battery market.
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Figure 3.57: Sensitivity Analysis zero crossings - New battery (NB). Source: Author (2020)

Figure 3.58: NPV comparison - New battery (NB) price. Source: Author (2020)

Regarding the most profitable analysis, Case 3 - All Licenses + ToU, in order to start with
an NPV equals to zero in the project, with zero earnings neither losses, the price of the new
battery implemented (14 kWh) should be 383.34 €/kWh, about 166.66 €more cheaper than is
already in the battery market nowadays (550 €/kWh).

Figure 3.58 shows how the new battery prices will decrease during the time period while a
positive NPVwith a 0% discount rate, will rise year by year regarding the cases studied for the
scenario. This shows that a positive NPV can be expected in the near future while the prices
are plummeting from the actual price reference of 550 €/kWh.
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3.7.2 Second-life battery (SLB) scenario results

Figure 3.59: Second-life battery (SLB) economic analysis results. Source: Author (2020)

1. All cases have positive NPV and yearly revenues. The Case 1 - ToU not using any licenses
only ToU will have a yearly revenue of 3152.89 €/year approximately in the study period,
not applying a discount rate. The Internal Rate of Return (IRR) is 54% and the payback
period will be 3.84 years keeping a positive Benefit-Cost ratio (BCR) of 4.43. The Time-
of-Use (ToU) net yearly savings are 3860.89 €/year.

2. Case 2 -All Licenses alsowill have annual revenues of 4146 EUR/year butwithout the ToU
savings this case is not so profitable as Case 3 - All Licenses + ToU. Case 2 - All Licenses
has a better payback period of 3.38 years rather than the Case 1 - ToU. Also, this case has
a higher Benefit-Cost ratio (BCR) of 6.23 and an a greater Internal Rate of Return (IRR)
of 72% rather than Case 1 - ToU.

3. Themost profitable case is the Case 3 - All Licenses+ToUwith annual revenues of 8006.89
€/year. The Internal Rate of Return (IRR) increased until 161%which is the best rate from
the three cases. The payback period is about 2.62 years which is the lowest of the cases
and the Benefit-Cost ratio (BCR) will be 15.09, the highest. Compared with the Case 2 -
All Licenses, there is a revenue of 1.86 times higher by applying the ToUwith the licenses.

4. To apply Case 2 - All Licenses or Case 3 - All Licenses + ToU, it is better to wait until the
end of 2020 or the beginning of the 2021, when the Spanish energy legislation be fully
defined in terms of potential DSO and FCR revenue streams depending on the building.

From the results, it is visible that the parameters in the business model will have to shift
to make the model more profitable. A sensitivity analysis for the second-life battery (SLB)
scenario is calculate in order to show the variations between battery prices through an specific
time period.

The cost of the battery has a significant impact on the initial investment and will therefore
impact the NPV of the project. Current battery cost can be estimated to be 275 €/kWh for
lithium-ion batteries. Figure C.11 in the Appendix C, shows the cost variation data in a period
for the most profitable case (Case 3 - All Licenses + ToU). It is expected that the cost will
drop over the coming years due to the battery depreciation and also the faster growth battery
market and stationary storage applications.



Implementation of second-life batteries as energy storage systems in tertiary buildings page. 99

Figure 3.60: Sensitivity Analysis zero crossings - Second-life battery (SLB). Source: Author (2020)

Figure 3.61: NPV comparison - Second-life battery (SLB)) price. Source: Author (2020)

Regarding themost profitable analysis, Case 3 - AEC+Licenses + ToU, in order to start with
anNPVequals to zero in the project, with zero earnings neither losses, the battery price should
increase to 638.30 €/kWh, more than is already in the second-life battery market nowadays.
This shows that a positive NPV can be expected using as a starting price reference of 275
€/kWh, as stated for this scenario.

Figure 3.61 shows how the new battery prices will decrease during the time period while a
positive NPVwith a 0% discount rate, will rise year by year regarding the cases studied for the
scenario. This shows that a positive NPV can be expected in the near future while the prices
are plummeting from the actual price reference of 275 €/kWh.

In summary, after evaluating both scenarios with a new battery (NB) and a second-life
battery (SLB), the implementation of a second-life battery in the installationwith the software
operational license apps and a Time-of-Use (ToU) scheme will give around a 6.56 % more in
annual earnings than using a new battery in this project, which means around € 493.50 more
in savings per year comparing both scenarios.

A reduced initial investment due to the second-life battery prices in market, will carry out
more advantages in future projects, in terms of a faster payback period, a positive NPV, and a
better benefit cost ratio (BCR). The deployment of this study in other buildings with higher
energy demand will give some benefits to consider for the building owners and users.



Chapter 4

Energy Management System
(EMS) and implementation
barriers

4.1 General context

Energy Management Systems (EMS) are computer-based automated systems that monitor
and control all energy related systems frommechanical and electrical equipment in buildings.
Building energy management systems (BEMS) are commonly used to automate all services
and functions within the building, which include energy management tasks. These building
energy management systems connect building components with a central computer to enable
the control of different variables and parameters within the building enabling possible ways
to achieve energy monitoring, savings, and developing the smart-green building concept.

In addition, EMS are essential part of tertiary buildingswhich are associatedwith high costs,
and considered a key success factor of businesses and services produced from the building or
facility. Typically, EMS implement basic automation functionalities for these assets which can
be adjusted from the central supervisory software, for example: definition of on/off sched-
ules, instant on/off commands and regulation of indoor temperature based on Proportional-
Integrative-Derivative techniques. Also, othermore efficiency-oriented functionalities are some-
times included like free-cooling and night-cooling for HVAC and automatic regulation of ar-
tificial lighting to leverage natural lighting, among others.

Energy Management Systems (EMS) in tertiary buildings encompass a significant number
of components organized in a multi-layer architecture, as it can be seen in the Figure D.1,
the software embodying the logic of control of the energy-related assets is distributed across
different hardware units (controllers and central computer) and it has been integrated in a
tailor-made project.

The vision of the wider integration DERs is also a prerequisite for efficient use of energy
at the consumer level through intelligent demand response. In order to develop a proper
demand response program, real time access to control information related to the status of

100
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transmission and distribution network is essential. An increased level of collaboration, inte-
gration and interoperability among the array of technologies and disciplines is thus required,
opening up new frontiers of integration of information and communication technology (ICT)
with the energy infrastructure.

Achieving a demand-responsive smart-grid depends on the capacity of the business stake-
holders to collaborate effectively, in order to give rise to a new generation of innovative, re-
liable, and secure smart-grid services. In an environment of increased collaboration, four
strategic challenges at the intersection between ICT and energy infrastructures are vital:

∗ Interoperability: – For ensuring convergence of network (ICT) and transmission (grid)
protocols for enhanced cooperation and communication.

∗ Reliability and security: – For trusted provision of services and enhanced resilience tak-
ing into account new barriers such as cyber-security and local security.

∗ Decentralized and self-organizing architecture: – For enhanced flexibility in grid control
and management, and for increased resilience through self-healing.

∗ Innovative business models: – For increased participation by stakeholders (e.g., users,
telecommunication operators, utilities, DSO, etc.) – to release investments required for a
thorough infrastructure upgrade. This was discussed in the Chapter 3, section 3.3.

In the Section 4.2, the interoperability concept will be developed at making the operation
of the system as simple as possible in terms of controls and communication, with use of in-
telligent communication and control devices. In this way, the users get feedback on their
energy consumption. Thus, users can monitor their energy consumption and make decisions,
whether to change their energy behavior. In addition, in the section 4.3, the local security re-
lated to EMS and Smart Grids will be explained focusing in the building sector and reviewing
the potential risks to this type of technologies.
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4.2 Interoperability

The Internet of Energy (IoE)mentioned in the Section 2.11 is a new concept derived from the
Internet of Things (IoT), and emphasizes on enabling technologies, protocols and application
issues related to the energy sector. The IoT is enabled by the latest developments in smart
sensors, communication technologies, and internet protocols. The basic premise is to have
smart sensors collaborating directly without human involvement to deliver a new class of
applications.

According to M. Guizani et al [13], in the upcoming years, the IoT is expected to bridge di-
verse technologies to enable new applications by connecting physical objects together in sup-
port of intelligent decision making. This project provides a horizontal overview of the IoT as a
summary of the most relevant protocols and application issues to enable application develop-
ers to understand on how the different protocols fit together to deliver desired functionalities
without having to go through the standards specifications.

Interoperability is the ability of two or more devices to exchange information and work to-
gether in a system. This is achieved using published objects and data definitions, standard
commands and protocols. As communication and information technologies emerge in power
systems, smart devices/systems need to leverage realistic and scalable field deployment. The
interdisciplinary structure of the smart grid concept requires heterogeneous devices with dif-
ferent capabilities to cooperate together to achieve global and local control objectives through
real-time information handling and data interoperability of the cyber-physical component.

Utilities and independent system operators seek the most proper way to reach required in-
formation easily and securely for various domains including bulk generation, non-bulk gener-
ation, transmission, distribution, customer, markets, operations, service providers and foun-
dation support systems. In the end, the smart grid interoperability needs to use compatible
data exchange formats for a fully integrated framework.

4.2.1 Optimization strategies for Building Energy Management Systems
(BEMS)

As it was stated in the Section 1.1, the DRIvE relies on integrating building energy man-
agement system (BEMS), multi-agent system (MAS) optimisation, model predictive control
(MPC) and computational intelligence (CI) based forecasting to unlock the demand response
potential. Existing Computational Intelligence-based forecasting algorithms are extended by
coupling advanced clustering techniques and physics based simulation. The DRIvE model
predictive control (MPC) is based on day-ahead forecasting of load every 15 minutes, gen-
eration and flexibility enabling the actuation of controlled devices at the most suitable time,
therebymaximizing theDemandResponse (DR)potential of the building case study atCOMSA
Corporación.

In these terms, physical characteristics of a building and its Heating Ventilation and Air
Conditioning (HVAC) components are extracted and fed into a series of energy balance equa-
tions. The balance equations are used for prediction of the future evolution of cooling/heat-
ing dynamics. An alternative is to use a data-driven model (e.g. Artificial Neural Networks
(ANN), Fuzzy Logic (FL), or other elements of AI) to Model Predictive Control by simply
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fitting a modeling to the cooling/heating data regardless of the particular physical structure
of the building.

With these predictive approaches, the fluctuations ranges within energy prices, load pro-
files and input profiles from renewable energy sources can be handled in an effective way. In
addition, the performance of anMPC-based energy system crucially depends on the accuracy
of the load forecasts, response/execution time of the Model Predictive Control algorithm, un-
certainty that may be acceptable in the domain of application. Figure 4.1 shows a simplified
process and data-flow for a MPC that is applied in the COMSA Building.

Figure 4.1: Simplified process and data-flow diagram for Model Prediction Control. Source: DRIvE
H2020 (2018)

Consequently, the DRIvE H2020 project [10] is an example to address the building and dis-
trict energy management by a distributed optimization where the energy network is modeled
as a cooperation network that is distributed among different interacting agents. The alternat-
ing directionmethod of multipliers (ADMM) is the adopted as a central tool for optimization.
In DRIvE, the ADMM optimization algorithm will be extended in order to:

∗ Participate in a transparent way to multiple Demand Response (DR) schemes

∗ Support the management of flexibility for Low-Voltage and Medium-Voltage assets (e.g.
Virtual Power Plants (VPP), Energy Storage Systems (ESS), Combined Heat & Power
(CHP), etc.)

∗ Provide new ancillary services (such as Congestion Management and power quality) to
Distribution System Operators (DSOs) during the plan and validate phase
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∗ Integrate home heating as an active load through the Model Predictive Control (MPC)
module

∗ Interface with the real-time management components that intervene in the operate phase

Furthermore, the multi-agent algorithmic framework could be coupledwith the Blockchain
technology that will allow for peer-to-peer (P2P) payment transactions among participants.
Several energy utility companies have taken interest in exploring the potential benefits of dis-
tributed ledger technologies (DLT), as an enabling technology for low-carbon transition and
sustainability. This topic is not developed in this Master thesis but it is important to mention
it for future technology considerations.
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4.3 Local security

4.3.1 Industrial Network Protocols

According to Knapp et al [33], there are many highly specialized protocols used for in-
dustrial automation and control, most of which are designed for efficiency and reliability to
support the economic and operational requirements of large industrial control system (ICS)
architectures. Industrial protocols are real-time communications protocols, developed to in-
terconnect the systems, interfaces, and instruments that make up an industrial control system.

Communication protocols provide the means to exchange data electronically and can be
viewed as electronic languages. Just as there are many different human languages, there
are many communication protocols, often developed to meet different types of requirements.
They are also usually defined in layers although usually some of the layers can be combined
in a particular standard. These layers consist of:

∗ Information models and profiles, which identify the types of data and their abstract for-
mats, with a focus on the business purpose of the data. For instance, an informationmodel
can identify the data elements of ’phase voltage’, ’energy price’, and ’customer name’.

∗ Application layer protocols, which define the message structures (header, body, cyber-
security parts), services, and translation of the abstract data formats into ’bits and bytes’.

∗ Transport layer protocols, which provide the mechanisms for navigating through net-
works, such as across the Internet or within a local area network. The most common
protocols used are the Internet Protocol (IP) which identifies the address of systems and
devices, and the Transport Control Protocol (TCP)which ensures that even longmessages
that have been cut into pieces (e.g. for efficiency and for sharing the media) are correctly
reassembled at the far end. Another common protocol is Ethernet, used primarily on local
area networks.

∗ Media-specific protocols, which are tailored tomanage the different characteristics of var-
ious media, such as fiber optic cables, microwave systems, WiFi, Bluetooth, etc.

More specifically, in the DR schemes the aggregators should be able to remotely access ap-
pliances or pre-determined loads, specified by the end-consumer, and be able to conduct load
controls to extract a specified DR capacity. In addition to this, reasonable graphical user in-
terfaces (GUI) must be made available to end-consumers by aggregators in order to commu-
nicate DR signals and allow for some level of end-consumer customization.

Advances in ICT/AMI have allowed the development of home energymanagement systems
(HEMS) and building energy management systems (BEMS), which support interactive envi-
ronments that allow effective control of consumer loads and enable effective communication
abilities. AMI is defined as an infrastructure that measure, monitor, collect, and analyze data
of energy parameters and the associated quality figures. This system can communicate with
meters based on a coordinated schedule and with central distributed controllers. In some
literature, these is an expectation for an AMI to activate two-way communication among sev-
eral players in smart grids such as consumers, aggregators, retailers, and utilities to enable
advanced intelligent functions within AMI.
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4.3.2 Modbus

In the manufacturer webstite [34], Modbus is an application layer messaging protocol that
allows efficient communications between interconnected assets based on a ’request/reply’
methodology. Extremely simple devices, such as sensors or motors, useModbus to communi-
cate with more complex computers, which can read measurements and perform analysis and
control.

To support a communication protocol on a simple device requires that the message gener-
ation, transmission, and receipt all require very little processing overhead. This same quality
also makes Modbus suitable for use by PLCs and remote terminal units (RTUs) to communi-
cate supervisory data to an ICS system. Modbus operates independently of underlying net-
work protocols residing at Layer 3, allowing it to be easily adapted to both serial and routable
network architectures.

Figure 4.2: Modbus alignment with OSI 7-Layer model. Source: Modbus.org (2019)

Modbus TCP is a communication standard for measurement and control systems. Devices
from different manufacturers can exchange data with each other via Modbus TCP that stands
for Transmission Control Protocol and defines the way in which data is exchanged between
the individual network components. TCP is part of the Internet protocol family, the basis of
the Internet, and is therefore also called TCP/IP. Modbus TCP/IP communicates via Ethernet
[34].

Modbus can also be transported over Ethernet using TCP in two forms. The basic form takes
the originalModbusRTUADUand applies aModbusApplication Protocol (MBAP) header to
create a new frame. That is passed down through the remaining layers of the communication
stack adding appropriate headers before being placed on the Ethernet network.
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Figure 4.3: Modbus ADU. Source: Modbus.org (2019)

This form of protocol is very common with older, legacy devices that contain a Modbus
RTU serial interface and are connected to a ’device server’, which places this information on
an industrial network and is received by a similar ’device server’ converting it back to serial
RTU form.

Figure 4.4: Modbus frame. Source: Modbus.org (2019)

Modbus TCP is the more common form and uses TCP as a transport over IP to issue com-
mands and messages over modern routable networks. Modbus/TCP removes the legacy ad-
dress and error checking. Modbus is used in multiple master-slave applications to monitor
and program devices; to communicate between intelligent devices and sensors and instru-
ments; to monitor field devices using PCs and HMIs.

Figure 4.5: Modbus TCP. Source: Modbus.org (2019)
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Figure 4.6: Modbus ICS. Source: Modbus.org (2019)

Modbus is also an ideal protocol for RTU applications where wireless communication is
required. For this reason, it is used in other applications like building, infrastructure, trans-
portation and energy applications also make use of its benefits. Modbus TCP/IP has become
ubiquitous because of its openness, simplicity, low-cost development, and minimum hard-
ware required to support it. There are several hundred Modbus TCP/IP devices available in
the market and it is used to exchange information between devices, monitor, and program
them. It is also used to manage distributed I/Os, being the preferred protocol by the manu-
facturers of this type of devices.

4.3.3 Open Charge Point Protocol (OCPP)

The ability of the software and hardware systems to interchange information is a key fac-
tor for the success of the electric vehicle industry. In this master thesis, the implementation of
electric vehicles is not contemplated but a potential deployment of the business case including
EVs can be possible, so it is important to emphasizes the communication protocols that can
work with EVs. Standards have been developed and are in use to ensure base level interoper-
ability of the front-end communication and signaling processes for smart charging between
electric vehicles and charge stations. Electric charging stations have become a new target for
attackers, which poses a risk to manufacturers and users.

According to Venkata P. [36], open standards and a shared infrastructure for EV charging
are key in finding a satisfactory density of charging stations that also allow EVs to seamlessly
operate across service areas or even countries. However, this procedure requires the coordi-
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nation of a number of services, including: Metering and payment for energy, communication
between the EV battery management system and the charge point (CP), communication be-
tween the CP and a central management system (CS), and communication between the CS
and energy suppliers and the power grid.

Figure 4.7: OCPP Diagram. Source: OCPP (2020)

These infrastructures, composed ofmobile devices, autonomous entities and heterogeneous
cyber-physical systems, require the standardization of protocols and the implementation of
two primary interfaces, one for electricity and another for control related to status, authoriza-
tion, metering, and billing. Concretely, the OCPP protocol is mainly concerned with reserva-
tions and management of charging processes with restricted security considerations, princi-
pally limited to ensuring that charging is performed onlywhen authorized by a billing system.

One of the ways to ensure the security of these devices is by using secure communications
that allow us to prevent incidents, such as enabled insecure services that could allow brute
force attacks or code injection (HTTP, SOAP, among others). To do so, the Open Charge Al-
liance (OCA) [35], a group of European industries, have developed an open source common
back-end protocol, called Open Charge Point Protocol (OCPP), for charging stations to reduce
and secure overall investment costs. The OCPP intends to enable grid services based on smart
charging. The Open Charge Alliance (OCA) enlist the current protocol types:
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Figure 4.8: OCPP types. Source: Open Charge Alliance (OCA) (2020)

The local security at electric vehicle charging stations could cause problems for users, sta-
tions or central systems. It is therefore important to know how to identify, through security
analysis, the possible attack vectors in communications using this type of protocol, which can
be classified into different types:

∗ Physical aspects (hardware) regarding the charging stations, such as the physical break-
age of the station.

∗ Aspects related to information technology (TCP/IP), both linked to the charging station
and the backend system. Here we can find protocols that are not secure, such as HTTP,
or other services that could be used, such as the mobile telephone, where during the data
exchange the communication could be tapped and said information obtained.

Figure 4.9: Attack Vectors in Charging Stations. Source: OCPP (2020)

The communications used between the charge point and the central station are secure so that
there are no possible attack vectors creating a possible vulnerability. Therefore, the following
improvements are recommended:

∗ Expand the OCPP protocol with digital signatures for greater security between charge
points and central systems.
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∗ Digital signatures add the possibility to verify the integrity of the entire electric vehicle
infrastructure chain. Thus, when using digital signatures created from the charge points
there will be no problems in the size of the chain.

∗ Using the public key of the corresponding charge point, we can verify the integrity of the
digital signature.

∗ Using PKI (Public Key Infrastructure) with the use of digital signatures and certificates,
although this will require more effort by the operator of the charge points.

The OCPP protocols, used in communications between charging stations and electric cars,
allow a standardisation of communications that facilitates control in information exchange.
These protocols should include improvements in its protection mechanisms in aspects such
as the use of digital signatures, the use of PKI systems or in the process of fortifying its com-
munications to deal with future cybersecurity challenges.
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4.4 Supply Chain Risk Management (SCRM)

The lack of a cybersecurity strategy can threaten any business or breakthrough. A grow-
ing number of major companies have had to temporarily shut down their activity as a result
of undetected malware attacks. Far from being isolated cases, such incidents are now quite
common for smaller companies in every sector. So vast is the territory used by hackers that
the World Economic Forum has ranked cybercrime as one of the top five global risks.

The unfolding and evolving risk landscape is fast moving and unpredictable, which is likely
to leave some energy system players blind to emerging threats and less prepared if they con-
tinue to rely on passive normal system to provide energy security. New risks such as cyber-
security challenges to operation systems can overwhelm the unprepared where existing re-
sponse strategies are not necessarily useful. Cyber and digital disruption exercises are essen-
tial to identify specific vulnerabilities and better understandwhere the organization, company
or user needs to improve its overall cyber-risk management framework.

Integrated risk management and the search for dynamic resilience capabilities, explained
in the section 2.7, show how prepared is a company, organization or user against malicious at-
tackers or cyberthreats and also mention how the energy market players are contemplating a
broader landscape of systemic and new risks to be anticipated such as increasing price volatil-
ity of energy, cybersecurity, vulnerability of the energy infrastructure and extreme weather
events that could affect the energy supply goals.

The implementation of smart grids as a new technological development in a particular
project, carrywith it several concerns thatmust be enlisted to address particular risks, barriers
and issues that confront the forward progress, adoption, and acceptance of this technology in
the field of security.

1. Stakeholder Engagement:

At the early stages of smart grid implementations, stakeholder’s negative perceptions can
derail even the most beneficial project, especially when the proponents fail to pay close
attention to the educational aspects. Advocates need to be able explain and clearly identify
the benefits of each component of the smart grid to the customers that are the potential
key to service success.

2. Security:

As a ke part of smart grids, the prominence of information technology may introduce
new cyber-security vulnerabilities. Mitigating security risks is among the most important
research and development smart grid activity. On this section, this important barriermust
be understood in detail.

3. High initial costs:

Highunsustainable costs of pilot programs can act as obstacles to acceptance and adoption
of smart grids and IoT technologies in the energy sector.

4. Fear of obsolesce:

Asmany technology users (computers, smart phones, etc.) are painfully aware, the adop-
tion of new tools can open the door to new and additional costs for the consumer. This fear
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can be addressed through the development of interoperability standards and backward
compatibility of technologies.

5. Privacy:

Insufficient oversight of how data are used increases the risk of potential consumer pri-
vacy violations. This concern needs to be addressed appropriately to gain consumer ac-
ceptance and trust.



Chapter 5

Conclusions

Tertiary buildings are a key source of energy flexibility due to their high energy demand
and their possibilities for decentralized generation of energy from renewable sources. The
impact of the solution proposed in this project, is optimizing the energy (flexibility) exchange
within the COMSA building which leads to a more stable and efficient energy usage, so it
stays reliable even when the decentralized renewable energy applications grow in future. The
COMSA building pilot can grow towards a maximal level of sustainability and interoperabil-
ity with the implementation of second-life batteries into its energy infrastructure. Moreover,
optimized control using operational licenses and adequate ICT-IoT devices will also allow the
comparison of energy use for different buildings and enables bench marking which will lead
to an increased efficiency of the existing energy infrastructure.

COMSA Corporación as an implementer of this energy solution can increasingly produce
and consume, some or all, its own energy produced as demonstrated in the Chapter 3, Sub-
section 3.5.1 about Time-of-Use (ToU) scheme, either instantaneously or in a deferredmanner
through a decentralized stationary energy storage, behind the connection point with the grid
(i.e. the meter) and with this, have some extra revenues regarding the feed-in-tariff schemes.
Moreover, the potential scalability of the solution regarding the Spanish energy framework
could bring to COMSA several business opportunities within the tertiary building sector in
the next years after analyzing the local energy market in EU.

The current cost difference between second-life batteries and new batteries is a very attrac-
tive proposition and will play a significant role in increasing the usage of second-life EV bat-
teries in the next 10 years. These batteries will generate significant value and will bring down
the cost for stationary energy storage applications. The EV batteries at EOL can be reused
for the next 8-10 years in residential and tertiary buildings. Therefore, this project analyzed
the two potential scenarios for the COMSA building pilot, (new and second-life battery), in
which the most profitable scenario was the implementation of a second-life battery because
of its initial CAPEX (lower battery price), and the possibility to couple this battery with the
current energy and communication infrastructure that led the battery to operate without any
faults.

A reduced initial investment due to the second-life battery prices in market, around 50%
less, will carry out more advantages in future projects, in terms of a faster payback period, a
positiveNPV, and a better benefit cost ratio (BCR). The deployment of this business case study
in other buildings with higher energy demand and similar surface(a minimum of 2000 m2)
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will give some benefits to consider for the building owners and users. A second-life battery
can perfectly operate with some DR licenses apps (ADSM, WSM, ReDR) and also integrate
other energy schemes like the Time-of-Use (ToU), increasing the energy savings, value of the
building assets and annualmonetary earnings around a 6.56% rather than using a newbattery
as it was discussed in the results.

After the LCOEanalysis calculations is demonstrated that using a second-life battery storage
system plus a BIPV installation, the LCOE value will be around 33.05 AC/MWh, a value that
is lower than the average benchmarked value of 38.40 AC/MWh in the current year 2020 for a
typical energy storage + PV system project of this size. It is expected for the year 2021, the
LCOE auction value will decrease making these projects more profitable, so this means that
the implementation of a second-life battery in COMSA building will bring techno-economical
benefits during the study period of the analysis.

Interoperability integrates technologies like EVs, HVACs, stationary energy storage (new
and second-life batteries, water heaters, etc), customer devices (including automation and
human interface) and AMI information models that could be deployed in the grid-interactive
efficient buildings (GEBs), so it is necessary to integrate a more agile and adaptive response
framework with a greater emphasis on resilience and rapid recovery in order to successfully
develop interoperability standards. Moreover, there is a need for the energy industry to con-
vey the benefits of interoperability to the final customers and empower them by seeking and
obtaining additional benefits from their assets as the DR schemes pretend with ’prosumers’
figure. The role of the customer is becoming more important, with the grid becoming more
decentralized with intelligence embedded along the grid edge.



Chapter 6

Environmental Impact

According to the "Circular Economy Action Plan"written by the European Commission[24],
a comparison using natural gas fuel or fossil-fuels for peak electrical power generation, around
a 56% reduction in CO2 emissions is possible when an EV battery is re-purposed to store off-
peak clean electricity to serve peak demand. The magnitude of CO2 mitigation associated
with a second-life battery is similar to switch from using a conventional vehicle to an electric
vehicle, meaning that the benefits of vehicle electrification could be doubled by extending the
life of EV batteries, and better using off-peak low-cost clean electricity.

One of the main drivers for this project is the environmental feasibility of re-using elec-
tric vehicle (EV) batteries at their automotive end-of-life into stationary applications so, the
life of a lithium ion (Li-ion) EV battery is extended to incorporate the re-purposing and re-
use in grid storage for a utility application. In the battery recycling process, energy for the
extraction, processing, manufacturing and delivery of lithium-ion batteries is known by the
research community as embodied energy so, CO2 emissions from the production of lithium-
ion batteries are a concern. At the same time, re-purposing lithium-ion batteries could help
to avoid CO2 emissions associated with the extraction and transportation of raw materials in
the recycling process but also in other stationary storage applications in buildings.

As stated in the Chapter 3, in a second-life application a specialized company re-purposes
the battery cells for a new use without completely dismantling them, often in combination
with a new set of power electronics, software, and housing structure. The re-purposing pro-
cess consist of a (limited level of) disassembly, testing for degradation and failure, state of
health (SoH), the energy consumption to perform a complete charge/discharge cycle for each
module is considered and finally the re-packaging. Moreover, dismantling of the cells within
a vehicle battery pack is neither technically nor economically feasible, therefore it is expected
that packs will be re-purposed at the pack or module level. In the end, a new packaging
guarantees the safety conditions in the second-use applications.

Whereas recycling focuses on the value of the battery’s metal content, second-life applica-
tions focus on the value of re-purposing a partially used battery. As noted above, when a
battery capacity is between 90% to 20% of its rated capacity, it can be used as second-life bat-
tery. By staying on top of the changes anddesigning strategies that developwithin this circular
economy, participants across the value chain can ensure the commercial and environmental
sustainability of EV batteries.
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Additionally, a calculation about the amount of reduced tCO2 eq./MWh regarding the im-
plementation of a battery energy storage system (BESS) plus a BIPV installation in theCOMSA
building is made. In terms of CO2 emissions reduction, the Red Eléctrica de España (REE)
shows a factor of 0.11 tCO2 eq./MWh at 27/10/2020 from the Spanish national generation
system in the Figure 6.1:

Figure 6.1: Equivalent CO2 emissions tonnes per MWh from Spanish national generation system -
27/10/2020. Source: REE (2020)

Figure 6.2: Environmental Impact, equivalent CO2 emissions tonnes per MWh at COMSA Building.
Source: Author (2020)

In this analysis, the Figure 6.2 shows that with annual energy savings of 36959.43 kWh/year
produced by the application of a ToU scheme (see Chapter 3, Section 3.5.1) will represent a
10.27% from the total energy consumption of the COMSA building. The amount of equivalent
CO2 tonnes per year due to the implementation of the proposed solution will reduce around
4.07 tCO2 eq./year from the 39.6 tCO2 eq./year of the total consumption. It is clearly seen an
environmental impact regarding the project implementation of this case study.



Chapter 7

Budget

The budget for the development of this master thesis is detailed in this chapter. The budget
is divided in three branches (Tools and Devices, Software and Human Resources) and the
costs are calculated for the time frame of the project (7 months) in the current year.

1. Tools and Devices Budget:

This budget considers the tools and devices used and are amortized in a period of 4 years
and they are shown in Table 7.1:

Table 7.1: Tools and Devices Budget:

Item Unit Price Unit Amortized Cost
Laptop HP AC 800 1 AC 114.28
Wireless Mouse Logitech AC 15 1 AC 2.14
Total AC 116.42

2. Software Budget:

This budget considers the softwares used and are amortized in a period of 4 years and
they are shown in Table 7.2:

Table 7.2: Software Budget:

Item Unit Price Unit Amortized Cost
MS Office 365 License AC 100 1 AC 14.28
McAfee Antivirus AC 40 1 AC 5.72
Matlab + Simulink License AC 400 1 AC 57.14
Total AC 77.14

3. Human Resources Budget:

For the Human Resources budget, it is considered the number of hours dedicated for the
academic case study design, programming inMatlab andMS Excel also the writing of the
document from scratch. In the Table 7.3 all the data for this budget is enlisted:
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Table 7.3: Human Resources Budget:

Activity Price per hour Hours Total
Academic case study design 9 AC/h 250 AC 2250
Programming 9 AC/h 150 AC 1350
Document Writing 9 AC/h 250 AC 2250
Total AC 5850

4. Total Budget:

Finally in the Table 7.4, all the budgets are calculated with a VAT and the final budget for
the development of the project is:

Table 7.4: Total Budget:

Budget Total
Tool and Devices Budget AC 116.42
Software Budget AC 77.14
Human Resources Budget AC 5850
Total without VAT AC 6043.56
VAT (21%) AC 1269.15
Total Budget AC 7312.71
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Appendix A

Business Model Canvas and Market
analysis

A.1 BESSwith second-life batteries - BusinessModel Canvas
(BMC)

Figure A.1: SWOT analysis. Source: Author (2020)
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Figure A.2: Business Model Canvas (BMC) - Explicit DR via an Aggregator, large energy consumption
including EVs. Source: Author (2020)
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A.2 Balancing Market Services

Figure A.3: Balancing Market Services in Europe. Source: Author (2020)



Appendix B

Battery Sizing Model

B.1 COMSA Corporación office building site - Sizing Model

Figure B.1: COMSA office building data consumption per floor. Source: COMSA Corporación - iLECO
server (2020)
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Figure B.2: System configuration at COMSA building. Source: COMSA (2020)
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Figure B.3: BYD Battery Box L 14.0. Source: BYD Battery Box (2020)
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Figure B.4: Inverter Victron MultiPlus-II. Source: Victron (2020)
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B.2 Time-of-Use (ToU)

Figure B.5: COMSA PV installation - ToU savings using new battery. Source: Author (2020)
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Figure B.6: COMSA PV installation - ToU savings using second-life battery (SLB). Source: Author (2020)



Appendix C

Techno-Economic Model

C.1 Data and calculations - Excel Model

Figure C.1: Cell Color Code. Source: Author (2020)
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Figure C.2: Initial battery catalog parameters. Source: Author (2020)

Figure C.3: Initial battery sizing parameters. Source: Author (2020)
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Figure C.4: Initial COMSA building parameters. Source: Author (2020)

C.2 System Costs - Excel Model

Figure C.5: Initial investment - New battery case. Source: Author (2020)

Figure C.6: New battery + inverters costs. Source: Author (2020)
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Figure C.7: Initial investment - Second-life battery case. Source: Author (2020)

Figure C.8: Second-life battery + inverters costs. Source: Author (2020)

Figure C.9: Software licenses costs. Source: Author (2020)
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C.3 Sensitivity Analysis

Figure C.10: Sensitivity analysis data - New battery (NB) price - (Case 3 - All Licenses + ToU). Source:
Author (2020)

Figure C.11: Sensitivity analysis data - Second-life battery (SLB) price - (Case 3 - All Licenses + ToU).
Source: Author (2020)



Appendix D

Energy Management System
(EMS)

D.1 EMS and Energy Infrastructure in COMSA Corporación
building

Figure D.1: Smart grid architecture model (SGAM)with interoperability layers. Source: The Smart Grid
Architecture Model – SGAM (2017)
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Figure D.2: COMSA Corporación grid architecture. Source: COMSA Corporación (2019)



Appendix E

Matlab Modelling

E.1 Matlab codes

Listing E.1: Battery_ COMSA.m
c l c
c l ea r
syms T ;
time = 0 . 1 : 0 . 1 : 1 0 ;
time = time ’ ;
c = 0 . 8 ;
k = 1 . 2 ;
n=0.953 ; %Round− t r i p b a t t e r y e f f i c i e n c y
I =1433; %Current (A)
Emin=40; %Minimum Vo l t ag e (V)
Emax=59 .2 ; %Maximum Vo l t ag e (V)
Vnom=51.2 ; %Nominal Vo l t a g e (V)
Ed=1891.55 ; %Energy d e n s i t y (Wh/kg )
Q=7165.12 ; %Q i s t h e maximum c a p a c i t y o f t h e b a t t e r y (Ah)

H=Q/ I %Th e o r e t i c a l d i s c h a r g e t ime (h)

%t1=H∗(Q/ I∗H)^k %T h e o r e t i c a l t ime t

Qnom=(I^k)∗H %Peuker t ’ s Law

%Cp Ba t t e r y c a p a c i t y d i s c h a r g e d a t 1Ah
%I Rea l d i s c h a r g i n g cu r r e n t (A)
%t Rea l d i s c h a r g i n g t ime (h)
%k Peuk e r t c o n s t a n t

%R e s i s t a n c e e qu a t i o n
R=Vnom∗((1−n)/((1− c )∗Qnom))
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%’A’ va lu e
A=Emax−Emin

%’B ’ v a l u e
B=3/Q

%Po l a r i z a t i o n Vo l t a g e (V)
K=(Emax−Vnom+A∗(exp(−B∗ I∗H)−1)∗(Q−Qnom))/Qnom

%E0 Constant B a t t e r y Vo l t a g e
E0=Emax+K+R∗ I−A

%Mode l l ing d i s c h a r g e e qu a t i o n b a t t e r y
E=E0−K∗(Q/Q∗ I∗H)−(R∗ I )+(A∗exp(−B∗ I∗H))
%E Charging /Di s cha rg ing Vo l t a g e (V)
%E0 Maximum Ba t t e r y Vo l t a g e (V)
%Emin P o l a r i z a t i o n Vo l t a g e (V)
%Q Maximum c a p a c i t y o f t h e b a t t e r y (Ah)
%I∗T I n s t a n t s t a t e o f c h a r g e (Ah)

% v e c t o r i n i t i a l i z a t i o n
current = zeros ( length ( time ) , 1 ) ;
E=zeros ( length ( time ) , 1 ) ; %ex p o n e n t i a l
E1 = zeros ( length ( time ) , 1 ) ; %l i n e a l
E2 = zeros ( length ( time ) , 1 ) ; %l i n e a l
q1f = zeros ( length ( time ) , 1 ) ;
q1b = zeros ( length ( time ) , 1 ) ;
q1c = zeros ( length ( time ) , 1 ) ;
q1d = zeros ( length ( time ) , 1 ) ;
q1e = zeros ( length ( time ) , 1 ) ;

for i =1: length ( time )
t=time ( i ) ;
current ( i ) = 10−3∗ t ;

end

%f i g u r e (1)
t o t a l = 7165 . 1 2 ; %t o t a l ene rgy c a p a c i t y Ah
t o t a l 2 = t o t a l ;
t o t a l 3 = 0 ;
t o t a l 4 = 0 ;

%Ba t t e r y Capa c i t y
q1a = to t a l−I∗(1−exp(−k .∗ time ) ) . / k+c∗ I∗(1−exp(−k .∗ time ) ) . / k−c∗ I∗ time ;

for i =1: length ( time )
t=time ( i ) ;

i f q1a( i )<=0
q1a( i )=0;
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e lse
q1a( i )=q1a( i ) ;

end
end

%Dis cha rg e Vo l t a g e a t D i f f e r e n t D i s cha rg e Time
for i =1: length ( time )
t=time ( i ) ;
current ( i ) = 10−3∗ t ;
%Ed i s c h a r g e ( i )=E0+K∗( q1a ( i )/ q1a ( i )∗ c u r r e n t ( i )∗ t )+(R∗ c u r r e n t ( i ))−(A∗ exp(−B∗ c u r r e n t ( i )∗ t ) ) ; %e x p o n e n t i a l
E1( i )=Emin+(Emax−Emin)∗q1a( i )/Q; %l i n e a l

end

%Charge Vo l t a g e a t D i f f e r e n t Charging Time
for i =1: length ( time )
t=time ( i ) ;
current ( i ) = 10−3∗ t ;
%Echarge ( i )=E0−K∗( q1a ( i )/ q1a ( i )∗ c u r r e n t ( i )∗ t )−(R∗ c u r r e n t ( i ))+(A∗ exp(−B∗ c u r r e n t ( i )∗ t ) ) ; %e x p o n e n t i a l
E2( i )=Emin−(Emax−Emin)∗q1a( i )/Q; %l i n e a l

end

for i =1: length ( time )
t=time ( i ) ;
q1b( i )= t o t a l+in t ((( c−1)∗exp(−k .∗ ( t−T))−c )∗( current ( i )) ,T , 0 , t ) ;%one s t e p
q1c ( i )= t o t a l+i n t ((( c−1)∗exp(−k .∗T)−c )∗( current ( i )) ,T , 0 , t ) ;%I ( t−T)

% term1 = i n t ((( c−1)∗ exp(−k .∗ t )−c )∗(20) ,T , 0 , t −0 .1) ;
% term2 = i n t ((( c−1)∗ exp(−k .∗ t )−c )∗(20) ,T , t −0.1 , t ) ;

increment = in t ((( c−1)∗exp(−k .∗ ( t−T))−c )∗( current ( i )) ,T , t −0.1 , t ) ;
t o t a l = t o t a l + double ( increment ) ;
q1d( i ) = t o t a l ; % t h i s one do e s not o b t a i n t h e c o r r e c t answer

increment = in t ((( c−1)∗exp(−k .∗T)−c )∗( current ( i )) ,T , t −0.1 , t ) ;
t o t a l 2 = t o t a l 2 + double ( increment ) ;
q1e( i ) = t o t a l 2 ;

increment2 = in t ((( c−1)∗exp(−k .∗T)−c )∗( current ( i )) ,T , t −0.1 , t ) ;
t o t a l 3 = t o t a l − double ( increment2 ) ;
q2e( i )= t o t a l 3 ;

%incr emen t3 = i n t ((( c−1)∗ exp(−k .∗T)−c )∗( I ) ,T , t −0.1 , t ) ;
%t o t a l 4 = t o t a l − doub l e ( in c r emen t3 ) ;
%q2 f ( i )= t o t a l 4 ;
end

q2f = t o t a l+I∗(1−exp(−k .∗ time ) ) . / k−c∗ I∗(1−exp(−k .∗ time ) ) . / k+c∗ I∗ time ;

I1=t o t a l ∗k./((1−exp(−k .∗ time))∗(1−c)+k∗c∗ time ) %Dis cha rg e Current

I2=−( t o t a l ∗k./((1−exp(−k .∗ time))∗(1−c)+k∗c∗ time )) %Charge Current

%I2=(−k∗ t o t a l+t o t a l ∗(1−c )∗ k∗ c∗(1− exp(−k∗ t ime )))/(1− exp(−k∗ t ime)+c ∗( k∗ t ime−1+exp(−k∗ t ime )))%Charging Current
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f igure (1)
plot ( time , q1a , ’b ’ ) ;
t i t l e ( ’ Ba t te ry ␣Capacity ␣ a t ␣ D i f f e r en t ␣Discharge␣Time ’ )
xlabel ( ’Time␣(hour) ’ ) ;
ylabel ( ’ Ba t te ry ␣Capacity ␣(Ah) ’ ) ;
legend ( ’ Capacity ␣q1a ’ )

f igure (2)
plot ( time , E1 , ’b ’ ) ;
t i t l e ( ’ Ba t te ry ␣ In t e rna l ␣Discharge␣Voltage␣ a t ␣ D i f f e r en t ␣Discharge␣Time ’ )
xlabel ( ’ Discharge␣Time␣(hours ) ’ ) ;
ylabel ( ’ Ba t te ry ␣ In t e rna l ␣Discharge␣Voltage␣(V) ’ ) ;
legend ( ’ Voltage␣V ’ )

f igure (3)
plot ( time , q2f , ’ r ’ ) ;
t i t l e ( ’ Ba t te ry ␣Capacity ␣ a t ␣ D i f f e r en t ␣Charge␣Time ’ )
xlabel ( ’Time␣(hour) ’ ) ;
ylabel ( ’ Ba t te ry ␣Capacity ␣(Ah) ’ ) ;
legend ( ’ q2f ( charging␣process ␣with␣1433␣A) ’ )

f igure (4)
plot ( time , E2 , ’ r ’ ) ;
t i t l e ( ’ Ba t te ry ␣ In t e rna l ␣Charge␣Voltage␣ a t ␣ D i f f e r en t ␣Charging␣Time ’ )
xlabel ( ’ Charging␣Time␣(hours ) ’ ) ;
ylabel ( ’ Ba t te ry ␣ In t e rna l ␣Charge␣Voltage␣(V) ’ ) ;
legend ( ’ Voltage␣V ’ )

%f i g u r e (5)
%p l o t ( t ime , Echarge , ’ r ’ ) ;
%t i t l e ( ’ B a t t e r y I n t e r n a l Charge Vo l t a g e a t D i f f e r e n t Charge Time ’ )
%x l a b e l ( ’ D i s cha rg e Time ( hours ) ’ ) ;
%y l a b e l ( ’ B a t t e r y I n t e r n a l D i s cha rg e Vo l t a g e (V) ’ ) ;
%l e g end ( ’ Vo l t a g e V’ )

%f i g u r e (6)
%p l o t ( t ime , cu r r en t , ’ g−−’)
%t i t l e ( ’ S t ep Current ov e r t h r e e s e p a r a t e t ime p e r i o d s ’ )
%x l a b e l ( ’ Time ( hour ) ’ ) ;
%y l a b e l ( ’ Current (A) ’ ) ;
%l e g end ( ’ cu r r en t ’ )

%f i g u r e (7)
%p l o t ( t ime , q1b , ’ g−− ’);
%t i t l e ( ’ B a t t e r y Capa c i t y a t D i f f e r e n t D i s cha rg e Time ’ )
%x l a b e l ( ’ D i s cha rg e Time ( hour ) ’ ) ;
%y l a b e l ( ’ B a t t e r y Capa c i t y (Ah ) ’ ) ;
%l e g end ( ’ q1b ( one−s t e p with I (T)) ’ )

%f i g u r e (8)
%p l o t ( t ime , q1c , ’ r − . ’ ) ;
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%t i t l e ( ’ B a t t e r y Capa c i t y a t D i f f e r e n t D i s cha rg e Time ’ )
%x l a b e l ( ’ D i s cha rg e Time ( hour ) ’ ) ;
%y l a b e l ( ’ B a t t e r y Capa c i t y (Ah ) ’ ) ;
%l e g end ( ’ q1c ( one−s t e p with I ( t−T)) ’)

%f i g u r e (9)
%p l o t ( t ime , q1d , ’m−− ’);
%t i t l e ( ’ B a t t e r y Capa c i t y a t D i f f e r e n t D i s cha rg e Time ’ )
%x l a b e l ( ’ D i s cha rg e Time ( hour ) ’ ) ;
%y l a b e l ( ’ B a t t e r y Capa c i t y (Ah ) ’ ) ;
%l e g end ( ’ q1d ( in c r emen t with I (T)) ’ )

%f i g u r e (10)
%p l o t ( t ime , q2e , ’ g ’ ) ;
%t i t l e ( ’ B a t t e r y Capa c i t y a t D i f f e r e n t Charge Time ’ )
%x l a b e l ( ’ c h a r g e Time ( hour ) ’ ) ;
%y l a b e l ( ’ B a t t e r y Capa c i t y (Ah ) ’ ) ;
%l e g end ( ’ q2e ( ch a rg ing p r o c e s s wi th d i f f e r e n t c u r r e n t ) ’ )

f igure (11)
plot ( time , I1 , ’g ’ ) ;
t i t l e ( ’ Ba t te ry ␣Discharge␣Current ␣vs␣Discharging␣Time ’ )
xlabel ( ’ Discharging␣Time␣(hours ) ’ ) ;
ylabel ( ’ Ba t te ry ␣Discharge␣Current ␣(A) ’ ) ;
legend ( ’ Current ␣ I ’ )

f igure (12)
plot ( time , I2 , ’g ’ ) ;
t i t l e ( ’ Ba t te ry ␣Charging␣Current ␣vs␣Charging␣Time ’ )
xlabel ( ’ Charging␣Time␣(hours ) ’ ) ;
ylabel ( ’ Ba t te ry ␣Charge␣Current ␣(A) ’ ) ;
legend ( ’ Current ␣ I ’ )
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Listing E.2: Battery_ Modelling.m
% The aim o f t h i s program i s t o s tudy how c u r t a i l e d g e n e r a t i o n and non
% sup p l i e d power a r e a f f e c t e d i f t h e PV in s t a l l e d , Pconvmax and
% Ebatmax a r e modi fy

% Loading t h e d a t a and s e t t i n g p a r ame t e r s
load dataCOMSA .mat
% Col 1 − Actua l measure t ime , e v e r y 15 min
% Col 2 − Actua l PV power /PV power i n s t a l l e d
% Col 3 − Actua l l o a d /Peak l o a d power (HVAC) o f COMSA Bu i l d i ng
% Col 4 − Actua l S t a t e o f Charge SoC (%) f o r one day

minuts = 31774 ; %da t a p e r year , 31774 da t a measures

incT = 0 . 0 2 5 ; % 1 hour t ime i n c r emen t s
Ppeak = 100 ; % Peak demand (kW)
cost_PV = 1500 ; % EUR/kW c o s t p an e l
cost_convbat = 300 ; % EUR/kW c o s t b a t t e r y c o n v e r t e r
cos t_ba t = 550 ; % EUR/kWh c o s t b a t t e r y ( depends i f i t ’ s new b a t t e r y or
%second− l i f e b a t t e r y )

% De f in e v a r i a b l e s t o be o p t im i z e d
%[ PV in s t a l l e d BATconver ter BATenergy SoC]
x(2)= 22 ; % PVin s t a l l e d kW a c c o r d i n g t o p r e v i o u s s tudy a t COMSA (22)
x(3)= 7 . 2 ; % Pconvmax kW a c c o r d i n g t o p r e v i o u s s tudy a t COMSA (7 . 2 )
x(4)= 14 ; % Ebatmax kWh a c c o r d i n g t o p r e v i o u s s tudy a t COMSA
x(5)= 1 ; %SoC

% Analys ing one y e a r o f d a t a
Ebatmax=x (4 ) ;
Ebatmin=x (4 )∗0 . 2 ; % 20% max d i s c h a r g e
Pbatmax=x (3 ) ;
SoC=x (5 ) ;

time= dataCOMSA( [ 1 : minuts ] ,1)∗ x (1 ) ; % time
genPV= dataCOMSA( [ 1 : minuts ] ,2)∗ x (2 ) ; % W PV a v a i l a b l e
t o t a lgen = genPV ; % t o t a l g e n e r a t i o n
dload = dataCOMSA( [ 1 : minuts ] ,3)∗Ppeak /10 ; % W demand in
tmax = length (dload)∗ incT ;

SoC= dataCOMSA( [ 1 : minuts ] ,4)−dload ; % pe r c e n t a g e

Ein i = Ebatmin + (Ebatmax−Ebatmin )∗ 0 . 5 ; %i n i t i a l ene rgy in t h e b a t t e r y
Ebat (1) = Ein i ;

for i i = 1 : 1 : length (genPV)
d i f f e r en ce = to ta lgen ( i i ) − dload( i i ) ;

i f i i == 1
% I f i t i s g e n e r a t e d more than needed
i f d i f f e r en ce >= 0

% I f ene rgy can be saved , s t o r e i t in t h e b a t t e r y
i f Ein i + d i f f e r en ce ∗ incT <= Ebatmax
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Pconv( i i ) = d i f f e r enc e ;
e lse

Pconv( i i ) = (Ebatmax − Ein i )∗ incT ;
end
% Accompl i sh t h e c o n v e r t e r r e s t r i c c i o n
i f Pconv( i i ) > Pbatmax

Pconv( i i ) = Pbatmax ;
r = r + 1 ;

end
% I f i t i s ne eded more than g e n e r a t e d
e lse

% Energy can be drawn from th e b a t t e r y u n t i l t h e low l i m i t i s
% r e a c h e d
i f Ein i + d i f f e r en ce ∗ incT >= Ebatmin

Pconv( i i ) = d i f f e r enc e ;
e lse

Pconv( i i ) = −(Eini−Ebatmin)∗ incT ;
end
% Accompl i sh t h e c o n v e r t e r r e s t r i c c i o n
i f Pconv( i i ) < −Pbatmax

Pconv( i i ) = −Pbatmax ;
r = r + 1 ;

end
end
% Ba t t e r y Ba l an c e
Ebat ( i i ) = Ein i + Pconv( i i )∗ incT ;

e lse

i f d i f f e r en ce >= 0
i f Ebat ( i i −1) + d i f f e r enc e ∗ incT <= Ebatmax

Pconv( i i ) = d i f f e r enc e ;
e lse

Pconv( i i ) = (Ebatmax − Ebat ( i i −1))∗ incT ;
end
i f Pconv( i i ) > Pbatmax

Pconv( i i ) = Pbatmax ;
end

else
i f Ebat ( i i −1) + d i f f e r enc e ∗ incT >= Ebatmin

Pconv( i i ) = d i f f e r enc e ;
e lse

Pconv( i i ) = −(Ebat ( i i −1)−Ebatmin)∗ incT ;
end
i f Pconv( i i ) < −Pbatmax

Pconv( i i ) = −Pbatmax ;
end

end
Ebat ( i i ) = Ebat ( i i −1) + Pconv( i i )∗ incT ;

end

end

% Analyz ing and showing r e s u l t s
%[ PVins ta l l edBATconver t e rBATenergy ]
cos t = x(2)∗ cost_PV+ x(3)∗ cost_convbat + x(4)∗ cos t_ba t ;
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Enetot=sum(dload ) ;
l i f e t ime =10; %ye a r s
l coe= cos t /(1e−6∗ l i f e t ime ∗(8760/ length (Ebat ))∗ Enetot ) ; % EUR/MWh l i f e t i m e

% Dev i a t i on be tween a v a i l a b l e g e n e r a t i o n and load , p o s i t i v e −>cur t a i lm en t ,
%neg a t i v e−>l o a d non s u p p l i e d
P to t a l= (genPV − Pconv ’ −dload ) ;
e to t cg= sum(max(0 , P t o t a l ) ) ; %To t a l c u r t a i l e d g e n e r a t i o n
e to tns= sum(max(0 ,− P to t a l ) ) ; %To t a l demand non−s u p p l i e d

display ([ ’ Ppeak␣=␣ ’ num2str(Ppeak) ’kW␣(Power␣Peak␣Demand) ’ ])
display ([ ’PPV␣=␣ ’ num2str(x (2)) ’ ␣kWp␣(Power␣BIPV␣ i n s t a l l a t i o n ) ’ ])
display ([ ’ Pbatmax␣=␣ ’ num2str(x (3)) ’ ␣kW␣( Bat te ry ␣ conver ter ␣power) ’ ])
display ([ ’ Ebatmax␣=␣ ’ num2str(x (4)) ’ ␣kWh␣( Bat te ry ␣Capacity ) ’ ])
display ([ ’ Curta i led ␣ generat ion ␣=␣ ’ num2str( e to t cg ) ’ ␣kWh’ ])
%d i s p l a y ([ ’Non s u p p l i e d demand = ’ num2str ( e t o t n s ∗1e−3) ’ kW’ ] )
display ([ ’ Tota l ␣ cos t ␣=␣ ’ num2str( cos t ∗1e−3) ’ ␣ k ␣( I n s t a l l a t i o n ␣ cos t s ) ’ ])
display ([ ’LCOE␣(MWh)␣=␣ ’ num2str( l coe ∗1e−3) ’ ␣ /MWh’ ])
display ([ ’LCOE␣(kWh)␣=␣ ’ num2str( l coe ∗1e−6) ’ ␣ /kWh’ ])

% Graph i c s
f igure (1)
plot (dload (23302 :23392))
%ho ld on
%p l o t (SoC(23302 :23392))
t i t l e ( ’HVAC␣4 th␣ f l oo r ␣demand␣ in ␣one␣day␣ : ␣ 31/01/2020 ’ )
xlabel ( ’Time␣( every␣15␣min) ’ )
ylabel ( ’Power␣(kW) ’ )
%yyax i s r i g h t
%y l a b e l ( ’ S t a t e o f Charge (SoC) − %’)
legend ( ’Demand ’ )

f igure (2)
plot (dload (22931 :23528))
t i t l e ( ’HVAC␣4 th␣ f l oo r ␣demand␣ in ␣one␣week␣ : ␣ 27/01/2020␣−␣31/01/2020 ’ )
xlabel ( ’Time␣( every␣15␣min) ’ )
ylabel ( ’Power␣(kW) ’ )
legend ( ’Demand ’ )

f igure (3)
plot (dload (20629 :23258))
t i t l e ( ’HVAC␣4 th␣ f l oo r ␣demand␣ in ␣one␣month␣ : ␣ 01/01/2020␣−␣31/01/2020 ’ )
xlabel ( ’Time␣( every␣15␣min) ’ )
ylabel ( ’Power␣(kW) ’ )
legend ( ’Demand ’ )

f igure (4)
%p l o t (genPV (1 :8760))
%ho l d on
plot (dload (1 :31774))
t i t l e ( ’HVAC␣4 th␣ f l oo r ␣demand␣ in ␣one␣year : ␣ 01/05/2019␣−␣01/05/2020 ’ )
xlabel ( ’Time␣( every␣15␣min) ’ )
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ylabel ( ’Power␣(kW) ’ )
legend ( ’Demand ’ )

f igure ( 5 ) ;
plot (Pconv ) ;
t i t l e ( ’ Ba t te ry ␣Converter ␣Power ’ )
xlabel ( ’Time␣(h) ’ )
ylabel ( ’Power␣(kW) ’ )

%f i g u r e (6)
%p l o t ( Ebat )
%t i t l e ( ’ S t o r e d Energy from PV gen e r a t i o n ’ )
%x l a b e l ( ’ Time (h ) ’)
%y l a b e l ( ’ Energy (kWh) ’)

f igure (6)
plot (genPV(1 : minuts ))
hold on
plot (dload (1 : minuts ))
t i t l e ( ’PV␣Power␣Generation␣and␣Annual␣Energy␣Demand ’ )
xlabel ( ’Time␣(h) ’ )
ylabel ( ’Power␣(kW) ’ )
legend ( ’PV␣Power ’ , ’Demand ’ )

f igure (11)
plot (Ebat (23302 :23392))
t i t l e ( ’ Stored␣energy␣ in ␣one␣day␣ : ␣ 31/01/2020 ’ )
xlabel ( ’Time␣(h) ’ )
ylabel ( ’ Energy␣(kWh) ’ )

f igure (8)
plot (Ebat (22931 :23528))
t i t l e ( ’ Stored␣energy␣ in ␣one␣week␣ : ␣ 27/01/2020␣−␣31/01/2020 ’ )
xlabel ( ’Time␣(h) ’ )
ylabel ( ’ Energy␣(kWh) ’ )

f igure (9)
plot (Ebat (20629 :23258))
t i t l e ( ’ Stored␣energy␣ in ␣one␣month␣ : ␣ 01/01/2020␣−␣31/01/2020 ’ )
xlabel ( ’Time␣(h) ’ )
ylabel ( ’ Energy␣(kWh) ’ )

f igure (10)
plot (Ebat ( 1 : minuts ))
t i t l e ( ’ Stored␣energy␣ in ␣one␣year ␣ : ␣ 01/05/2019␣−␣01/05/2020 ’ )
xlabel ( ’Time␣(h) ’ )
ylabel ( ’ Energy␣(kWh) ’ )

%f i g u r e ( 8 ) ;
%p l o t (Pconv (22931 : 23528)) ;
%t i t l e ( ’ Conv e r t e r Power in one week ’ )
%x l a b e l ( ’ Time (h ) ’)
%y l a b e l ( ’ Power (kW) ’)
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%f i g u r e (10)
%p l o t (genPV (1 :462))
%ho l d on
%p l o t ( d l o a d (22931 :23528)) %168, una semana son 462 d a t o s
%t i t l e ( ’ Power Gene r a t i on and HVAC 4 th f l o o r demand in one week ’ )
%x l a b e l ( ’ Time (h ) ’)
%y l a b e l ( ’ Power (kW) ’)
%l e g end ( ’PV Power ’ , ’Demand ’ )

%f i g u r e (10)
%p l o t (genPV (1 :8760))
%ho l d on
%p l o t ( d l o a d (1 :31774)) %168 un d a son 90 d a t o s
%t i t l e ( ’ Power Gene r a t i on and HVAC Demand in one year ’ )
%x l a b e l ( ’ Time (h ) ’)
%y l a b e l ( ’ Power (kW) ’)
%l e g end ( ’PV Power ’ , ’Demand ’ )
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Listing E.3: Battery_ Modelling_ Building.m
% The aim o f t h i s program i s t o s tudy how c u r t a i l e d g e n e r a t i o n and non
% sup p l i e d power a r e a f f e c t e d i f t h e PV in s t a l l e d , Pconvmax and
% Ebatmax a r e modi fy

% Loading t h e d a t a and s e t t i n g p a r ame t e r s
load dataCOMSA .mat
% Col 1 − Actua l measure t ime , e v e r y 15 min
% Col 2 − Actua l PV power /PV power i n s t a l l e d
% Col 3 − Actua l l o a d /Peak l o a d power (HVAC) o f COMSA Bu i l d i ng
% Col 4 − Actua l S t a t e o f Charge SoC (%) f o r one day

minutes = 31774 ; %da t a p e r year , 31774 da t a measures , 31182 Bu i l d i ng

incT = 0 . 0 2 5 ; % 1 hour t ime i n c r emen t s
Ppeak = 110 ; % Peak demand (kW)
cost_PV = 1300 ; % EUR/kW c o s t p an e l
cost_convbat = 300 ; % EUR/kW c o s t b a t t e r y c o n v e r t e r
cos t_ba t = 550 ; % EUR/kWh c o s t b a t t e r y ( depends i f i t ’ s new b a t t e r y or
%second− l i f e b a t t e r y )

% De f in e v a r i a b l e s t o be o p t im i z e d
%[ PV in s t a l l e d BATconver ter BATenergy SoC]
x(2)= 22 ; % PVin s t a l l e d kW a c c o r d i n g t o p r e v i o u s s tudy a t COMSA (22)
x(3)= 0 ; % Pconvmax kW a c c o r d i n g t o p r e v i o u s s tudy a t COMSA (7 . 2 )
x(4)= 0 ; % Ebatmax kWh a c c o r d i n g t o p r e v i o u s s tudy a t COMSA
x(5)= 1 ; %SoC

% Analys ing one y e a r o f d a t a
Ebatmax=x (4 ) ;
Ebatmin=x (4 )∗0 . 2 ; % 20% max d i s c h a r g e
Pbatmax=x (3 ) ;
SoC=x (5 ) ;

time= dataCOMSA( [ 1 : minutes ] ,1)∗ x (1 ) ; % time
genPV= dataCOMSA( [ 1 : minutes ] ,2)∗ x (2 ) ; % W PV a v a i l a b l e
t o t a lgen = genPV ; % t o t a l g e n e r a t i o n
dload = dataCOMSA( [ 1 : minutes ] ,4)∗Ppeak /1000 ; % W demand in
tmax = length (dload)∗ incT ;

SoC= dataCOMSA( [ 1 : minutes ] ,4)−dload ; % pe r c e n t a g e

Ein i = Ebatmin + (Ebatmax−Ebatmin )∗ 0 . 5 ; %i n i t i a l ene rgy in t h e b a t t e r y
Ebat (1) = Ein i ;

for i i = 1 : 1 : length (genPV)
d i f f e r en ce = to ta lgen ( i i ) − dload( i i ) ;

i f i i == 1
% I f i t i s g e n e r a t e d more than needed
i f d i f f e r en ce >= 0

% I f ene rgy can be saved , s t o r e i t in t h e b a t t e r y
i f Ein i + d i f f e r en ce ∗ incT <= Ebatmax
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Pconv( i i ) = d i f f e r enc e ;
e lse

Pconv( i i ) = (Ebatmax − Ein i )∗ incT ;
end
% Accompl i sh t h e c o n v e r t e r r e s t r i c c i o n
i f Pconv( i i ) > Pbatmax

Pconv( i i ) = Pbatmax ;
r = r + 1 ;

end
% I f i t i s ne eded more than g e n e r a t e d
e lse

% Energy can be drawn from th e b a t t e r y u n t i l t h e low l i m i t i s
% r e a c h e d
i f Ein i + d i f f e r en ce ∗ incT >= Ebatmin

Pconv( i i ) = d i f f e r enc e ;
e lse

Pconv( i i ) = −(Eini−Ebatmin)∗ incT ;
end
% Accompl i sh t h e c o n v e r t e r r e s t r i c c i o n
i f Pconv( i i ) < −Pbatmax

Pconv( i i ) = −Pbatmax ;
r = r + 1 ;

end
end
% Ba t t e r y Ba l an c e
Ebat ( i i ) = Ein i + Pconv( i i )∗ incT ;

e lse

i f d i f f e r en ce >= 0
i f Ebat ( i i −1) + d i f f e r enc e ∗ incT <= Ebatmax

Pconv( i i ) = d i f f e r enc e ;
e lse

Pconv( i i ) = (Ebatmax − Ebat ( i i −1))∗ incT ;
end
i f Pconv( i i ) > Pbatmax

Pconv( i i ) = Pbatmax ;
end

else
i f Ebat ( i i −1) + d i f f e r enc e ∗ incT >= Ebatmin

Pconv( i i ) = d i f f e r enc e ;
e lse

Pconv( i i ) = −(Ebat ( i i −1)−Ebatmin)∗ incT ;
end
i f Pconv( i i ) < −Pbatmax

Pconv( i i ) = −Pbatmax ;
end

end
Ebat ( i i ) = Ebat ( i i −1) + Pconv( i i )∗ incT ;

end

end

% Analyz ing and showing r e s u l t s
%[ PVins ta l l edBATconver t e rBATenergy ]
cos t = x(2)∗ cost_PV+ x(3)∗ cost_convbat + x(4)∗ cos t_ba t ;
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Enetot=sum(dload ) ;
l i f e t ime =10; %ye a r s
l coe= cos t /(1e−6∗ l i f e t ime ∗(8760/ length (Ebat ))∗ Enetot ) ; % EUR/MWh l i f e t i m e

% Dev i a t i on be tween a v a i l a b l e g e n e r a t i o n and load , p o s i t i v e −>cur t a i lm en t ,
%neg a t i v e−>l o a d non s u p p l i e d
P to t a l= (genPV − Pconv ’ −dload ) ;
e to t cg= sum(max(0 , P t o t a l ) ) ; %To t a l c u r t a i l e d g e n e r a t i o n
e to tns= sum(max(0 ,− P to t a l ) ) ; %To t a l demand non−s u p p l i e d

display ([ ’ Ppeak␣=␣ ’ num2str(Ppeak) ’kW␣(Power␣Peak␣Demand) ’ ])
display ([ ’PPV␣=␣ ’ num2str(x (2)) ’ ␣kWp␣(Power␣BIPV␣ i n s t a l l a t i o n ) ’ ])
display ([ ’ Pbatmax␣=␣ ’ num2str(x (3)) ’ ␣kW␣( Bat te ry ␣ conver ter ␣power) ’ ])
display ([ ’ Ebatmax␣=␣ ’ num2str(x (4)) ’ ␣kWh␣( Bat te ry ␣Capacity ) ’ ])
%d i s p l a y ([ ’ Cu r t a i l e d g e n e r a t i o n = ’ num2str ( e t o t c g ) ’ kWh’ ] )
%d i s p l a y ([ ’Non s u p p l i e d demand = ’ num2str ( e t o t n s ∗1e−3) ’ kW’ ] )
display ([ ’ Tota l ␣ cos t ␣=␣ ’ num2str( cos t ∗1e−3) ’ ␣ k ␣( I n s t a l l a t i o n ␣ cos t s ) ’ ])
display ([ ’LCOE␣(MWh)␣=␣ ’ num2str( l coe ∗1e−3) ’ ␣ /MWh’ ])
display ([ ’LCOE␣(kWh)␣=␣ ’ num2str( l coe ∗1e−6) ’ ␣ /kWh’ ])

% Graph i c s
f igure (1)
plot (dload (23404 :23496))
%ho ld on
%p l o t (SoC(23404 :23496))
t i t l e ( ’COMSA␣Building ␣ load␣demand␣ in ␣one␣day␣ : ␣ 31/01/2020 ’ )
xlabel ( ’Time␣( every␣15␣min) ’ )
ylabel ( ’Power␣(kW) ’ )
%yyax i s r i g h t
%y l a b e l ( ’ S t a t e o f Charge (SoC) − %’)
legend ( ’Demand ’ )

f igure (2)
plot (dload (23029 :23496))
t i t l e ( ’COMSA␣Building ␣ load␣demand␣ in ␣one␣week␣ : ␣ 27/01/2020␣−␣31/01/2020 ’ )
xlabel ( ’Time␣( every␣15␣min) ’ )
ylabel ( ’Power␣(kW) ’ )
legend ( ’Demand ’ )

f igure (3)
plot (dload (20598 :23496))
t i t l e ( ’COMSA␣Building ␣ load␣demand␣ in ␣one␣month␣ : ␣ 01/01/2020␣−␣31/01/2020 ’ )
xlabel ( ’Time␣( every␣15␣min) ’ )
ylabel ( ’Power␣(kW) ’ )
legend ( ’Demand ’ )

f igure (4)
%p l o t (genPV (1 :8760))
%ho l d on
plot (dload (1 :31182))
t i t l e ( ’COMSA␣Building ␣Load␣demand␣ in ␣one␣year : ␣ 01/05/2019␣−␣01/05/2020 ’ )
xlabel ( ’Time␣( every␣15␣min) ’ )
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ylabel ( ’Power␣(kW) ’ )
legend ( ’Demand ’ )

f igure ( 5 ) ;
plot (Pconv (1 : 3 1182 ) ) ;
t i t l e ( ’ Ba t te ry ␣Converter ␣Power ’ )
xlabel ( ’Time␣(h) ’ )
ylabel ( ’Power␣(kW) ’ )

%f i g u r e (6)
%p l o t ( Ebat )
%t i t l e ( ’ S t o r e d Energy from PV gen e r a t i o n ’ )
%x l a b e l ( ’ Time (h ) ’)
%y l a b e l ( ’ Energy (kWh) ’)

f igure (6)
plot (genPV(1 : minuts ))
hold on
plot (dload (1 : minuts ))
t i t l e ( ’PV␣Power␣Generation␣and␣Annual␣Energy␣Demand ’ )
xlabel ( ’Time␣(h) ’ )
ylabel ( ’Power␣(kW) ’ )
legend ( ’PV␣Power ’ , ’Demand ’ )

f igure (11)
plot (Ebat (23404 :23496))
t i t l e ( ’ Stored␣energy␣ in ␣one␣day␣ : ␣ 31/01/2020 ’ )
xlabel ( ’Time␣(h) ’ )
ylabel ( ’ Energy␣(kWh) ’ )

f igure (8)
plot (Ebat (23029 :23496))
t i t l e ( ’ Stored␣energy␣ in ␣one␣week␣ : ␣ 27/01/2020␣−␣31/01/2020 ’ )
xlabel ( ’Time␣(h) ’ )
ylabel ( ’ Energy␣(kWh) ’ )

f igure (9)
plot (Ebat (20598 :23496))
t i t l e ( ’ Stored␣energy␣ in ␣one␣month␣ : ␣ 01/01/2020␣−␣31/01/2020 ’ )
xlabel ( ’Time␣(h) ’ )
ylabel ( ’ Energy␣(kWh) ’ )

f igure (10)
plot (Ebat ( 1 : minuts ))
t i t l e ( ’ Stored␣energy␣ in ␣one␣year ␣ : ␣ 01/05/2019␣−␣01/05/2020 ’ )
xlabel ( ’Time␣(h) ’ )
ylabel ( ’ Energy␣(kWh) ’ )

%f i g u r e ( 8 ) ;
%p l o t (Pconv (22931 : 23528)) ;
%t i t l e ( ’ Conv e r t e r Power in one week ’ )
%x l a b e l ( ’ Time (h ) ’)
%y l a b e l ( ’ Power (kW) ’)
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%f i g u r e (10)
%p l o t (genPV (1 :462))
%ho l d on
%p l o t ( d l o a d (22931 :23528)) %168, una semana son 462 d a t o s
%t i t l e ( ’ Power Gene r a t i on and HVAC 4 th f l o o r demand in one week ’ )
%x l a b e l ( ’ Time (h ) ’)
%y l a b e l ( ’ Power (kW) ’)
%l e g end ( ’PV Power ’ , ’Demand ’ )

%f i g u r e (10)
%p l o t (genPV (1 :8760))
%ho l d on
%p l o t ( d l o a d (1 :31774)) %168 un d a son 90 d a t o s
%t i t l e ( ’ Power Gene r a t i on and HVAC Demand in one year ’ )
%x l a b e l ( ’ Time (h ) ’)
%y l a b e l ( ’ Power (kW) ’)
%l e g end ( ’PV Power ’ , ’Demand ’ )
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