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Review
This master thesis has as an objective the development of an electricity market. It is a research
project that aims to be the foundation for a bigger and more thorough analysis. It examines the
implementation of a local electricity market in a residential network equipped with renewable
generation and storage technologies. In the context of this project the electricity market is
defined as a real-time market focused on the exchange of active power.
This thesis focuses on examining the effects on electricity prices that different pricing and
consumption strategies have. In this context the feasibility of the results, from a power flow
point, are not examined.
The network in question is considered to be connected to the low voltage, alternating current
grid and it comprises exclusively of households. It is a perfectly competitive market in the sense
that no single player can exercise market power on his own, in order to raise prices.
Simulations are conducted in a MATLAB environment to investigate the effects of different
pricing and consumption strategies on the clearing prices of the market, as well as to determine
the viability of such a market. The viability of the project in the context of this thesis is examined
only from a financial aspect. Prices are not chosen arbitrarily but aim to mirror real world costs
and more specifically the Levelized Costs of Energy and Storage. It is against these quantities
that the resulting prices are compared to conclude about the viability of the project.
Furthermore a cartel situation is simulated to investigate possible outcomes. Again in the
context of this thesis a cartel is assumed to be a consortium of players colluding for financial
gain, a fraction of the market players that offers higher prices and instigate atypical market
operation.
The results demonstrate the viability of such a market, as well as the effects of the cartel
situation. Each scenario is examined separately and then compared against the rest.
Finally a cost analysis is conducted in order to show the costs of such a study in the real world.
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1. Glossary
LCOE

Levelized Cost of Energy

LCOS

Levelized Cost of Storage

DG

Distributed Generation
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2. Preface
2.1. Motivation
The main factors that led me to choose this as my Master Thesis were the following:


The inevitable change of the power grid. As renewable energy generation and storage
becomes more cost efficient, there is a shift in the traditional paradigm of few large
power stations towards smaller power sources spread out in the grid.



This transition in the generation model has not been followed by a similar evolution of
electricity markets. The majority of markets follow, with small deviations the models
that were introduced in the early 1990s.



Blockchain has emerged as one of the most disruptive technologies of the last 10
years. While researching applications of this technology in the energy industry for my
internship, I found a number of companies creating prototypes of peer-to-peer energy
exchange. I wanted to explore the possibility of establishing a market in a residential
level that could operate without direct involvement of the prosumer.

The combination of these three facts coupled with the experience of my undergrad’s thesis,
where I proposed a model of solving the economic dispatch problem in a distributed manner,
helped me choose the subject of my thesis. I strongly believe that the future of the power grid
is decentralized and find it extremely interesting exploring different aspects of this future.
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3. Introduction
While distributed generation gains increasing popularity as the technologies involved become
more cost effective, the generated energy doesn’t create as much value as it could. From
unfavourable feed-in tariffs to prohibiting self-consumption, legislators around the world don’t
seem to be grasp the advantages of this type of generation. In this project we examine the
possibility of trading this energy on a residential level.

3.1. Objectives of the project
The problems mentioned above have been slowing the progress and evolution of the power
grid, as legislation seems unable to keep up with the technological progress. In this spirit I
believe that research should be always a step ahead of legislation offering alternatives that
can help create a more sustainable future.
The objective of this report is to establish an electricity market in a residential area in which the
houses are equipped with distributed generation technologies that will be described in the
following chapter. Energy is traded with the only constraint being that demand must be met at
all times.
After establishing the functionality of the market different consumption and pricing strategies
are implemented, in order to determine their effects on the pricing. Results are compared and
conclusions are drawn. The viability of such an electricity market is also determined from a
financial aspect.
Furthermore, a cartel scenario is simulated in order to determine its effects on the pricing.

3.2. Scope of the project
This project wants to be a step towards implementing a decentralized scheme of an electricity
market. In order to move forward with this project some processes took place:


First of all, establishing an area of study and the corresponding system, which is a
residential area connected to the low voltage and alternate current distribution system
of a power grid from. By observing this system the following data can be obtained:
o

Morphology of the network

o

Users of the system
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Second, creating user profiles for each house of the system. In order to do that demand
profiles were simulated



Third, establish what the generation of each household is. At this point it is worth
mentioning that all houses are equipped with solar panels of varying size, a Combine
Heat and Power generator and a battery



Fourth, select a time period in which the model is implemented and the results are
analysed. In this project the results were studied during a day in July.

After completing these steps and obtaining the results of this analysis, this project could lead
the way for a more deep analysis of the methodology proposed that would improve the results
obtained.
This project does not take into consideration battery losses and considers the system to be in
steady state where no fault occurs. The generation of reactive power from the photovoltaic
panels, CHP generators and batteries is considered zero. The batteries are assumed to be
charged at 30% of their nominal capacity. Real-time exchange of information is assumed
without any Information and Communication Technology. The regulation that would allow all
the actions described in this project is assumed to be in place. No significant losses of energy
are assumed to occur in the system. Perfect competition is assumed in the market.

Local Electricty Markets
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4. Key Concepts
4.1. Distributed Generation
Distributed Generation refers to a variety of technologies that generate (or in some cases store)
electricity geographically close to where it will be consumed. Examples of these technologies
are solar panels and wind generators. This form of generation can either serve a single location
(a house, hospital etc.) or be a part of a smaller grid that is connected to the larger electricity
distribution system (college campus, major industrial facility etc.). Distributed Generation is
connected to lower voltage distribution grid and can help support delivery of clean, reliable
power to the customers while reducing electricity losses along transmission and distribution
lines.

Figure 1: Gross Electricity Generation by fuel in GWh [1]

Distributed generation may sound as a rather modern concept but the fact is that the very first
electricity supply systems followed the same principals. Generators were built very close to the
loads they supplied and this resulted in relatively simple networks that would connect the two
together. As the demand for electricity grew, however, in the early 20th century, the limitations
of this approach started to become apparent. This resulted in the concept of the unified grid to
become the norm. The main reasoning behind it, was to reduce the cost of generation as well
as to secure the supply of electricity. The economies of scale dictated that larger power stations
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made more sense. It also made more sense that these stations should be located either close
to the source of the fuel, which was primarily coal, or in remote locations in the case of nuclear
power plants. This meant that most power plants were located far from the concentrations of
load. Until the 1990s the conventional approach of a power grid followed these principals.
Alternatives to this approach were first researched and implemented in the early 1990s, as a
result of advances in technology. The most notable of these was the introduction of the
Combined Cycle Gas Turbine (CCGT), which resulted in a high interest in gas. In addition
renewable technologies, have become significantly more cost effective. Moreover
governments started introducing financial incentives that would encourage the development of
renewable energy generation. The majority of these generators tend to be smaller than the
traditional ones and as a result are better suited for connection at lower voltages. These
generators that include but are not limited to wind, solar PV and biofuel generators are
commonly known as distributed generations. This stems from the fact there is a big number of
them spread across the grid in contrast to mainstream large power generators that are
concentrated sources of generation. Another major factor that helped increase the use of
Distributed Generation is that onsite generation can be used to provide electricity during power
outages both by consumers and grid operators. [1], [2]

Figure 2: Evolution of the grid [2]

The main benefit of Distributed Generation from a grid perspective is that it significantly
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reduces transportation losses and therefore costs. It is evident that the efficiency gains and
emissions savings vary significantly based on the technology used. Distributed Generation
technologies that use renewable energy sources usually need to be close to localized energy
sources and thus distant from consumers.
Distribute Generation can, however, lead to negative environmental impacts that are often
used as arguments against a more widespread use of it. The most important of these impacts
is that they may reduce carbon footprint but they leave “footprints” of a different nature. Wind
generators, as well as solar PVs take up a lot a space and because they are usually closer to
the user they appear unpleasant. Some of the Distributed Generation technologies that involve
combustion can produce same types of impact as larger fossil-fuel based power plants and
although they will be of a smaller scale they will also be closer to populated areas.
The main technologies associated with Distributed Generation are the following ones:












Cogeneration
Also known as Combined Heat Power (CHP), refers to systems that generate
electricity as well as power in the same process. The main advantage of this
technology is that it can reuse waste heat from the generation, instead of
rejecting to the environment.
Wind Power
Although wind energy has been used by humans for many centuries for various
processes, it has been only a few decades that it has been an important source
of electricity generation. Until recently any wind generator was considered DG.
Offshore wind farms, however, nowadays can have outputs so large that they
require connection to higher voltages.
Biofuel
Biofuels can be either biomass or biogas. Biomass can be combusted to
generate electricity and/or heat and biogas can be used in gas engines and gas
turbines to produce electricity. The waste heat of these processes can be
captures to achieve cogeneration.
Solar Photovoltaics
Photovoltaic cells convert the sun’s energy into direct current. The main
advantage of this technology is that can effectively be integrated into building
structures. From a grid perspective it is important to note that the DC output of
solar cells must be converted to AC.
Fuel cells
These are devices that allow hydrogen and oxygen to be combined to produce
electricity. The main disadvantage holding back the widespread use of this
technology is that it is not yet cost effective.

Microgeneration
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This term is used to describe a wide range of electricity generation technologies
of small output, usually in the context of generation in a domestic scale.
Energy storage
These are technologies that allow energy to be stored and although they are not
strictly Distributed Generation technologies, they share some common features
from a grid perspective. For example pumped-hydro, which is a largely used
form of storage is considered in some countries as another form of distributed
generation. [3]

As mentioned before the concept of Distributed Generation has been gaining popularity the
last 20 years mainly due to technological advancements. There are however some challenges
that are holding back further growth. As mentioned earlier Distributed Generation almost
became extinct in the years before 1990. As a result, distribution systems were designed in a
way that allows little or no generation to be connected directly to them. As for the control, these
systems were passive and with unidirectional and to some extent predictable flows, the control
systems could be simplified. By using transformers with controllable voltage outputs at
selected transformation points, voltages could be maintained under statutory limits. As
Distributed Generation is gaining popularity and becoming a key concept in the evolution of
the power grid, it presents some challenges to the Distribution System Operator. The three
main technical issues that DSOs are facing are:





The management of power flows. This means ensuring that the circuits will
operate in thermal conditions within their ratings both in normal operations and
specified contingencies.
Voltage control, which dictates that the supply voltage is maintained within
statutory limits.
Ensuring that fault levels remain always within the ratings of the equipment.

It becomes clear that the electricity grid has to evolve in order to allow significant amounts of
generation to be connected at any voltage level. It is likely that a completely new approach to
system control and operation may be needed to ensure supply quality and continuity. One of
the popular approaches involves communication between the generator and the load, which
in turn requires an advanced telecommunication infrastructure operating on top of the
distribution system. It is expected that distribution grids will become more similar to the
transmission systems.
Before changing the grid in ways that are expensive and irreparable there has to be a clear
vision for the future. Although large power stations will remain popular in the short and medium
term, many possibilities open up for the future. Distributed Generation is expected to play a
dominant role in this future and this will change the way grids are set up. However, since a
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significant amount of renewable energy sources, i.e. on and off shore wind, remains
geographically remote there will be a need for high voltage transmission systems to which the
remaining large conventional power stations could connect if needed.[4]

4.2. Electricity Markets
Electricity in economic terms can be viewed as a commodity which means it can be bought,
sold and traded. The electricity market is a system created to allow purchases through bids
and sales through offers. The price in an electricity market is set the same way it is set in any
other market by the principals of supply and demand. Usually there is market operator or an
independent entity that that clears and settles wholesale transactions. The two different types
of electricity markets nowadays are wholesale and retail. The two main types of commodities
traded in an electricity market are energy and power. Markets for energy-related commodities
trade net generation output for a number of intervals in increments of 5, 15 and 60 minutes.
Markets for power related commodities are quite different in the sense that they are managed
and paid for by market operators as they are considered ancillary services. The main reason
these markets exist are to ensure reliability. As with most commodities there are separate
markets for electricity derivatives, such as futures and options.
The first electricity markets were introduced in South America as part of the neoliberal
experimentation of the Chicago Boys. Chile was the first to introduce an electricity market
concept and privatized electric power systems, in 1981. The model developed in Chile was
perceived as successful as there was transparency in electricity pricing. The next step in the
evolution of electricity markets was Argentina, which improved the Chilean model by adding
measures that would limit market power concentration and by adding payments for units held
in reserve, in order to improve system reliability. Until then electricity generation was a
government monopoly. Argentina was the first country to privatize existing generation assets
and to invite investors for system expansion. A number of countries in South America
introduced different versions of hybrid markets. In 1990 the UK privatized the electricity supply
industry, an example that countries like Australia and New Zealand followed to some extent.
USA was unusually late to adapt a model introduced by some of its most important economists.
This all changed in the early 2000s as many states deregulated their markets.[5]
As electricity markets have been introduced globally it is expected that many different
institutions and market designs exist. There are certain elements that remain common
however. Transmission and distribution are considered natural monopolies and as such are
separated by the competitive functions of generation and retail. Moreover, the need for
different market functions lead to the separation between wholesale and retail electricity
market. The role of the wholesale market is to allow trading between generators, retailers and
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others both for short-term delivery of electricity and for future delivery periods. Different times
of delivery require different prices and that is why most markets have a spot and a forward
price.
What makes electricity markets interesting is the very nature of the commodity traded.
Electricity is hard to store and must be available on demand. This means that while other
commodities can be held on stock, different measures must be applied in this case. Moreover
the demand and supply of electricity is fluctuating and to some extent unpredictable. This is
why there is a need for an entity of some sort to coordinate the dispatch of the generating units
to meet the expected demand of the system at all times. This entity is most often the
Transmission System Operator (TSO). The TSOs have clearance to dispatch generators that
did not clear the short-term market, if needed to maintain reliability in the grid. Mismatches
between supply and demand are handled by speeding up or slowing down the generators.
This has an effect on the system’s frequency, as it drops or increases. If the frequency of the
system deviates from a certain range, the TSO has to add or remove generation or load.
Most energy markets use Locational Marginal Pricing (LMP) to reflect the marginal cost of
serving a load at a specific location of the grid. There are three components reflected in the
LMP: system marginal energy cost, transmission line loss and transmission congestion. The
system marginal cost represents the supply/demand baseline. The line losses are relatively
small across the transmission system and so do not affect heavily the LMP. Transmission
congestion on the other hand has a significant impact. Congestion takes place when the
transmission capacity is not sufficient to run all the least-cost resources. This means that areas
with high demand and limited transmission capacity tend to drive up the LMP, whereas areas
with inexpensive generation but limited capacity towards higher demand areas tend to drive
the LMP down. As mentioned before electricity is a unique commodity and this reflects on the
high volatility of the LMP compared to most other commodities. This volatility reflects the large,
rapid shifts in the electricity supply-demand balance.
In many cases, electricity is generated by companies that will not ultimately deliver it to the
customer. Power is bought and resold a number of times before being consumed by the end
user. These transactions are considered “sales for re-sale” and make up the wholesale
electricity market. [6]

Local Electricty Markets
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Although there are many variations of wholesale electricity markets, most of them involve four
different types of markets. These are the following


Forward and Future Market
This market usually operates from a year or more ahead until a time defined as
Gate Closure, when the market closes. Contracts in this market are called
forwards and futures and are binding for delivery of electricity at a specific time
in the future for a price agreed today. Futures are standardized contracts that
can be further traded on power exchanges whereas forwards are mainly not
standardized and usually not further traded.



Day Ahead Market
In this market participants buy and sell energy at binding day-ahead prices for
the following day. This allows for lower-cost prepositioning of power plants based
on expected conditions. These markets usually provide a forward market to
hedge against spot price volatility. The players in Day Ahead Markets can be
large energy users (buyers), distribution retailers/ utilities (buyers), power plants
(sellers) and financial traders (buyers/sellers). These markets are used together
with real-time (spot) markets to balance how market participants deviate from
their day-ahead energy positions. More than 90% of energy transactions are
usually scheduled in the Day Ahead Market.
Intra Day Market
In the Intra Day Market, electricity is traded on the delivery day itself. It enables
market participants to optimize their position and correct their day-ahead
positions due to factors that are difficult to predict, like wind and unexpected
power outages.
Balancing and Ancillary Services Market
Balancing is a responsibility of the TSO and it refers to the situation after Gate
Closure in which the TSO acts in a way that ensures that the demand is equal
to the supply in real time. Balancing markets if run efficiently, ensure security of
supply at the least cost. Another important aspect of balancing markets is the
procuring of ancillary services. These services refer to a number of different
functions that TSOs contract to guarantee system security. These include black
start capability (the ability to restart a grid after a blackout), frequency response
(maintaining system frequency with fast response), fast reserve (to provide
additional energy if needed), provision for reactive power and more. [7]





It is a common belief that the power grid is evolving. The popularity of decentralized generation,
the introduction of the smart grid and the increase in electric vehicle sales all point to that
direction. This of course has an effect on electricity markets and the way they are perceived.
New structures are popping up to cater to the needs of those embracing the change. A new
model of electricity market is the Local Electricity Market. This type of market aims to
incentivize prosumers to exchange their surplus of generated electricity. Local Electricity
Markets can work together with the wholesale market as they can import energy when needed
and export when the net surplus is positive. There has been a recent interest in developing
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prototypes of Local Electricity Markets and below is presented one of the first that has laid the
blueprint for peer-to-peer energy trading.
Peer-to-peer energy trading is a concept that has gained popularity the last couple of years.
This concept uses the Blockchain technology that has emerged as one of the most disruptive
technologies of the last decade. By utilizing real-time metering of local energy generation and
consumption as well as other data it enables end-users to actively participate in the energy
trading. Blockchain technology offers a cryptographically secure environment in which realtime purchase and sale of provisioned amounts of energy can take place. One of the
companies that first presented a prototype of this concept was Transactive Grid. In their first
project launched in a street in Brooklyn, New York five houses on one side of the road
produced energy through solar panels and five houses on the other side purchased the energy
excess. It was the first version of a new kind of energy market, operated by consumers with
no need for a central authority. In this scheme the solar panels of the producers are connected
with smart meters that can accurately track the (almost) real-time flow of electrons. The same
applies for the consumers who can monitor the production and price of electricity and decide
the amount of energy they want to buy as well as the origin of it. This microgrid uses already
existing infrastructure, so nothing changes on the utility grid side. What really changes is the
financial aspect of the transactions, since user A can purchase energy straight from user B.
However, it is not possible for electrons generated by solar panels in a rooftop to be directly
sent to a house across the street. What becomes actually tradable are the green power
attributes, in the form of energy credits which are traded in the local Microgrid Energy Market
based on smart contracts. The concept is in a way similar to the Renewable Energy Credits
(RECs) which are proof of generation of renewable energy, rather than that the actual energy
the purchaser receives is from a specific renewable source. In the case of the TAG tokens the
major difference is that the surplus energy is kept in the microgrid. The main advantage the
blockchain technology offers in this application is the secure monitoring the output from the
energy systems and enables the purchase and selling of it via tokenization. By taking the
control of the purchases of energy out of the hands of utility giants the prices are expected to
decrease since the billing components, the infrastructure losses and the accounting losses are
eliminated. Community- scale microgrids allow people to have more energy-independent
systems. The high cost of transporting energy over long distances is lowered by this
localization. With an estimated 6 % of energy being lost because of long distance transmission
and distribution, any energy generated within the neighbourhood microgrid means less costly
and massive infrastructure is needed.

Local Electricty Markets
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4.3. Auction Types
An auction is an allocation process based on a predetermined evaluation criterion specified
by the auctioneer and a predefined publicly available set of rules designed to allocate
commodities on the basis of a financial bid. The process is transparent since it is based on a
set of rules determined by the auctioneer and known by the bidders before the auction. An
auction can be described by three key rules: bidding, clearing and pricing. The bidding rules
define how offers should be structured and when they can be submitted. The clearing rules
define how bids will be compared in order to determine the winner. The pricing rules determine
the price at which the bid will close. There are many types of auctions used when trading
electricity-related products.
There are two basic ways of organizing trades between buyers and sellers. The first one called
bilateral trade is when a buyer is paired with a seller and they reach a unique agreement on
the terms of the trade. The second one is called mediated trading and it occurs when the seller
sells his product to an intermediary who sells it to the final consumer. Both versions of trading
have many variations that can sometimes overlap and generally bilateral trading is less
organized.

Figure 3: Range of Market Types and Relation to Energy Markets [8]

A distinguishing factor of these types of trading is that in bilateral trading each transaction has
a unique price, whereas mediated energy markets (power pools and power exchanges) have
a uniform price that all buyer pay and all sellers receive. It is very common in power pools to
have an auction run at predetermined and specified times where the price is set prior to the
physical delivery of the commodity. Most of the wholesale electricity markets worldwide
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operate as a mixture of bilateral markets and power exchanges or pools.
There are many ways to categorize and differentiate auctions. Based on markets in different
countries around the world, the auctions most commonly used are the following


Sealed bid auctions



Descending clock (dynamic) auctions



Hybrid auctions



Combinational auctions



Two-sided auctions

In sealed bid auctions each bidder submits a schedule of prices and quantities. All bidders
submit their sealed bids simultaneously so that no bidder has information about the bids of
others. This means that bidders cannot adjust their bids based on other bids. These auctions
may be used when there is a single commodity to be allocated to a single owner. There are
various categories of sealed bid auctions, like first-price, pay-as-bid and uniform price.


First-price Sealed-Bid
In this auction each bidder submits a sealed bid consisting of a single price, for a single
commodity. The auctioneer compares all the bids and selects the one with the lowest price.
The bidder who submitted that bid is the winner.
 Pay-as-bid
The pay-as-bid auction type is used when multiple units of the same commodity need
to be allocated resulting in different prices. Bidders submit a supply function, with different
prices for different quantities. The auctioneer aggregates the supply curves and matches it
with the quantity to be procured. The clearing price is set when the supply equals the
demand. The winners are the bidders whose bids offered lower prices than the clearing
price. They receive prices lower than the clearing price based on their financial offers.
 Uniform price sealed-bid
This type of bid is also used when there are multiple units of the same commodity to be
allocated. The only difference with the pay-as-bid auction is that all bidders receive the
same price, which is the market clearing price.
In the descending clock auction the price is determined throughout the auction process via
multi-round bids. It is one of many types of dynamic auctions, which generally attempt to
overcome some of the disadvantages of sealed-bid auctions. The auctioneer starts by
calling a high price and asking bidders to state the quantities they want to sell at this price.
If the quantity offered exceeds the target quantity, the auctioneer names a lower price and
asks bidders to offer quantities at the new price. This process continues until the quantity
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offered matches the quantity to be procured. The payment of the winner equals the clearing
price times the quantity offered at that price.
The debate over which type of auction is more appropriate for electricity markets has led to
the proposal of hybrid auction markets, which combine the advantages of both sealed bid
and descending clock auctions. There are two common approaches described below.
 Descending clock stage followed by pay-as-bid auction
The first phase follows the rules of descending clock and once concluded is followed
by a final round of bids using a pay-as-bid scheme. The latter round is used for
“classified” bidders of the first phase. The objective of the first phase is to provide
some price discovery for the players so that the bidders who offer the lower price are
selected for the second phase.
 First-price sealed-bid stage followed by an interactive descending auction
In this approach there is a first-price sealed-bid round first followed by an iterative
descending auction for the lowest bides whose offers differ by a 5% or less. The
amount of information released during each round of the iterative auction depends on
the design.
A combinational auction deals with the simultaneous sale of more than one item, in
which bidders place bids on an “all-or-nothing” basis on packages instead of individual
items.
Auctions can be single-sided or double-sided. For example in a one-sided auction only
generators submit sealed-bid offers. If suppliers, load-serving entities or end-user
customers, submit bids, the auction is double-sided. Double-sided auctions can either have
uniform price or a sealed-bid first price. [8], [9]

4.4. Levelized Cost of Electricity
The Levelized Cost of Electricity (LCOE) is considered a convenient metric for measuring the
overall competitiveness of different generating technologies. It represents the per-KWh cost of
building and operating a generating plant over its assumed financial life and duty cycle. There
are many different elements that factor in the calculation of LCOE. These are the following




Operations and Maintenance Costs (O&M)
Financing Costs
Assumed utilization rate for each type of power plant

For different technologies, the importance of each factor varies. For example for renewable
energy technologies, like solar and wind generation, that have no fuel costs and relatively small
O&M costs, the LCOE changes in rough proportion to the estimated capital cost. On the other,
for technologies with significant fuel cost, both fuel cost and overnight cost estimates
significantly affect the LCOE. Another factor that affects the LCOE is the availability of various
incentives, like state subsidies or tax credits. It must be noted that actual plant investment
decisions are affected by factors like regional characteristics of a project that are not reflected
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in the LCOE. The unsubsidised LCOE for various technologies is presented below

Figure 4: LCOE of various technologies [10]
A similar concept is the Levelized Cost of Storage (LCOS), although the factors taken in
consideration for its calculation are more complex. This is due to the highly tailored nature of
potential value streams associated with an energy storage installation. In this case the LCOS
defines operational parameters associated with systems designed for some of the most
prevalent cases. The unsubsidised LCOS of various technologies and for various applications
is presented below. [10], [11], [12], [13], [14]

Figure 5: LCOS of various technologies [11]
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5. Presentation of Study Case
When establishing a functioning electricity market on a residential network, there must be the
correct energy and storage mix that would allow the trading of energy and at the same time
serve the total load at every given moment. In order for that to happen it is necessary to adjust
production levels in a specific manner that will be presented in the following chapter.

5.1. Introduction
The subject of this master thesis is to establish an electricity market in a residential network,
in which households are equipped with different combinations of renewable generation and
storage technologies. There are two different consumption scenarios and two different pricing
scenarios that serve as the base of this study and which will be thoroughly presented in the
following chapters. The load profiles for this study were generated with the
LoadProfileGenerator software and all simulations were done in MATLAB. The day selected
for the purpose of this study is in July and the network is considered to be located in Barcelona.

5.2. Load Profiles
The network studied is a low voltage, alternating current grid comprised by 62 houses of
different load profiles. In an attempt to make the study case as realistic as possible, different
types of households were selected and simulated. As mentioned above the data for the load
profiles were generated using the LoadProfileGenerator software which is a tool used to
simulate residential consumption of energy. The simulation produces a daily demand curve for
each household. This software offers almost limitless possibilities to simulate real load
conditions of household, but for the purpose of this project they were limited in active power
demand. The background of each household is presented in the following figure. It can be
seen that a wide range of social backgrounds are represented, including families, couples etc.
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Figure 6: Social backgrounds of households [15]

Figure 7: Distribution of load profiles [15]
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The different household profiles result in different daily demand curves as can be seen from
the following figures of the curves of a household of a single, unemployed individual and of a
family with two children.

Figure 8: Jack Jobless daily demand curve

Figure 9: Two children family daily demand curve
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In more detail the ten types of loads that are simulated in this project are:













Family, 1 child, both at work
Family, 2 children, 1 at work, 1 at home
Family, 2 children, parents without work
Family, 2 children, husband at work
Couple, both at work
Couple, 30-64 years old, with home help
Single woman under 30 years old without work
Single woman under 30 years old with work
Single man under 30 years old with work
Single man under 30 years old without work
Student shared flat
Jack Jobless

The data generated by the profile are aggregated in 15 minute steps, in order to allow trading
four times every hour. The total load of the network during the selected day is represented in
the following curve.

Figure 10: Total Load Curve
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5.3. Generation Profiles
As mentioned before different households have different mixes of renewable generation and
storage. The different options are the following






15 KW Solar Photovoltaic panels
10 KW Solar Photovoltaic panels
5 KW Solar Photovoltaic panels
20 KW Combined Heat and Power (CHP) Generator
13.5 KWh battery

The combination of technologies varies depending on the consumption scenario. In the case
of self-consumption, i.e. when each household serves its own load first and then offers its
surplus for trading, the CHP generation needed is significantly less than when there is no selfconsumption. In the latter scenario all of the generation of individual households as well as the
charge of their batteries is available for trading. In the case of self-consumption the energy mix
for each kind of load profile is the following.

CHP

5 MW PV

10 MW PV

15 MW PV

Battery

Family, 1 child,
both at work

√

√

√

Family, 2 children,
1 at work, 1 at
home

√

√

√

√

√

√

√

Family, 2 children,
parents without
work

Family, 2 children,
husband at work

√

Couple, both at
work

√

√

√

Couple, 30-64
years old, with
home help

√

√

√
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Single woman
under 30 years old
without work

√

√

Single woman
under 30 years old
with work

√

√

√

Single man under
30 years old with
work

√

√

√

Single man under
30 years old
without work

√

√

Student shared flat

√

√

Jack Jobless

√

√

For the scenario of no self-consumption the energy mix is a bit different as more households
need to be equipped with a CHP generator in order for the load to be served at all times. It is
presented I more detail in the following table

CHP

5 MW PV

10 MW PV

15 MW PV

Battery

Family, 1 child,
both at work

√

√

√

Family, 2 children,
1 at work, 1 at
home

√

√

√

Family, 2 children,
parents without
work

√

√

√

Family, 2 children,
husband at work

√

√

√
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Couple, both at
work

√

√

√

Couple, 30-64
years old, with
home help

√

√

√

Single woman
under 30 years old
without work

√

√

Single woman
under 30 years old
with work

√

√

√

Single man under
30 years old with
work

√

√

√

Single man under
30 years old
without work

√

√

√

Student shared flat

√

√

√

√

√

Jack Jobless

The solar photovoltaics are considered to generate only active power and not reactive. In order
to calculate the generation of the solar PVs an irradiance profile was created with the
application Photovoltaic Geographical Information System, which is operated by the Institute
for Energy and Transportation of the European Commission. The results generated by the
application are as follow.
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Figure 11: Daily Solar Radiation [14]
Where
G: Global irradiance on a fixed plane (W/m2)
Gd: Diffuse irradiance on a fixed plane (W/m2)
Gc: Global clear-sky irradiance on a fixed plane (W/m2)
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DNI: Direct normal irradiance (W/m2)
DNIc: Clear-sky direct normal irradiance (W/m2)
A: Global irradiance on 2-axis tracking plane (W/m2)
Ad: Diffuse irradiance on 2-axis tracking plane (W/m2)
Ac: Global clear-sky irradiance on 2-axis tracking plane (W/m2)
And the graph depicting the irradiance during the day is the following.

Figure 12: Daily Irradiance [16]
The solar generation curves for each of the three types of solar PVs are depicted in the
following graph.
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Figure 13: Solar Generation of 3 types of PV
It is pretty obvious that the sky in July is considered to be clear as the curves are pretty much
perfect.
As for the CHP generators, their generation is adjusted in the different scenarios as different
demand profiles require different generation profiles. The general rule is that they generate in
time periods when PV generation is minimal to non-existent and keeping them on for eight
hours more or less. For example in the self-consumption scenario the CHP generation curve
for a household equipped with the generator is the following.

Figure 14: CHP Generation curve
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In this scenario the total generation of the system during the whole day is represented by the
following curve.

Figure 15: Total Generation of the System
The initial planning was to operate the CHP generator during the hours of the day when there
is no solar generation, but after running multiple simulations it became clear that during the
early evening there was need for more generation. This is the reason the generation curve is
somewhat peculiar.

5.4. Battery Profiles
Another essential component of the simulated grid is the battery. Without a form of storage the
excess of energy would go to waste and the trading possibilities would be minimal. In order to
have the potential of trading during the whole day each house is assumed to be equipped with
a 13.5 KWh battery which is the capacity of the Tesla Powerwall. The batteries are assumed
to be charged at 30% of their capacity in the beginning of the day.
By observing the charging curve of the battery, the difference between no self-consumption
and self-consumption can be observed. For example the battery of a single household in the
first scenario is charged and discharged in the following way.
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Figure 16: Daily Battery Charge of a Household (No self-consumption)

Whereas in the second scenario for the same household, the curve has the following
shape.

Figure 17: Daily Battery Charge of a Household (Self-consumption)
In the case of no self-consumption the total stored energy in the system during the day has
the following curve.
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Figure 18: Total Energy Stored in the System (No self-consumption)
Again the difference between the two scenarios is quite obvious as the total stored energy in
the case of self-consumption has the following curve.

Figure 19: Total Energy Stored in the System (Self-consumption)
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5.5. Pricing
In the electricity market simulated in this thesis each household offers either the surplus of its
generated energy together with the stored energy or the sum of its generated energy together
with the stored energy, depending on the scenario. The pricing of the offered energy also
follows two scenarios. In both scenarios, each household offers six different prices for the
amount of energy available at that certain quarter of the hour. For example, the pricing a house
offer for the first hour of the day is the following.
0.56
0.55
0.54

Price (€)

0.53
0.52
0.51
0.5
0.49
0.48
0.47
0.46
0.45
0.000675

0.000675

0.000675

0.000675

0.000675

Available Energy (MWh)

Figure 20: Pricing offered for a single trading period
Whereas the pricing for the whole day of the same household is the following.

0.000675
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1
0.9
0.8

Price(€)

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0.000675
0.000675
0.000675
0.000675
0.0005625
0.00046875
0.000390625
0.000271267
0
0.000165813
0.000144375
0.000165667
0.000180833
0.000188417
0.000197167
0.000202708
0.000205625
0.0002065
0.000205042
0.000202708
0.000329972
0.000188417
0.000176167
0.00015925
0.000135625
0.000114625
2.71E-20
0
0
0
0
0
0
0

0

Available Energy (MWh)

Figure 21: Pricing offered during the whole day

The difference in the two pricing scenarios has to do with the periods of the day where the
prices offered are higher. In the first scenario the individual load of each household is
compared with the maximum load of that household. If the load is between 20% and 40% the
prices are 0.57 and 0.67 if it is between 40% and 60% the prices are between 0.67 and 0.72
etc. So if a household has a relatively high load to serve it will sell at higher prices. In the
second scenario the prices are associated with the network’s load. The network’s load at the
moment is compared with the maximum network load of the day. So if the total load in the
network at a given moment is between 20% and 40% of the maximum total load of the network
the prices are between 0.57 and 0.67 etc. In order to better understand the difference in pricing
between the two scenarios, below are provided two figures showing the pricing offered from a
single house in each scenario. The first figure shows the offered prices under the first scenario
by a certain player, the second figure show that player’s load, the third figure shows the offered
prices of the same player under the second scenario and the fourth figure shows the system’s
load. The relationship between the increase in the load (individual or system) can be clearly
seen.
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Figure 22: Pricing offered by a player under first scenario

Figure 23: Load of same player
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Figure 24: Pricing offered by a player under second scenario

Figure 25: Total Load of the System
In the first scenario there is little uniformity in the pricing across the system, as each player
adjusts the prices he offers based on his own load conditions. As different households have
different load curves, this results in varying prices. In the second scenario however, the pricing
is adjusted based on the total load conditions. This results in the prices following a similar
pattern, as they are dictated by the total load curve.
The prices offered where not chosen randomly but are associated with the LCOE and LCOS.
As explained before these are quantities that take into consideration various factors and offer
an estimation of a minimum price per KWh for the specific technology, over which it makes
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financial sense for the investment. For rooftop photovoltaics for residential use the LCOE is
roughly 0.15 € / KWh and for CHP generators roughly 0.10 € / KWh. The LCOS for LithiumIon batteries for this project was calculated by dividing the initial capital over the capacity of
the battery. This approach was selected as the other components used for the standard
calculation of the LCOS (cost of charging and taxes) are not applicable here and the O&M
costs in these applications are considered zero. So finally the LCOS equals roughly 0.685 € /
KWh. For each trading period the amount of surplus and stored energy traded is calculated.
Surplus energy is considered to be worth as much as the sum of the Levelized Cost of
generated Energy (0.25 €/KWh) and stored energy is considered to be worth as much as
Levelized Cost of Storage (0.685€/KWh). If the stored energy traded is less than 30% of the
total energy traded in the system the minimum price offered in the next trading period by each
household is 0.38 €/KWh (0.3*0.685+0.7*0.25), if the stored energy traded is less than 60%
and more than 30% the minimum price offered in the next trading period by each household
is 0.51 €/KWh (0.6*0.685+0.4*0.25) and if the stored energy traded is more than 60% the
minimum price offered in the next trading period by each household is 0.685 €/KWh. These
minimum prices were selected in order to make sure that the clearing prices will always be
higher than the Levelized Cost of Energy and Storage, ensuring no financial losses for the
players.

5.6. Trading
The actual trading takes place during the whole day between the households of the network.
Depending on the scenario each household offers its surplus of energy or the sum of its
generated energy, always in addition with its stored energy. There is no focus on the
Information and Communication Technology, but it is assumed that there is an almost realtime exchange of information.
The trading in this thesis is set up as a single-sided exchange pool. This means that all
households trade freely with each other and also that the only bids submitted are from the
supply side. The demand side will accept any price in order to serve the load. The trading takes
place every 15 minutes and a clearing price is set. The operation of the market is explained
below in greater detail.
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Figure 26: Difference between single and double-sided auction [17]
As mentioned before, the trading takes place every 15 minutes. In the beginning of each
trading period, the amount of available energy of each household is known. Every player
submits his selling bid. This consists of six equal amounts of energy at six different prices. The
sum of these six amounts is the total available energy of each household. The total demand
of the system is also known at the beginning of each period. In this sense there is a pool, since
the individual demand of every household is aggregated and served as a whole. At this stage
both the total demand and supply are known and the algorithm is looking for the lowest clearing
price. This takes place by going through all individual bids and selecting the lowest ones and
subtracting the equivalent amount of energy from the total demand. Once the demand is met,
the clearing price is set at the last price received. This clearing price is the price that all players
pay to buy and receive to sell energy.
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6. Market function
In this chapter the way the market is set up is explained. As mentioned before perfect
competition is assumed which means that all players have equal market share and no single
one can manipulate the prices in his favour. The market is set up as a single-side auction
exchange pool. This means that only the supply side submits selling bids and that the load is
served no matter the price.
In every trading period that there is demand the following process is followed. First of all the
minimum available price is calculated. This happens by calculating how much of the energy
traded in the last period came from batteries and how much from surplus. This percentages
are then multiplied with the LCOS and LCOE respectively and that is considered to be the
lowest possible price offered.
Each player then submits his bids depending on the pricing and consumption scenarios that
are presented in greater detail in the following chapter. Once the bids are submitted the
algorithm looks for the lowest price and the corresponding energy. If the remaining demand is
nonzero, the process is repeated until there is no demand.
The process that takes place in every trading period is presented in the following flow chart.
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Start

Demand
Generation
Stored
Energy

Calculation of
Available Energy
And
Corresponding
Prices

Demand
>0

YES

Calculation of Prices
offered

NO
Searching Lowest
Price and
Corresponding
amount of energy
YES

DemandEnergy>0

NO

End
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A simplified example will be presented below to further clarify the way the way the market is
set up.
Let’s assume that in the trading period I there is a demand of 10 KWh and the available
quantities and prices of the households are the following. For the purposes of this example
only 6 players are assumed to be participating in the trading.
Player

Quantity (KWh)

Price (€/KWh)

1

0.25

0.45

0.25

0.47

0.25

0.52

0.25

0.55

0.25

0.6

0.25

0.62

0.2

0.42

0.2

0.45

0.2

0.46

0.2

0.48

0.2

0.55

0.2

0.6

0.3

0.5

0.3

0.55

0.3

0.57

0.3

0.62

0.3

0.65

0.3

0.7

0.5

0.45

0.5

0.5

2

3

4
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5

6
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0.5

0.55

0.5

0.6

0.5

0.65

0.5

0.7

0.75

0.52

0.75

0.55

0.75

0.58

0.75

0.62

0.75

0.65

0.75

0.7

0.4

0.52

0.4

0.55

0.4

0.62

0.4

0.65

0.4

0.72

0.4

0.75

Iteration #1
Price=0.42 €/KWh
Demand=10-0.2=9.8 KWh
Player #2: Sold Quantity=0.2 KWh

Iteration #2
Price=0.45 €/KWh
Demand= 9.8-0.25=9.55 KWh
Player #1: Sold Quantity=0.25 KWh
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Iteration #3
Price =0.45 €/KWh
Demand= 9.55-0.2=9.35 KWh
Player #2: Sold Quantity=0.2 KWh
.
.
.
Iteration #27
Price: 0.62 €/KWh
Demand=0.3-0.3=0 KWh
Player #6: Sold Quantity= 0.3 KWh
So at the end of this trading period, the price is set at 0.62 €/KWh and the sold quantities of
each player are the following
Player

Sold Quantity (KWh)

1

1.5

2

1.2

3

1.2

4

2

5

3

6

1.1
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7. Results and Discussion
In this chapter, the results of the simulations are presented. The simulations in question show
how the market operates under four different scenarios





Scenario 1: Self-consumption-Pricing offered based on peak individual load
Scenario 2: Self-consumption-Pricing offered based on peak system load
Scenario 3: No self-consumption- Pricing offered based on peak individual load
Scenario 4: No self-consumption- Pricing offered based on peak system load

In addition the effects of a cartel, on the prices are investigated in all four scenarios.

7.1. Scenario 1
In this scenario, each household serves its own load first from its generated energy and if
needed from the stored energy in its battery and then offers the remaining sum of its surplus
and stored energy for trading. Each household offers prices based on its own load. In more
detail the total generated energy in the system during the day has the following curve.

Figure 27: Total Generated Energy in Scenario 1 & 2
As it has been already stated, in this scenario each household serves its own load from its
energy sources and battery and then offers the remaining energy for trading. This results in a
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total daily demand in the system that has the following curve.

Figure 28: Total Demand in Scenario 1
The total available energy in this scenario has the following curve.

Figure 29: Total Available Energy in Scenario 1
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As discussed earlier the prices offered by each player in each trading period depend on the
amount of stored and surplus energy traded in the last period, as well as the ratio of the
individual load over the maximum individual load. The percentage of the energy traded that
comes from batteries and the surplus is presented in the following figures.

Figure 30: Percentage of Total Energy Traded that comes from Batteries

Figure 31: Percentage of Total Energy Traded that comes from Surplus
It is clear that most of the energy traded has come from storage devices, so it is expected that
the prices will be relatively high. The clearing prices throughout the day are presented in the
figure below.
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Figure 32: Prices in Scenario 1
In the next figure the difference between the clearing prices set throughout the day, and the
cost of energy is presented.

Figure 33: Difference between clearing prices and cost
It is clear that with the exception of a few trading periods, clearing prices always exceed the
cost of energy.
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7.2. Scenario 2
In this scenario the self-consumption remains but the pricing follows a different pattern, as it is
adjusted based on the total load of the system. At each trading period the total load of the
system is compared with the maximum load of the system. Depending on the relation between
these, the prices offered are adjusted.
The total demand of the system in this scenario is exactly the same as in scenario 1, as is the
generated and available energy.

Figure 34: Total Demand in Scenario 2
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Figure 35: Available Energy in Scenario 2
What changes a bit is the percentage of the total energy traded that comes from batteries and
surplus. They are presented in the following charts.

Figure 36: Percentage of Total Energy Traded that comes from Batteries
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Figure 37: Percentage of Total Energy Traded that comes from Surplus
Again the majority of the energy traded comes from storage devices, so prices are again
expected to be high and are presented in the following figure.

Figure 38: Prices in Scenario 2
In this scenario the difference between the clearing prices and the cost of energy is presented
in the following figure.
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Figure 39: Difference between clearing prices and cost
In this scenario it is even less often that the clearing price is lower than the LCOE.

7.3. Scenario 3
In both Scenarios 3 and 4 the generating profile of the households differs a bit. More houses
are equipped with CHP generators that function for different time periods during the day. This
happens because of the difference in demand between the cases of self-consumption and no
self-consumption. The total generated energy in the system has the following curve.

Figure 40: Total Generated Energy in Scenario 3 & 4
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In this scenario there is no self-consumption. All the surplus becomes available for trading as
does the stored energy. This means that the load curve and the demand curve are the same.
The pricing is adjusted based on each household’s individual load.

Figure 41: Total Demand in Scenario 3
The total available energy of the system in this scenario has the following curve.

Figure 42: Available Energy in Scenario 3
As it is expected both demand and available energy are higher in this scenario. What is
interesting to notice, is the amount of energy remaining after the demand is met.
The percentage of the total energy traded that comes from batteries and surplus is presented
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in the following figures.

Figure 43: Figure 35: Percentage of Total Energy Traded that comes from Batteries

Figure 44: Percentage of Total Energy Traded that comes from Surplus

The prices in this scenario have the curve of the following figure.
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Figure 45: Prices in Scenario 3
Once again it is useful to compare the clearing prices with the cost of energy throughout the
day.

Figure 46: Difference between clearing prices and cost
In this case the clearing prices are higher than the cost of energy throughout the whole day.

7.4. Scenario 4
In this last scenario, there is no self-consumption and the prices are adjusted based on the
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system’s load. As in Scenarios 1 and 2 the total available energy and demand in this scenario
are the same as in Scenario 3.

Figure 47: Total Demand in Scenario 4

Figure 48: Available Energy in Scenario 4
The mix of surplus and stored energy that gets traded throughout the day is presented in the
following figures.
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Figure 49: Percentage of Total Energy Traded that comes from Batteries

Figure 50: Percentage of Total Energy Traded that comes from Surplus
The prices in this scenario follow the curve presented below.
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Figure 51: Prices in Scenario 4
Finally the difference between clearing prices and the cost of energy is presented below.

Figure 52: Difference between clearing prices and cost

7.5. Cartel
In this chapter the effect of having a group of players colluding is investigated. This practically
means that some households, in this case the households of couples with home help,
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communicate with each other and decide to offer higher prices (0.1€/KWh more) than
everyone else. This results in different clearing prices throughout the day. The effects on the
clearing prices of every scenario will be investigated.

7.5.1.

Scenario 1

As mentioned before 7 players decide to collude and offer electricity at 0.1 €/KWh more than
the rest. In the first scenario the clearing prices will have the following curve.

Figure 53: Prices in Scenario 1 under Cartel
The difference seems to not be noticeable but under closer examination the variances become
clear. In order to better perceive them, the following figure presents the increase of the prices
throughout the whole day.

Pág. 64

Local Electricity Markets

Figure 54: Difference in Pricing with and without cartel

7.5.2.

Scenario 2

The same cartel conditions apply also in this scenario and the resulting prices are the following.

Figure 55: Prices in Scenario 2 under Cartel
In this case the difference in the pricing is actually less significant than Scenario 1 and is
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presented in the following figure.

Figure 56: Difference in Pricing with and without cartel
7.5.3.

Scenario 3

Moving on to the scenarios without self-consumption, the resulting prices under cartel
conditions are the following.

Figure 57: Prices in Scenario 3 under Cartel
In this case the difference in pricing is almost constant and equal to 0.1 €/KWh which is the
increase in the prices offered by the members of the cartel. This difference is presented in the
following figure.
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Figure 58: Difference in Pricing with and without Cartel
7.5.4.

Scenario 4

Finally in the last scenario the resulting prices under cartel conditions are the following.

Figure 59: Prices in Scenario 3 under Cartel
In this case the difference in the pricing fluctuates more than in the last scenario but during
some hours of the day the prices remain the same as can be noticed from the following figure.
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Figure 60: Difference in Pricing with and without Cartel

7.6. Discussion
7.6.1.

Scenarios

The four scenarios were selected in order to illustrate the effects of different consumption and
pricing strategies on the clearing prices throughout the day. These differences are illustrated
in the following graph were the clearing prices of all four scenarios are depicted.

Figure 61: Clearing Prices of all 4 Scenarios
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Scenarios 1, 2 and 3, 4 follow the same consumption strategy and scenarios 1, 3 and 2, 4
follow the same pricing strategy, so it will be a bit more useful to break down the figure in pairs.
First the Scenarios with the same consumption strategy.

Figure 62: Pricing in Scenarios 1 & 2

Figure 63: Pricing in Scenarios 3 & 4
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In these cases the load served is the same but the pricing offered by each player is different.
This is clearer in the case of the first two scenarios as the pricing curves are quite similar. Also
in the case of scenario 2 the curve is follows more straight lines which makes sense. It makes
sense because the prices offered by each player follow a similar pattern as they are based on
the system’s peak load. On the other hand the prices in scenario 1 seem to rise and dive in
more arbitrary ways. This happens because the prices offered by each player are based on
individual loads. This means that different households with different load conditions offer higher
or lower prices at the same trading period. This results in a curve that is less ‘straight’. In
scenarios 3 and 4 we see the same tendency. When offered prices are based on individual
loads, the clearing prices have more abrupt changes than when they are based on the
system’s load. A difference between these scenarios and the former ones, is the mix of energy
traded. In scenario 4 the percentage of the total energy traded that comes from the surplus is
higher than in scenario 3, especially in the evening. This results in considerably lower prices
during that time, whereas throughout the rest of the day, the pricing is quite similar.
Now the scenarios with the same pricing strategy will be paired up.

Figure 64: Pricing in Scenarios 1 & 3
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Figure 65: Pricing in Scenarios 2 & 4
The similarities in the curves are quite clear. In the first pair the curves are shakier as the
offered prices are based on individual loads and in the second pair the curves are steadier as
they are based on the system’s load. Another thing worth noticing in the difference in pricing.
In the first pair it is quite noticeable that in scenario 1 (self-consumption) the prices are
considerably lower, which is expected as the demand is lower, especially during the hours of
peak demand. On the other hand in scenarios 2 and 4, whereas early in the day the difference
in the prices is noticeable, later on the scenario of self-consumption becomes more expensive.
This has to do with the fact that during those hours scenario 4 has more surplus of energy that
keeps the prices lower. So in scenario 2 (self-consumption) most of the surplus serves the
loads of the generating households, whereas in scenario 4 it becomes available for trading,
thus making the prices lower.
Another interesting aspect of the market worth noticing is the difference between the clearing
prices and the actual cost of the energy traded. As mentioned before this cost is calculated by
multiplying the proportion of the traded energy that came from the batteries with the LCOS and
adding it with the LCOE multiplied by the proportion of the traded energy that came from the
surplus of energy. So for example if during a trading period 1KWh came from batteries and
1KWh came from surplus the cost of energy during this time is1*0.685+1*0.25=0.935€/KWh.
In the following figure the different costs of energy for all the scenarios are presented.
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Figure 66: Cost of Energy of all Scenarios
It easily noticeable that the scenarios that follow the same consumption strategy have quite
similar costs of energy, especially early in the day. While the self-consumption scenarios
appear to be cheaper during that part of the day, later on it gets a bit more complicated to
decipher the situation. Nevertheless they are all linked with the percentage of energy that
comes from batteries and the surplus respectively.
This figure would not be significant on its own, without linking the cost of energy with the actual
clearing prices. So below is presented the difference between these quantities for all scenarios.

Figure 67: Difference between clearing prices and cost in all Scenarios
It seems like Scenario 1 has the smallest markup and also is the scenario with the most trading
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periods of prices lower than costs. Of all the other scenarios only scenario 2 has some trading
periods where this problem appears. At the same time it is the scenario in which the prices
exceed costs by the most, alongside with scenario 2.

7.6.2.

Cartel

In the case of the cartel formation, there are seven players who collude and agree to offer
energy at 0.1€/KWh more than the rest of the players. As expected this leads to an increase
in the clearing prices. The next figure illustrates how big of an increase there is in all four
scenarios.

Figure 68: Difference in Pricing with and without Cartel in all Scenarios
It is noticeable that during some periods of the day the prices actually decrease slightly but in
most cases they increase. What is worth mentioning is that in the scenarios of selfconsumption the prices increase only during certain periods and remain the same during most
of the day. Especially in the case of self-consumption and pricing based on the system load
prices are almost identical except for a spike early in the day. On the other hand in the scenario
of no self-consumption and pricing based on individual loads there is almost a steady increase
of prices corresponding to the additional 0.1 €/KWh that the cartel offers.
The difference in the prices between the scenarios of self-consumption and no selfconsumption is quite logical, since the demand in the second case is higher. This means that
once the lower priced energy is traded there is still a demand that can be served by the cartel,
thus increasing the total pricing.
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8. Conclusions
In this thesis an energy exchange market is set up for a residential network. Two different
consumption and pricing strategies were simulated as well as a cartel scenario. The results
from all scenarios were presented and compared.
Different load and generation profiles are simulated to give a diverse range of players with
different needs. Every household is equipped with a storage device in order to make trading
possible in periods of no generation.
The results demonstrate a functioning local electricity market were the load is always served
both in the scenario of self-consumption and no self-consumption. Also after comparing
clearing prices with the cost of energy in every trading period it was found that with the
exception of few trading periods in two scenarios, the price always exceeds the cost. This fact
makes the electricity market financially viable.
The clearing price curves of the different scenarios are justified by the energy mix as well as
the pricing strategies of the market players. Although the market prices may seem high they
are linked with the LCOS and LCOE, which justify them. Different scenarios generate different
pricing curves that follow certain patterns. These patterns make sense in the context of
consumption and pricing.
Furthermore a cartel scenario is simulated in order to determine the effects it has on the pricing.
A group of players is assumed to offer energy in higher than normal prices and this has different
results in different scenarios. In the cases of no-self consumption the effect is more noticeable
as the demand is higher. Higher demand means that even the higher priced bids will be needed
in order to serve the load and this is why the effect is stronger. However in all scenarios the
prices rise even by the slightest margin.
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9. Cost Benefit Analysis
In this chapter the cost benefit analysis of the project. This analysis has to include the costs
associated with the development of the project which are of two kinds: engineering costs and
software costs.
The engineering costs are presented in the table below
Cost (€/hour)

Services

Hours

Total Cost

and 20

110

2200

of 20

250

5000

Actualization of 20
Simulation

180

3600

Writing
Thesis

60

1200

600

12.000

Research
Planning
Design
Simulation

of 20

Total

-

The software costs are 500 € for purchasing the licence for MATLAB.
So the total cost of the project is presented in the table below.
Concept

Cost (€)

Engineering Cost

12000

Software Cost

500

Subtotal

12500

VAT (21%)

2625

TOTAL

15.125

Local Electricty Markets

Pág. 75

10. Acknowledgements
First of all I would like to thank my family for supporting me throughout my whole Master’s
experience and for all the years before that. I would definitely not be here without them.
I would also like to thank Mr. Sumper for his supervision and valuable contributions throughout
the completion of this thesis.
And finally I would like to thank specifically my grandfather Theodoros Korifidis for being an
extraordinary human being and the best hero any kid could ever have.
This thesis is dedicated in his memory.

Pág. 76

Memoria

11. Bibliography
[1]:http://ec.europa.eu/eurostat/statisticsexplained/index.php/File:Gross_electricity_generation_by_fuel,_GWh,_EU-28,_19902013.png
[2]: Paul De Martini: Presentation at Critical Consumers Issues Forum on March 9, 2015
[3]: The Institution of Engineering and Technology: Distributed Generation
[4]:https://www.epa.gov/energy/distributed-generation-electricity-and-its-environmentalimpacts
[5]:https://www.entsoe.eu/about-entso-e/market/balancing-and-ancillary-servicesmarkets/Pages/default.aspx
[6]: Peny Panagiotakopoulou: Different types of electricity markets modelled
using PLEXOS® Integrated Energy Model – TheUK Balancing Market example, Energy
Exemplar Europe
[7]: Devin Hartman: Types Of Organized Electricity Markets, R Street’s Electricity 101
Series No. 5 August 2016
[8]: Mathew J. Morey: Power Market Auction Design, Edison Electric Institute
[9]: Luiz T. A. Maurer, Luiz A. Barroso: Electricity Auction: An overview of efficient practices,
The World Bank
[10]: Lazard’s Levelized Cost of Energy Analysis version 8.0, Lazard
[11]: Lazard’s Levelized Cost of Storage version 2.0, Lazard
[12]: IRENA: The Power to Change: Solar and Wind Cost Reduction Potential to 2025
[13]: Levelized Cost and Levelized Avoided Cost of New Generation Resources in the Annual
Energy Outlook 2017, U.S. Energy Information Administration

Aquí pot anar el títol del vostre PFC

Pág. 77

[14] Fraunhofer ISE: Levelized Cost of Electricity Renewable Energy Technologies
[15]: Marc Josep Bennasar Romero: Análisis Técnico De Una Red De Distribución Con
Penetración De Energías Renovables Y Baterías
[16]: Photovoltaic Geographical Information System, Institute for Energy and Transportation
of the European Commission
[17]: Power Exchange Operations by National Load Despatch Centre

Pág. 78

Memoria

Annex A
A1 Load Profiles
In this annex the load profiles of the different households are presented.

Figure 69: Jack Jobless

Figure 70: Single woman under 30, without work
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Figure 71: Couple, 30-64, both at work, with home help

Figure 72: Single man under 30, without work
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Figure 73: Single woman under 30, without work

Figure 74: Family with 2 children, 1 at home, and 1 at work
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Figure 75: Family, 1 child, both at work

Figure 76: Family, 2 children, parents without work
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Figure 77: Single man, under 30, with work

Figure 78: Couple, both at work
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Figure 79: Student flat sharing

Figure 80: Couple with 2 children, husband at work
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A2 Generation Profiles
In this annex the different generation profiles are presented

Figure 81: Household with 5 MW Solar PV

Figure 82: Household with 10 MW Solar PV
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Figure 83: Household with 15 MW Solar PV

Figure 84: Household with CHP generator and 5 MW Solar PV

Pág. 85

Pág. 86

Memoria

Figure 85: Household with CHP generator and 10 MW Solar PV

Figure 84: Figure 83: Household with CHP generator and 15 MW Solar PV

