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Resumo

As Comunidades de Energias Renovdveis s@o uma excelente medida para a sustentabilidade
do planeta. Permitem uma melhor gestao dos recursos energéticos, trazendo beneficios para todos
os prosumers pertencentes a comunidade.

Com um mercado local de energia dentro de uma comunidade de energia renovével, é possivel
vender ou comprar energia entre os membros participantes, sendo cada membro responsavel pela
apresentacdo de uma proposta.

Ao longo deste documento foi elaborado um estudo do comportamento de diferentes tipos de
mecanismos de célculo do pre¢co num Mercado Energético Local dentro de uma Comunidade de
Energia Renovével, acrescentando quatro novos mecanismos aos ja existentes.

Palavras-chave: Comunidades de Energia Renovéavel, Mercado Energético Local, Prosumer,
Mecanismos de Célculo do Preco, Prego Interno.
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Abstract

Renewable Energy Communities are an excellent measure for the sustainability of the planet.
They allow for better management of energy resources, bringing benefits to all prosumers belong-
ing to the community.

With a local energy market within a renewable energy community, it is possible to sell or buy
energy between participating members, with each member being responsible for submitting a bid.

This thesis will study the behaviour of different pricing mechanisms in a Local Energy Market
inside a Renewable Energy Community, adding four new mechanisms to the existing ones.

Keywords: Renewable Energy Communities, Local Energy Market, Prosumer, Pricing Mech-
anisms, Internal Price.
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Chapter 1

Introduction

In this chapter, the most general aspects of the thesis will be presented, including the mo-
tivation for the development of the study, Portuguese and European Legislation for Renewable
Energy Communities and Self-Consumption Production Units, which are subject to change, the

dissertation’s objectives, and the document’s structure.

1.1 Context and Motivation

In 2019, renewable energy contributed 26.4%, [1], to the total energy produced, with energy
obtained from fossil fuels equal to 61.3% and nuclear power with 10.4%. It should be noted that
these energy sources from the combustion of fossil fuels release large amounts of CO; at the end
of the year.

Given this data, reducing CO;, emissions and making our planet as sustainable as possible
becomes necessary. The installation of distributed generation units in a Renewable Energy Com-
munity (REC) makes it possible to reduce dependence on power stations that produce energy from

fossil fuels, making it possible to realise the goal of reducing the CO, emissions, [2].

The Self-Consumption Production Units (SCPU) are installed for individual and collective
self-consumption in REC. In general, self-consumption can be defined as an electricity production
model, which can be renewable or non-renewable, in which the energy produced is used by the

prosumer himself, and surplus energy may be produced.

Self-consumption systems with injection into the grid are considered in the REC and produce
energy according to the consumption needs of the installation and the possibility of storing energy
in the system itself. If the system does not have a storage unit, all the surplus must be injected into
the grid.

Two possibilities arise. One where storing the surplus in a battery is possible, where an op-
timization process can manage the battery usage. The other possibility is for the prosumer to
actively enter the local market by presenting their surplus as a selling proposition or selling to the

retailer or an aggregator if they have a licence.
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The advantages of Self-Consumption can be summarised as energy efficiency, climate pro-
tection, and the possibility for prosumers to participate in energy transactions. Self-consumption
also provides prosumers with the ability to control their electricity bills better. On a more global
level, introducing Self-Consumption may facilitate the planning and operation of distribution net-
works and lead to the development of storage equipment, intelligent appliances, and more flexible

contracts for prosumers.

1.2 Legislation and Regulation

This section will address the essential Portuguese decrees regulating REC and SCUP. Decree-
Law No. 15/2022, [3], addresses, among other, the legislation for producing electricity by pro-
duction units based on renewable energy intended for Self-Consumption at the Installation of Use
(IU). These are referred to as Self-Consumption Production Units.

According to the decree above, self-consumption is the electricity consumption from one or
more SCUP by one or more prosumers. The final consumer is considered a REC prosumer and
can store. Self-consumption can be of two types, individual or collective, regardless of voltage
level.

In Individual Self-Consumption (ISC), the energy is consumed by the IU where the SCUP is
installed, and the owner, if he has surplus production, may store or sell the surplus energy. The
legal framework allows ending consumers to keep or trade renewable electricity. However, these
activities cannot be the primary commercial focus in non-domestic settings.

Collective Self-Consumption (CSC) refers to the consumption made in two or more use instal-
lations. Within a collective self-consumption regime, participating prosumers must follow internal
regulations. The main points of this internal regulation focus on the access requirements for new
prosumers, the exit of existing prosumers, the mode of sharing the energy produced for self-
consumption, the destination of the self-consumption surplus, payment of tariffs when applicable,
and the commercial relationship policy to be adopted.

An essential aspect of a SCUP is the concept of proximity. The concept of proximity includes
the UPAC and the IUs connected by direct line or internal network or when they operate through
the RESP at different voltage levels. Based on Decree-Law No. 15/2022, SCUP and user facilities
must be connected by the internal network, this network being a private service network, installed
within a geographical limit or through the Public Service Electricity Grid (PSEG), with the use of
the latter mentioned implying the accounting of network access tariffs and applicable taxes and
fees. Proximity does not apply to private networks.

Self-consumption activities require the prior control procedures set out in Article 11 of the
Decree-Law No. 15/2022 and depend on the installed power of the SCUP. A title is issued by the
Directorate-General for Energy and Geology (DGEG), a Portuguese public body responsible for
inspecting electrical installations. This title depends on whether the self-consumption is individual
or collective; if it is individual, the title is attributed to the prosumer. If it is collective, it is
attributed to a Self-Consumption Management Entity (EGAC).
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SCME is responsible for the practice of acts of operational management of the current activity,
including the control of the internal network when it exists; for the articulation with the DGEG
electronic management platform; for the connection with the RESP and the articulation with the
respective operators, namely in what concerns production sharing and allocation coefficients; for
the commercial relationship to be adopted for the surplus; for other functions that are assigned to

it by the self-consumers that are part of this CSC.

The Decree-Law No. 15/2022 incorporates the concept of Renewable Energy Communities in
alignment with the European Directive (EU) 2018/2001, [4]. This legal framework enables self-
consumers of renewable energy to actively participate in producing, consuming, storing, sharing,
and engaging in the energy market without financial burdens. The REC is defined as a legally
established entity operating on an open and voluntary basis, comprising members, partners, or
shareholders that can be natural or legal entities, both public and private. Notably, these entities,
including small and medium-sized enterprises or local authorities, must be near renewable energy

projects or associated activities.

The REC operates autonomously and responsibility for its operation lies with the participating
prosumers. This distinguishes it from the CSC model, in which management responsibilities are
assigned to the group of self-consumers, governed by internal regulations. In REC, a collective en-
tity comprising community members and additional participants without ownership in the energy
production units assumes management. Nonetheless, both models facilitate peer-to-peer energy

trading.

1.3 Objectives

The objective of this thesis is to simulate, study and analyze the behaviour of LEM based on the
participating prosumers and their resources, which can be photovoltaic panels and batteries, more
formally known as Energy Storage Systems (ESS). By using different mechanisms to calculate the
market price, it is possible to obtain different LEM behaviours, making it possible to increase or

decrease energy exchanges between prosumers and how these exchanges influence the REC.

The simulation software developed aims to optimize the resources of prosumers connected to
the REC in two phases, using an optimization function used in previous work. The same software
calculates the market price, and the amount of energy traded that results from prosumers’ bids, also
taking into account the management of flexible resources and their impact on the price. It assumes
a post-delivery market design and analyses the behaviour of this market considering different

scenarios of participants and resources, [5], [6], [7], [8].

The software was developed in Python, starting from battery management optimization soft-

ware and local prices computation routines previously developed and provided by INESC TEC.
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1.4 Structure

This Dissertation document includes a literature review in Chapter 2, where previous studies
and theoretical concepts such as renewable energy communities, local energy markets, optimiza-
tion algorithms and pricing mechanisms are addressed.

Chapter 3 describes the structure of the renewable energy community considered, the op-
timization algorithm considered, the pricing mechanisms used and which will be analysed and,
finally, the programme structure used to simulate the REC operation and the LEM internal price
calculation

Chapter 4 explains the scenarios created to simulate the REC operation and contains the
analysis of the results from the simulations.

Lastly, in Chapter 5 contains the conclusions drawn from the work.



Chapter 2

Literature Review

2.1 Introduction

This chapter will review the literature on REC and LEM. The main topics are the functioning
of a REC, market pricing mechanisms, and types of local energy markets. Since the main focus of
this dissertation is to simulate LEM, previously used simulators will also be covered.

These themes are relevant to the dissertation since they are directly related to the work devel-

oped and are the basis of it.

2.2 Renewable Energy Communities

In [4], a Renewable Energy Community is defined as a collective entity established, whether
for profit or not, based on open and voluntary membership by its members, partners or sharehold-
ers, who can be natural or legal persons, of public or private nature, including, namely, small and
medium-sized enterprises or local authorities, which is autonomous from its members or partners,
but effectively controlled by them.

In [7], the final consumer is considered essential to achieve the national energy and climate
plans targets (NECPs), [9]. Thus, final consumers are now considered self-generators of renewable
energy or prosumers. Prosumers can participate in CSC and REC where LEM mechanisms are in
place that facilitate the sale of surplus energy produced.

REC are an association of prosumers and consumers that can produce, consume, store, sell and
share renewable energy. These communities are a way to promote the distribution of renewable
energy sources (RES) and local energy trading and enable prosumers to play an active role in
LEM, [10].

Since prosumers can sell their energy surplus to other REC prosumers, they will obtain an
economic benefit compared to feed-in tariff revenues or direct trading in wholesale electricity
markets (not applied to small consumers). These prosumers sell the energy in the LEM, which is
considered a structure to organise the energy exchanges, peer-to-peer or bilateral contracts, inside
the REC, [6], [7].
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LEM enhance the grid’s reliability and resilience by generating energy close to where it is
consumed. This proximity reduces energy losses and strengthens the overall stability of the grid,
resulting in more efficient energy distribution, [11].

Prosumers can accomplish self-consumption inside the REC in two ways: behind the meter or
with external generation facilities owned by themselves or other REC members. Behind the meter,
readings consider the energy generated, subtracting it from the consumption, and the retailer only
charges for the actual supply, considering this adjustment. For the energy share internally, the
REC manager sends the Allocation Coefficient (AC) to the Distribution System Operator (DSO)

or the entity responsible for the metering, [5].

2.2.1 Examples of REC

The first REC in Portugal appeared in 2021 in Miranda do Douro through an investment by
Santa Casa da Misericérdia. The photovoltaic generation feeds the buildings of the Santa Casa
facilities, and in case of excess, the extra energy is given to the fire brigade and the municipality,
[12].

Another example of a REC in Portugal is in Lanheses Business Park in Viana do Castelo.
This is a REC in a business context and involves companies such as Steep Plastique, Recial,
Equinovento, Eurostyle Systems Portugal and BorgWarner. In this case, the companies produce
energy through photovoltaic and wind power to reduce costs associated with energy expenses [13].

Another example of a REC in Portugal is in Lanheses Business Park in Viana do Castelo.
This is a REC in a business context and involves companies such as Steep Plastique, Recial,
Equinovento, Eurostyle Systems Portugal and BorgWarner. In this case, the companies produce
energy through photovoltaic and wind power to reduce costs associated with energy expenses,
[13].

In Europe, the ElektrizititsWerke Schonau is a REC founded by a group of anti-nuclear ac-
tivists in 1994 in Schonau, Germany. Today, it has more than 185000 users and owns wind and
solar parks and gas and electricity grids. Some objectives of this REC are to contribute to increas-
ing public knowledge about the environmental and health risks associated with nuclear energy
production, reduce the community’s energy consumption, and persuade the local utility company

to exclude nuclear energy from its energy sources, [14].

2.3 Local Energy Markets

As mentioned, prosumers can sell their extra energy in a LEM to other consumers at com-
petitive prices, depending on the total cost, which includes energy and grid tariffs. This means a
prosumer can take two active positions, selling energy to and buying energy from other prosumers
in the REC.

Combining all these factors leads to an economic benefit to the community compared to the
more traditional method, where the consumer buys energy from the retailer. Thus, a LEM can be

considered a market structure to organise energy exchanges in a REC.
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Reference [11] outlines some possible disadvantages of LEM. Firstly, the current grid access
tariffs encourage investment in Distributed Energy Resources (DER) without considering the elec-
tricity system’s sustainability. Significant additions of Renewable Energy Sources (RES) can cause
vulnerabilities in the grid, such as voltage changes or lower power quality, which can increase the
complexity of distributed grid operation. Secondly, it raises the question of to what extent private
DER is more profitable than an on-grid generation, which allows economies of scale and larger

facilities efficiencies.

According to [15], there are three types of marketplaces: Peer-to-Peer (P2P), Community or
Collective Self-Consumption (CSC) and Transactive Energy (TE), and the authors have reviewed
these market types based on 139 articles that are referenced in [15]. These marketplaces are

explained next.

2.3.1 Types of Local Energy Markets
2.3.1.1 Peer-to-Peer

The Peer-to-Peer (P2P) market type offers a promising solution for the future of electric power
systems. P2P is characterised by its flexible energy sharing, allowing users to negotiate energy
exchanges with each other freely, [11]. P2P aims to create a decentralised and democratised elec-
tricity market, enabling individuals to generate energy from RES and sell the surplus energy to
others. Numerous pilot projects have already implemented this market concept, where consumers,
organised as energy communities, directly generate, use, store, and exchange energy without in-

termediaries.

The communication between peers in P2P can be classified into two schemes: centralised
and decentralised. In the centralised scheme, information flows from each peer to a centralised
platform. In contrast, the decentralised scheme involves bilateral communication using a P2P

network like blockchain. Reference [16] provides a detailed description of both systems.

Various market designs should be considered to adapt a Local Energy Market (LEM) to differ-
ent geographical locations, regulations, and resources. In [17], a post-delivery LEM is proposed,
where peers engage in bilateral energy trading after the delivery period. This model aims to create

an energy trading compliant with the current regulatory framework.

The potential economic benefits provided by P2P marketplaces are crucial for the widespread
adoption of this concept. In [11], the economic viability of P2P transactions among regular low-
voltage customers in Portugal is examined. The research determines that the financial success of
these transactions relies on several factors, including regulations (such as discounts on network use
tariffs, consumer/producer rights and responsibilities, organisational models, and the role of en-
ergy suppliers), the physical configuration of the distribution network, and the resources involved

(including the capacity of distributed generation and consumption patterns).
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2.3.1.2 Community Self-Consumption

REC prosumers participating in the CSC market design involves trading their energy surplus
within a specific community arrangement, [18]. This idea originated from the regulatory frame-
work discussed in Section 2.3, which emphasises the empowerment of energy prosumers. While
participants in P2P markets can directly trade energy among themselves or through centralised
intermediaries, CSC participants are situated within a community and thus operate more collabo-

ratively.

The governance process within a community plays an essential role in the CSC approach. In
[19], a market structure based on the community is introduced, wherein members are overseen by a
third party responsible for interfacing with the LEM and system operator and ensuring compliance
with collective agreements. A centralised governance model can optimize a predefined global
objective since a single entity possesses complete knowledge of the community’s data. Conversely,
a decentralised scheme can safeguard members’ privacy and foster trust in the market’s operations.

Both can be compatible depending on the implementation.

2.3.1.3 Transactive Energy

Transactive Energy markets aim to establish an energy trading ecosystem based on information
and communication technology, fostering a dynamic balance of supply and demand within an
electricity infrastructure. While P2P and CSC markets primarily focus on modelling small-scale
LEM, TE markets can encompass various scales. For instance, reference [20] addresses bidding

strategies within a microgrid.

Like P2P and CSC markets, effective supervisory control is crucial in TE markets to ensure
continuous and efficient operation of the transactive energy system. In this case, participants

exchange data either with a central controller or a network of controllers.

2.4 Optimization, Collective Benefits Sharing and Pricing Mecha-

nism

Energy resources can be managed through a Two-Stage Optimization algorithm to ensure that
a prosumer experiences a favourable cost-benefit balance in their energy consumption while sup-
porting the REC in which they participate without any negative impact on their position. A pro-
sumer can also sell energy within the REC, which involves an energy exchange between the REC
prosumers. As the REC involves a LEM, the LEM must employ a pricing mechanism to determine

the market price for a specific interval settlement period (ISP).

This section covers the topics of optimization, energy sharing and market price calculation

mechanisms.
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2.4.1 Optimization

In [5], it is possible to verify an optimization algorithm with two stages that allow reaching
a collective optimization of a REC, and in [6], the two-stage optimization algorithm was used in
some case examples. The first stage aims to achieve individual optimization per prosumer that
minimises individual energy costs. In the second stage, the collective cost minimization objective
is subjected to a constraint to ensure that no prosumer incurs an energy cost higher than its indi-
vidual optimal cost. To this end, it is necessary to establish a transaction price that can be used
to calculate the individual cost in the second phase, thus compensating for the internal energy

allocations. The next chapter will refer to the equations considered for the two-stage optimization.

2.4.2 Energy Sharing

According to the REC definition and considering the purpose of these communities, prosumers
will share energy among themselves through the network. Every prosumer has a retailer from
which they can buy and sell energy. Energy exchanges are accounted for by quantity and price, as
stated in [5].

Prosumer n Enmt R EpmAE Prosumer m
> A
- »
PV, Bateries APZP APZP PV, Bateries
E SUP ‘\ E SUP ‘\
n,t m,t
bu bu
)‘n,t y )‘m,t y
En’tSUR Em’tSUR
> Retailer <
sell sell
)‘n,t )‘m,t

Figure 2.1: Exchanges inside a REC.

In Figure 2.1, it is possible to verify that two prosumers, n and m, exchange energy among

ESALE

themselves and individually with the retailer. In this case, Prosumer n sells its surplus E,%

PUR
En.,m,t

SUP
Ent

(or
stores) to Prosumer m, or, if it needs to buy, it buys from m at the internal price, A/ 2,
Similarly, it sells E5¢® for 43¢/ to its retailer or buys energy for l,ﬁ "Y', Prices and quantity
traded will be influenced by two-stage optimization to minimise individual and collective costs of

REC.
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2.4.3 Pricing Mechanism

A local market of a REC needs to define an internal price, A ’P  to have energy exchanges
between prosumers. The internal price of the LEM can be calculated through the mechanisms

analysed in [7].

* Pool
According to the proposal in [7], the pool’s combined selling and buying curves can be
constructed based on the energy supplied by the members of the REC and their opportunity
costs with their respective retailers. Each ISP within the REC will submit a selling bid
when injecting energy, consisting of the injected energy amount and the buying price from
their retailer. Similarly, a buying bid is submitted when consuming energy, including the
consumed energy amount and the selling price from the retailer. It’s important to note that a
prosumer will only have a buying or a selling bid for each ISP. The equilibrium of the pool
is determined by intersecting the aggregated selling and buying bids, which establishes the

market price.

Figure 2.2 from [7] shows an example of a pricing mechanism pool where the curves cross
and set the transfer price. When there is no crossing, it checks if the last bid aggregated and

the internal price is the price associated with that bid, either sell or buy.

€/MWh

PBI.J?

PB_‘-,Il

dq‘in,h
PBiy b _ _ |

Pek B e Ty e el o W L

Ta Market price PBy,

pn 7PB§.I|

PS,

PS;-.;J I eq ‘rﬂr.h
P Soi h

Quantity

Figure 2.2: Example of a Pool mechanism price calculation

¢ Mid Market Rate (MMR)

This mechanism computes an internal transaction price as the intermediate value between



2.4 Optimization, Collective Benefits Sharing and Pricing Mechanism 11

the highest value of the last sale offer and the lowest value of the last purchase offer:

lbuy lsell
=t tA @.1)
2
where:
lsell _ lsell lbuy R lbuy 29
t maxy( nt )y A min, ( nt ) (2.2)

—— Sell Offers
Buy Offers
--- P2PPrice

€/kwh

0.0 0.2 0.4 0.6 08 1.0
kwh

Figure 2.3: Example of an MMR mechanism price calculation

Figure 2.3 shows an example of the lines of the buying and selling bids and the price and

energy of the last bid. This pricing mechanism was also mentioned in [21], [22], [23].

* Supply and Demand Ratio
The SDR pricing mechanism is determined by calculating the sdrj,, which represents the
proportion of energy produced by prosumers with surplus energy, compared to the energy
required by those who need supply:

sdry, = <1t 2.3)
dqp
In equation 2.3, eqy, refers to the total net local energy injection of all REC, and dgy, is the

total net local energy consumption measured at the REC.

The sdr;, variable can have several values, with its value representing what happens inside
the REC. If sdrj, > 1, the REC has local generation greater than consumption, and the price
py, is the same as the selling price A/ to the retailer.

ph= l[sell (24)
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If 0 > sdr, > 1, there was local energy generation, but the consumption was greater. Then:

A[buy « ( /lt‘yell + ),)

(2.5
(Atbuy o A’lsell) % sdrh 4 )Ltsell

Ph=

In equation 2.5, A represents the compensation factor, which is restricted to the range of
0< A< (A =25 to continue incentivising internal trades when the REC has grid

surplus.

If sdr, = 0, the REC has no surplus, and the energy is bought from the retailer, with
pn =AM When sdr, = 1, the local generation and demand within the REC are bal-
anced, resulting in no energy exchange with the grid. Consequently, the internal energy

price reaches its minimum value.

In [24], was introduced a compensation factor which ensures that the advantage of consum-
ing energy during periods of surplus local generation is distributed among the prosumers
who contribute to this surplus. With the incorporation of this compensation, the internal en-
ergy price and the average buying price are transformed. SDRC-Half is identical to SDRC,

but the compensation factor is halved.

If 0 < sdr, < 1, then:

A'[buy x ( /l,sell )

Ph = (2.6)
(7L,,buy —7L,,se” —7L) x sdry —i—?t.fe” +2
And, if sdr, > 1, then:
A
pn ="+ pon 2.7)

Figure 2.4 from [25] shows the relation between the internal prices and SDR, where the
Prosumers sell and buy prices reduce with the increasing of SDR on the interval of [0, 1].
The SDR and SDRC pricing mechanisms were mentioned in [21], [22], [25], [24].

Several papers compare these pricing mechanisms, and these are some conclusions about

them:

* The Pool mechanism seems the most economically efficient since it is based on the optimal
market equilibrium, where prices reflect the real opportunity costs of REC for each ISP. Its
calculation is simple and in line with economic theory, making it easy to explain and justify
to potential REC members. However, this mechanism may exhibit more significant price

fluctuations as prices vary between retailers’ buying and selling prices.

* MMR slightly underperforms SDR when retailers’ price signals fluctuate daily. This mecha-
nism can be easily explained as sharing the benefits derived from the difference between bid
and ask prices equally. However, they do not consider the actual contribution of local load

balances to price formation, which reduces incentives for load management and flexibility.
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}kb uy

Price

A.\u“

0 0.5 1 1.5 2
SDR

Figure 2.4: Relation between the internal prices and SDR

* SDR perform well as it provides a dynamic internal price that adjusts according to the energy
availability in the community. Consequently, they provide strong incentives for demand
response and generate more efficient economic signals. These methods aim to mimic market
behaviour by establishing a relationship between price, participants’ opportunity costs and

available supply and demand.
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Chapter 3

Problem and Methodology

This chapter will address the problem and the methodology used to develop the thesis. The
first part proposes an example of REC structure to apply the methodology implemented. Next,
the optimization algorithm applied in the methodology will be analysed, including the objective
function and its constraints. The work carried out considered some improvements in the pricing
mechanisms described, which will be explained in this chapter and tested in the following. Finally,
the Python algorithm developed in partnership with INESC TEC will be described in detail using

flowcharts.

3.1 REC Structure

A REC with five prosumers with different consumption, generation and battery parameters
were considered. It is assumed that all prosumers belonging to the REC can have consumption,

generation and batteries, all behind the meter (BTM), allowing each prosumer to make their buy

a
e

Figure 3.1: REC structure representation diagram

15
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The prosumers will follow the sharing model similar to the previous chapter, buying and selling

energy to other LEM prosumers and retailers. Prosumer n sells its surplus to Prosumer m, E;f’;‘an ,

for A/ °P_ the internal price, or sells the surplus E,f’[t]R to the retailer for ),,fi”. The same Prosumer
n can buy EfYR

A,ﬁ . A REC prosumer can only submit one buy or sell bid for each ISP.

from another Prosumer m for the internal price or buy E;ff,]P from the retailer for

3.2 Two-Stage Optimization

This section will address two-stage optimization, with the first stage on individual optimization

and the second stage on collective optimization, without prejudicing individual optimization.

3.2.1 Stage One

This stage is about individual optimization, where the main objective is to reduce individual
energy costs. Table 3.1 characterises each equation used, and Table 3.2 identifies the variables
used in Stage One of the optimization.

Equation 3.1 refers to the arbitrage objective function of Stage One of the optimization, where
the costs of each individual prosumer are to be minimized as much as possible. The sum of the
costs of this stage equals the cost of the REC in the period indicated.

The equations from 3.2 to 3.11 are subject to equations that are meant to be the constraints in
this optimization algorithm. Equations 3.12 and 3.13 define self-consumed energy for the purposes

of applying the tariff for access to the networks for self-consumption.

Table 3.1: Optimization - Stage One equation functions

Equation function

3.1 | Arbitrage objective function

3.2 | Equilibrium constraint

3.3 | Net consumption constraint

3.4 | Impede simultaneous buy and sell from retailer

3.5 | BESS energy content update constraint

3.6 | BESS SoC limits constraints

3.7 | BESS power limit constraints

3.8 | Positive net consumption constraint (for determining self-consumption)

3.9 | Self-consumption definition constraint (when bottom-limited by positive net consumption)

3.10 | Self-consumption definition constraint (when bottom-limited by external generation)
3.11 | Positive variables’ constraints

3.12
3.13




3.2 Two-Stage Optimization

Table 3.2: Nomenclature for the Stage One of the Optimization

17

Indices and sets

teT Set of time intervals/slots over the operation period. -
neN Set of prosumers with associated meter. -
kekK Generation facilities with meter. -
] Parameters
At Optimization step. h
/Al,i p Supply energy tariff of n at z. €/kWh
Agell Feed-in energy tariff of n at 7. €/kWh
ES, Prosumer’s n load profile at 7. kWh
E,f, Prosumer’s n behind-the-meter generation at ¢. kWh
EEN Nominal capacity of the battery of n. kWh
S OCf | Minimum state of charge of the battery of n. %

S OCf %1 Maximum state of charge of the battery of n. %
P2 | Maximum input and output power of the battery of n. kW
ﬁf i Charging efficiency of the battery of n. %
ﬁf D Discharging efficiency of the battery of n. %
B Peer n ownership on k generation. %

E ,ft External generation of facility k, at ¢. kWh
e Global access tariff for self-consumption, at 7. €/kWh
M A very big number (e.g., 1E6). kWh

] Variables
E?, Energy stored by the battery of n, at . kWh
SOCfJ SOC of the battery of n, at ¢. %
E,li ’,C Energy charged by the battery of n, at z. kWh
Ef_ ’,D Energy discharged by the battery of n, at 7. kWh
E,fl,”’ Energy supplied to n from its retailer, at ¢. kWh
E,fft/R Energy surplus sold by # to its retailer, at 7. kWh
5,‘2 yP Auxiliary binary variable to impede n from simultaneously buying and selling to the retailer at 7. -
ESMET [ Net consumption at meter n, at t. kWh
E;EC | Energy self-consumed by n, at ¢ (in theory, g.t.e. that value). kWh
Enc jthT * | Consumption at meter n, at ¢ (in theory, g.t.e. that value). kWh
5,i¢ Auxiliary binary variable for signalling that n is self-consuming at ¢. -
min Y (ESYP x A0y — ESYR x A3ell + ESLC x 2.87) 3.1)
teT
ESYP 4 Y By x EG, =EMET L ESUR. WieT, neN, keK 3.2)
k
ESMET = EC, +EfC —ES, —EYP, VieT, neN (3.3)
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EZIP <M x (800), B3R <M x (1-8Y7), VieT, neN (3.4)
EBD
EP = EP |+ (EJS x A€ - i5), VieT,neN (3.5)
fin”
B, B B,
sOC™™" < SOCE, = <80C,"™, YteT,neN (3.6)
l’l
EBC pBD
n,t n,t AB.max
L VteT,neN 3.7
At ) At — n ) ) n ( )
EFIT > EMET YieT, neN (3.8)
ESLC> BT M x (1-851C), VieT, neN (3.9)
ESSC>Y By x EG —M x (55€), VteT, neN, kek (3.10)
k
B,C CMET,
ESC EvP EB soCE EVP ESUR EFVET ESIC >0, YieT, neN (3.11)
Ent™"" = max(ES}T,0) (3.12)
E;th‘c—mm(max ESMET ) Z ><Ekt (3.13)

k

3.2.2 Stage Two

In Stage Two of the optimization, the main objective is to reduce the operation costs for the
REC. In this stage, the results of Stage One are used to ensure that the total individual costs after
Stage Two are equal or lower compared to the previous stage.

Table 3.3 shows all the equations used in Stage Two, and Table 3.4 shows the variables used,
some of which were used in Stage One.

Equation 3.14 refers to the arbitrage objective function of Stage Two of the optimization,
where the operation costs of the REC should be minimised as much as possible by making the
individual prosumer costs equal to or lower than those of the previous stage.

The equations from 3.15 to 3.29 are the constraints in this stage of the optimization algorithm.
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Table 3.3: optimization Stage Two equation functions

Equation function

3.14 | Arbitrage objective function

3.15 | Transaction sold position equals mirrored bought position constraint
3.16 | Equilibrium constraint

3.17 | Impede simultaneous buy and sell from retailer

3.18 | Net consumption constraint

3.19 | BESS energy content update constraint

3.20 | BESS SoC limits constraints

3.21 | BESS power limit constraints

3.22 | Equal to or better than O.F. value from stage 1 constraint

3.23 | Positive net consumption constraint (for determining self-consumption)
3.24 | Positive allocated energy constraint (for determining self-consumption)

3.25 | Self-consumption definition constraint (when bottom-limited by positive net consumption)

3.26 | Self-consumption definition constraint (when bottom-limited by positive allocated energy)
_ECMET)
n.t

3.27 | Constraint for imposing positive allocation coefficients (maximum =
3.28 | Constraint for imposing positive allocation coefficients (minimum = 0)
3.29 | Positive variables’ constraints

3.30
3.31
3.32

min Y (Y (ESYP x A2 — ESUR x Q3ell 4 ESLC 5 25) (3.14)
teT neN
E,ﬁ%{f:E,fﬂf, VteT,nnmeN, n#m 3.15)

ESVP Y Bin x EC,+ Y (EPUR — ESALEY — ECMET 4 ESUR /1 e T, nme N, n#m, ke K
k m

n,m,t n,m,t

(3.16)
EMET = BS, + EpC —EC —EJP, VieT, neN (3.17)
ESIP <M x (87F), E3R <M x (1-85F), VteT, neN (3.18)

EBD
EP =EP |+ (E)S xAfC— ), VieT, neN (3.19)

M’
A _B,min B Eft A _B,max

SOC,™ < SOCE, = % x 100% < SOC,"™™, YteT, neN (3.20)

~B.N
£y
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Table 3.4: Nomenclature for the Stage Two of the Optimization
Indices and sets
teT Set of time intervals/slots over the operation period. -
neN Set of prosumers. -
kekK Generation facilities with meter. -
] Parameters
At Optimization step. h
i,l; pd Supply energy tariff of n at z. €/kWh
Agetl Feed-in energy tariff of n at 7. €/kWh
ES, Prosumer’s n load profile at ¢. kWh
EC, Prosumer’s n behind-the-meter generation at ¢. kWh
EEN Nominal capacity of the battery of n. kWh
S OCf " | Minimum state of charge of the battery of n. %
SOCf %1 Maximum state of charge of the battery of n. %
P M| Maximum input and output power of the battery of 7. kW
ﬁf < Charging efficiency of the battery of n. %
ﬁf D Discharging efficiency of the battery of n. %
Cind Energy bill of n from Stage One. €
Bicn Peer n ownership on k generation. %
E ,ft External generation of facility k, at ¢. kWh
e Global access tariff for self-consumption, at 7. €/kWh
A7 (Fictitious) local energy price, at . €/kWh
M A very big number (e.g., 1E6). kWh
] Variables
E?, Energy stored by the battery of n, at 7. kWh
SOCS, | SOC of the battery of n, at z. %
E,Ii ’,C Energy charged by the battery of n, at 7. kWh
E,f ’,D Energy discharged by the battery of n, at z. kWh
E2YP | Energy supplied to n from its retailer, at z. kWh
wms | Energy bought locally by n to m, at 1. kWh
ESUR Energy surplus sold by n to its retailer, at 7. kWh
EXALE | Energy sold locally by 7 to m, at 1. kWh
5;2 ?]D Auxiliary binary variable to impede n from simultaneously buying and selling to the retailer at 7. -
E;f%c Energy self-consumed by #, at ¢ (in theory, g.t.e. that value). kWh
Enc ],WET’+ Consumption at meter 7, at ¢ (in theory, g.t.e. that value). kWh
E,Q‘JLC*' Consumed energy bought locally by n (in theory, g.t.e. that value). kWh
5;2%C Auxiliary binary variable for defining self-consumed energy by n. -
5,S,OEF F 1 Auxiliary binary variable for imposing positive allocation coefficients. -
B.C 1-B,D
Eni” Enf <PBme NteT . neN (3.21)

At A T
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Y (ESUP x A — ESUR x A5¢l! 4 ESEC x AS™ + Y (EPUR — ESALEY 5 AP?P) < €M W1 e T, numeN, n#m
t m
(3.22)

EVFTt > ESMET YieT, neN (3.23)

n,t

n,m,t n,m,t

EMCT > Y (EPUR —ESULEY 4 Y B x EF, YteT, nmeN, n#m, kek (3.24)
m k

ESLC> EYPTT M (1-851C), VieT, neN (3.25)

E,‘ff;CzE,’itLC+fMX5SLC VteT, nnmeN,, n#m (3.20)

nt

n,m.t n,m,t

Z(ESALE_EPUR)—ZB,(’” X Akcft < —Eﬂ/[ET—i—MX SnCJOEFF, VieT,nnmeN,n#m, keK
m k

(3.27)

n,m,t n,m,t

Z(ESALE—EPUR)—Z[%,{J,X G <M x (1=85PFFF), VieT, nmeN, n#m, ke K (3.28)
k

m

EBC gBD pB ¢ocB ESUP pSUR EiltvIET,Jr ESLC pPUR pSALE pALC+ >0, VteT, n,meN

nt »=nt »=nt ntr»=ngt »=nt > »Hngt o Enmit —nmt 2 nt
(3.29)
Eg"0Y = max(ESMET 0) (3.30)
EMCT = max(Y (EPYR — ESALEY + Y B x EF,0) (3.31)
m k

n,m,t n,m,t

E;fltc = min(max(E,nyT,O),max(Z(EPUR — ESALEy | Zﬁkﬂ X E,g,O)) (3.32)
k

m

The optimization algorithm considered in the work developed was also considered in the doc-

uments referenced with [5] and [7].
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3.3 Pricing Mechanisms

This section will describe the pricing mechanisms used and how they work. As mentioned
at the beginning of the chapter, some pricing mechanisms have already been described in the
previous chapter: Pool, MMR, SDR, SDRC and SDRC-Half.

The pricing mechanisms MMR, SDR, SDRC and SDRC-Half have been renamed, and from
now on, any reference to these pricing mechanisms in this document will be with Total Mid Mar-
ket Rate (TMMR), Total Supply and Demand Ratio (TSDR), Total Supply and Demand Ratio
Compensated (TSDRC) and Total Supply and Demand Ratio Compensated Half (TSDRC-Half).
These pricing mechanisms, when used, consider all bids and offers in the market, even if they are

not used.

The new pricing mechanisms considered are adaptations of the existing ones already men-
tioned and calculate the price similarly. The difference lies in using the opportunity costs cor-
responding to the real behaviour of each REC prosumer for each ISP: if the REC prosumer is
consuming, only its buying price from its retailer is considered; if it is generating, only its selling
price to its retailer is considered. The names given for this adaptation of the pricing mechanisms
described previously are Partial Mid Market Rate (PMMR), Partial Supply and Demand Ratio
(PSDR), Partial Supply and Demand Ratio Compensated (PSDRC), and Partial Supply and De-
mand Ratio Compensated Half (PSDRC-Half).

The LEM must initially ascertain the buying and selling bids to calculate the internal price.
The bids are organised based on monetary value. Selling bids are arranged in ascending order of
merit and descending order of the energy to be sold. On the other hand, buying bids are organised

in descending order of price and descending order of energy quantity.

If there are only purchase bids, the LEM price is defined as the highest price of the purchase
bids, and if there are only sale bids, the market price is defined as the lowest price of the sale bids.
The market price is zero if no bids exist for purchase and sale. The pricing mechanism kicks in if
there are both buying and selling bids. We will then analyse how pricing mechanisms act in the

face of bids and offers.

3.3.1 Total and Partial Mid Market Rate

Moving to Total and Partial MMR, the difference is between the buying and selling bids used
for the price calculation. Total MMR will use all bids for the price calculation, and Partial MMR
only considers the last bids that have enough energy for the demand. Then, the MMR method

calculation is applied.

Figure 3.2 shows the difference between the bids considered for TMMR and PMMR. TMMR
considers all bids, while PMMR only considers the offers that can satisfy the demand.
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tmmr - 13 pmmr - 13
—— Sell Offers —— Sell Offers
0.14+ Buy Offers 0.14 1 Buy Offers
\ad P2P Price * P2P Price
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Figure 3.2: Examples of the computed TMMR and PMMR pricing mechanisms

3.3.2 Total and Partial Supply and Demand Ratio
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Supply and Demand Ratio equations are in the previous chapter; the only difference is the bids

considered. Figure 3.3 shows the offers considered, and then the program applies the equations to
return the LEM internal price with SDR.

tsdr - 13 psdr - 13
0.141 o —— Sell Offers 0.141 Nl —— Sell Offers
Buy Offers Buy Offers
0.121 P2P Price 0.12 P2P Price
, 0.1031
010 = 0.10
B =
E E
W
1 —_—
0.08 0.08 L 0.0751
0.06 - J 0.06 - J
0.04 0.04
0 2 3 4 0 1 2 3 4
kWh kWh

Figure 3.3: Examples of the computed TSDR and PSDR pricing mechanisms

3.3.3 Total and Partial Supply and Demand Ratio Compensated

As well as TSDR and PSDR, the TSDRC and PSDRC will do the same, but the compensation
factor is applied. Figure 3.4 shows that TSDRC and PSDRC return different LEM internal prices.

3.3.4 Total and Partial Supply and Demand Ratio Compensated-Half

Compared to TSDRC and PSDRC, TSDRC-Half and PSDRC-Half reduce the compensation

factor by 50%. The bids are all considered for the TSDRC-Half, and for PSDRC-Half, only the
used offers were considered. Figure 3.5 proves the difference between these two pricing mecha-

nisms.
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Figure 3.4: Examples of the computed TSDRC and PSDRC pricing mechanisms
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Figure 3.5: Examples of the computed TSDRC-Half and PSDRC-Half pricing mechanisms

Implementing these adaptations to existing pricing mechanisms is intended to try a new ap-
proach to prosumers’ selling and buying bids in a LEM. Consider a scenario with more selling
bids than buying bids, where there is a difference between the prices of the buy bids and where
the total quantity of sell bids is higher. It will be noted that when considering all sell bids for
calculating the LEM internal price, prices will tend to be higher depending on the mechanism.
This is because the quantity of energy sought for purchase is lower, so the sales offers considered
will be those with the lowest price.

Conversely, in a scenario with more buy bids than sell bids, the buy bids considered will be

the ones with the highest price, and, as such, the LEM internal price will tend to be higher.

3.4 Algorithm Structure

This section presents how the Python Program was developed for INESC TEC. The main
program and LEM internal price based on the pricing mechanisms will be explained using charts.
PyCharm 2022.3.2, [26], was used to develop the work, and the Python version was 3.10.9,

[27]. For the optimization process, the PuLP library, [28], was used to construct the two-stage
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MILP. The open-source CBC solver, [29], was initially chosen for the optimization process but

was later traded for Gurobi, version 10.0.1, [30], to reduce the total simulation time.

3.4.1 Main

The main part of the program contains the price calculation and the optimization algorithm.
Figure 3.6 shows the programme’s steps to arrive at the results. It is based on an iterative process
between calculating the market price and the optimization algorithm. The market price calculation
provides a list of prices for 24 hours, and the optimization provides the elements listed in block 6
of Figure 3.6. The condition for stopping the cycle is described in block 7, and when the condition

is met, the programme returns the results.

Scenarios, horizon timeline, day, step, 1
pricing mechanisms, limit price and max — > Read Variables
iterations

Data for each prosumer and scenario — > Read Data
B
Start loop
l Mechanisms:
4 Pool
.| Calculates LEM internal price with one [ Total and Partial MMR

Total and Partial SDR
Total and Partial SDRC
l Total and Partial SDRC-Half

mechanism based on prosumers bids

Two step optimisation

l

New prosumers' net consumption, use of ﬂ

batteries, energy traded with retailers and

with other prosumers, individual operation
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3.4.2 LEM internal price calculation

The other important part to explain is how the pricing mechanisms were implemented in the
program to calculate the LEM internal prices. Nine different pricing mechanisms were consid-
ered, but eight of them are similar. As mentioned in the previous section, the difference is in the
prosumers’ bids for the calculation. Figure 3.7 explains how the program implemented all theory

to calculate the LEM internal price.

B
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] - | ] |
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offers, the price is zero
buy offer price p minimum sell offer price

Figure 3.7: Flowchart explaining the implementation of the pricing mechanisms in the program



Chapter 4
Scenarios, Simulations And Results

This chapter will discuss the different scenarios used to study LEM in the REC and the data
used in the scenarios. The expected results and results obtained in the simulations will also be

discussed.

4.1 Data and Scenarios

The data needed to set up the scenarios are the following:

Table 4.1: Inputs for each scenario

Inputs Function Data references
Consumption Consumption of a Prosumer | [31], [32], [33]
Generation Generation of a Prosumer [34], [35]
Market price Prosumer purchase offer [36]
Feed-in tariff Prosumer sale offer -
Battery capacity | Prosumer battery capacity [37]
Battery power Prosumer battery power [37]

The consumption data is from 2013 for five houses in England, [31]. These data have been nor-
malized to vary in a range of [0, 1]. They are multiplied by the usual contracted power in Portugal
(3.45kVA or 6.90 kVA, depending on the scenario) to simulate typical Portuguese Consumption,
[32], [33].

The generation data was also normalized to vary in a range of [0, 1] and multiplied by a
solar inverter’s maximum output power. The data are from INESC TEC’s PV production 2016,
[34]. In this case, the inverters considered were the Huawei SUN2000-3KTL-L1 and the Huawei
SUN2000-5KTL-L1, [35], with the maximum power varying between 3.0kW and 5.0kW, depend-

ing on the scenario.

27
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The market price data are from [36] and represent the hourly price of 2022 in €/MWh and
converted to €/kWh. Feed-in tariffs were obtained by manipulating market price data to achieve
variability for the selling bids.

All data is hourly and has been dated as being for the year 2022.

The battery data, nominal capacity and maximum output power, are based on the datasheet
referenced in [37], related to batteries produced by Growatt. Other important battery data to
consider include charging and discharging efficiency, maximum and minimum state of charge
and the initial energy. These values are percentages, and 90% was assumed for the charging
and discharging efficiency. For the minimum and maximum state of charge, 0% and 100% were
assumed, respectively, and 50% for the initial state of charge.

Other data are essential to consider, such as the duration of the intervals to be analysed, which
in this case is one hour. The day chosen for the analysis was the 1st of May. This day was fully

analysed, with a step of one hour.

4.2 Scenarios

Four different types of scenarios were used. Scenario 1 is the base scenario that will be used as
a term of comparison for the other scenarios. All other scenarios are adaptations of this scenario,
where the initial data are modified based on scenario 1, the base scenario.

Table 4.2 is about what changes in every scenario and shows the parameters changed in every

scenario and its units.

Table 4.2: Comparison between Scenarios and Parameters

Scenario 1 (Base) Scenario 2 (+ Generation)

Load | Generation | Market Price | Feedin |Bat_cap|Bat_max|Load | Generation | Market Price | Feedin | Bat_cap |Bat_max
Prosumer 1} 2,45 0,00 0,90 0,90 0,00 0,00 345 0,00 0,90 0,90 0,00 0,00
Prosumer 2| 3,45 0,00 0,95 0,95 0,00 0,00 |3.45 0,00 0,95 0,95 0,00 0,00
Prosumer 3] 3,45 3,00 1,00 1,00 | 0,00 0,00 |3,45 5,00 1,00 1,00 | 0,00 0,00

4 3,45 3,00 1,05 1,05 5,00 2,50 345 5,00 1,05 1,05 5,00 2,50
Prosumer 5] 2,45 3,00 1,10 1,10 10,00 5,00 3,45 5,00 1,10 1,10 10,00 5,00
Scenario 3 (+ Batteries) Scenario 4 (+ Load)

Load | Generation | Market Price | Feedin |Bat_cap|Bat_max|Load | Generation|Market Price | Feedin |Bat_cap|Bat_max| Load kVA
Prosumer 1] 3,45 0,00 0,90 0,90 | 0,00 0,00 |6,90 0,00 0,90 0,90 | 0,00 0,00 Gen kW
Prosumer 2| 3,45 0,00 0,95 0,95 0,00 0,00 |3,45 0,00 0,95 0,95 0,00 0,00 | Market | Coefficients

3| 3,45 3,00 1,00 1,00 0,00 0,00 |6,90 3,00 1,00 1,00 0,00 0,00 Feedin | Coefficients
4] 3,45 3,00 1,05 1,05 15,00 7,50 1345 3,00 1,05 1,05 5,00 2,50 Bat_cap kWh
ProsumerSI 3,45 3,00 1,10 1,10 | 20,00 | 10,00 |6,90 3,00 1,10 1,10 | 10,00 | 500 |Bat max kWwp

The parameters "Market Price” and "Feedin" correspond to each prosumer’s buy and sell of-
fers. These parameters are coefficients for each prosumer multiplied by the data from [36] to
obtain different buying and selling bids in €/kWh for each prosumer.

The main objective of analysing additional scenarios is to understand how the small changes

will influence the LEM internal price and, consequently, the REC operation costs.
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To study the REC operation, it is necessary to analyse:

* The initial consumption for every prosumer (first iteration and last iteration after optimiza-

tion);
* LEM internal price and retailer prices;
¢ The batteries SOC;

* Prosumers’ transactions with the retailer and other prosumers.

The LEM internal price is calculated using the different pricing mechanisms mentioned in
Chapter 3.

4.3 Results and Discussion

4.3.1 Scenario 1, Base scenario

Scenario 1 is the base scenario considering the lowest usually contracted power in Portugal
(3,45kVA) and a power of 3,0 kWp for each prosumer with solar generation. The coefficients
"Market Price" and "Feedin" for the buying and selling bids go from 0,90 to 1,10, so prosumers
have different buy and sell bids. Prosumer 1 has the lowest "Market Price” and "Feedin" coeffi-
cients for buying and selling bids, and Prosumer 5 has the highest. Finally, Prosumers 4 and 5
have a battery each. Prosumer 4 battery has a SkWh capacity and a maximum power of 2,5 kWp,

and Prosumer 5 battery has a 10kWh capacity and a maximum power of 5 kWp.

This scenario is expected to have a low operation cost for the REC, many trades between the
prosumers and low dependency on the retailer in the hours with more production. Prosumers may
buy energy in the LEM or from their retailer in hours without generation, depending on the internal
LEM price. When considered individually, Prosumers 1 and 2 are likely to experience low costs,

while Prosumers 3, 4, and 5 are expected to have profits within this context.

Figure 4.1 shows the prosumers’ initial liquid consumption in the program’s first iteration and
their value for the buying and selling bids. Each prosumer presents the buying and selling bids
for every algorithm iteration. When the bar columns are above zero, a prosumer has a negative
liquid consumption, which means that this prosumer consumed energy from the REC grid. The

prosumer injects energy into the REC grid if it is below zero.
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Comparison of Consumption, Buy and Sell Offers per Prosumer and Hour
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Figure 4.1: Scenario 1 initial liquid consumption and buying and selling bids

In this figure, it is possible to see that Prosumers 3, 4 and 5 have a surplus in hours 9-18. It is
possible to see that the prosumers buying bids (orange) in those hours are lower and higher in the

hours without production. Selling bids are lower than the buying bids and are almost constant.

In the last iteration of the program, where the REC has achieved the ideal REC operation cost
or the maximum number of iterations, after Stage One of the optimization, it is possible to see that
the prosumers have different liquid consumption because the batteries are dispatched to reduce
individual costs. The liquid consumption can be calculated by considering the consumption and
the battery charge and subtracting the generation and the battery discharge for each hour. Figure

4.2 shows that Stage One of the optimization changes the liquid consumption for the prosumers.
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Comparison of Consumption, Buy and Sell Offers per Prosumer and Hour
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Figure 4.2: Scenario 1 liquid consumption and buying and selling bids after Stage One of the
optimization

As can be seen, Prosumers 4 and 5 do not have consumption in the first hours, which means
they used their batteries to reduce their individual cost, as is supposed to happen in Stage One of
the optimization. The liquid consumption after Stage One is equal for every pricing mechanism
since it only considers the prosumers’ initial consumption.

After Stage Two of the optimization, it is possible to observe new liquid consumption com-
pared to Stage One. The new liquid consumption from Stage Two is calculated to benefit the
REC without prejudicing the individual consumption of prosumers. The LEM internal prices are

calculated with different pricing mechanisms, so the results after Stage Two differ.

4.3.1.1 Pool

Figure 4.3 represents the liquid consumption after Stage Two of the optimization. Prosumer 1
is represented with blue, Prosumer 2 with orange, 3 with green, 4 with red and 5 with purple.

Figure 4.4 is the evolution of the battery SOC and charge and discharge of every prosumer.
Only Prosumers 4 and 5 have batteries; Prosumer 5 is the prosumer represented with purple, and
Prosumer 4 is the prosumer with red.

Figure 4.5 has five rows and four columns. The rows represent the prosumers; the columns are
the Energy bought in LEM, the Energy sold in LEM, Energy bought from the retailer, and Energy
sold to the retailer, from left to right. The bar charts representing the LEM exchanges do not break
down the energy exchanges made from prosumer to prosumer, but rather the total exchanges of
each prosumer in a given hour.

Figure 4.6 shows the horizon timeline’s LEM internal price per iteration in the horizon time-

line. Green is the last iteration LEM internal price.
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With these figures, it is possible to study how REC work with a Pool pricing mechanism in

this scenario.

Comparison of Consumption, Buy and Sell Offers per Prosumer and Hour
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Figure 4.3: Prosumers’ Liquid Consumption after Stage Two in Scenario 1 with Pool
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Figure 4.5: Prosumers’ Energy trades in Scenario 1 with Pool
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Figure 4.6: LEM internal price evolution in Scenario 1 with Pool

In the first seven hours, 0-8, Prosumer 5 uses his battery to consume and sell energy in LEM.

Prosumer 4 discharges his battery to nullify consumption, but when he does not use the battery,

he buys energy in LEM. Prosumer 1 buys the energy from Prosumer 5, then sells it to Prosumer 3.

The reason is that Prosumer 1 got the LEM bid accepted, but he buys energy from the retailer at a

lower price than Prosumer 3. Prosumer 2 only gets from Prosumer 5 in the first hour because he

sells more energy, then he needs to turn to the retailer.
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Hours 9-18, since there is more generation than consumption, the LEM internal price will be
defined as the last sell offer that can cover the demand from the buy offers. Prosumer 3 and 4 sell
all their energy in the LEM because they have the lowest feed-in tariff. Prosumer 5 sells surplus
energy to the retailer instead of in the LEM because he has the higher feed-in tariff. Prosumers
3 and 4 have covered the demand from Prosumers 1 and 2, which only consume energy. It is

important to notice that Prosumer 4 and 5 also charge their batteries to reach full charge.

In hour 19, all prosumers consume except Prosumer 5, and all prosumers buy their energy
from their retailer. Hour 20, Prosumer 5 uses his battery to null his consumption and sell energy in
LEM to Prosumer 2, which consumes and then resells the energy to 3. Prosumer 3 does the same
but sells to Prosumer 4. Prosumer 1 did not take part in these trades because he had a lower price
to buy from the retailer than in the LEM. Hour 23 is similar to hour 20, but Prosumers 1, 2 and 3
buy energy from the retailer because the retailer has a lower price than LEM. Only Prosumer 4 buy
energy from 5. In hour 22, Prosumers 4 and 5 use their battery to null consumption. Prosumers 1,

2 and 3 buy energy from the retailer.
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Figure 4.7: Prosumers’ trades inside REC in Scenario 1 with Pool

Figure 4.7 represents the energy trades between prosumers. Every row is the prosumer who
buys energy, and the columns are the prosumer who sells the energy. If the bar is above the x-axis,
the prosumer bought energy; if it is below the x-axis, it means the prosumer sold. This figure is
important to ensure that a prosumer buys energy from one or more prosumers but can only sell it
to others in one hour. Hour 11 is the perfect example of this occurrence. Prosumer 3 sells energy
to Prosumer 4. Prosumer 1 buys energy from Prosumers 4 and 5 and sells the energy to Prosumer
2, which only consumes it. Prosumer 5 sells the remaining energy to the retailer because it has the

highest selling price.

To conclude this mechanism for calculating the market price, there is only a dependency on

the retailer when there is no power and not enough energy is sold from the battery in the first few
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hours. local market prices are high but then tend to fall as production increases. At peak times,

the energy is sold to the retailer by the prosumer, who has the highest selling price to the retailer.

In the final hours, prosumers without batteries are dependent on the retailer.

43.1.2 TMMR

With TMMR, there are some differences when compared to the Pool in this scenario. Figures

4.8 to 4.11 represent the REC operation.
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Figure 4.8: Prosumers’ Liquid Consumption after Stage Two in Scenario 1 with TMMR
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Figure 4.10: Prosumers’ Energy trades in Scenario 1 with TMMR
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Figure 4.11: LEM internal price evolution in Scenario 1 with TMMR

The major difference between Pool and TMMR is the LEM internal price. Also, Prosumer 4
sells energy to the retailer.

The first nine hours, 0-8, equal the Pool case. In hours 5, and 8, Prosumers 1 and 2 buy energy
from the retailer since they have the two lowest bids, and there is no production inside the REC,
but only Prosumer 1 sells energy in REC. In hours 6 and 19, Prosumers 1 and 2 buy energy from
the retailer, but Prosumer 2 buys some energy from Prosumer 1 in LEM and sells energy in LEM

because his sell bids were accepted.



4.3 Results and Discussion 37

In hours 12 and 18, Prosumer 4 sells energy to the retailer. Prosumer 4 in these hours has
liquid consumption equal to zero, which means the energy he produces uses totally. Since the
REC has more production than consumption, Prosumer 4 buys energy from Prosumer 1 and sells
it to the retailer. In hour 9, Prosumer 4 did not sell all his energy, so he sold the rest to the retailer.

All the other hours have similar occurrences compared to Pool.

4.3.1.3 PMMR

PMMR is expected to have results similar to TMMR, but when the consumption is higher,
the LEM internal price with PMMR will be higher, and when there is more production, the LEM
internal price is expected to be lower. Figures 4.12 to 4.15 show the results for the PMMR in

Scenario 1.
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Figure 4.12: Prosumers’ Liquid Consumption after Stage Two in Scenario 1 with PMMR
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Figure 4.15: LEM internal price evolution in Scenario 1 with PMMR

In this case, the trades between the prosumers are very similar compared to the TMMR. Pro-
sumer 5 sells energy from his battery discharge to Prosumer 1 in the first hours since Prosumer 1
has the first and only offer to be accepted in LEM for these hours. Prosumer 1 sells the energy to
Prosumer 3 and gets energy from the retailer because he buys energy from the retailer for a lower
price compared to Prosumer 3. Hours 7-8, every Prosumer has to get his energy from the retailer,
except for Prosumer 5, who can use his battery.

Hours with more production, Prosumers 4 and 5 charge their battery. Prosumers 3 and 4 sell
their energy in LEM, and Prosumers 1 and 2 buy it. Prosumer 5 sells all the REC surplus to the
retailer because he has the highest sell price.

Prosumer 4 and 5 discharge their batteries in the final hours to nullify their consumption.
Prosumer 5 can generate a surplus to sell in LEM using the battery. Looking for hours 20 and 23,
where Prosumer 5 sells his surplus generated from the battery. In hour 20, Prosumer 2 buys the
energy from 5 and consumes and sells the energy to Prosumers 3 and 4. Prosumer 1 buys energy
from the retailer because he has the lowest price to get energy from the prosumer, and Prosumer
5 does not generate enough surplus for every prosumer. Hour 23, Prosumer 1 buys energy from
Prosumer 5 and from the retailer. Consumes the energy from the retailer and sells the energy from

Prosumer 5 to Prosumer 3. Once more, the reason for that is the retailer’s buying price.

4.3.14 TSDR

TSDR considers all bids and does not have a compensation factor. With low demand and high
generation, a low internal price is expected to be achieved; with low production and high demand,
a high internal price is expected. Figures 4.16 to 4.19 reveal the TSDR influence in the REC

operation.
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Figure 4.16: Prosumers’ Liquid Consumption after Stage Two in Scenario 1 with TSDR
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Figure 4.18: Prosumers’ Energy trades in Scenario 1 with TSDR
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Figure 4.19: LEM internal price evolution in Scenario 1 with TSDR

Analysing Figure 4.16, it is possible to see that in the first five hours, Prosumer 5 creates a
surplus to sell in LEM for the internal price, which is very low. Prosumer 1 buys the energy and
sells it to Prosumer 3, which has a higher buying price from the retailer, and Prosumer 1 and 2 buy
the energy for a lower price. Prosumers 4 and 5 use their battery to nullify their consumption in
hours 0-7. For hours 7-9, Prosumers 1, 2, 3 and 4 need energy from the retailer, while Prosumer 5

has energy from the battery.
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Prosumer 3 sells all his energy in LEM in the hours with more production. The optimization
selects the Prosumer that buys the energy from Prosumer 3; the prosumer consumes and sells to
the next one. In the end, Prosumer 4 or Prosumer 5 sell the energy remaining energy to the retailer

at a high value.

In the final hours, Prosumer 4 uses the battery to nullify his consumption, and Prosumer 5
does the same, but hours 20 and 21 create a surplus with the discharging to sell the energy in
LEM. Hour 20, Prosumer 5 sells energy to Prosumer 1 and 3 for the internal price. Prosumer 2
gets the energy from Prosumer 1, and Prosumer 1 is the only member that buys energy from the

retailer in that hour due to the lower buying price to the retailer.

4.3.1.5 PSDR

The PSDR only considers accepted offers and does not have a compensation factor, so that
the internal market price may vary compared to the TSDR. If the value of the last accepted bid is
lower during production hours, the internal price is expected to be lower. The internal price will
be higher if the value of the last accepted purchase offer is lower during non-production hours.
Figures 4.16 to 4.19 reveal the TSDR influence in the REC operation.

Comparison of Consumption, Buy and Sell Offers per Prosumer and Hour
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Figure 4.20: Prosumers’ Liquid Consumption after Stage Two in Scenario 1 with PSDR
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Figure 4.23: LEM internal price evolution in Scenario 1 with PSDR

In this pricing mechanism, the REC operation is very similar to the REC operation analysed
with the TSDR pricing mechanism in this scenario. The major difference is that Prosumer 5 is the

only Prosumer that sells energy to the retailer. This results in a lower REC operation cost.

4.3.1.6 TSDRC

The difference between TSDRC and TSDR is the compensation factor. In the TSDRC pricing
mechanism, with the compensation factor, if the difference between the prosumer’s bids is higher,
the price will be higher. According to [6], more trades between prosumers and generation are
expected.
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Comparison of Consumption, Buy and Sell Offers per Prosumer and Hour
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Figure 4.24: Prosumers’ Liquid Consumption after Stage Two in Scenario 1 with TSDRC
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Figure 4.26: Prosumers’ Energy trades in Scenario 1 with TSDRC
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Figure 4.27: LEM internal price evolution in Scenario 1 with TSDRC

Prosumers buy energy from REC if the internal price is lower than the retailer’s. Prosumer
5 sells the energy from the battery discharging in LEM for the first five hours, while Prosumer 4
only nullifies his consumption. Prosumer 4 has a low nominal capacity and low maximum power
battery. Prosumer 3 is the predominant seller in the LEM in the production hours since he does
not have a battery to charge and has the lowest selling bid in LEM. In the final hours, Prosumer
5 manages his battery to sell his energy for hours 20 and four 23 and reduce consumption for the

other hours. Prosumer 4 only nullifies his consumption once more.
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4.3.1.7 PSDRC

PSDRC has the same compensation factor as TSDRC but considers only the accepted bids for
the LEM internal price calculation. Figures 4.28 to 4.31 represent the REC operation for Scenario
1 with PSDRC.

Comparison of Consumption, Buy and Sell Offers per Prosumer and Hour
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Figure 4.28: Prosumers’ Liquid Consumption after Stage Two in Scenario 1 with PSDRC
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Figure 4.30: Prosumers’ Energy trades in Scenario 1 with PSDRC
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Figure 4.31: LEM internal price evolution in Scenario 1 with PSDRC

Analysing the PSDRC influence on the REC operation, it is possible to check that Prosumer 5
sells the initial energy in hours 0-7, and Prosumer 4 sells in hours 0, 6 and 7 in LEM. Prosumer 1
buys energy from Prosumer 5 in hours 0-5 and then sells the energy to Prosumer 3. In hours 6 and
7, Prosumer 5 sells the energy directly to Prosumer 3. In these hours, Prosumer 1 buys energy for
a lower price in the retailer than in the LEM. Prosumer 4 sold energy in LEM in the first hours,

which resulted in a dependency on the retailer in hours 7 and 8.
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In the hours with more production, Prosumer 3 and Prosumer 4 always sell the bigger amount
of energy in LEM. Prosumer 5 sells the overall REC surplus to the retailer for the highest value.

In the last few hours, there is still a big dependency on the retailer. Still, when Prosumer
5 sells energy in LEM with battery discharge, the optimization algorithm distributes energy for
all prosumers without batteries to reduce the overall REC operation cost. Hour 20 is when all
the prosumers have a higher retailer price, and Prosumer 5 disposes of energy for every member,
except for 4 that have their resources. In this hour, Prosumer 5 sell bid is caught by Prosumer 3,

which has the highest buy bid, and then Prosumer 3 consumes and sells to Prosumers 1 and 2.

4.3.1.8 TSDRC-Half

Compared to the TSDRC, the TSDRC-Half has half the value of the compensation factor.
Considers all buying and selling offers. Figures 4.32 to 4.35 show how this pricing mechanism

influenced the REC operation.
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Figure 4.32: Prosumers’ Liquid Consumption after Stage Two in Scenario 1 with TSDRC-Half
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Figure 4.34: Prosumers’ Energy trades in Scenario 1 with TSDRC-Half
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Figure 4.35: LEM internal price evolution in Scenario 1 with TSDRC-Half

For the first hours, Prosumers 4 and 5 discharge their battery gradually, Prosumer 5 to sell
energy in LEM and Prosumer 4 to nullify consumption, resulting in zero liquid consumption. The
market price for these hours is lower than TSDRC in the first hours. Prosumer 2 only gets energy
from the retailer in hours 0-8 since Prosumer 5 does not sell the energy necessary to cover all

demand.

Prosumer 3 and 4 sell their energy in the REC in the hours with more production. They have
the lowest selling bids, making their offers accepted in the LEM. Prosumer 5 sells the overall REC
surplus to the retailer, but Prosumer 4 also does so in hours 9, 10, 13, 17 and 18. Prosumers 4 and
5 have their batteries fully charged since hours 15 and 13, respectively, and they have to sell the

overall REC surplus to the retailer since they have the higher sell price.

In the last few hours, once more, Prosumer 5 sells the energy from the battery in hour 20
because it is the hour that Prosumers have the higher retailer price. Note that Prosumer 1 needs to
buy energy from the retailer because Prosumer can not sell enough energy to cover all the demand
needed. Prosumer 1 has the lowest buy price to the retailer. The same occurs in hour 23, although

the price for hour 20 is higher, resulting in more trades in hour 20.

4.3.1.9 PSDRC-Half

Lastly, the PSDRC-Half is equal to the TSDRC-Half but only considers the accepted bids in
the LEM. The compensation factor is half the compensation factor considered in PSDRC. Figures

4.36 to 4.39 show how the REC performed with this pricing mechanism in Scenario 1.
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Figure 4.36: Prosumers’ Liquid Consumption after Stage Two in Scenario 1 with PSDRC-Half
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Figure 4.37: Batteries SOC, Charge and Discharge in Scenario 1 with PSDRC-Half
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Figure 4.38: Prosumers’ Energy trades in Scenario 1 with PSDRC-Half
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Figure 4.39: LEM internal price evolution in Scenario 1 with PSDRC-Half

This pricing mechanism has the first hours trading like the other, where Prosumer 5 sells the
energy from his battery discharging to Prosumer 1. Prosumer has the first bids to be accepted,
consumes, and then sells to the other prosumers, in case Prosumer 2 and 3 need the energy for
their consumption. Prosumer 4 uses his battery to nullify the consumption and has zero liquid
consumption. However, in hours 2 and 3, Prosumer 4 creates a surplus to sell energy in LEM.
Since Prosumer 4 sold energy from his battery, in hours 6, 7 and 8, Prosumer 4 buys energy from

the retailer.
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In the generation hours, Prosumer 3 and 4 sell their energy in LEM. Prosumer 4 does not show
sales offers in the LEM because it charges its battery. Prosumers 4 and 5 sell the overall REC
surplus to the retailer because they have the highest selling price to the retailer. When Prosumer 5
sells energy in the LEM, it will not make sales to the retailer, and it is at these times Prosumer 4

sells the energy to the retailer, with the second highest selling price outside the LEM.

In the final hours, Prosumer 5 sells the energy in hour 20, and in this case, sells the energy in
hour 22. Hour 20, the Prosumer 5 battery discharge sale occurs again due to high retailer prices.

In hour 22, Prosumer 5 discharges his battery again and sells energy in LEM.

4.3.1.10 Pricing Mechanisms Results Comparisons

Some details need to be explored to finish the Scenario 1 study. With Table 4.3 and Figures
4.40, 4.41 and 4.42, it is possible to comprehend the influence of the pricing mechanisms in REC

operation total cost, the individual costs for every prosumer, and the LEM internal price evolution.

Table 4.3 shows the cost of operating the REC with different market price calculation mecha-

nisms for Scenario 1.

Figure 4.40 shows the individual cost of each prosumer throughout the REC’s operation by

price calculation mechanism.

Finally, Figures 4.41 and 4.42 show the variation in market prices over 24 hours. Figure
4.41 compares Total and Partial pricing mechanisms, including a pool and a comparison of all
pricing mechanisms. Figure 4.42 extends the comparison of all pricing mechanisms included in

the previous figure.

Table 4.3: REC operation cost per pricing mechanism in Scenario 1

Pricing mechanism | Cost (€)

Pool 1.7276
TMMR 1.7289
PMMR 1.7276

TSDR 1.7519
PSDR 1.7305
TSDRC 1.7408
PSDRC 1.7399
TSDRC-Half 1.7377
PSDRC-Half 1.7346
Stage One 3.9005
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Starting by analysing Table 4.3, Pool and PMMR influence the REC to have the lowest opera-
tion cost. The REC operation cost is lower when LEM assumes a Partial pricing mechanism. The

REC operation cost with only Stage One of the optimization is much higher.

Analysing Figure 4.40, Prosumers 1 and 2 have a higher cost than Prosumers 3, 4 and 5.
These two prosumers have a lower cost when a Partial mechanism pricing is considered in the
LEM. The Pool provides these two prosumers with lower costs for each. However, Pool provides
Prosumer 3 with a high cost compared to the other pricing mechanisms since, with the other
pricing mechanisms, the cost is negative (profit). Prosumer 3 has a lower profit if a Partial pricing
mechanism is considered over a Total because he sells more energy in the Total pricing mechanism.
Prosumers 4 and 5 have negative costs for all pricing mechanisms. Prosumer 4 has more profit if a
Partial pricing mechanism is selected over a Total because this Prosumer sells more energy with a
Partial, unlike Prosumer 3. Prosumer 5 has a constant operation cost, except for the Pool. In Pool,
Prosumer 5 has more profit over all the other pricing mechanisms because he sells the energy in
LEM for a higher price. Prosumers 3, 4 and 5 are one generation old, but only the last two have

batteries.

Figure 4.41 compares the LEM internal prices evolution in the horizon timeline between the
Pool and between the Partials and the Totals. The Pool is high for hours with no generation but is
low for hours with high generation. As mentioned before, it is expected that Partials have a lower
price when there is more generation but a higher price when there is more consumption, depending
on the considered bids. The comparison between TMMR and PMMR shows in the first hours that
TMMR has a lower price, but in the high generation period, both have the same price. The reason
is that the MMR equation considers the same offers; in this case, Prosumer 3 selling and Prosumer

1 and 2 buying bids.
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Comparing TSDR and PSDR, PSDR has a lower price in the higher generation period, and
the price is similar for the other periods. Hour 19 for TSDR has a high internal price because
there is low energy to sell; only prosumer 5 sells energy, and the same happens in hour 21 for the
PSDR pricing mechanism. For TSDRC and PSDRC, the price is equal in the production period
but is higher for PSDRC in the no-generation periods. The higher LEM internal price in these
periods is due to the higher 2™ in the PSDRC mechanism compared to the TSDRC mechanism.
Finally, TSDRC-Half and PSDRC-Half find themselves in a similar situation to TSDRC and PS-
DRC during the first few hours. In hours 5-7, the TSDRC-Half has a high internal price because
Prosumer 5 has a surplus to sell, and the price rises. Hours with lower internal prices’ values for
the PSDRC-Half when compared to the TSDRC-Half happen because A/ is lower.

According to [6], hours 0-8 and 17-23, the LEM internal price is supposed to vary depending
on the Prosumers batteries’ charge and discharge profiles. Figure 4.42 proves this happens and

shows the price stabilisation between hours 9-17.

During the work developed for INESC TEC, every pricing mechanism was analysed in all
scenarios. As it is extensive work and every scenario has a very similar REC operation for every
pricing mechanism, only the first scenario pricing mechanisms will be analysed in detail in the
document. If some result is very different, the pricing mechanism influence in the scenario will be

explained.

Hours 0-8 and 17-23, the LEM internal price is supposed to vary depending on the Prosumers
batteries’ charge and discharge profiles. Figure 4.42 proves this happens and shows the price

stabilisation between hours 9-17.

During the work developed for INESC TEC, every pricing mechanism was analysed in all
scenarios. As it is extensive work and every scenario has a very similar REC operation for every
pricing mechanism, only the first scenario pricing mechanisms will be analysed in detail in the
document. If some result is very different, the pricing mechanism influence in the scenario will be

explained.

4.3.2 Scenario 2, More Generation

In this scenario, all the parameters are equal to Scenario 1, with the exception of the generation.
The generation was increased from 3,0 kWp to 4.5 kWp. With this change, the REC operation
cost is expected to be lower, with the possibility of profit. Individually, it is expected that the
prosumers with generation will have profit and prosumers without generation will not. In terms of
pricing mechanisms, as soon as there is a surplus, the Partial pricing mechanisms are expected to

be lower when compared to the Total.
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Table 4.4: REC operation cost per pricing mechanism in Scenario 2

Pricing mechanism | Cost (€)

Pool -0.2253
TMMR -0.1875
PMMR -0.1856

TSDR -0.1422
PSDR -0.1846
TSDRC -0.1668
PSDRC -0.1719
TSDRC-Half -0.1625
PSDRC-Half -0.17
Stage One 2.1391

Comparison between Price mechanisms in the LEM in the horizon timeline
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Figure 4.43: Prosumers individual operation cost per pricing mechanism in Scenario 2
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Internal price comparison with different pricing mechanisms
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Figure 4.44: LEM internal prices per pricing mechanism, Total and Partial comparison in Scenario
2

In this scenario, all the pricing mechanisms provided a profit to the REC. However, checking
different profits in Table 4.4 is possible. The pool has the highest profit, and TSDR has the lowest.
Energy transactions during production hours have a greater quantity, which results in a greater

monetary value associated with the transactions.

The difference between the obtained profits can be explained based on the trades with the
retailer in the hours 9-18. In Pool, only Prosumer 5 sells energy to the retailer. With TMMR,
PMMR and PSDR, only Prosumers 4 and 5 sell energy to the retailer, and for the rest of the
pricing mechanisms, Prosumers 3, 4 and 5 sell the energy to the retailer. However, TSDR has the
lowest profit because Prosumer 3, which has the lowest sell price to the retailer, sells more energy
than the other pricing mechanisms. The less energy Prosumer 4 sells to the retailer, the higher the
profit for the REC operation.

Figure 4.43 shows that Prosumer 1 has a lower individual cost than Prosumer 2 because he has
more trades in LEM. Prosumer 1 has many trades in the high-generation zone because he usually
buys energy from Prosumer 3, consumes and then resells the energy. Prosumer 3, except for Pool,
has the highest profits. Prosumer 3 sells the energy at a low price in the Pool mechanism, and the
consequence is a low profit with this mechanism. Prosumers 4 and 5 have an overall stable profit
for every mechanism, except for Prosumer 5 in Pool, which has already been explained.

Comparing the LEM internal prices with Figure 4.44, the Pool is almost equal to the Scenario
1 Pool. Between 9-18 hours, the price is the same, and in some of the other hours, the internal
price changes because the liquid consumption changes from Scenario 1 to Scenario 2 after Stage
Two of the optimization.

There is no difference between TMMR and PMMR in the hours with more production because

the offers considered for the equation are the same. However, in periods with no generation, the
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price is lower for TMMR, as expected. Considering TSDR and PSDR, the value for the LEM
internal price is lower for PSDR in the production hours. PSDR only considers the Prosumer 3
sell offer, which means a lower l,se”, that results in a lower LEM internal price for the hours with
more generation and surplus. TSDRC and PSDRC are very similar to Scenario 1 TSDRC and
PSDRC; the only difference is in the zones with no generation that depends on the optimization.
TSDRC-Half and PSDRC-Half follow the same pattern as TSDRC and PSDRC in the hours with
no production. In the production hours, comparing TSDRC-Half and PSDRC-Half in both Sce-
narios 1 and 2, since there is more energy injection into the REC grid, it is possible to see a greater

difference in the performance of the Partial mechanisms.

4.3.3 Scenario 3, More Batteries Capacity and Maximum Output Power

Scenario 3 keeps the parameters from Scenario 1, but the batteries have a higher nominal
capacity and maximum power. Scenario 1 used a 5 kWh, 2,5 kWp for Prosumer 4 and a 10 kWh,
5 kWp for Prosumer 5. In this scenario, it was considered a 15 kWh, 7,5 kWp battery for Prosumer
4 and a 20 kWh, 10 kWp battery for Prosumer 5.

With these changes, the REC operation cost must be lower than Scenario 1. The prosumers
will not depend on the retailer in the hours without production since prosumers with batteries will
cover the demand. In the hours when the generation is higher, prosumers with batteries probably

will not sell their energy to charge the batteries since it takes more energy to charge them.

Table 4.5: REC operation cost per pricing mechanism in Scenario 3

Pricing mechanism | Cost (€)

Pool 0.1571
TMMR 0.1571
PMMR 0.1571

TSDR 0.1571
PSDR 0.1571
TSDRC 0.1571
PSDRC 0.2738
TSDRC-Half 0.1571
PSDRC-Half 0.1571
Stage One 3.5755
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Comparison between Price mechanisms in the LEM in the horizon timeline
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Figure 4.45: Prosumers individual operation cost per pricing mechanism in Scenario 3
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Figure 4.46: LEM internal prices per pricing mechanism, Total and Partial comparison in Scenario
3

Analysing Table 4.5, the first fact that can be seen is that the REC’s operating costs have
become quite stable. Also, it is possible to note that only PSDRC has a higher value for the REC
operation cost than all the other pricing mechanisms. This happened because Prosumer 1 bought
from the retailer at hours 9, 15 and 22, and this was the only retailer purchase for all the pricing
mechanisms in this scenario. There was not enough energy to sell to Prosumer 1, and since he had

the lowest buying price, he had to get the energy from the retailer.
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In Figure 4.45, the prosumer’s individual costs are represented, and Prosumers 4 and 5 have
very similar individual costs. The energy they store in their batteries is enough to change the LEM
internal price in the no-generation hours and fortifies the energy trading in those hours. Prosumer
3 sells energy in the production zone and makes an individual profit. For Prosumers 1 and 2, if

their individual cost is lower for one pricing mechanism, they traded more energy in LEM.

Figure 4.46 shows the new LEM internal prices with the pricing mechanisms. Since more
energy can be used from Prosumers 4 and 5 batteries in the no-production hours, the internal
prices will be lower than the other scenarios. In this case, the PMMR provides a lower internal
price for some hours than TMMR. The PSDRC has a higher value in the no-generation hours due
to the 2™ being lower, which results in a higher price. TSDRC-Half and PSDRC-Half are equal

for every hour.

4.3.4 Scenario 4, More Consumption

In this scenario, prosumers 1, 3 and 5 experience an increase in load. The power contracted to
the retailer was increased from 3,45 kVA to 6,90 kVA, while maintaining the consumption profile,
resulting in a proportional increase in load. The other parameters are all equal to the Scenario
1. In this scenario, a high REC operation cost and more energy trades between prosumers and
retailers in the hours with no generation are expected. The LEM internal price will be lower in
the hours with more generation. As soon as there is more consumption, fewer hours will be with

a low internal price for the LEM.

Table 4.6: REC operation cost per pricing mechanism in Scenario 4

Pricing mechanism | Cost (€)

Pool 5.803
TMMR 5.8016
PMMR 5.8015

TSDR 5.8066
PSDR 5.8066
TSDRC 5.8184
PSDRC 5.8195
TSDRC-Half 5.8031
PSDRC-Half 5.8013
Stage One 7.7453
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Figure 4.48: LEM internal prices per pricing mechanism, Total and Partial comparison in Scenario

4

By analysing Table 4.6 and Figure 4.48, it is possible to understand why TSDRC and PSDRC
have a higher REC operation cost. Prosumers 3 and 4 sell energy in the production hours, and
the price is higher for TSDRC and PSDRC. Figure 4.47 represents the individual costs, and it is

possible to check that Prosumer 3 and 4 have a lower operation cost due to the sales in the LEM

for a higher internal price.
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The individual costs show quite well the costs associated with this scenario considering the
increase in consumption for Prosumers 1, 3 and 5. Prosumer 3 trades in the production zone
are similar to those in Scenario 1. Still, since Prosumer 3 has a higher consumption in the other
hours, he needs to get energy from the retailer because the Prosumer 5 battery is more limited
in its consumption, resulting in a higher cost for Prosumer 3 in an overall study for all pricing
mechanisms. Prosumer 4 reduced his profit compared to Scenario 1 since there are fewer energy
trades in the REC.

The Pool’s internal price is low in the hours 11-17 instead of 9-18 because the amount of en-
ergy injected into the REC’s network was lower due to increased net consumption. In hours 9,
10 and 18, the consumption exceeded the generation. The Partial mechanisms have calculated a
higher LEM internal price in the no-production hours as expected, except for TSDR and PSDR,
which are exactly the same. TSDR and PSDR considered the same offers for every hour to calcu-

late the LEM internal price.

4.3.5 Scenario Comparisons

Overall, the Scenarios represent different parameters of the generation, load and batteries’
nominal capacity and maximum power. Figure 4.49 represents the differences between the Sce-
narios with the different pricing mechanisms.

Comparison between REC operation costs with different Scenarios
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Figure 4.49: REC operation costs comparison between scenarios

According to [6], the scenarios were expected to have higher prices in the SDRC and SDRC-
Half pricing mechanisms for every Scenario, which is explained by the higher dependency on the

retailer, which has been partially confirmed. The REC structure and resources influenced pricing
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mechanisms, the optimization algorithm, and, consequently, the REC operation, which resulted
in a difference in the expected results. There is a considerable difference in REC operation cost
in Scenario 2 with Pool and TSDR and Scenario 3 with the PSDRC compared to other pricing
mechanisms in the same scenario.

Scenario 2 with TSDR has a lower profit because Prosumers 3, 4 and 5 sell energy to the
retailer, and with Pool, since only Prosumer 5 sells energy to the Prosumer at a higher value, there
is more profit for the REC.

PSDRC in Scenario 3 has a high dependency on the grid, which results in a higher operation
cost. Only with this pricing mechanism did Prosumer 1 buy energy from the retailer. With the
other pricing mechanisms, Prosumer 1 could satisfy his demand with energy from the REC. This
occurrence reduced the LEM trades between the REC members and resulted in a higher operation
cost for the community in the PSDRC pricing mechanism.

This means that the REC operation cost depends on many parameters, but the parameter in-
fluencing the most is the number of exchanges with the retailer. When buying energy from the
retailer, the cost can increase significantly, and when selling, the more prosumers and the amount
of energy exchanged with the retailer, the lower the cost.

All the data used to develop this study is stored in a Google Drive Folder in my Universidade
do Porto personal Google account, A.



66

Scenarios, Simulations And Results



Chapter 5

Conclusions and Future Work

5.1 Conclusions

The work compares how different resources and pricing mechanisms, individually or collec-
tively, influence operation costs. The scenarios targeted changing the parameters of prosumer
resources and their consumption. With the pricing mechanisms and the optimization algorithm,
it was possible to develop a new study that analysed the new pricing mechanisms and how the
resources and all the pricing mechanisms influenced the REC operation. The new approach to
pricing mechanisms aimed to create a new approach for LEM to achieve an internal market price
that would stimulate trades in the REC and less dependence on the retailer.

The first conclusion is that the pricing mechanisms are influenced by the optimization Algo-
rithm, which decides how prosumers use their resources when they must turn to the retailer and
the trades done inside the REC.

With this study, it was possible to check that prosumer A can buy energy from B and C,
consume part of that energy and then sell the remaining energy to prosumers D and E, for example.
Despite only having a buying or selling bid, a prosumer can elaborate trades for one hour with more
than one but can only elaborate a buying or selling operation to the same prosumer.

Increasing the generation will result in a big surplus in production hours. Still, if a prosumer
does not have a good battery, many surpluses will be sold to the retailer, probably at a low price.

Changing the battery parameters to higher is a great way to stabilize a REC operation cost and
reduce the dependency on the retailer. Reduced retailer dependency generally means a lower cost
to a prosumer or community.

In general, the Partial mechanisms can help in the REC operation costs despite the difference
being lower than one cent per day.

Pool, TMMR, PMMR, TSDR, and PSDR tend to have a lower individual cost for the pro-
sumers, but the TSDRC and PSDRC tend to benefit the prosumers with generation and penalise
the consumers. However, to recapitulate what has been said above, the pricing mechanisms influ-
ence the individual costs, and REC operation costs depend on the results from the optimization

Algorithm, which controls all the REC operations.
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5.2 Future Work

After concluding this Dissertation, PMMR, PSDR, PSDRC and PSDRC-Half must be ex-
plored more.

These pricing mechanisms must be tested in more scenarios where the buy and sell bids have
higher or lower values and different REC structures, considering a different number of prosumers
and resources.

A new approach can be tested by implementing the Total and Partial pricing mechanisms,
where a hybrid system calculates the LEM internal price with both Total and Partial pricing mech-
anisms and assumes the lower internal price calculated with these mechanisms. For example, an
SDR pricing mechanism is assumed, and the LEM calculates the internal price with both TSDR
and PSDR. If the price calculated was lower with the TSDR, the LEM assumes this price. If the
lower price calculated was with the PSDR, the LEM assumes this price for that hour. This new ap-
proach could be called Hybrid Mid Market Rate, Supply and Demand Ratio, Supply and Demand
Ratio Compensated or Supply and Demand Ratio Compensated-Half.



Appendix A

Results Data

All the results from the work developed are stored in this Google Drive Folder:

Click here to access.
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