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Resumo

O setor dos edif cios @ respons/Zvel por um quinto das emissies globais de gases com efeito de estufa
(GEE) por ano, a maioria das quais resultam da gera 2o remota de eletricidade. A redu 20 das emissies
neste setor resultaria numa diminui 2o signi cativa das emissies globais de GEE.

A rede el@trica @ composta por diversas tecnologias de produ 2o que operam a diferentes n veis a
horas do dia distintas. Como resultado, as emissies de GEE associadas produ 2o de energia variam ao
longo do tempo, de acordo com as tecnologias que operam a cada momento e a quantidade de energia
que produzem. Tal pode ser quanti cado em fatores de emissies distintos por tecnologia que integram
a produ 2o de eletricidade no total do ciclo de vida. Esta variabilidade na rede tende a tornar-se ainda
mais relevante com a crescente introdu 20 de energias renov/veis, que tamb@m tEm emissies de GEE
associadas, maioritariamente nas fases de infraestrutura e cadeia de abastecimento.

A an/lise dos fatores de emiss?o de GEE vari/Eveis no tempo permite uma melhor compreens2o do
potencial das estratdgias de e ciEncia energdtica e as emissies que a sua implementa @0 pode evitar.
No contexto deste trabalho, estes fatores s?0 denominados sinais e podem ser utilizados como contro-
ladores para modelar o consumo de eletricidade atrav@ds de estratdgias de gest?o da procura e e ciEncia
energ@tica. Para aldm dos sinais de fatores de emiss?o de GEE, tamb@m pode ser utilizado o sinal Pre o
gue @ caracterizado pelo o custo em Euros por unidade de eletricidade, a cada hora do dia.

Esta an/lise foi realizada para 2023 atravds do caso de estudo de uma Passive House, denominada
Casa da Palmeirglocalizada em “lhavo, Aveiro, que foi desenvolvida pela empresaegrid Para tal,
foi necess/Erio estabelecer um m@todo para modular o consumo de energia dos sistemas de climatiza 2o
e de Agua quente sanit/Eria no edif cio.

O Fator de Emiss?o M@dio (sinal XEF) foi determinado atrav@ds dos fatores de emiss?o de cada
tecnologia de produ 2o e a correspondente energia produzida a cada hora do dia, obtendo-se assim um
sinal vari/Avel no tempo.

O Fator de Emiss?o Marginal (sinal MEF) para 2022 e 2023 foi criado de acordo com o mix marginal
da rede el@trica portuguesa, que inclui as tecnologias de produ 2o que in uenciam diretamente as mu-
dan as na procura de eletricidade da rede, nomeadamente as tecnologias de produ 20 com base na ener-
gia hidroel@trica, tdrmica por combust?o de gZs natural em ciclo combinado, solar fotovoltaica e outras
tdrmicas. A importa @0 de energia de Espanha n?0 @ considerada no mix marginal pois est/ inversa-
mente correlacionada com a procura de eletricidade, sendo que aumenta quando a procura diminui, e
vice-versa. Por outro lado, a exporta 2o de eletricidade para Espanha deve ser considerada pois in uen-
cia diretamente a procura.

O MEF @ baseado na carga do sistema e na percentagem de produ 2o hidroel@trica como principais
preditores, por serem 0s aspetos que mais in uenciam as mudan as de procura de eletricidade. Foi
determinada a diferen a entre as emissies totais de GEE do mix marginal e entre a carga do sistema
do mix marginal de uma hora para a outra. Estes dados, assim como os dados da percentagem de
produ 20 hidroel@trica e carga do sistema a cada hora, foram agrupados em 20 conjuntos. Dentro de
cada conjunto, foram criados subconjuntos de acordo com a percentagem de produ 2o hidroel@trica.
Atravds da regress?o linear das diferen as entre as emissies totais de GEE do mix marginal e entre a
carga do sistema do mix marginal de uma hora para a outra, foi obtido o MEF de cada subconjunto.
De modo a prever o sinal MEF ao longo do ano, foi utilizado o modelo de Machine Learning, Gradient
Boosting Regressor. O sinal MEF tende a ser maior quando a carga do sistema e a produ 2o hidroel@trica



s20 menores, pordm ain uEncia da carga do sistema no MEF tende a desaparecer quando a carga @ muito
elevada.

Concluiu-se que o sinal MEF expressa inversamente a variabilidade da procura de eletricidade e da
produ 2o hidroel@trica, enquanto que o sinal XEF expressa diretamente a variabilidade da procura de
eletricidade e inversamente a variabilidade da produ 2o de energia renovZvel. Ambos s®o inversos entre
si em diversas horas do dia. O sinal Pre o tende a seguir a variabilidade da procura de eletricidade e a
ser maior quando a produ 2o hidroel@trica @ mais elevada.

Para modelar o uso da Agua quente sanit/ria, adotou-se uma estrat@gia de antecipa 20 do consumo
para per odos em que o sinal escolhido @ menor. Esta estratdgia foi realizada para o sinal XEF, MEF
e Pre 0. Para evitar que os ocupantes sejam obrigados a mudar os seus hZbitos de consumo, esta es-
tratdgia implicaria o uso de um temporizador para programar a bomba de calor para aquecer a Agua
antecipadamente nos novos hor/rios e armazen/-la no tanque de armazenamento.

Concluiu-se que a utiliza 2o do sinal MEF resultou na maior diminui o das emissies de GEE, uma
redu 2o de 12,4%, por@m levou a um aumento de 9% nos custos com a eletricidade. Por outro lado, os
sinais XEF e Pre o resultaram num aumento das emissies de GEE, um acr@dscimo de 12,3% e 16,1%,
respetivamente. Adicionalmente, ambos causaram a diminui 20 dos custos com a eletricidade, numa
redu 2o de 11,3% e 20,5%, respetivamente.

Para modula 2o do consumo dos sistemas de climatiza @0, a temperatura do term stato foi determi-
nada para cada um dos sinais variveis no tempo, atrav@ds do horZrio de ocupa 20 da casa, do modo do
ar condicionado (aquecimento ou arrefecimento) e do per odo de penaliza 20 a cada hora. O per odo de
penaliza 2o de cada sinal @ determinado atrav@ds do percentil 40 e 60 dos valores das celtimas 24 horas.
Quando o sinal est/ abaixo do percentil 40, encontra-se num per odo de penaliza 2o baixo, se estiver
acima do percentil 60, encontra-se num per odo de penaliza 2o alto e se estiver entre ambos, encontra-se
num per odo de penaliza 20 m@dio.

Na sequEncia de diferentes simula 1es utilizando a temperatura do term stato modelada e uma
simula 2o de controlo, foram obtidos diferentes resultados de acordo com os trEs sinais utilizados para a
modela @o.

Ao comparar os diferentes casos de simula 2o, concluiu-se que o sinal MEF permite uma melhor
otimiza 2o dos sistemas, pois resultou na maior diminui 20 das emissies de GEE e poupan as de elet-
ricidade, com redu les de 8.3% e 1.6%, respetivamente, em compara 20 com o caso de controlo. Em
contraste, o sinal Pre o resultou nas maiores poupan as monet/rias custa de um aumento nas emissies
de GEE, numa redu 20 de 7% nos custos com a eletricidade e um acr@dscimo de 2.2% nas emissies de
GEE.

Apesar de ambos o sinal XEF e MEF serem mais precisos do que o sinal constante ao longo do ano
(BAC), o sinal XEF apenas considera a variabilidade da rede el@trica no estado atual. Por outro lado, o
sinal MEF considera tamb@m o modo como a rede el@trica responde a qualquer procura de eletricidade
adicional que possa ser solicitada a esta, atravdds do despacho de diferentes centrais de produ 2o el@trica.
Esta @ a caracter stica chave para poder determinar a quantidade de emissies de GEE evitadas por cada
caso.

De modo a comparar com o caso real, os consumos medidoassada Palmeirdoram analisados,
por@m, os casos de simula 20 apresentam condi 1es clim/ticas diferentes da realidade, devido ao cheiro
climZtico utilizado para a simula®o. Sendo o ncemero de graus-dia de aquecimento muito maior no
clima de simula 20, o consumo energ@tico foi maior do que no caso real e por consequEncia, tamb@m as
emissies de GEE foram maiores. Para normalizar os resultados, estes foram divididos pelo hcemero de
graus-dia de aquecimento de cada clima. Observou-se que o ncemero de horas de uso do ar condicionado



0. RESUMO

por grau-dia de aguecimento foi maior nos casos de simula 2o, o que diminuiu 0 ncemero de horas de
desconforto mas mesmo assim resultou num maior consumo energ@tico e de emissies de GEE por grau-
dia de aquecimento.

Algumas recomenda Ies para estudo futuro incluem o registo das horas de ocupa 2o real da casa,
dados com melhor qualidade e a utiliza 20 de um cheiro climAtico com condi 1es de clima mais pr xi-
mas ou atd idEnticas realidade se poss vel. Adicionalmente, seria cetil analisar tamb@m a produ 2o solar
fotovoltaica naCasa da Palmeira utilizar esta informa 2o para replicar o trabalho.

Palavras chave:Gases com Efeito de Estufa, Emissies, Marginal, Eletricidade, Edif cios Susten-
tAEveis



Abstract

The building sector is responsible for a fth of the global greenhouse gas emissions per year, the
majority of which stem from offsite electricity generation. Curbing the emissions in this sector would
result in a signi cant decrease in global emissions. The electricity grid is made up of several different
generation technologies that operate on different levels at different times of the day. As a result, the
greenhouse gas emissions associated with the energy production will vary in time accordingly, as each
technology contains a certain Emission Factor determined for its life-cycle. This variability tends to
become even more relevant with the growing introduction of renewable energy sources in the grid.

The assessment of time-varying emissions, allows for a better understanding of which strategies will
lead to bigger greenhouse gas emission savings, and overall lower the total greenhouse gas emissions
produced. The Marginal Emission Factor signal was computed for 2022 and 2023 according to the
Portuguese marginal grid mix and based on the two key predictors (System Load and Hydropower per-
centage) that drive the changes in demand. The analysis was conducted in this work for the year 2023,
by testing different control signals (Average Emission Factor signal, Marginal Emission Factor signal
and Price signal) in demand side management strategies applied to the domestic hot water and HVAC
systems of a case study and comparing their results.

It was concluded that the Marginal Emission Factor signal allows for better optimization of the
systems, since it resulted in the highest greenhouse gas emission and electricity savings, with reductions
of 8.3% and 1.6%, respectively, compared to the control case. In contrast, the Price signal led to bigger
monetary savings at the expense of an increase in greenhouse gas emissions.

Keywords: Greenhouse Gases, Emissions, Marginal, Electricity, Sustainable Buildings



Nomenclature

Abbreviations

GHG

Greenhouse Gas

Hydro% Hydropower generation percentage

HDD20 Heating Degree-Days with base temperatureC20
PVPC Precio Voluntario para el Pequeaeo Consumidor
PV Photovoltaic

Acronyms

AC Air Conditioning

ASHRAE  American Society of Heating, Refrigerating and Air-Conditioning Engineers
BAC Building Assessment Codes

Cl Carbon Intensity

COP Coef cient of Performance

DHW Domestic Hot Water

DOAS Dedicated Outdoor Air System

DSM Demand Side Management

ENTSO-E European Network of Transmission System Operators for Electricity

GBR Gradient Boosting Regressor

GEE Gases com Efeito de Estufa

HDD Heating Degree-Days

HRV Heat Recovery Ventilator

HVAC Heating, Ventilation, and Air Conditioning
IEA International Energy Agency

IPCC Intergovernmental Panel on Climate Change
IPMA Instituto PortuguCEs do Mar e da Atmosfera
LS Load Shifting

MEF Marginal Emission Factor

MSE Mean Squared Error

PTHP Packaged Terminal Heat Pump

PE Primary Energy

REN Redes Energdticas Nacionais

RES Renewable Energy Sources

SCOP Seasonal Coef cient of Performance
SEER Seasonal Energy Ef ciency Ratio

TFA Treated Floor Area

UN SDG United Nations Sustainable Development Goal
XEF Average Emission Factor

Symbology

c Speci ¢ heat

COyeq Carbon dioxide equivalent

E Energy

m Penalty period

Q Heat

s AC mode

t Time

Ti Daily Average Indoor Air Temperature

To Daily Average Outdoor Air Temperature

Thi Hourly Indoor Air Temperature

Tho Hourly Outdoor Air Temperature

Tref Reference Set-point Temperature

Tsp Set-point Temperature
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Introduction

1.1 Context

1.1.1 Framework

In 2019, the total greenhouse gas (GHG) emissions from the building sector amounted to 12
GtCOyeq, constituting 21% of the global GHG emissions for that year. Within this sector, 57% were
attributed to indirec€0O, emissions resulting from the offsite generation of electricity and heat, accord-
ing to Intergovernmental Panel on Climate Change (IPCC) [1].

In 2023, the electricity grid mix in Portugal contained a signi cant share of renewable energy sources
(RES). The amount of energy produced by these RES varies throughout the day, meaning that the GHG
emissions linked to the energy production in the grid will also vary [2]. If RES production is lower, the
demand must be covered by other dispatchable energy sources which are generally non-renewable and
more polluting, and this will result in an increase of the greenhouse gases emitted at that moment.

Currently, conversion factors are provided in the Building Assessment Codes (BAC) to determine the
emissions embedded in the electricity consumed, however these do not re ect the variability of the grid
mix with renewable integration [3]. Understanding the real emissions and their variability throughout
the day is the key to lowering the overall emissions in this sector.

The focus of this work is to contribute to the development of more sustainable buildings and lower
the carbon footprint associated with urbanization, this is in alignment with target 11.3 of the United
Nations Sustainable Development Goals (UN SDGs), which aims to “enhance inclusive and sustainable
urbanization and capacity for participatory, integrated and sustainable human settlement planning and
management in all countries, by 2030” [4]. Thisis also included in target 13.2 that focuses on “integrating
climate change measures into national policies, strategies and planning”, which in the context of this
work means integrating climate change measures when planning sustainable cities and reducing total
greenhouse gas emissions per year (indicator 13.2.2) [5].

() (b)

Figure 1.1: a) SDG 11: Sustainable cities and communities [4]; b) SDG 13: Climate action [5].



1. INTRODUCTION

1.2 Objectives and Research Questions

The focus of this work is to reduce the greenhouse gas emissions associated with the energy con-
sumption of a residential building case study. This is achieved with the use of time-varying greenhouse
gas emission factors as input control signals in demand side management strategies, such as load shifting
and modulation of the HVAC system's indoor temperature set-point. In addition, it aims to compare
the bene ts of using time-varying emission factors as opposed to constant ones when quantifying the
yearly greenhouse gas emissions and the bene t of using the Marginal Emission Factor to determine the
greenhouse gas emission savings derived from energy ef ciency strategies.

In light of these objectives, this work aims to address the following questions:

i. How do time-varying greenhouse gas emission factors compare to constant greenhouse gas
emission factors?

ii. When using time-varying emission factors, how is the Marginal Emission Factor (MEF)
more useful and signi cant than the Average Emission Factor (XEF)?

iii. How to improve Passive House energy performance and exibility in order to reduce the
overall greenhouse gas emissions?

1.3 Document Organization

This work is divided into ve chapters.

Chapter 1 introduces the main issues and objectives that drive this research.

Chapter 2 explains the key concepts and methods used by other publications.

Chapter 3 describes the methodology used to process the data in analysis and how this data was
retrieved. Sections 3.1 and 3.2 describe the methodology used to compute the input signals to be used
in the following simulations. The case study is presented in Section 3.3, as well as, the building model
created to simulate the case study.

Chapter 4 presents the results obtained from the data analysis and simulations and how these compare
between the different cases and reality.

Chapter 5 explains the conclusions derived from the results obtained.
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2.1 Carbon Intensity of the electricity grid mix

The electricity grid mix refers to the percentage of electricity produced by each energy source in the
grid at any given time. The percentage of production by each source varies greatly throughout the day
and the various generation technologies produce different amounts of greenhouse gas erGiGsems (
emissions). Consequently, the carbon intensity (CI) of the grid will vary accordingly.

2.1.1 Emission Factors

An emission factor is a conversion value that can be used to determine the amount of GHG emitted
per unit of nal energy deliveredyCO,eckW h. The combined GHG emissions estimates are converted
to CO,-equivalents based on Global Warming Potentials with a 100-year time horizon (GWP100) [6].

For the purpose of this work, the life-cycle GHG emissions per unit of nal energy delivered of each
electricity production technology were adapted from three different publications [7, 8, 9]. The emission
factors from IPCC, 2014 [10] consider the emissions in the fuel chain and the manufacturing of the
technology. Each energy production technology has a different life-cycle [11].

While fossil fuel technologies, such as coal and gas, predominantly emit GHG through combustion
(Direct Emissions), the emissions linked to renewable energy technologies like Solar PV and Wind only
stem from infrastructure and supply chain activities (Infrastructure and Supply Chain Emissions). Hy-
dropower, in addition to Infrastructure and Supply Chain Emissions, also produces signi cant Methane
emissions which are accounted for as GHG emissions [11].
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Figure 2.1: Comparative lifecycle greenhouse gas emissions from electricity supplied by commercially available technologies
and projected emissions of future commercial plants of currently pre-commercial technologies. The gure shows distributions
of lifecycle emissions (harmonization of literature values for WGIII AR5 and the full range of published values for SRREN for
comparison) and typical contributions to lifecycle emissions by source. Adapted from IPCC (2014) [11].

Table 2.1: Portugal speci ¢ greenhouse gas emission factors of electricity supply technologies present in the Portuguese elec-
tricity grid (9COeqekWH. Adapted from [7, 8, 9].

Options Life-cycle emission factor gCO,eqekW h Source
Gas- Combined Cycle 423 [8]
Gas- Cogeneration 475 [7]
Fuel OIl 665
Other Thermal Diesel 33 [9]
Biomass 53.8 [7]
Reservoir 17
Hydropower Run-of-river 4 [8]
Small-hydro 5
Solar PV 69.3 [7]
Wind 13.7 [7]

1According to REN [2], “Other thermal” generation includes fuel oil, diesel and the non-biodegradable fraction urban solid
waste and other waste.
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2.1.2 Electricity trade

When trading electricity between countries, the overall carbon intensity of the electricity consumed
will change accordingly. For instance, the electricity imported will add an equivalent amount of emis-
sions to the electricity grid of the importing country and the electricity exported will deduct the equivalent
amount of emissions from the exporting country [12].

Each day, a percentage of the total electricity consumed in Portugal is imported from Spain, this
imported electricity has a different carbon intensiifC O,eg=kWH, according to the production tech-
nologies used in Spain.

In 2023, according to the Spanish Transmission System Operator Red Electrica de Espafia [13], the
electricity generation mix in Spain corresponded to 52.2% RES and 47.8% non-RES. In comparison,
the electricity generation mix in Portugal in 2023 corresponded to 88.1% RES and 11.9% non-RES,
according to REN [2]. This means that the electricity imported from Spain had a higher carbon intensity
which contributed to the increase in the overall carbon intensity of the electricity in the Portuguese grid.
For simpli cation purposes, it is assumed that the carbon intensity of the electricity mix in Spain is 44.9
tCO,=T Jwhich is equivalent to 161.gCOeq=kW h value for 2022 adapted from International Energy
Agency (IEA) [14]. For comparison, the carbon intensity of the electricity mix in the Portugal in 2022
was 41.1CO,=T J which is equivalent to 148CO,eq~kW h according to IEA.

2.1.3 Carbon Intensity

The carbon intensity of electricity is de ned as the amount of GHG emissions linked to the produc-
tion or consumption of a unit of electricity [15], as expressed in Equation 2.1.

_ GHG emissions
" Electricity amoun

[oCOzearkWH (2.1)

The carbon intensity of electricity increases from production until consumption, like shown in Figure
2.2. Different energy sources will have different upstream and combustion emissions, therefore the Cl is
dependent on the mix of these sources present in the grid. The CI will also vary depending on the stage
of the pathway where it is calculated, since it is generally increasing along the way [15].

Figure 2.2: Different Carbon Intensities along the electricity pathway. Adapted from [15].

The energy supplied to the national network, after trades and before transmission and distribution

5
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losses, is expressed in Equation 2.2, adapted from [15].

Esupplied= Enet production Epumping+ Eimported Eexported[kWH (2-2)

The total amount of greenhouse gases emitted at this stage is shown in Equation 2.3 , adapted from
[15].

Total GHG= Combustion GHG U pstream GHG Exported GHG- Imported GHG  (2.3)

The upstream and combustion GHG are obtained by the product of the emission factors presented
in Table 2.1 by the energy produced for each energy source. The exported GHG is the product of the
amount of electricity exported by the CI of electricity before trades (“El. traded”). The imported GHG is
the sum of the electricity imported from each country multiplied by the CI of the corresponding country.

Lastly, the CI of the energy supplied (CI of the electricity grid) can be determined by dividing the
total GHG by the amount of energy supplied. The CI can be computed for the overall year or for shorter
time periods, depending on the production data available.

2.2 Assessing Greenhouse Gas Emissions in Buildings

In the context of this work, the main objective is to assess the GHG emissions associated with the
energy consumption in a building, this is done by analysis of emission factors. When an emission factor
is variable in time, it is commonly referred to as a signal or hourly signal.

This assessment can be done using three different types emission factors, two of which are variable
in time and one which is constant.

2.2.1 Constant emission factor
2.2.1.1 Building Assessment Codes (BAC)

The Building Assessment Codes of each country provide an emission factor to determine the green-
house gas emissions corresponding to the amount of electricity consumed. However, since the factor is
constant throughout the whole year, it does not capture the temporal variability of the GHG emissions
in the grid, which may lead to wrong estimates. In addition, the conversion factors are not updated
frequently, which makes them more unreliable [3].

In Portugal, the BAC conversion factor for electricity use:is4[kgCQ,=kW hpg], corresponding to
0.36 kgCO,=kWH of nal energy, which was last updated in 2021 [16].

2.2.2 Time-varying emission factors

2.2.2.1 Average Emissions Factor (XEF)

The Average Emission Factor represents the amount of GHG emitted per kwh of nal energy deliv-
ered. The XEF can be computed for any hour of the day by dividing the hourly emissions by the amount
of electricity supplied at that moment. Essentially, the hourly XEF is equal to the hourly CI of the grid
like shown in Subsection 2.1.3.
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Unlike the BAC, the XEF changes throughout the day according to the production technologies
operational at each moment, therefore it is better suited for an assessment of a building's carbon footprint
[17].

2.2.2.2 Marginal Emissions Factor (MEF)

The marginal emissions factor represents the quantity of GHG emissions avoided per kWh of electric-
ity not consumed at a given moment [17]. Mathematically, it is de ned as the change in GHG emissions
per change in load, as expressed in Equation 2.4.

Change in GHG emissioljsgCOeq
Change in Load kW h

To compute the MERRéan et al., 201817] de ned the following method:

MEF = (2.4)

i. Retrieve the hourly data of the electricity grid, which contains the amount of electricity produced
at every hour per energy source;

ii. Compute the average emission factor (XEF) for every hour of the year;

iii. Compute the change in system load and the change in average GHG emissions from one hour to
the next;

iv. From the information obtained iiii., organize the data per ascending system load in 10 clusters
with the same amount of data points each;

v. Within each cluster, organize the points in groups of RES share (%) from 10% to 70%, having at
least 50 data points each;

vi. Compute the linear regression of each cluster de ned above. The MEF corresponds to the slope of
the linear regression, this means that each cluster will have a different MEF according to its RES
percentage, like illustrated in Figure 2.3;

vii. Render a quadratic tto obtain a general expression of the MEF, like shown in Equation 2.5.

MEF = ag+ a1 R+ ap L+ ag RP+ a4 L?+ as R L [kgCOeqrkW H (2.5)

In the expression abovey to as represent the tting coef cients which are speci c to the electricity
grid in the country analyzed, R represents the RES percentage and L represents the system load. This
expression can be applied to the power grid's data series to obtain the MEF of the country in analysis in
a certain time period.

As it can be seen in Figure 2.3, a higher MEF is a consequence of low RES share and low system
load because, in this situation, the more polluting dispatchable energy sources must be activated to cover
the base load. On the other hand, the MEF is lowest when the system load is at a intermediate level
and the RES share is at the highest because, in this case, the load can be increased to take advantage of
the high penetration of RES. As the system load reaches its highest, the MEF gradually becomes more
independent from the RES share.

This can be interpreted as a way to determine when it is more favorable to consume electricity. When
the MEF is higher it means that the use of electricity will trigger more emissions. The opposite is true for
when the MEF is lower. Therefore, it is more favorable to consume electricity when the MEF is lower.
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When compared to the XEF, the MEF allows for better optimization since it captures additional
variability in the GHG emissions over time [17].

Figure 2.3: MEF calculated per clusters of RES share and system load (data for Spain from 2016). Adapted from [17].

2.2.3 Hourly electricity price signal (PVPC)

Similarly to the GHG emissions, another characteristic worth considering when assessing the energy
performance of a building is the price of electricity. It is important to recognize the differences and
similarities between these two characteristics and how they can differently affect the energy consumption,
GHG emissions and monetary costs.

In Péan et al., 201817], a study was conducted for the Spanish grid, the price signal is labeled
Precio Voluntario para el Pequefio Consumidor (PVPC). The PVPC tariff has two periods and varies by
the hour but the price is usually higher during the day (11:00 to 21:00). The study shows that both MEF
and PVPC act similarly, but the PVPC has a more apparent variation between night and day, with both
signals showing a decrease around 12:00, which is more evident in the MEF signal.

2.2.4 Control strategy and building simulation

The hourly signals can be used as input for a Demand Side Management (DSM) strategy to shift the
energy use to periods of lower carbon intensity or lower electricity costs, depending on the type of signal
used (MEF or PVPC, respectively). This is accomplished when the climatization system of a residential
building with a heat pump, modulates the building's indoor temperature set-point, through input of the
hourly signal in a rule-based controller [17]. These signals are commonly referred to as penalty signals,
since the strategy used consists in penalizing the user (smart-controller) when it is less favorable to
consume electricity, therefore shifting the consumption to when there's a higher RES availability in the
grid [3].

Using a detailed building model created in the Transient System Simulation Tool software (TRN-
SYS),Péan et al., 201817] proposes a methodology to approach this strategy:

1. De ne the reference indoor temperature set-point:§ for periods of heating and cooling with
and without occupancy, according to Table 2.2.

2. Determine the hourly threshold for high and low penalty peridtisan et al., 201817], de nes
the threshold as follows:
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a) Low penalty is used when the current value of the input signal is less than the 40th percentile
of the last 24 hour values.

b) High penalty is used when the current value of the input signal is higher than the 60th per-
centile of the last 24 hour values.

c) Middle penalty is used when the current value of the input signal is between the 40th and
60th percentile of the last 24 hour values.

3. When the thresholds are surpassed, the set-point tempefprs fnodulated by 1C according
to the heating or cooling mode, like shown in Equation 2.6.

a) In heating modes(= 1, Equation 2.8): Thd&sp decreases by T if the penalty is high
(m= 1), which avoids the use of electricity by the heat pump. When the penalty is low
(m= 1, Equation 2.7)]spincreases by IC, to consume energy in the most favorable period.

b) In cooling mode = 1, Equation 2.8): Thdsp increases by L if the penalty is high
(m= 1, Equation 2.7), which avoids the use of electricity by the heat pump. When the
penalty is low (n= 1), Tsp decreases by € to consume energy in the most favorable
period.

¢) In middle penalty periods, the set-point temperature is not affected.

8
<
Tsp= Tret+ m s DT
. SP ref SP (2.6)
- DTsp=1C
8
3 1; inlow penalty periods
m= 3 0; in middle penalty periods (2.7)
" 1; in high penalty periods
8
< 1; in heating mode
S= (2.8)

1; in cooling mode

Table 2.2: Reference Indoor Set-point Temperature according to the occupancy and AC mode.

Heating mode | Cooling mode
Occupied 20C 25C
Not Occupied 18C 28 C

Péan et al., 201817] study's results for the heating season in 2016 show an 8.5% decrease in carbon
emissions and 10.6% decrease in energy cost when using the MEF signal for modulation even with an
increase in electricity use (+2.2%). When using the PVPC signal, the results show a 1.7% decrease in
carbon emissions and 22.4% decrease in energy cost combined with a 5.1% increase in electricity use.
For the same year's cooling season, a 5.9% decrease in carbon emissions and 1.8% decrease in energy
cost when using the MEF signal for modulation, with a decrease in electricity use (-3.7%). When using
the PVPC signal, the results show a 17% increase in carbon emissions and 20.2% decrease in energy cost
combined with a 11.8% increase in electricity use.
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In the winter (heating season), both signals translate in positive effects so the user can choose either
of the options. However, in the summer (cooling season), the user must choose which signal to use
depending on their desired goal, nancial savings or sustainability [17].
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Methodology

3.1 Computing Greenhouse Gas Emission Signals

The greenhouse gas emissions signals were computed for the year 2022 and 2023 to obtain a better
prediction of the MEF signal using more data points. However, the subsequent assessment will focus on
the year 2023.

3.1.1 XEF signal

The electricity data of the Portuguese grid was obtained fRéh for 2022 and 2023 [2]. This data
comprises the power produced by each technology, imported, exported and stored in 15 minute intervals
throughout the year. To determine the hourly energy of each component, the power was averaged for
every hour. The system load of the grid is equivalent to the energy demand plus transmission losses,
although in this study the losses are considered negligible.

Using this data, the hourly system load was then obtained by Equation 3.1.

System Loae Energy produced Energy stored Energy imported Energy exportedMW] (3.1)

At every instant, the GHG emissions associated with the energy production are determined by Equa-
tion 3.2. The corresponding emission factGt) for each technologyi) is derived from Table 2.1.
Emissions produced é EF Energy producedkgCQOeq (3.2)

At every instant, a fraction of the energy produced is stored through hydro-pumped storage, this
percentage is determined by Equation 3.3.

Energy stored
Energy produced

Energy stored% = (3.3)

As the energy is stored, the emissions associated with that energy fraction are removed from the
grid and stored with the respective energy fraction, as described by Equation 3.4. This energy is then
reintroduced into the grid through hydropower production, therefore the emissions associated with it are
re-aggregated into the total emissions. The data for the hourly hydro-pump generation was retrieved
from ENTSO-E Transparency Platforih8].

Equation 3.5 is used to determine the rate at which the emissions are reintroduced.

Emissions stored Emissions produced Energy stored [kgCOeq (3.4)

cl _ Emissions storedkgCOed
energy stored™ F hargy stored  [MWH

Therefore, when determining the total emissions produced, the emissions produced by Hydro-pump
generation should be added, us@ignergy storedn Equation 3.2.

(3.5)
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For simpli cation, the Carbon Intensity of the energy imported from Spain is considered to be con-
stant throughout the year and equal to 16§C0,eq=kW h as mentioned in subsection 2.1.2. The per-
centage of energy exported is de ned as a fraction of energy produced.

The total GHG emissions in the energy grid at every instant is de ned by Equation 3.6.

Total emissions Emissions produced (Emissions produced Energy storeéb)
(Emissions produced Energy exporteth) +( Clspain Energy importedl (3.6)
Finally, the hourly XEF can be determined by Equation 3.7.

XEF = Total emissiongdkgCOeq|
"~ SystemLoad [MWH

(3.7)

3.1.2 MEF signal

The Marginal Emission Factor is determined by the portion of the electricity mix that is positively
correlated with energy demand, meaning it responds to changes in consumption by following the same
trend [19]. These technologies are used to cover additional energy needs since their production increases
with it, otherwise they would not be useful in regulating demand.

To identify the appropriate technologies, the slope of the linear regression was calculated based on
how changes in production respond to changes in demand, as shown in Table 3.1. Since Hydropower
generation is the most powerful reactor to changes in demand, with an all-around slope of 0.7, it is
considered to be the most relevant component in the marginal mix and plays an important role in covering
additional demand in the Portuguese grid. For this reason, hydropower generation will be one of the two
variables used to determine the MEF signal, rather than the entire renewable energy share, as used in
[17].

Table 3.1: Change in Load of each component per Change in Demand.

Generation technologies and Energy trades Slope

Hydropower aggregated 0.7118

Hydro-pump 0.36654
Run-of-river 0.22763
Natural Gas- Combined Cycle 0.10723
Reservoir 0.10257
Solar 0.08584
Exports 0.01793
Natural Gas- Cogeneration 0.01621
Small-hydro 0.01478
Other Thermal 0.00007
Biomass -0.00029
Imports -0.00836
Wind -0.02365

According to Table 3.1, the generation technologies to be considered in the marginal mix when
computing the MEF should be all Hydropower technologies (Hydro-pump, Run-of-river, Reservoir and
Small-hydro), Natural Gas- Combined Cycle, Solar, Natural Gas- Cogeneration and Other Thermal.

In the case of energy trades, imports are negatively correlated with demand because the slope is
negative, while exports are positively correlated. This means that energy imports decrease when demand

12
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increases, and vice versa, potentially due to price differences. Therefore, energy imports should not be
considered in the marginal mix.

The approach used in Subsection 3.1.1 was repeated for the marginal mix, which excludes the energy
imported, Biomass and Wind production. The total GHG emissions are determined as shown in Equation
3.8.

Total emissions Emissions produced (Emissions produced Energy storeélb)
(Emissions produced Energy exporteth) (3.8)

The System Load is de ned by Equation 3.9 considering that the energy produced is comprised only
of the generation technologies included in the marginal mix.

System Load Energy produced Energy stored Energy exportedMW] (3.9)

Subsequently, the change in Total Emissions and change in System Load was computed from one
hour to the next.

The average MEF corresponding to 0.22C0,eq=MW h equivalent to 0.221RgCOQeckW h was
determined by linear regression of the change in Total Emissions relative to the change in System Load,
as seen in Figure 3.1.

Figure 3.1: Average MEF of the Portuguese grid for the years 2022 and 2023 (0C24épfMWh).

To obtain hourly MEF values, an approach similaP&an et al., 201817] was used.

The data was sorted per ascending order of System Load and clustered in 20 groups of 876 data points
each. Every data point contains the hourly change in Total Emissions and hourly change in System Load.

Within each group, new subclusters were created by binning the data according to the percentage
of Hydropower generation, as de ned by Equation 3.10, from 5% to 95% in 10% intervals with at least
50 data points each. For each subcluster, the correlation coef cient was determined, and the average
correlation coef cient obtained was 92%. Hydropower is the technology that responds more intensely to
changes in demand, making it one of the key drivers in meeting that demand.
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Hydropower production

Hydro% = — - .
y °~ Overall energy production in the marginal mix

(3.10)

The MEF was computed for every subcluster through linear regression of the change in Total Emis-
sions relative to the change in System Load, with an avelRage 85% across subclusters.

The average system load was determined for each subcluster, which resulted in a set of data where
each subcluster is characterized by its respective MEF, System Load and Hydro%. This allows for the
assessment of how the MEF varies with System Load changes and Hydropower generation changes.

The machine learning model Gradient Boosting Regressor was used to predict the hourly MEF
throughout the year using ttseikit-learnlibrary. The features used consist on independent variables
"System Load" and "Hydro%" and dependent variable "MEF". This data was split into test (70%), train-
ing (15%) and validation data (15%) manually and then scaled using§ttrelardScalefunction from
modulesklearn.preprocessing . The model GBR was tted on the training data and a grid search
was performed using the functigdridSearchC\Virom modulesklearn.model_selection  to deter-
mine the optimal key parameters of the model that minimize the mean squared error (MSE). The nal
model presents 100 boosting stages, a learning rate of 0.1, maximum depth of 3, minimum 2 samples to
split an internal node, minimum 1 sample to be at a leaf hode. This model yid&lt&Enf 0.000242
[kgCOeag=kW H on the test data.

Using this trained model, the hourly MEF can be predicted for the whole year.

3.2 Price signal

The hourly market prices§/MW] for Portugal in the year 2023 were retrieved fr&t&EN [2]. The
data for the rst day of the year contained null values, so to address this issue, the values from the 2nd
day of January were propagated to the rst 24 hours.

3.3 Case study and Building model

3.3.1 Location and overview

The case study intends to assess the GHG, energy and monetary savings caused by the implementa-
tion of Demand Side Management strategies with input of the previous signals for the year 2023.

The building selected for this case study is located in ilhavo, Aveiro, in Portugal (coordinates:
40.60210, -8.66745) at an altitude of 13 m (Figures 3.2). The building is composed of two dwelling
units. For the purposes of this study, only the unit on the left, which has two occupants, will be consid-
ered for analysis. This building, referred to@asa da Palmeirais the rst certi ed Passive House in
Portugal, developed and renovatedHymegrid

The building contains real-time monitoring systems which capture data about the energy consump-
tion of different systems used by the occupants, as well as temperature, humidity and air quality data.
This data is stored in théeus-welplatform. The hourly total energy consumption, hourly DHW energy
consumption and hourly AC energy consumption were retrieved from this platform in order to determine
the associated GHG emissions and electricity cost.
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(a) Casa da Palmeiras seen on Google Maps. (b) Photo of the West view dfasa da Palmeir§20].

Figure 3.2: Different views o€asa da Palmeira

3.3.2 Building characteristics

Using theSketchUsoftware, a model was designed according to the building speci cations, as seen
on Figures 3.3.

(a) South view ofCasa da Palmeiranodeled orSketchupObstruc- (b) North view ofCasa da Palmeiranodeled orSketchupObstruc-
tion adjacent to the South-East wall represented as a purple object. tion adjacent to the North-East wall represented as a purple object.

Figure 3.3: Two different views of th€asa da Palmeiranodel onSketchup

The building has a total treated oor area of 142r@5for both units and 70r? for the left unit, as
shown in Figure 3.4.
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Figure 3.4:Casa da Palmeirdlueprint of the ground oor and rst oor. Highlighted area in which the height is below 2 m.

The ground oor of each unit has kitchen, a living room, a bedroom and a bathroom. An additional
bedroom and bathroom can be found on the rst oor, as well as another room and a terrace, as shown
in Figure 3.5.

Figure 3.5: Floor plan of ground oor and rst oor o€asa da PalmeiraMarked area and designation of each room. Indicated
glazing objects. Highlighted staircase with height below 2 m and corresponding TFA.

In the building model, the rst oor was considered a single thermal zone, as well as the living room
and the kitchen, since they function as an open space. Two obstructions are present in the surrounding
area of the house, located South-East and North-East, as seen on Figure 3.3. The roof is ventilated
between the roo ng tiles and the underlying structure, which helps regulate the temperature and moisture
in this area.

Subsequently, the materials and building systems were de ned iBrieegyPlussoftware.
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There are a total of 19 glazing objects, including windows, roof windows, terrace doors and front
doors. The roof windows argelux GPU 007@uilt with laminated glass (4 mm toughened glass, 16
mm cavity with stainless steel spacer and 6.8 mm laminated glass). All other glazing objects are double-
glazedGEALAN S900QGuardian ExtraClear: 6 mm, 16 mm air gap with 10% air, 90% Argon, 8 mm).

The walls, pavements and roof materials are speci ed in Figure A.1 in the Annex. The exterior walls
were kept from the previous construction (before renovations) but extra material was added.

There are three main HVAC systems to be considered in this studyPath@sonic KIT-TZ25-WKE
Air Conditioner,Zehnder ComfoAir 18Beat recovery ventilator aridaikin ECH,O Domestic hot water
heat pump. These systems are the basis to determine the savings according to DSM strategies used.

3.4 Domestic Hot Water

The strategy implemented for the DHW system is load shifting, to determine the potential savings
that would occur from changing the DHW usage schedules. Load shifting consists on shifting the hours
of energy consumption towards a different period, chosen based on the desired outcome. In this case,
the goal is to shift the DHW usage towards periods in which the energy consumed will amount to the
least GHG emitted or lowest nancial cost. TBaikin ECHO DHW heat pump has a labeled COP of
4.3, a 300 L storage tank and the water is heated t&€5bor the following calculations, the COP was
considered to be constant throughout the time.

Using theZeus-welplatform, the hourly data of the energy consumed in DHW was extracted for the
time period in analysis.

The periods of DHW usage were identi ed, along with the total number of usage hours for each day,
a total of 1138 hours per year. The mass of water heated was calculated by Equations 3.11 and 3.12.

Q= Energy consumed 3600 COP[kJ] (3.11)
mass-= Q lkg] (3.12)
¢ (55 Monthly average outdoor temperatiire

For each dayx is equal to the total number of daily DHW usage hours. In the interval of 12 hours
prior to the rst daily DHW usage, th& periods when the XEF is lowest were identi ed. These are the
new periods of DHW consumption for load shifting.

The amount of energy necessary to heat the same mass of water in the new periods will be identical,
since the DHW usage before and after shifting occurs within the same month and generally within the
same day.

The total cost of the energy consumed for DHW is calculated by Equation 3.13

8760
Total costfe]= § Price signalt) [%h] Energy consuméd) [kW R (3.13)
t=1

To determine the monetary savings, the process was a straightforward difference between the total
before and after load shifting.

However, to quantify the GHG emissions the process was different. It is believed that using the XEF
to quantify GHG savings leads to underestimated results [21], therefore the MEF is used instead since it
provides a more accurate depiction of the actual savings due to the fact that it is based on the effects of
marginal load changes on the grid [17].
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Firstly, the MEF emissions before and after the load shift were determined by Equation 3.14. The
GHG savings are determined by the difference between these two, as shown in 3.16.

Then, the original total average emissions are determined by Equation 3.15 and the new total emis-
sions are determined by adding the GHG change to this value, as shown in 3.16.

- 8760 . kgCGeq
MEF emissiongkgCOeq = g MEF agna(t)[w] Energy consumdt) [kKWH (3.14)
t=1
. 8750 . kgCOeq
XEF emissiongkgCOQeq = g XEF signalt) [W] Energy consumdt) [kKWH  (3.15)
t=1
8

< GHG change= MEF emissions after LS MEF emissions be fore LRJCOeq

) (3.16)
- New total emissiorrs XEF emissions before L GHG changdkgCOeq

The same process was conducted using MEF and Price as a controller to shift the DHW usage towards
periods of lower MEF or lower Price.

3.5 Air conditioning and Ventilation

3.5.1 Computing the Set-point Temperature schedule

The strategy implemented for air conditioning and ventilation is based on modulating a Temperature
Set-point schedule based on the three different hourly signals (XEF, MEF and Price) and using each
schedule as input in tHénergyPlussoftware.

In the absence of a weather le with real data for Aveiro in 2023, the simulation was conducted using
a weather with design conditions for the nearest possible location: Coimbra (63 km away from Aveiro)
with a recorded period from 2007 to 2021. Therefore, the conditions are not the same as the case study
for 2023.

A preliminary free- oat simulation was performed @&nergyPlusto obtain the indoor and outdoor
temperatures. According to these temperatures, the Set-point Temperature schedule can be created as
outlined in Subsection 2.2.4. The method is illustrated in the owchart A.2.

First, an occupancy schedule was de ned assuming the house is not occupied from 08:00 to 18:00
on weekdays and it is always occupied on weekends and holidays.

To determine if the AC is in heating or cooling mode, according to the daily average indoor temper-
ature {I;) and daily average outdoor temperatufg) (the following Equation 3.17 was used. Otherwise,
when the AC is not in either mode, then it is off.

8 T
3 Heating: if Ti< Tet To< T

T
AC mode= 5 Cooling: if Ti> Tret To> T, (3.17)
" Off:if not Cooling or Heating

The reference indoor Temperature Set-poiRds{ for periods of heating and cooling with and with-
out occupancy are listed on Table 2.2.
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3.5 Air conditioning and Ventilation

There are three possible penalty periods (low, high or middle penalty) de ned according to the input
signal used (XEF, MEF or Price). For each input signal, the penalty periods were de ned as speci ed in
step 2 of Subsection 2.2.4, based on the hourly thresholds (40th and 60th percentiles) on the input signal,
illustrated in the third plot of Figures 4.12, A.3 and A.5 of the Annex. By changindéheccording to
the penalty periods, it will balance the heating or cooling by providing fewer acclimatization in periods
of high penalty and compensate this reduction by providing additional heating or cooling in the periods
of low penalty. In the heating season, for example, this translates into heating the building ahead of time
when the penalty period is lower to acclimatize the space before the penalty period increases.

Finally, the hourly Set-point Temperatursf) was determined according to the penalty period, AC
mode andl¢; for each hour, using Equations 2.6, 2.7 and 2.8.

3.5.2 EnergyPlus Simulation

The AC and HRV systems were de ned in tB@ergyPlussimulation as a combined Packaged Ter-
minal Heat Pump with a Dedicated Outdoor Air System (PTHP with DOAS).Famasonic KIT-TZ25-

WKE AC has an air ow rate of 10.5n°=min, a SEER of 6.2 (A++), SCOP of 4.2 (A+), 2.5 kW rated
power for cooling and 1.9 kW for heating. TEehnder ComfoAir 18BIRV has a heat recovery rate of
82% and air ow range of 90-146v=h,

Each system has their unique On/Off schedule. The AC On/Off schedule was de ned in the previous
Subsection 3.5.1 according to AC mode, along withTgeschedule which will control the Thermostat.
Additionally, a Heating and Cooling coil schedule was de ned for the AC system. The Heating coll
schedule sets the Heating coil as available when the AC is in Heating mode and unavailable otherwise.
On the other hand, the Cooling coil schedule sets the Cooling coil as available when the AC is in Cooling
mode and unavailable otherwise. The HRV On/Off schedule was de ned according to the hourly indoor
(Ty) and outdoor Th,) temperature, as shown in Equation 3.18.

8
HRY mode < On:jT,, Thj> 2 Cand occupancy 1 (3.18)
- Off:jTh, Thj 2 Coroccupancy O

The HRV system was de ned in the program as a Dedicated Outdoor Air System and added to every
zone of the building for ventilation. The AC, however, is only present in the Living Room.

Four simulations were performed, one for each input signal (XEF, MEF and Price) and a control
simulation. In the control simulation, thigp schedule is based solely on the occupancy and AC mode,
since there is no input signal and no penalty peridgstakes the values dfe¢, sShown in Table 2.2.

The electricity consumed for the whole PTHP+DOAS system was determined by the sum of the
hourly PTHP electric power in the whole year. The electricity consumed for heating was determined,
for each case, by the sum of the hourly heating coil electric power in the entire year. The same was
performed for the cooling coil, for each simulation. The electricity consumed for the HRV (DOAS) was
determined by subtracting heating and cooling coil consumption to the total PTHP electric consumption.

The energy cost, GHG emissions and change in emissions were determined in the same way as in
Subsection 3.4. Equation 3.15 was used to quantify the original emissions in the control simulation, and
Equation 3.14 to quantify the change in emissions that resulted from the other simulations. The energy
cost was determined by Equation 3.13.

According toASHRAE 55-2010 standafd2], the adaptive comfort band is determined by Equation
3.19. The number of hours of discomfort were determined for each simulation by counting the number
of hours when the indoor temperature falls outside the comfort band.
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3. METHODOLOGY

The number of hours of AC usage was determined by counting the number of hours when the cooling
coil and heating coil electric power is positive.
8
<
Tinmax= 0:31 To+ 21:3
. In;max o (319)
* Tinmin= 0:31 To+ 143

3.5.3 Real monitored data fromCasa da Palmeira

The data on energy consumption for heating and cooling in the year 2023 was retrieved from the
Zeus-welplatform. The data for the HRV consumption is not detailed on the platform.

However, the real climate where the building is located (Aveiro) is different from the climate data
in the weather le used for the simulations (Coimbra). Due to this, the Heating Degree Days were
determined as a way to normalize the data and provide a basis for comparison between the simulation
results and reality.

The real outdoor air temperature measurements from Aveiro in 2023 were providiei¥By while
the simulation temperature data was extracted from the weather le. The real temperature measurements
from IPMA contained null values starting on December 7th at 22:00 until the end of the year. To rectify
this, the outdoor temperature data measuredibynegridon the outside of their of ce was used to
replace the null values.

Using this data, the heating season was determined for both climates. Accordiegr&io-Lei n.°
80/2006[23], the heating season begins in the rst 10 days after October 1st in which, for each location,
the average daily temperature is below @5and ends in the last 10 days before May 31st in which
the temperature is still below 16. The heating season for the building location's real climate in 2023
started on December 14th and ended on March 23rd. For the weather le climate, the heating season
started on November 6th and ended on May 29th.

The HDD with base temperature 2D (HDD20) was determined for both climates, according to the
outdoor temperature for eachy}, as shown in Equation 3.20.

(20 To)

HDD= § 52

if (20 To)> 0 (3.20)

To compare between reality and simulation, the total electricity use for heating and cooling was
divided by the number of HDD in each case.
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Results and Discussion

4.1 Forecasting MEF

Figure 4.1 illustrates a set of data where each subcluster is characterized by its respective MEF, Sys-
tem Load and Hydro%. It shows that the MEF tends to increase when the System Load or Hydropower
production decrease, the highest MEF values correspond to the lowest System Load and Hydro%. How-
ever, the Hydropower production in uence on the MEF tends to fade when the Load is high (>4000
MW). The predicted MEF follows this same pattern, as shown in 4.2.

Figure 4.1: MEF per subcluster of System Load and Hydfo%.

2Since the energy imported is not considered in the marginal mix but the energy exported is, there are periods of time when
the balance of the system load is negative due to the energy exported being higher than the energy produced. However, these
instances are still relevant to the MEF signal and the data points are used when forecasting the hourly MEF.
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4. RESULTS AND DISCUSSION

(a) MEF signal, XEF signal, Price signal, Hydro%, RES% and De- (b) MEF signal, XEF signal, Hydro%, RES%, Price and Demand on
mand on February 7th, 2023. July 10th, 2023.

Figure 4.2: MEF signal, XEF signal, Hydro%, RES%, Price and Demand on the Heating and Cooling season.

4.2 Comparison between different signals

For comparison purposes, the month of February was chosen as example for the heating season and
the month of July for the cooling season.

The Building Assessment Codes signal, which is constant throughout the year, can express the de-
mand variability when multiplied by the hourly demand to determine the hourly GHG emissions. This
however, does not accurately re ect the actual emissions since it is based on a standard factor for the
entire grid. In the heating season, Figure 4.3a, the peaks and valleys are similar to the ones in the XEF
signal, but the amplitude is somewhat different especially on the weekends (11/02 and 12/02). In the
cooling season, Figure 4.3b, neither the peaks or valleys are similar and the amplitude difference be-
tween the XEF and BAC signal is very signi cant. This leads to the concurrence that the BAC signal is
not adequate in the assessment of GHG emissions.

The Mean Annual XEF is the 2023 yearly average of the XEF signal. It is constant throughout
the year like the BAC signal, but it is more useful for determining the total average yearly emissions,
since it is based on the XEF signal that takes into consideration the variability of the electricity grid.
The amplitude difference between the Mean Annual XEF and the BAC signal is very signi cant, which
shows the level of overestimation resulting from the use of the latter.
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4.2 Comparison between different signals

(a) XEF, Mean Annual XEF, MEF, BAC signal and corresponding (b) XEF, Mean Annual XEF, MEF, BAC signal and corresponding
GHG emissions along the week of February 6th to February 12th,GHG emissions along the week of July 10th to July 16th, 2023 (Mon-
2023 (Monday to Sunday). day to Sunday).

Figure 4.3: XEF, MEF and BAC signal and corresponding GHG emissions on the Heating and Cooling season.

The MEF signal captures an overall greater hourly variability with larger amplitudes compared to the
XEF signal, particularly during the weekends when the MEF reaches a higher value because demand is
lower, as shown in Figure 4.5 (shaded area C) and Figure 4.6 (shaded area C) and therefore the system
load is also lower, resulting in a larger MEF.

While the MEF signal inversely captures the variability of the Demand and Hydropower production,
the XEF signal directly captures the Demand variability and the inverse of RES variability. These two
signals are opposite on multiple occasions, as can be seen in the heating season, on 07/02/2023 (Figure
4.5- shaded area A), when the MEF decreased due to the rise in Hydropower production and Demand,
and contrarily the XEF increased with the rise in Demand, which peaked at around 19:00.

Also, in the cooling season, on 10/07/2023 (Figure 4.6- shaded area A), the MEF decreased sharply
with the Hydro% and Demand peak around 19:00, while the XEF increased overall due to the Demand
growth, with a small decline around 19:00 by the time RES% also peaked. A similar occurrence can be
observed in the heating season, on 09/02/2023 (Figure 4.5- shaded area B), when there was an increase
in the MEF due to a decline in Hydropower production and Demand that started dipping at around 05:00,
conversely the XEF decreased overall with the Demand decline. In the cooling season, on 13/07/2023
(Figure 4.5- shaded area B), the same occurred with a dip in Hydropower production between 08:00
and 16:00, however the Demand remained relatively constant therefore the MEF increase was not very
pronounced and the XEF decreased likely due to the slight increase in RES% caused by Solar production
rise.

Furthermore, it should be noted that, in the heating season, the MEF tends to be higher between 00:00
and 04:00 (Figure 4.2a- shaded area A), when there is a dip in Demand and Hydropower production and
lower in the evening (Figure 4.2a- shaded area B), while XEF tends to be higher in the evening. However,
in the cooling season, it is dif cult to identify a strong trend, but the MEF tends to be higher from 01:00
to 17:00 (Figure 4.2b- shaded area A) and lower in the evening until midnight (Figure 4.2b- shaded area
A).

Over the course of the full year, the MEF tends to be lower in the months of January, November and
December (Hydro% above 30%) during the heating season, which are the months of highest rainfall,
according to Figure 4.4a. These months also correspond to the months of highest RES production,
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