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ABSTRACT

Energy production and consumption contribute to 76% of the European greenhouse gas
(GHG) emissions in 2018, and 90% of global GHG emissions with land use, land use change
and forestation (LULUCF) in the same year. By applying energy efficiency (EE) and renewable
energy (RE) technologies, the GHG emission intensity of the energy sector reduced by 1.3% in
2018 compared to the previous year.

The current climate change policy aims at decarbonization, sustainable environment,
economic prosperity and social equity. It requires the deep decarbonisation of the economies,
meaning that the energy and power systems as well as other emission intensive sectors need
to transform into zero-emission ones. It also requires the minimization of the environmental
impacts while ensuring the economic development and meeting the need of the population
growth.

This thesis quantifies and evaluates the life cycle environmental impacts with focus on GHG
emissions of the power sector, as consequences of changes in the environmental policy.
Specifically, the thesis will answer five research questions:

1. What are climate change and energy/ power development policies in Italy?

2. What are changes in the energy/ power systems as consequences of energy climate
policies?

3. What are the methods and approach for quantifying and evaluating life cycle
environmental impacts as consequences of changes?

4. What are the life cycle environmental impacts of the Italian energy/ power system,
with focus on GHG emissions, as consequences of changes in environmental and
power policies?

5. Theinteractions between the energy climate policies and the environmental impacts/
GHG emissions of the Italian power system?

The thesis is structured into six chapters, including two chapters of introduction and
conclusion, and four chapters of answering five above-mentioned research questions.
Chapter 2 provides the answers for two questions (Question 1 and Question 2) on climate and
energy policies and changes in the Italian energy/power system due to climate and energy
policies.

Climate change and energy/ power development policy in Italy is presented in five main
documents: FIT for 55, Integrated national energy and climate plan (NECP), national energy
strategy (SEN), national energy efficiency action plan (PAEE), and national renewable energy
action plan (NREAP). The four national documents set out the targets for EE and RE.
Specifically, the targets of energy savings by 2030 include 43% reduction in primary energy
consumption, 0.8% reduction in annually final energy consumption without transportation
sector and 10 MTOE final energy consumption reduction. For RE, by 2030, the target is 28% ~



30% of share of RE in total energy consumption, 55% of RE share in electricity consumption
and 21% ~ 22% of RE share in transportation sector.

It is expected that the electricity generation technology mix will change in order to meet the
requirement on RE and EE targets set out in the Italian energy and climate policies. In this
thesis, the energy scenarios called National Trend Italia (NT Italia) will be used. The NT Italia
was developed by Terna and Snam, for the horizon years 2025, 2030 and 2040, using
modelling tools for electricity demand, gas demand and market simulation. In these scenarios,
the installed capacity of electricity by natural gas, which is slightly increased by 2040. The
installed capacity of coal-based electricity and other fossil fuels-based electricity reduce from
7GW currently to 2GW by 2025, and will not change then. The scenarios also see a constant
growth of electricity by RE, reaching 64 GW for solar and 25 GW for wind power (including
4.2 GW offshore) by 2040, while the installed capacity of hydropower and other renewable
electricity will be stable.

Chapter 3 and Chapter 4 of this thesis will deal with the research question 3, in which Chapter
3 is about the methodology and Chapter 4 focuses on the applied framework. In Chapter 3,
the state of the art of consequential life cycle assessment (C-LCA) in the energy and power
sectors has been reviewed. The review was conducted on 43 case studies of C-LCA in energy
sector and 31 C-LCA papers in power sector. It was identified that economic models are
frequently applied in combination with life cycle assessment (LCA) to conduct a C-LCA study
in energy and power sectors. The identified economic models include equilibrium (partial and
general equilibrium), input-output, and dynamic (agent based and system dynamic) models.
Out of these, the equilibrium model is the most widely used, showing some strengths in
availability of data and energy system modelling tools. The input-output model allows for
describing both direct and indirect effects due to changes in the energy sector, by using
publicly available data. The dynamic model is less frequently applied due to its limitation in
availability of data and modelling tools, but has recently attracted more attention due to the
ability in modelling quantitative and qualitative indicators of sustainability. The review
indicates that the most suitable approach to conduct the study is combining one or several
economic models and LCA to assess the consequential life cycle impacts of the power system.
As each economic model has their own strengths and limitations, the choice of the applied
models in combination with LCA largely depends on the goal of the study, the nature of the
changes due to market mechanisms, economic or social origins, and the availability of data.

In Chapter 4, a framework of combining Input Output Analysis (IOA) and process-based LCA
for conducting the study was proposed. Moreover, this chapter provides detailed information
on data collected for the model. There are several weighting points for proposing this
framework. Firstly, the goal of the study is to assessing the consequential life cycle impacts of
energy/ power systems. It requires the comprehensive overview of all economic sectors, as
energy is connected all economic activities. The comprehensiveness will be ensured by
applying I0A. At the same time, the process-based LCA will provide the detail of a sector/ a
product system, which is normally a limitation of economic-wide tool such as IOA. Secondly,



the change in the power system originates from economic activities (supply and demand of
energy) as well as the environmental requirement to GHG emission reduction and zero carbon
emissions. This change can be well modelled with an economic analysis tool (IOA) in
combination with an environmental management tool (processed-based LCA). Finally, data
for these tools is publicly available. The IOA depends on the input output tables (10T), which
is published every five years by the Italian Statistics (Istat). Data on energy sector is collected
from Energy Balance Table, published annually by Ministry of Economic Development, the
data from Terna and Snam, the database of the International Energy Agency (IEA),
International Renewable Energy Agency (IRENA) and European Commission. Data on
environmental aspects includes the National Accounting Matrix with Environmental Accounts
(NAMEA), being collected from Istat. Data for process-based LCA is taken from ecolnvent 3.
Some global database for I0A are available such as World Input Output Database (WIOD),
EXIOBASE, and ect.

Followings is the general framework for combining IOA and processed-based LCA to conduct
a C-LCA. Consequential life cycle impact is the subtraction of the life cycle impact ‘after
change’ and the life cycle impact ‘before change’. The life cycle impact ‘before change’ is
guantified by applying I0A. The life cycle impact ‘after change’ depends on the change of
pollutant amount, technological coefficient and the final demand due to the inclusion of
renewable energy into the Italian energy system. In this thesis, multiregional input output
(MRIOQ), avariant of IOA is used to cover several regions or countries. The application of hybrid
MRIO and process-based LCA (hereinafter being called as H-MRIO) is described as followings:

e First, two types of data, including MRIO and hybridization data are collected. MRIO
data such as the Italian and multiregional I0Ts and air emissions accounts are collected
from Istat and EXIOBASE. Hybridization data is collected from Italian power/energy
suppliers for power development scenarios, and from the ecoinvent database for
direct air emissions of power generation technologies

e From MRIO data, the MRIO model with two regions of Italy and Rest of the World
(RoW) and 36 economic sectors will be constructed.

e In combination with the power development scenarios, the Italian electricity sector is
disaggregated into seven power generation technologies, for both intermediate flow
matrices and final demand vectors in Italian IOT. Similarly, in the environmental
burden matrices, the air emissions of electricity sector are disaggregated into those of
seven power generation technologies, with data taken from ecoinvent. At this time,
the H-MRIO model composes of 42 sectors (36 economic sectors - 1 electricity sector
+ 7 power technologies).

e The modelis calculated with historical data of 2010 and 2017 (reference scenario) and
replicated for the future scenarios of 2025, 2030 and 2040.

Chapter 5 focuses on applying the proposed H-MRIO framework on the Italian context, to
obtained the answers for the last two research questions (Question 4 and 5). The total GHG
emissions to meet global final demand in 2017 calculated in the study is at 47.69 GtCO.e,
which is slightly higher than the global GHG emissions estimated by Climate Watch, at 47
GtCO,e excluding Land use change and forestation (LUCF). The difference in the obtained



results of this model and other models is caused by the difference in scope of air emissions
being studied. This model quantified actual anthropogenic emissions of CO;, CHs and N30,
excluding emissions from LULUCF and biomass burning as a fuel. Meanwhile the Climate
Watch’s model takes into account all GHGs (CO;, CHa4, N0, and F-gases such as HFCs, PFCs,
and SFe), excluding LUCF. This causes a difference of around 1 GtCO,eq of F-gases and 2.8 Gt
CO,eq of CHa4. The exclusions of emissions from land use (mostly CHs), biogenic CO, and F-
gases in this model leads to an insignificant difference of around 0.69 GtCO,e (less than 1.5%).

In order to look into details of the sources of the change in the air emission, a decomposition
analysis has been conducted. With the change in final demand and electricity sector
composition of Italy, consumption-based GHG emissions appear to decrease in the period
2010-2040. Specifically, due to changes in production structure, emission coefficients, and
final demand, the annual CO2 emission reduction embodied in production activities during
the period 2017- 2025 will be up to 7.1 MtCO,, which makes up 57.1 MtCO, emission
reduction in the whole period. The increased final demand of Italy causes an annual increase
of 4.8 MtCO,. While the change in production structure, including electricity sector and
corresponding change in other economic sectors, helps to reduce 6.1 MtCO; annually. The
change in emission flow coefficients brings an annual reduction credit of about 5.8 MtCO..
During the period of 2025-2030 and 2030-2040, the annual change in emission reduction will
be much smaller, at 2.3 MtCO; and 33.9 ktCO; respectively.

Due to the change in power supply technologies and power consumption, the future air
emissions dramatically reduce in electricity sector. Most of the emissions of the domestic
electricity production come from fossil fuel based electricity, e.g. electricity by coal and
natural gas. A smaller part comes from other renewable electricity, including geothermal and
biomass based electricity. The productions of solar and wind power do not generate any air-
borne emission, and that of hydropower emits an amount of N,O. The reduction in electricity
from fossil fuels such as coal and natural gas help to reduce the emissions of the domestic
electricity production nearly four times from 97.5 MtCO; in 2017 to 25.9 MtCO; by 2040.
Besides, the CO; emission of final consumption of electricity is 34.9 MtCO; in 2017, which
reduces by more than half, at 13.7 MtCO; by 2040. The CO; emission of final electricity
consumption is divided among technologies by their production structure. As it can be
observed, low-carbon technologies such as solar and wind power technologies contribute to
emissions, because of the manufacturing of their infrastructures. The emissions of final
electricity consumption are smaller than that of domestic electricity production, as they are
shared by other economic sectors as intermediates for production activities.

The changes in electricity consumption induce changes in other economic sectors, which are
clearly shown in coke and petroleum, pharmaceuticals, water transportation, education, and
healthcare, either increase or decrease their emissions. Particularly, electricity sector
accounts for 11.6% of the total CO; emissions in 2017, which reduces to 5.9% by 2040. The
CO; emission shares of some other economic sectors also decrease during the period 2017-
2040, such as construction and healthcare (reducing around 1 percent point). Meanwhile, the



CO, emission shares of some sectors increases, such as food and beverage (increasing less
than 1 percent point). It should be noted that the CO; emission contributions of these sectors
to the national final consumption emissions do not show the correspondingly absolute
increase (or decrease). Instead, they relatively present the changes in the identified ‘hotspot’
sectors over years. The absolute values of the CO; emissions decrease in all economic sectors
between 2017 and 2040. The decrease is clearly presented in economic sectors such as
construction, decreasing from 20.99 MtCO; in 2017 to 13.4 MtCO; by 2040, at about 0.33
MtCO; annually; or food and beverage, decreasing from 15 MtCO; to 12.5 MtCO;, or 0.1
MtCO; annually; or healthcare, decreasing from 17.7 MtCO; to 11.43 MtCO; or 0.27 MtCO;
annually in the same period.

Five economic sectors holding larges shares out of total CO, emission of final consumption
includes: wholesale and retail, healthcare, food and beverage, electricity and construction
(‘hotspot’ sectors). In 2017, wholesale and retail contribute to more than 12% of the total CO;
emission of the Italian final consumption. The four remaining sectors account for an average
CO; emission, from 6% to 10% of the total CO, emissions. By 2040, the shares of emissions of
these sectors remain in the same range. This emission pattern suggests that between 2017
and 2040, in order to reduce the national CO, emissions, effort should be focused on these
‘hotspot’ sectors. Besides, the different contributions of domestic and import emissions to
the total emissions suggest that Italy should have proper strategies to reduce its emissions in
term of geographical effort. CO; emissions of Italian trade partners for food and beverage,
health, construction, and wholesale and retail should be taken into account because their
emissions largely depends on import. The effort should be taken either to reduce their trade
partners’ emission intensity, or to move away from trade partners that having high emission
intensities. Meanwhile equal effort should be shared between local manufacturers and trade
partners being relevant to renewable power technologies such as solar, wind and other
renewable.
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ABBREVIATIONS

ABM Agent Based Modelling

AEA Air Emissions Account

ALCA Attributional life cycle assessment

BAU Business as usual

C-LCA Consequential life cycle assessment

CBA Consumption-based accounting

CCS Carbon capture and storage

CFC Chlorofluorocarbon

CH, Methane

CHP Cogeneration of electricity and heat

CLRTAP Convention on Long Range Transboundary Air Pollutants
CcoO Carbon monoxide

CO, Carbon dioxide

CSP Concentrating solar power

DM Dynamic model

DSO Distribution System Operator

EC European Commission

EE Energy efficiency

EGSS Environmental Goods and Services Sector accounts
ELE Only electricity generation

EPEA Environmental Protection Expenditure Account
ETS Emissions Trading Scheme

EU European

Eur Euro (currency)

EV Electric vehicle

EW-MFA Economy Wide Material Flow Account
FPMF Fine particulate matter formation

gC0,e Gram of carbon dioxide equivalent

GDP Gross domestic product

GE General Equilibrium

GHG Greenhouse gas

GtCOze Giga tonne of carbon dioxide equivalent
GW Gigawatt

GWP Global warming potential

HFC Hydrofluorocarbon

HT Human toxicity

1&C Information and communication

IEA International Energy Agency

10 Input-Output

IPCC Intergovernmental Panel on Climate Change
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IRENA International renewable energy agency

kgCO,e Kilogram of carbon dioxide equivalent

km Kilometer

kt Thousand tonne

LCA Life cycle assessment

LCIA Life cycle impact assessment

LCOE Levelized cost of electricity

LULUCF Land use, land use change and forestation

m?3 Cubic meter

Mt Million tonne

MtCO,e Million tonne of carbon dioxide equivalent

MTOE Million tonne of oil equivalent

MW Megawatt

MWh Megawatt hour

N,O Nitrous oxide

NACE Nomenclature of Economic Activities

NAMEA-Air National Accounting Matrix with Environmental Accounts Air
Emissions

NEA Nuclear Energy Agency

NECP Integrated National Energy and Climate Plan

NH; Ammonia

NMVOC Non-methane volatile organic compound

NOx Nitrogen oxides

NREAP National Renewable Energy Action Plan

NT Italia National Trends Italia

O&M Operation and maintenance

ODP Stratospheric ozone depletion

OECD Organisation for Economic Co-operation and Development

OFP, HH Ozone formation (Human health)

OFP, TES Ozone formation (Terrestrial ecosystems)

PAEE Energy Efficiency National Action Plan

PBA Production-based accounting

PCOP Photochemical oxidation

PEFA Physical Energy Flow Account

PEM Partial equilibrium model

PEP Primary energy Production

PFC Perfluorinated compound

PMip Particulate matter less than 10 micrometer

PM; 5 Particulate matter less than 2.5 micrometer

RE Renewable energy

RES Renewable energy sources

SD System Dynamics
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SEN National Energy Strategy

SFe Sulphur Hexafluoride

SME Small and medium-sized enterprise
SNA System of national accounts

Solar PV Solar photovoltaics

SOx, Sulphur oxides

TES Total energy supply

TFEC Total final energy consumption
TSO Transmission System Operator
TWh Terawatt hour

UK The United Kingdom

UNFCCC United Nations Framework Convention on Climate Change
us The United States of America

usD The United States Dollar (currency)
V2G Vehicle to Grid

WB World Bank
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CHAPTER 1. INTRODUCTION

This chapter will describe the global and Italian scenarios for the considered research
problem, outline the motivation for conducting the research, and contribution of the
research. It also provides the research questions and describes the specific objectives
of the research (presenting in forms of sub-research questions). Finally, this chapter
will set the outline of the thesis.

The study covers the time frames of 2017 — 2040. The year 2017 is used as the
reference year, and several time intervals of 2017-2025, 2017-2030 as well as 2017-
2040 will be considered. Moreover, some calculations for the historical year 2010 have
been referred to observe the change in different periods.

1.1. Power systems’ development, GHG emissions of power systems and climate
change policies

Greenhouse gas (GHG) emissions of the energy sector are considered as a hot spot at
national and global scales due to their large share of the total emissions. According to
the European Environment Agency, energy production and consumption contributed
to 76% of the EU-28 and Iceland’s GHG emissions (EEA, 2018).

By 2018, the greenhouse gas (GHG) emissions with land use, land use change and
forestation (LULUCF) of Annex | countries was 14.91 GtCO,e (UNFCCC, 2020). The
emissions of the energy sector accounted for 90% of the total emissions (13.47
GtCO,e) (UNFCCC, 2020). The power and heat generation sectors, in particular,
contributed to 9.76 GtCO,e in 2017 and increased by 2.5% in 2018 (IEA, 2020a).
Although there was a small reduction in emission intensity of 1.3% as a result of the
application of renewable energy and energy efficiency technologies, the growing
demand for electrical power is the principal cause of the increase in total GHG
emissions.

The trend of current GHG policies aims at decarbonization, sustainability, economic
prosperity, and social equity (Carnevale and Mattei, 2020). It requires the deep
decarbonization of the economies, in which the energy systems as well as other
emission-intensive sectors need to transform into zero-emission ones while ensuring
economic development and meeting the needs of a growing population (DDPP, 2015).
The Deep Decarbonisation Pathway Project countries, which contribute to 74% of
global energy-related GHG emissions, set the objective that by 2050 their GHG
emissions of the energy sector will be reduced by 46-56% as compared to the 2010
level while maintaining the average gross domestic product (GDP) growth of 3.1% and
the population growth of 17% annually (DDPP, 2015).
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However, during the decarbonization process, there are trade-offs on other
environmental impacts and other economic sectors. In the power sector, for example,
biomass-based electricity is believed to cause less GHG emissions as compared to coal
thermal power, but it may increase eutrophication and acidification due to the energy
crop plantation (Luu and Halog, 2016). In such cases, the GHG emissions of the power
sector will reduce, but other negative environmental impacts from the agriculture
sector will increase. Due to the link between the power sector and other economic
sectors, any increase in power demand for different economic sectors will induce
changes in the energy sector and its GHG emissions, and vice versa.

1.2. Italian context and research motivation

In order to cope with the GHG emissions, the European Commission (EU) has updated
the Green Deal Package “Fit for 55”1. The package targets at reducing GHG emissions,
including removal, by 2030 to at least 55% as compared to the 1990 level, aiming at
carbon neutrality by 2050. The specific actions to meet the targeted emissions
reduction relate to the reduction of primary energy, the increase of the renewable
energy share, the inclusion of land transport and buildings into the Emission Trading
Scheme (ETS), the reduction of GHG in the transport sector, the application of a carbon
tax on import of cement, iron, aluminium, fertilizer and electricity not meeting the
standard, the tax on energy production, some actions related to LULUCF and the effort
sharing mechanism for sectors not covered by ETS.

The Italian climate policy aligns with the common EU policy?, in which the national
policy focuses on energy-related sectors, with the integration of climate and energy
policies into one coherent document. The climate and energy policies set out the
specific targets for GHG emission reduction, including a reduction in primary energy
consumption and final energy consumption, an increase in the share of gross final
energy consumption from renewable sources and the share of renewables in the
transportation sector.

Specifically, by 2030, the Italian targets are a 43% reduction in primary energy
consumption, a 39.7% reduction in final energy consumption (or a 0.8% reduction per
year) taking into account the transportation sector, compared to the PRIMES 2007
scenario, 30% of gross final consumption of energy coming from renewable sources

U https://italyforclimate.org/stakeholder-forum-sul-clima-di-i4c-il-nuovo-pacchetto-ue-di-

proposte-fit-for-55/

2 Although the newest EU policy — Fit for 55 has not localized into the national energy
policy. Fit for 55 proposed to raise the energy saving in final consumption by 40% and
renewable energy share by 50%.
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and 10% of RE in the transportation sector by 2030% (Ministry of Economic
Development, 2017a; MISE et al., 2019).

In order to meet the binding commitment to GHG emission reduction, a mixture of
actions is needed in all economic sectors. The integration of RE and EE, and the
interaction of these measures with the socio-economic sector will not only impact the
technical aspects of the energy sector, but also change its economic and
environmental profile and the wider economic perspective. This study will assess the
environmental impact, with a focus on GHG emissions of RE and EE by 2040. The
consequential life cycle assessment (C-LCA) will be applied to provide a comprehensive
view of the energy and GHG emission impacts of RE and EE. It is expected that the
study results will partly support decision-makers in optimizing the system in relation
to economic cost and environmental benefits.

1.3. Contribution of the study

A literature search which was conducted at the beginning of 2020 on C-LCA in the
energy sector, indicated that the concept of C-CLA has been agreed on, while it is not
clear how to conduct a C-LCA. There are several approaches of combining economic
modelling and LCA for conducting a CLA. These approaches will be further explained
in the following chapters. The literature search also reported that the number of C-
LCA in the power sector was limited, at 31 papers out of 102 case studies identified
during the literature search, though the power sector is the input provider for most of
other economic sector and plays an important role during the supply chains of
different products.

This study will contribute to the scientific area of C-LCA in the power sector in terms
of research methodology and obtained results. In term of methodology, this study will
examine the combination of economic modelling, specifically input output analysis
and LCA for quantify life cycle environmental impacts of the power system. Moreover,
the obtained results of the study do not only limit in the life cycle environmental
impacts of the power system, but also explore the spill-over effects of decarbonizing
the power sectors on other sectors and other regions.

1.4. Research questions

This thesis aims at quantifying and evaluating the life cycle environmental impacts,
with a focus on GHG emissions of the energy/ power sector, as a consequence of

3 NECP 2019 and SEN 2017
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changes in environmental and power-related policies. Specifically, the research
question is the following:

What are the life cycle environmental impacts (GHG emissions) of the Italian power
system (including on-grid renewables and energy efficiency development) considering
the policies on power development and climate change mitigation?

Specific sub-research questions:

e What are the climate change and energy/power development policies in Italy?

e What are the changes in the energy/ power system as consequences of the
energy and climate policies?

e What are the methods and approaches for quantifying and evaluating life
cycle environmental impacts as consequences of changes?

e What are the life cycle environmental impacts of the Italian energy/ power
system, with a focus on GHG emissions, as consequences of changes in the
environmental and power policies?

e What are the interactions between the energy climate policy and the
environmental impacts/ GHG emissions of the Italian power system?

1.5. Research outline

This thesis is structured in the same sequence of the five above-mentioned research
questions. Each following chapter will answer each research question. The next
chapter will answer the first and second questions. It will thus describe the climate
change and energy power development policies in Italy, and analyse the changes in
the Italian future energy/power system as consequences of energy and climate
policies.

Subsequently, the literature review of the state of the art of C-LCA in the power sector
is presented as well as the justification for the selected approach and the proposed
methodological framework for conducting a C-LCA on the Italian energy/power sector.
The methodology and framework will be presented in two subsequent chapters, one
focusing on the methodology of C-LCA, while the other concentrating on an applicable
and specific framework for conducting the study. In the following chapter, a
description of the collected data is included. This will be the answer to the third
research question.

The thesis will conclude with the last chapter answering questions 4 and 5. This
chapter presents the results of the study, including the life cycle environmental
impacts of the lItalian energy/power system, with a focus on GHG emissions, as
consequences of changes in environmental and power policies. Then the interactions
between the energy climate policy and the environmental impacts/GHG emissions of
the Italian power system and other economic sectors are reviewed and commented.
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Besides, a sensitivity analysis is conducted to compare the different modelling
methods. Finally, a discussion of the obtained results and chosen method, and
suggestions on future applications for research are outlined.

The Figure 1 present the research framework, clarifying different steps and relevant
mains activities of the study.

Figure 1. Research framework

BACKGROUND METHODOLOGY p

o Context e C-CLAin ¢ |0 data  Language for * Consequential
« Motivation energy/power « Data for simulation: life cycle
e Contribution sector hybridizing IOA Python gnvironmental
* Development of * Approach: and LCA impacts of the
research Combining Italian power
question economic set':tor
models and LCA « Spill-over effect
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of the power
sector
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CHAPTER 2. ENERGY CLIMATE POLICY AND ITALIAN ENERGY SECTOR

This chapter describes the Italian energy sector, providing background information on
the country’s economic profile. The national energy sector is presented in four key
points, including supply, demand, cost and policy. At the end of the chapter, the
national energy development scenarios are reported.

2.1. Country profile

Italy is @ mountainous country, running from the Alps to the central Mediterranean
Sea, with two large islands and about 70 small islands. The total area is 301,300 km?;
half of which is arable land. The national population amounts to 61.6 million, a third
of which is actively employed. The official language is Italian; however, in some
regions, other languages such as German, French and Slovenian are also used.

Italy is a republic, with a bicameral national legislature, the senate and the chamber of
deputies. The council of ministries, headed by the Prime Minister, is appointed by the
President. The President is elected by the electoral college of the senate, the chamber
of the deputy and the representatives of regions. The President’s term lasts 7 years,
and he/she has no executive powers.

Italy is divided into 20 regions, including 4 autonomous regions and 2 autonomous
provinces. The regions have their own legislative and regulatory powers. In 2001, the
framework to share regulatory competencies between the state and regions has been
introduced, including a framework for energy regulatory competence.

Before 2017, the Italian economy is struggling to emerge from a prolonged recession
caused by fiscal austerity, weak business and consumer confidence, deteriorating
labour market conditions, modest wage growth and tight credit conditions (EIU, 2015).
Since 2020, the early onset of covid-19 in Italy and the war in Ukraine have severely
impacted the national economy. The intensive lockdown and the change in working
modes which were necessary for isolating covid-19 limited economic activities (OECD,
2021). After that, the war in Ukraine caused an increases in energy, agricultural and
metal prices, as Russian, Ukraine and Belarus are the main providers of these products
(Fontana, 2022). Although there was a rebound in economic growth after the covid-
19, the war has slowed down the growth. In such context, the government policies is
deemed to focus on higher growth and better energy price support for the vulnerable
(OECD, 2022).
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2.2.  Supply and demand*
2.2.1. Energy supply

In 2017, the total energy supply (TES)® of Italy was 156 MTOE. Fossil fuels accounted
for about 79.5% of the TES, in which natural gas had the highest share (at 39.4% or
61.5 MTOE), followed by oil and petroleum products (at 33.3% or 52 MTOE). The share
of solid fuels accounted for a small percentage of 5.9%. Renewable Energy (RE) Supply
mainly came from primary solid biofuels, geothermal and hydro. The total share of
renewables, biofuels and waste contributed 19.2% of the TES. Those of geothermal
and hydro were 3.5% and 1.9%, respectively. The shares of wind and solar energy were
small, accounting for 0.9% and 1.5% of the TES. Figure 2 presents the share of RE
supply from 2007 to 2017.

Renewable Energy Supply
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Figure 2 . Renewable energy supply between 2007 and 2017

“ This data analysis is based on Italian Energy Balance Table, being downloaded from the
website of Ministry of Economic Development of Italy (https:/dgsaie.mise.gov.it/bilancio-
energetico-nazionale).

> TES = production + imp - exp +/— change in stock — international aviation — international
marine = domestic consumption = transformation + final use
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During this 10-years period, from 2007 to 2017, the TES decreased by 18%, being
equivalent to 28.1 MTOE. Although there was a slight increase in 2008, 2010 and 2015,
compared to previous years, the general trend is a gradual reduction. This trend was
similar for all types of energy, except for renewables and biofuels, which rose at 7%
annually (See Figure 3).
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Figure 3. Total energy supply between 2007 and 2017

The Primary Energy Production (PEP) in 2017 is 36.6 MTOE. Between 2007 and 2017,
the PEP tended to increase at 1.78% annually. Figure 4 presents the trend of PEP during
the period 2007- 2017.
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Figure 4 . Primary energy production between 2007 and 2017

The share of renewable accounted for more than half of the PEP, at 68.2% on average
from 2007 to 2017, which mainly constituted primary solid biofuels (22.9%),
geothermal (16.6%) and hydro (12.6%). The share of renewable tended to increase
during the period 2007- 2017 reaching 26.5 MTOE, and it played an increasingly
important contribution to the PEP from 51.2% in 2007 to 72.4% in 2017.

Shares of fossil fuels in the PEP were small, with respective percentages of petroleum
and oil products, and natural gas of 12.1% and 12.4% in 2017. Shares of fossil fuels and
renewables out of PEP in 2017 are presented in Figure 5.
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Figure 5 . Share of primary energy production in 2017
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2.2.2. Energy demand

The total final energy consumption (TFEC) in 2017 was 113.6 MTOE, accounting for
61.7% of TES. The remaining of the TES was consumed in power generation and other
energy industries. From 2007 to 2017, the TFEC slightly fluctuated and hit rock bottom
in 2014 (108.8 MTOE) due to the decrease in natural gas consumption. In general
terms, the TFEC decreased by 1.4% annually. This decreasing trend mainly originated
from the decline in oil and petroleum product consumption, at 42.4%, from 54.5 MTOE
in 2007 to 38.3 MTOE in 2017. The consumption of other types of energy including
natural gas and electricity, which held large shares of the TFEC, slightly reduced, 6.8%
and 5.9% respectively. Shares among types of energy in the TFEC are presented in
Figure 6.
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Figure 6. Total final energy consumption between 2007 and 2017

By sectors, in 2017 the TFEC is highest in the transport sector at 34.5 MTOE, accounting
for 30.4% of the TFEC, which was followed by the household (residential) sector at 29%
and the industry sector at 21.9%. The TFEC of the commercial and agriculture sectors
are lower, amounting to 18.7% together. Between 2007 and 2017, the share of the
TFEC of the transportation sector slightly decreased by about 2.4% annually, but
always remained to be the highest share. It fluctuated between 30% and 32%, with
exception of 2014, at 34% of the TFEC. The drop in TFEC in 2014 may be explained by
the high price of global oil and energy price, which originated from the growing
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investment in renewable energy. Meanwhile, the share of the TFEC of the industry
sector decreased in both absolute and percentage terms, from 35.9 MTOE being
equivalent to 27.8% of the TFEC in 2007 to 24.9 MTOE (21.9% of the TFEC) in 2017.
The absolute value of TFEC for household activities was around 33 MTOE between
2007 and 2017, accounting for about 28% of the TFEC, on average. In general, its share
increased by 3.9 percentage points during the same period. Another recognizable
change was in the commerce and public service sectors, which accounted for 11.8% in
2007, and increased to 16.1% in 2017. Figure 7 presents the TFEC by sectors in
percentage points and absolute terms between 2007 and 2017.
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Figure 7. Total final energy consumption by sectors between 2007 and 2017 in
percentage points (left) and absolute terms (right)

e Natural gas

According to the Italian Energy Balance Tables, the total natural gas supply in 2017 was
61.5 MTOE, accounting for 37.7 % of the TES (MISE, 2017). The natural gas reserve of
Italy is scarce and the country is highly dependent on imported natural gas. More than
90% of the total natural gas supply is imported. In 2017, the net import of natural gas
was 56.8 MTOE. Most of the imported natural gas to Italy came from Russia (43.1%).
Another part came from Algeria (12.2%), Libya (11.7%), Netherlands (11.7%), Qatar
(7.9%) and others. Exported natural gas of Italy is inconsiderable, at 0.2 MTOE, about
41.5% of which was exported to Switzerland, and the remaining was exported to
Slovenia (29.5%) and Austria (29.1%) (IEA, 2016).

There are five natural gas pipelines (Transmed, Greenstream, TAG, TENP/ Transit gas,
Italy- Slovenia) with five entry points for importing gas. The total import capacity is
298.6 million m3 per day or 109 billion m3 per year. The two entry points of Tarvisio
and Passo Gries account for 60% of gas imports (IEA, 2016).
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The gas transmission network includes 34 thousand km and Snam is the largest gas
transmission company, being responsible for 95% of the gas transmission network,
with 32306 km of the pipeline (IEA, 2016).

There is 2.5 million km of gas distribution pipelines with 24 million delivery points.
Annually about 29 billion m? of gas have been delivered. In 2013, there were 222 gas
distributors and the top ten operators owned more than 65% of the market. However,
there is a trend of reducing the number of gas distributors. In 2014, Italgas S.p.A is the
largest gas distribution company, accounting for 24.7% of the gas distribution market,
with 52.5 thousand km of network and 5.9 million active delivery points (IEA, 2016).

The total natural gas consumption in 2014 was 61.9 billion m3, of which 35.2% of
natural gas is used for power generation. The second largest consumption of gas is for
the residential sector, with 29.9%, as natural gas is the preferred choice for domestic
uses in buildings. It was followed by the sector at 17.9%, and other sectors at 12.1%
including agriculture, commerce and public service. Other energy industries and
transport used a small amount of natural gas, at about 2.9% and 2.1% of total
consumption, respectively (IEA, 2016).

e Qil and petroleum products

The total crude oil supply in 2017 was 70.1 MTOE, of which 5.9% of crude oil was
domestically supplied. Import of crude oil was 66.3 MTOE, while its export was 0.7
MTOE (Energy Balance Tables).

The total oil and petroleum products consumption was 51.6 MTOE. Most of these
products were used for transportation, up to 63.5%. The industry sector used about
16.5% of the total consumption, another 7.8% was used for power generation and
2.8%, for other energy industries and energy own use. The agriculture and residential
sectors’ consumption were insignificant, accounting for 5.2% and 4.2% of the total
consumption, respectively (IEA, 2016).

e Electricity and heat

In 2015, the total electricity generation of Italy was 283 TWh. During the period 2010-
2019, the total electricity generation fluctuated around 292 TWh. About 60% of
electricity is originated from fossil fuels, of which 45.1% of electricity and heat
generation come from natural gas. The share of fossil fuels is decreasing in the same
period and is being replaced by solar and wind power. Figure 8 presents the change
in the power generation mix since 1990 (IEA, 2016).
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Figure 8. Change in power generation mix between 1990 and 2019

Renewable electricity generation in Italy is made up of biofuel, waste, hydro,
geothermal, solar, wind and other sources. The share of renewable electricity
increased from 27.5% in 2010 to 41% in 2019. Among the types of renewable energy,
the shares of biofuels, solar and wind increased sharply, contributing considerably to
the renewable electricity growth in the same period. Specifically, the electricity by
biofuels increased from just above 2.4% in 2010 to 5.7% in 2019. The largest increase
was in solar PV, from less than 1% of total renewable electricity generation in 2010, to
8.1% in 2019. Another sharp increase was wind power, doubling from 3% in 2010 to
6.9% in 2019 (IEA, 2020) (IEA, 20204, 2021). Figure 9 presents the shares of renewable
electricity from 2010 to 2019 (IEA, 2020a; Terna, 2017).
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Figure 9. Share of renewable power between 2010 and 2019
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Italy is the largest importer of electricity in Europe. The net electricity import of Italy
accounted for 2.6% of the TPES, and was unchanged during 2005-2015. Italy is
connected to the EU network by 25 high voltage interconnectors, including four with
France, 12 with Switzerland, two with Austria, two with Slovenia, two DC and one
subsea with Corsia, one DC subsea with Greece, one AC subsea with Malta and one DC
subsea with Montenegro (IEA, 2016).

Terna is the Transmission System Operator, TSO, in Italy. It controls 63.5 thousand km
of high voltage network. The distribution of electricity is under the control of Enel and
more than 130 other Distribution System Operators, DSOs. There are about 387
thousand km of medium-voltage lines and 852 thousand km of low-voltage lines. 37%
of low-voltage lines is underground (IEA, 2016).

Table 1 The electricity generation mix of Italy in 2017 (Terna, 2017)

Table 1 . Electricity generation mix of Italy in 2017 (Terna, 2017)

Input fuel Technology | In percentage
bituminous coal ELE 9.79
bituminous coal CHP 0.04
sub-bituminous coal ELE 0.01
coke oven gas CHP-IC 0.01
coke oven gas CHP-CC 0.14
coke oven gas CHP-CS 0.10
blast furnace gas CHP-IC 0.02
blast furnace gas CHP-CC 0.24
blast furnace gas CHP-CS 0.18
other recovery gas CHP-CC 0.03
other recovery gas CHP-CS 0.02
refinery gas CHP-IC 0.01
refinery gas CHP-GT 0.11
refinery gas CHP-CC 0.36
refinery gas CHP-CP 0.03
refinery gas CHP-CS 0.06
gas oil and diesel oil (w.o

biofuel) ELE-IC 0.01
gas oil and diesel oil (w.o

biofuel) ELE-CS 0.11
gas oil and diesel oil (w.o

biofuel) CHP-CC 0.02
fuel oil ELE-IC 0.05
fuel oil ELE-CS 0.40
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fuel oil CHP-GT 0.01
fuel oil CHP-CC 0.03
fuel oil CHP-CS 0.01
other oil product ELE-CS 0.03
other oil product CHP-CC 2.21
natural gas ELE-IC 0.08
natural gas ELE-GT 0.16
natural gas ELE-CS 0.11
natural gas ELE-CC 15.79
natural gas CHP-IC 2.73
natural gas CHP-GT 1.37
natural gas CHC-CC 21.61
natural gas CHP-CP 0.21
natural gas CHP-CS 0.25
hydro ELE 10.91
wind ELE 5.35
solar ELE 7.35
geothermal ELE 1.87
primary solid biofuels ELE-IC 0.09
primary solid biofuels ELE-CS 0.58
primary solid biofuels CHP-IC 0.17
primary solid biofuels CHP-CP 0.06
primary solid biofuels CHP-CS 0.37
biogas ELE-IC 0.88
biogas ELE-GT 0.01
biogas CHP-IC 1.60
biogas CHP-CC 0.01
renewable municipal waste ELE-IC 0.35
renewable municipal waste CHP-IC 0.11
renewable municipal waste CHP-CP 0.04
renewable municipal waste CHP-CS 0.23
other liquid biofuels ELE-IC 0.31
other liquid biofuels ELE-CC 0.61
other liquid biofuels CHP-IC 0.12
other liquid biofuels CHP-CP 0.04
other liquid biofuels CHP-CS 0.25
industrial wastes ELE-CS 0.02
industrial wastes CHP-CS 0.01
non-renewable municipal

waste ELE-IC 0.35
non-renewable municipal

waste CHP-IC 0.11
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non-renewable municipal

waste CHP-CP 0.04
non-renewable municipal

waste CHP-CS 0.23
import from AT 0.38
Import from CH 5.53
Import from FR 3.68
Import from GR 0.08
Import from SI 1.71
other sources 0.21
Total 100.00

Notes

ELE  electricity production
CHP  heat power cogeneration
IC internal combustion

cc combined cycle

(&) condensing steam

GT gas turbine

cpP counter pressure

In 2014, electricity consumption is roughly equally shared among Industry (38.8%),
commerce and other services (32.2%). The residential sector consumes about 22.1%.
The consumption for transport and other energy uses is insignificant, at 3.6% and
3.3%, respectively (IEA, 2016). By 2018, these shares do not change much, at 39.6% of
electricity for industrial activities, 32.2% of electricity for commerce and other service
and 22.2% of electricity for the residential sector (IEA, 2020b).

2.2.3. Some highlights on Italian energy and electricity supply and
demand

In 2017, the Italian primary energy supply is fossil fuel intensive, with 88% of the
primary energy supply from fossil fuels, mainly oil, petroleum products and natural
gas. Meanwhile, energy production is ‘green’, with nearly 70% of energy being
produced from renewable sources, mainly solid biofuels and geothermal.

The security of the energy supply is at risk and the country is highly dependent on
imports. Domestic energy production accounts for about 19.5% of the primary energy
supply in 2017. About 94% of the oil and petroleum products and 90% of the natural
gas supply is imported in the same year. Fortunately, it is expected that Italy will be
less dependent on energy imports as the TES has been decreasing and domestic energy
production has been increasing during 2007-2017.
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By 2040, the national energy production is expected to be greener, as the share of
renewable energy out of PEP has been increasing during 2007- 2017. Moreover, the
same expectation occurs in the national energy consumption. Firstly, both TES and the
share of fossil fuels (out of the TES) have been decreasing over the period 2007- 2017.
Secondly, though RE supply accounts for only one-fifth of the TES, its share has been
increasing in the same period.

The final energy consumption is mostly for transportation with high demand for oil
and petroleum products. The final energy consumption is expected to decrease due to
the impacts of Covid-19 and the war in Ukraine (in the short-term), and improvement
in electricity and energy performance by 2040.

The Italian electricity sector depends on natural gas, and the share of fossil fuel-based
electricity is decreasing and being replaced by solar and wind power. In 2019, the share
of renewable electricity was up to 41% of the total electricity generation.

2.3.  Production cost of electricity

This part analyses the production cost of electricity from different sources in Italy.
Conventionally, in the electricity sector, most of the value comes from electricity
generation process, in forms of capital and operational expenditures. Though there
are some other costs such as transmission and distribution of electricity, the storage
cost for variable renewable electricity (which will increase as a large amount of
variable renewable electricity is integrated into the system), these costs are not
reported in this chapter as well as included in the simulation. This is one of the
limitation of the study, which will be further discussed at the end of the thesis.
Moreover, only electricity with input fuels contributing to more than 1% is screened.

2.3.1. Natural gas

In this work, the natural gas considered is the amount that is used for generating
electricity only (ELE) and that is used for co-generation of electricity and heat (CHP).
For each of these, two technologies are considered (combined cycle and standard
turbines). So, there are four technologies fuelled by natural gas, in total.

The report on long-term projections of the techno-economic performance of CHP
indicated the investment cost of 1.2 million Euro/MW, the annual fixed operation and
maintenance (O&M) cost of 5 thousand Euro/MW, and the variable O&M cost of 5
Euro/MWh by 2020 for combined cycle technology. For the conventional cycle, the
investment cost is much lower, at 0.45 million Euro/ MW, but the O&M cost is higher,
at 7 thousand Euro/ MW for the annual fixed O&M cost and 7 Euro/MWh for the
annual variable O&M cost. The average lifetime for natural gas-fired CHP is 20 years

34



(Alberici et al.,, 2014). The share of investment cost of natural gas-fired CHP
technologies (Grosse et al., 2017) is presented in Table 2.

Table 2. Investment cost of natural gas fired power and CHP generation technologies

Natural gas fuelled CHP Natural gas fuelled
Technology cost - ; power
Combined Standard Combined Standard
cycle cycle

- Investment (mil. Euro/MW) 1.2 0.45 0.49 0.27
Main equipment 26% 24%
Balance of plant 24% 21%
Electrical and Information and
communication (1&C) supply and 10% 13%
installation
Civil and structural 8% 9%
Project indirect 7% 7%
Development 14% 14%
Interconnection 6% 7%
Insurance and other 5% 5%
Investment cost (Eur/MWh) 3.49 5.35
Decommissioning (Eur/MWh) 0.07 0.1

- Fixed O&M (thousand. c 7

Euro/ MW annually)

- Variable O&M (Eur/ MWh) 5 7
Fuel (Eur/ MWh) 38 62
Carbon (Eur/ MWh) 8 14
Other O&M costs (Eur/MWh) 6 9

For ELE technologies, the report of Ecofys’s expert on European electricity generation
technology in 2014 indicated the levelized cost of electricity (LCOE) from combined
cycle technology is 113 Eur/MWh with the efficiency of 60% (Alberici et al., 2014). This
number is much higher than the updated estimation of the International Energy
Agency (IEA) and the OECD Nuclear Energy Agency (NEA) in 2020, which indicated the
LCOE of the same technology with the same efficiency in Italy, ranging from 66.83 to
71.88 USD/ MWh, depending on the discount rate of 3% to 10% (IEA and NEA, 2020).
The estimation of IEA and NEA is more updated and nation-specific, thus this
estimation is selected, and converted into EUR 2020.

In the case of standard technology of gas turbines, the report of Ecofys for European
electricity generation technologies indicated the LCOE of 26 EUR/MWh at 49%
efficiency (Alberici et al., 2014), while that of IEA and NEA report ranges between
108.03 and 115.3 USD/MWh at the efficiency of 37% (IEA and NEA, 2020). For the same
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justification as above, the estimation of IEA and NEA is selected and converted into
EUR 2020.

The average lifetime of ELE technologies fuelled by natural gas is 30 years. Table 2
presents the cost of these technologies.

2.3.2. Hard coal

The McKinsey‘s report for German hard coal power plants indicated an investment
cost ranging from 1.4 to 1.6 million EUR/MW, fixed O&M was at 14 thousand EUR/MW
annually and variable O&M was at 1 EUR/MWh in 2020 (McKinsey, 2010). Another
Danish study with full load condensing power capacity and cooling with sea water
reported a slightly higher cost, with the investment cost of 1.8 million EUR/ MW, fixed
O&M of 31 thousand EUR/MW annually and variable O&M of 2.75 EUR/ MWh in 2020
(Danish Energy Agency and Energinet, 2016). Ecofys reports a wide range of
technology costs in Europe, from 1.01 to 2.09 million EUR/ MW of investment cost,
and from 2 to 15 EUR/MWh of O&M cost. The average investment cost is 1.58 million
EUR/MW and 7 EUR/MWh, at the efficiency of 45% (Alberici et al., 2014).

The average lifetime of a hard coal thermal power plant is 40 years (Alberici et al.,
2014; McKinsey, 2010).

Table 3 presents the investment cost of coal-fired power generation technologies.
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Table 3. Investment cost of coal-fired power generation technologies

Techn | Effici | Over | Investment cost | Decommission Fuel Carbo | O&M
ology | ency | night | (USD/MWh) (USD/MWHh) (USD/ | n (Usb/
(%) cost MWh) | (USD/ | MWHh)

(USD Disc | Disc | Disc | Disc | Disc | Disc MWh)

/kW) ount | ount | ount | ount | ount | ount
rate | rate | rate | rate | rate | rate
3% 7% 10% | 3% 7% 10%

Comb | 60% | 590 |4.17 |6.85 |9.28 | 0.08 | 0.04 | 0.02 | 45.5 10.1 6.99
ined
cycle
turbin
e at
85%
of

capac
ity

factor

Stand | 37% | 325 |64 |10.3 |13.7 |0.12 |0.06 |0.03 |73.98 |16.42 |11.11
ard 6
gas

turbin
e at
30%
capac
ity

factor
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2.3.3. Oil

In Italy, oil is used to cogenerate both electricity and heat. In the report of the
European Commission (Grosse et al., 2017), the investment cost and O&M cost of oil-
fired CHP technologies are presented in Table 4. The average lifetime of an oil-fired

CHP plant is 25 years.

Table 4. Investment cost of oil-fired power and heat generation technologies

QOil fired CHP

- Nominal investment (mil. Euro) 1.99
Main equipment 30%
Balance of plant 26%
Electrical and I&C supply and
installation 8%
Civil and structural 7%
Project indirect 7%
Development 12%
Interconnection 5%
Insurance and other 5%

- Fixed O&M (thousand. Euro/ 9

MW annually)
- Variable O&M (Eur/ MWh) 0.6

2.3.4. Hydro

According to the report on power generation technologies of McKinsey, the cost of

hydropower in Italy is presented in

Table 5. The average lifetime of a hydropower plant is 50 years (McKinsey, 2010).
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Table 5. Investment cost of hydropower technologies

Technology o
Net . Overnight Investment cost (USD/kW) Decommission (USD/MWh)
. Capacity 0o&M
capacity cost
factor (%) ] ] ] ] ] ] (USD/MWh)
(Mw) (USD/kW) | Discount | Discount | Discount | Discount | Discount | Discount
rate 3% rate 7% | rate 10% | rate 3% rate 7% | rate 10%

Reservoir, alpine

) 0.32 65% 3,966.00 | 4,274.00 | 4,719.00 | 5,079.00 0.10 0.01 0.00 16.85
region <SMW
Reservoir, alpine

i 15.00 38% 3,108.00 | 3,349.00 | 3,697.00 | 3,980.00 0.14 0.01 0.00 18.37
region >=5MW
run of river < 5SMW 0.02 55% 6510 7015 7745 8336 0.2 0.02 0.003 24.64
run of river < 5SMW 0.1 34% 3013 3247 3585 3859 0.15 0.01 0.002 17.01
run of river < 5SMW 0.2 55% 5503 5930 6547 7047 0.17 0.02 0.002 21.47
run of river < 5SMW 0.25 15% 3647 3930 4339 4670 0.14 0.01 0.002 22.09
run of river < 5SMW 0.25 8% 3266 3520 3886 4183 0.42 0.04 0.006 29.18
run of river < 5SMW 0.25 19% 1592 1715 1894 2039 0.66 0.06 0.009 51.07
run of river < 5SMW 0.5 20% 1070 1153 1273 1370 0.09 0.01 0.001 13.01
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run of river < 5SMW 0.5 15% 3782 4075 4499 4843 0.42 0.04 0.006 17.52
run of river < 5SMW 0.5 22% 2398 2584 2853 3071 0.19 0.02 0.003 12.07
run of river < 5SMW 0.7 55% 4411 4753 5248 5649 0.14 0.01 0.002 12.47
run of river < 5MW 1 15% 956 1030 1137 1224 0.11 0.01 0.002 8.71
run of river < 5MW 2.1 50% 3216 3466 3826 4119 0.11 0.01 0.002 8.42
run of river >= 5SMW 5 37% 3052 3289 3631 3908 0.14 0.01 0.002 27.53
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2.3.5. Geothermal

Geothermal is a capital-intensive technology. Its operating cost is low and predictable.
The engineering, procurement, and construction costs of geothermal follow the trends
in commodity prices and drilling costs. When the costs of commodity and oil increase,
the cost of geothermal power increases too. Vice versa, the cost of geothermal power
decreases, but slowly.

Investment costs include the cost of exploration and resource assessment, drilling
cost, reinjection cost, additional working capital, field infrastructure, geothermal fluid
collection and disposal system and other surface installation, cost of project
development and grid connection cost. Among these cost components, the cost for
drilling accounts for 60% to 90% of the total investment cost.

The average lifetime of a geothermal power plant is 30 years.

In 2020, the cost of geothermal in Italy is reported in
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Table 6 (IEA and NEA, 2020).
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Table 6. Investment cost of geothermal, wind and solar PV technologies

Technology Net Capacity | Overnight | Investment (USD/MWh) Decommission (USD/MWh) o&M

capacity | factor cost (usb/

(Mw) (%) (USD/KW) Discount Discount Discount Discount Discount Discount MWh)

rate 3% rate 7% rate 10% | rate 3% rate 7% rate 10%

40 76% 3851 26.65 50.04 72.42 0.37 0.13 0.06 17.96

15 86% 7132 43.69 82.06 118.76 0.6 0.22 0.09 21.25
Geothermal

10 86% 9799 60.03 112.74 163.17 0.83 0.3 0.13 23.02

5 86% 10959 67.14 126.09 182.48 0.93 0.33 0.14 25.38

1 39% 3022 51.02 76.24 97.88 1.17 0.63 0.39 14.56
Wind

10 37% 1429 25.19 37.65 48.33 0.58 0.31 0.19 14.91
onshore>1MW

20 30% 1499 32.91 49.17 63.13 0.75 0.41 0.25 9.94

0.01 17% 5317 201.93 301.74 387.39 4,61 2.51 1.55 591.75
Wind 0.02 32% 5539 104.51 156.17 200.49 2.39 1.30 0.80 27.55
onshore<IMW | o e | 20% | 4075 112.98 |168.82 |216.74 |2.58 1.41 0.87 41.87

0.06 33% 4616 132.57 198.09 254.32 3.03 1.65 1.02 41.46
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0.1 31% 3323 90.52 135.26 173.66 2.07 1.13 0.70 39.28
0.19 18% 2852 70.76 105.73 135.74 1.62 0.88 0.54 29.29
0.5 33% 2659 52.14 77.90 100.02 1.19 0.65 0.40 20.38
0.8 32% 1782 36.90 55.13 70.78 0.84 0.46 0.28 19.69
0.83 30% 2269 50.36 75.24 96.60 1.15 0.63 0.39 12.91
0.9 48% 2727 37.17 55.54 71.30 0.85 0.46 0.29 15.37
0.9 43% 2786 42.08 62.88 80.72 0.96 0.52 0.32 15.61
solar 0.004 20% 1846 65.14 96.45 123.1 10.26 13.3 16.01 166.34
photovoltaics
(residential) | 0.01 17% 1368 55.06 81.52 104.05 1.26 0.68 0.42 58.06
0.08 20% 1306 46.07 68.22 87.07 9.26 12.27 14.88 21.28
solar
photovoltaics | 0.21 17% 907 36.48 54.01 68.93 0.83 0.45 0.28 16.67
(commercial)
0.42 20% 1210 42.71 63.23 80.71 9.19 12.23 14.85 18.44
solar 0.83 20% 827 29.11 43.1 55.02 0.67 0.36 0.22 14.76
photovoltaics
(utility scale) | 0.83 27% 836 21.77 32.23 41.13 2.51 3.14 3.72 27.85

44



2.3.6. Wind

The report of the International Renewable Energy Agency (IRENA) indicated the global
investment cost of wind power was 1.56 million USD/MW in 2015 (IRENA, 2016),
which reduced to 1.456 million USD in 2016 and 1.379 million USD in 2017 (IRENA,
2018). In Italy, the average investment cost of wind power is higher than the global
average, at 1.694 million USD/MW. Within the investment cost, the cost for wind
turbine accounts for up to 75%, which includes the costs for rotor blades, gearbox,
generator, power converter, nacelle, tower and transformer. Other investment costs,
such as the costs for civil works (construction work for site preparation and foundation
for towers), grid connection (transformer, substations, and connection to the local
distribution and transmission network), planning and project (development cost and
fees, licenses, financial closing costs, feasibility and development studies, legal fees,
owners’ insurance, debt service reserve and construction management), account for
4.5%, 5% and 15.5% respectively (IRENA, 2018).

O&M cost for wind power technology accounts for 20% - 25% of its LCOE, which is 50
USD/KkW on average in Italy. The O&M cost includes the cost for salary (13%),
maintenance (67%), land lease, local tax, insurance, site security (13%), admin cost and
utility (8%).

The investment cost of wind power can be found in
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Table 6.
2.3.7. Solar

The report of IRENA indicated the global average installation cost of solar power was
1.8 million USD/MW in 2015 (IRENA, 2016), which reduced to 1.388 million USD/MW
in 2017 (IRENA, 2018). The same cost in Italian context is 1.159 USD/MW. These costs
include cost for hardware (module 42%, inverter 9%, cables 5%, grid connection 8%,
monitoring and control 1%, racking and mounting 7%, safety and security 1%),
installation (electrical installation 8%, inspection 1% and mechanical installation 6%)
and soft cost (financing cost 3%, incentive application 1%, margin 3%, permitting 3%)
(IRENA, 2018).

The O&M cost of solar power is about 10 — 18 USD/kW, about half of which is for
operation and maintenance of the system, 18% for land lease, 15% for local tax, 7%
for insurance, 4% for site security, 5% for admin cost and 2% for utility.

The investment costs for solar PV power can be found in
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Table 6.
2.3.8. Biogas

In Italy, biogas is used for generating both heat and power. The investment cost for
biogas CHP technology is 0.8 million Eur/ MW, 26% of which is for main equipment,
21% for the balance of the plant, 8% for electrical, I&C supply and installation, 12% for
civil work, 7% are indirect costs, 15% for development, 6% for interconnection, 5% for
insurance and others. Fixed O&M of biogas CHP is 9 thousand Eur/MW and variable
O&M is 13.1 Euro/MWh (IRENA, 2018).

2.3.9. Discount rate
The selected discount rate is 3%.
2.3.10. Exchange rate

The exchange rate of USD and EUR in 2020 ranges from 1.1634 to 1.2338 USD per 1
EUR. The average exchange rate is 1.1955 : 1 in 2020 (ECB, 2021)®.

2.3.11.Inflation rate

The Euro has had an average inflation rate of 1.06% annually since 2015. The detailed
discounted rate, exchange rate, and inflation rate of the Euro is specified in Table 7
(ECB, 2021)’.

Table 7. Inflation rate between 2015 and 2021

2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021
Discounted 1.29- | 1.18- | 1.79- | 2.77- | 0.9- | 0.58- | 0.58-
rate 2.2 1.94 2.4 347 | 2.98 1.8 1.07

6
https://www.ecb.europa.eu/stats/policy and exchange rates/euro reference exchange rates/
html/eurofxref-graph-usd.en.html

7

https://sdw.ecb.europa.eu/quickview.do?SERIES KEY=229.IRS.M.IT.L.L40.CI1.0000.EUR.
N.Z

https://sdw.ecb.europa.eu/quickview.do?org.apache.struts.taglib.html. TOKEN=a78b51e01
2ecadaalca8b665d3ec857b&SERIES KEY=120.EXR.D.USD.EUR.SP00.A&start=01-01-
2015&end=31-12-2021&submitOptions.x=0&submitOptions.y=0&trans=N

https://www.ecb.europa.eu/stats/macroeconomic_and_sectoral/hicp/html/index.en.html
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Exchange rate | 1.20- | 1.04- | 1.04- | 1.13- | 1.09- | 1.11- | 1.12-
(USD/EUR) 1.05 | 1.15 | 1.20 124 | 1.14 | 1.21 | 1.23
Inflation rate 0.03 | 0.24 | 153 1.75 1.2 0.25 1.4

2.4. Energy environment policy
2.4.1. Zero-carbon pathway

All sectors of the economy have a certain role in the transition towards ‘carbon-
neutrality’. The key sectors which compose of the energy industry, transport,
manufacturing industries and construction, are all related to fuel combustion. In Italy,
80.5% of the national GHG emissions excluding LULUCF in 2019 are from the energy
sector, which includes 21.9% from energy industries, 25.2% from transport activities
and 11.9% from energy combustion in manufacturing industries and construction
sectors (ISPRA, 2021).

As a consequence, all zero-carbon pathways converge on one central element, namely,
that the energy system needs to change radically towards decarbonization. In the
energy industries, the deployment of renewable energy together with the
electrification of the energy system, and the production of carbon-free fuels and
feedstock for industry and transportation will contribute to the zero-carbon pathway.

In the transport sector, apart from carbon-free fuel solutions, an integrated approach
is needed for achieving deep emissions reductions, including increasing vehicle
efficiency, low and zero-carbon vehicles and infrastructures, increasing efficiency of
the transport system, changes in behaviour and consumer choice to shift from private
transportation to low carbon public transportation, shared mobility and zero carbon
mobility (biking and walking).

In manufacturing industries, GHG emissions come from both energy use and industrial
processes. Emissions from energy use in industries can be reduced by improving
energy efficiency and switching to low and carbon-free energy sources such as
renewable electricity, sustainable biomass, carbon-free fuels and feedstock.
Meanwhile, emissions from industrial processes are more difficult to reduce. Cutting
these emissions would require deep technological and systematic innovation, such as
carbon capture and storage, resource efficiency, reusing, recycling and a circular
economy approach.

The Italian climate and energy framework is under the EU-wide targets and policy
objectives. In July 2021, the EU commission adopted the “Fit for 55” package to raise
the 2030 CO, emissions reduction target to at least 55% as compared to the 1990 level,
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and to aim at carbon neutrality by 2050 (EC, 2021)%. The package looked at the actions
required across all sectors including energy efficiency and renewable energy.

Some key points of the Fit for 55 package include:

Reduction of primary energy by 39% compared to the 1990 level, being
equivalent to a consumption of no more than 1,023 million TOE by 2030;
Increase the share of renewable energy in final energy consumption from 32%
to 40% by 2030.

A revision of the EU Emission Trading System (ETS), to include land transport
and buildings.

In the transport sector, the progressive reduction of GHG emissions from cars
and vans is planned to bring the zero-emissions transport sector by 2035. This
implies that no new vehicle, diesel petrol or hybrid is sold anymore from that
date, indicating that there will be mass production of electric vehicles as well as
a drastic reduction of their price.

The creation of a Carbon Border Adjustment Mechanism (CBAM), which applies
a CO, tax on the import of cement, iron, steel, aluminium, fertilizers and
electricity if they are not produced with adequate standards as compared to
emissions.

Revision on minimum taxation of energy production

Revision of the regulation on the use of land and forest, relating to the
emissions by capturing or releasing GHGs

Revision of regulation on “Effort Sharing”, relating to the GHG emission
reduction in sectors not covered by the ETS

2.4.2. National energy environmental policy framework

In Italy, the environment policy framework is defined through four main documents:
the Integrated National Energy and Climate Plan (MISE et al., 2019), the National
Energy Strategy (Ministry of Economic Development, 2017a), the Energy Efficiency

National Action Plan (Ministry of Economic Development, 2017b), and the National

Renewable Energy Action Plan (Ministry of Economic Development, 2010).

The Integrated National Energy and Climate Plan (NECP)

8

https://www.consilium.europa.eu/en/policies/green-deal/fit-for-55-the-eu-plan-for-a-

green-transition/
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The NECP is mandated by the European Commission (EC) to each member state to

achieve GHG emission reduction targets. The NECP includes five dimensions:

o O O O ©O

Energy efficiency,
Renewables,

GHG emission reductions,
Interconnections,
Research and innovation.

The Italian NECP has been approved in 2019, but it needs to be updated after the Fit
for 55 package for the period 2021-2030, establishing objectives, measures and
elements corresponding to five dimensions of the EC.

Key objectives include:

o

Accelerate the decarbonization process and achieve full decarbonization of the
energy sector by 2050;

Place a central emphasis on citizens and businesses;

Developing the energy system towards distributed renewable sources;
Promoting the frameworks, infrastructure and market rules for the integration
of renewables;

Ensure energy security with an adequate supply of conventional sources;
Promote energy efficiency across all sectors;

Promote electrification of consumption, especially in the civil and
transportation sectors;

Conducting research and innovation activities;

Take into account the strategic environmental assessment and related
environmental monitoring and measures for avoiding negative impacts on air,
water and soil of energy transition;

Continue the process of integrating the national energy system with the energy
union.

Key measures include:

o O O 0O O O O

Careful governance of the plan for ensuring the uniformity of actions;
Actions need to streamline with the measures and defined timeframe;
Updating tasks of public bodies;

Promoting research activities;

Integrating new technologies;

Considering additional instruments;

Using flexible mechanisms.
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This Plan also reinforced the national commitment to emission reduction targets and
energy-saving measures. By 2020, Italy committed to reducing 21% of global GHG
emissions in the Emission Trading System (ETS) and 13% in the non-ETS compared to
2005. By 2030, the targets are set to 43% and 33% reductions compared to 2005 level,
respectively.

2.4.3. The National Energy Strategy (SEN)

The SEN was adopted in March 2013, defining objectives, key policies and priority
measures to improve the competitiveness and sustainability of the Italian energy
sector by 2020 and 2050.

Four key goals include:

Reducing energy costs by aligning prices to EU average prices;
Meeting and going beyond EU targets set out in the 2020 EU climate-energy
package and the Italian national action plan of June 2010;

o Improving supply security with a reduction in foreign dependency from 84% to
67% of total energy needs;

o Boosting growth and employment by mobilizing investment of 170-180 billion
Euro by 2020, either in traditional sectors or in the green economy.

In this document, the GHG emission reduction target for 2020 is set to be 18%
compared to 2005 emissions, exceeding the European objectives for Italy.

In 2017, the core target of SEN was updated to 2030, including reducing final energy
consumption by 10 MTOE, reaching 28% of renewable energy share and 55% of
renewable power.

2.4.4. The Energy Efficiency National Action Plan (PAEE)

The PAEE is prepared by the EU member states, setting out estimated energy
consumption, planned energy efficiency measures and the improvements individual
EU member states expect to achieve. Under the EU Energy Efficiency Directive, states
must draw up these plans every three years.

The second Italian PAEE was approved in 2014, clarifying the national targets for the
reduction of primary and end-use energy consumption. It specifies the savings in end-
uses of energy expected in 2020 by economic sectors and by the main energy
efficiency promotion scheme. The third Italian PAEE was adopted in July 2017,
reporting the achieved progress.

Economic sectors being covered under PAEE include:

o Residential,
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o

o

o

Tertiary (public and private),
Industry, and
Transport.

Measures under PAEE:

o

o O O O

Energy efficiency obligation schemes and alternative policy measures: the
white certificates obligation scheme to create an obligated market for energy
efficiency certificates in electricity and gas distributors, the tax relief on
refurbishment and renovations to improve the energy efficiency of buildings,
and the thermal energy account to encourage public authority, businesses and
households to implement energy efficiency improvement actions in buildings
and technical installations;

Compulsory energy audits for large enterprises and energy-intensive
enterprises and incentives on energy management systems for small and
medium-sized enterprises (SMEs);

Metering and billing;

Consumer information and training programs;

Qualification, accreditation and certification schemes;

Energy services including an integrated service set of management,
maintenance and energy efficiency of thermal and electrical installations
provided by Energy Service Company (ESCO);

Other policy measures: energy performance contracts for buildings; split
incentives to share costs and benefits among user, building owner and ESCO.

2.4.5. The National Renewable Energy Action Plan (NREAP)

The NREAP was developed in line with the Directive 2009/28/EC on the promotion of
the use of energy from renewable sources. Under the provisions of the Directive, each

member state needs to set an individually binding renewable energy target, which will
contribute to the achievement of the overall EU’s 20% renewable energy target.

The Italian NREAP was adopted in 2010 and its overall target is to achieve 17% of final
energy consumption from renewable sources by 2020, being equivalent to 22.62

MTOE.

Mechanisms under the NREAP include:

o

Tax relief of 55% on the cost incurred for the installation of heat pumps, solar
thermal systems or biomass systems;

The obligation for new buildings (not yet fully operational) to cover 50% of their
energy needs for domestic hot water and electricity with renewable sources;
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Tax relief for the users connected to district heating networks using
geothermal or biomass

Energy efficiency credit scheme for technology such as solar thermal systems,
biomass boilers and heat pumps

Duty exemption for solid biomass for domestic boilers

The obligation of biofuel share out of conventional fuel consumption for
transportation. This share increases over time. Emphasis was put on second-
generation biofuel for sustainability purposes.

Measures such as national regulations, and technical regulations for supporting
the wholesale use of 25% biodiesel mix in public transport fleets.

The green certificate schemes for power plants are based on a minimum quota
of new electricity production from renewable sources.

Fixed all-inclusive tariffs for electricity fed into the grid by renewable energy
plants with a maximum power output of 1 MW (0.2 MW for wind energy)
Feed-in tariffs for photovoltaic and solar thermodynamic plants

Simplified means of selling energy produced and fed into the grid at a fixed
market price.

Possibility of placing greater value on energy produced through the net
metering mechanism for plants with a maximum power output of 200kW;
Dispatch priority for renewable sources;

Connection to the electricity network within pre-set deadlines and under
advantageous conditions for plant operators;

Measures to modernisation and expansion of the electricity transmission and
distribution network;

Measures to simplify the authorization procedures

Cooperation with other countries for the fulfilment of the national renewable
energy use obligation;

Promoting research and innovation for ensuring the growth in the use of
renewables, reduction in costs and development of industrial and employment
opportunities;

Measures on monitoring and publication of information;

2.5. Energy development scenarios

2.5.1. Energy efficiency (EE) and Renewable Energy (RE) targets

The EE targets are put forward in several official documents: the NECP 2019 and SEN
2013 set global targets for 2011-2020; and the PAEE (2011, 2014 and 2017) clarified
the distribution by sector of the SEN targets and specified the progress already made.

Specifically, these documents indicated the targets of reduction by 2020 in primary
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energy consumption by 24% as compared to the PRIMES 2007 scenario, exceeding the
European target by 20% (SEN 2013 and NECP 2019) and in final energy consumption
by 1.5% annually, without transportation sector (NECP 2019). In absolute terms, the
primary energy savings by 2020 is set to be 20.5 MTOE and that of final energy is 15.5
MTOE.

By 2030, the targets are indicated in NECP 2019 and SEN 2017, including a 43%
reduction in primary energy consumption, a 0.8% reduction in annually final energy
consumption without the transportation sector and 10 MTOE final energy
consumption reduction.

For RE, it is expected that 30% of the gross final consumption of energy comes from
renewable sources and 10% of RE in the transportation sector by 2020 (NECP 2019).
This target is higher than the target of SEN 2013, at 19-20% of RE share in gross final
consumption and the target of NREAP 2010, at 17% of final energy consumption by
2020.

By 2030, the RE target is setin Sen 2017 and NECP 2019, indicating a 28% ~ 30% of the
RE share in total energy consumption, 55% of the RE share in electricity consumption
and 21% ~ 22% of the RE share in the transportation sector.

The Fit for 55 package set out a proposal to revise EE and RE directives, in which to
raise the energy saving by 36% for final energy consumption, 39% for primary energy
consumption, and a target of 40% of RE share by 2030°. This package has not been
fully integrated into the national energy strategy or action plans.

2.5.2. EE and RE progress

According to the annual reports of the Ministry of Economic Development, until 2020,
the TES was 143.552 MTOE, reducing 10.12% compared to that of 2019, and
significantly reducing from 184 MTOE in 2017. The role of fossil fuels in the TES
reduces, but still accounts for a high percentage of 77% of TES (compared to 88% of
fossil fuels in TEP in 2017). The share of natural gas increased slightly to 40.6% of the
TES, followed by oil and petroleum products at 33.12% of the TES. The absolute value
of renewables out of the TES slightly increase from 28 MTOE in 2017 to 29 MTOE in
2020. However, thanks to the reduction in the absolute value of the TES, the share of
RE supply has increased from 12 % in 2017 to 20.22% of the TES in 2020. While the TES
reduction is expected to originate from economic recession and Covid consequences
on the economy, the reduction in the share of fossil fuels and the corresponding

? https://www.consilium.europa.eu/en/policies/green-deal/fit-for-55-the-eu-plan-for-a-

green-transition/
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increase in the share of renewables in the TES is due to energy and climate policies
which encourage the deployment of renewable energy and energy efficiency in all
economic sectors (Ministry of Ecological Transition, 2020; Ministry of Economic
Development, 2021, 2017c).

The TFEC in 2020 was 103.604 MTOE, 9.18% lower than those of 2019 or 2017 both
around 113 MTOE. Compared to the TFEC of 2019, the strongest reduction is in the
consumption of oil and petroleum products (at 17%), followed by solid fossil fuels (at
13.4% reduction), and non-renewable waste (at 9.2% of reduction). Consumption of
low-emission fossil fuels and carbon-zero energy including natural gas, wind, solar pv,
biofuels and etc reduce at a slower pace, at 5.37% for natural gas and 5.29 for
renewables. Similar to TPES, the reduction in TFEC is due to the economic downturn
and covid consequences which reduce the transportation demand as well as final
consumption in other economic sectors; and the increase in energy efficiency,
especially in industry, household and service sectors (Ministry of Ecological Transition,
2020; Ministry of Economic Development, 2021, 2017c).

In terms of electricity production and consumption, the electricity demand in 2020
reported by Terna, mounted at 280.5 TWh, being equivalent to 24.123 MTOE, reducing
4.5% compared to 2019. Nearly 60% of the electricity production was covered by fossil
fuels; the remaining include hydro, wind, geothermal, solar pv and bioenergy. While
the shares of fossil fuels-based electricity reduced (from 65.8% in 2019 to 57.6% in
2020), the shares of renewable electricity increased slightly, with a 2.8% increase in
hydropower, a 5.3% increase in solar PV, and a 0.4% increase in bioenergy). The
exceptional case is wind, decreasing by 7.1% and geothermal decreasing by 0.8%
(Terna, 2021).

In term of EE in the electricity, the primary energy factor of Italy range between 1.9
and 2.0 during 2012 and 2017, which is lower in summer time and daily hours, with
higher integration of variable renewable energy, and vice versa (Noussan et al., 2018).

The detailed EE and RE targets and progress are summarized in Table 8.
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Table 8. RE and EE targets and progress (compiled from NECP, SEN, PAEE, NREAP and
reports of (Ministry of Ecological Transition, 2020; Ministry of Economic
Development, 2021; Terna, 2021))

RE and EE
targets and
progress

Unit

2016 / 2017
(Achievement

)

2020
(Target)

2020
(Achievement

)

2030
(Target)

Reduction in
total energy

supply

41 MTOE
(22%)
compared to
2017

Share of RE
in total
energy

supply

12%

20.22%

Reduction in
primary
energy
consumptio
n

%

-24

-43
(indicative

)

MTOE/yea

20.05

Primary
energy
savings in
Residential
sector

MTOE/yea

3.19

5.14

Primary
energy
savings in
Public
Tertiary
sector

MTOE/yea

Primary
energy
savings in

MTOE/yea

0.21

0.8

0.92
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Private
Tertiary
sector

Primary
energy
savings in
Industry
sector

MTOE/yea

2.28

7.14

Primary
energy
savings in
Transport
sector

MTOE/yea

1.71

6.05

Reduction in
final energy
consumptio
n as result of
obligatory
energy
efficiency
systems

%/ year

-1.5

(without
transpor
t sector)

9.18%
(compared to
2017 or 2019)

-0.8
(without
transport
sector)

MTOE/yea

10

Final energy
savings in
the
residential
sector

MTOE/yea

3.09

3.67

Final energy
savings in
the  public
tertiary
sector

MTOE/yea

Final energy
savings in
the private

MTOE/yea

0.19

0.57

0.66
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tertiary
sector

Final energy
savings in
the industry
sector

MTOE/yea

1.95

51

Final energy
savings in
the
transport
sector

MTOE/yea

1.18

5.5

Share of RE
in the gross
final energy
consumptio
n

%

18.3

17

28~ 30

RE heating
and cooling

%/ year

+1.3

(indicative

)

%

30~33.9

RE Electricity

%

55

RE Transport

%

10

21~ 22
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2.5.3. EE and RE technology options

Unfortunately, the updated plan (NECP 2019) as well as the SEN 2017 did not provide
detailed actions on how the 2030 targets will be technologically achieved. There are
no clear objectives for the energy mix by 2030, however, it is expected that the
electricity generation technology mix will change to meet the requirement of RE and
EE targets set out in the Italian energy climate policy and the Fit for 55 package.

First, coal and nuclear-based technologies will not be considered in future scenarios.
The first will not be promoted due to the need to reduce GHG emissions, and the latter
has never been exploited in Italy.

Second, renewables such as biofuels, solar and wind will be developed. For electricity
generation, solar will be the most potential technology given its technological and
economic feasibility. Meanwhile, biofuels will mainly be used for transportation and
partly for electricity generation.

Third, the share of natural gas is currently high which in the short term is expected to
remain stable (at least). In case the increases in solar, wind and biofuels do not meet
the electricity demand, natural gas will be utilized.

Forth, imported electricity will be stable or increase. The case of imported electricity
is similar to that of natural gas, in which electricity will be imported in case of domestic
renewables do not meet the electricity demand. However, the binding commitment
to GHG emission reduction will promote imported renewable sources. In other words,
Italy will need to seek renewable electricity exporting countries, probably in the
Balkans and North Africa.

Fifth, energy efficiency measures are encouraged in industry, agriculture, household
and service, etc.

In 2021, before the introduction of FIT for 55, Terna and Snam developed the energy
scenarios called National Trend Italia (NT Italia) for the horizon years 2025, 2030 and
2040, using modelling tools for electricity demand, gas demand and market simulation
(Snam and Terna, 2021).

In these scenarios, there are several points which are similar or updated from the
previous strategies, including:

Electricity production from renewable sources of NT Italia is consistent with the NECP,
although the details on each type of renewable sources have been adjusted, overall
the total production of the two scenarios is similar.

Import-export balance in NT Italia is higher than that of NECP. This is due to the use of
market simulation on the entire EU and an update of the Italian grid. The increase in
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net imports, with the same needs and renewable generation, entails a reduction in

expected thermoelectric production, especially for the reference year 2030 (118 TWh

in the NECP, 100 TWh in the NT Italia.

Gas consumption for electricity generation is similar to that of NECP, although the

overall gas thermal electricity generation is lower in NT Italia. This is due to the

technological improvement considered in NT Italia, which is closer to reality than the

previous scenarios of NECP. Moreover, it can be argued that the consumption of gas

will be accompanied by the development of green gases such as biomethane and

renewable hydrogen.

Specifically, the forecasted installed capacities and generations of the Italian electricity

grid of NT Italia are presented in Table 9.
Table 9. Scenarios of electricity development by 2025, 2030 and 2040

2025 2030 2040

Electricity generation (TWh) 326 331 381
Gas 137 95 103
Coal and other non-RE 8 5 3
Solar (with CSP) 39 70 87
Wind 30 40 71
Hydropower 49 49 55
Other RE 23 23 26
Net import/ export 43 58 53
Loss (perdite accumuli) -1 -4 -5
Curtailment -1 -5 -12
Installed capacity (GW) 120 144 164
Gas 49 48 48
Coal and other non-RE 2 2 2
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Solar (with CSP) 29 52 64

Wind 16 19 25
Hydropower 19 19 20
Other RE 4 5 5

As shown in Table 9, the installed capacity of gas thermal power will be stable at 48
GW,; however, the electricity generation will fluctuate and reach 103 TWh by 2040.
Between 2030 and 2040, the fuel of some plants will be converted from natural gas to
green gas.

Coal will be phased out in 2025, and there will be a conversion of coal into other fuel
plants with lower specific emissions. There will be only about 1 GW of the coal power
plant in Sardinia, until the Tyrrhenian Link will be put into operation to guarantee the
safety of the electricity system. The total combination of coal and other non-
renewable electricity will be stable at 2 GW till 2040, being equivalent to about 3 TWh
of electricity.

Between 2025 and 2040, there will be a constant growth in renewable electricity,
reaching 64 GW for solar and 25 GW for wind (including 4.2 GW offshore) by 2040.
The electricity generation from solar and wind will increase accordingly, at 87 and 71
TWh of solar and wind power by 2040, respectively. The installed capacity and
electricity generation of hydro and other renewables will be stable, at 55 TWh of
hydropower and 26 TWh of other renewable electricity by 2040.

In the same period, the net import and export will also increase. In 2019, the net
import export of electricity between Italy and neighbouring countries was 38.2 TWh.
By 2025, this number will mount to 42.8 TWh due to the phase-out of coal in Italy, and
the (still) presence of nuclear power in France, competitive lignite and coal plant in
Germany and in the Balkan area. In the years 2030 and 2040 a significant increase in
imports is observed (72 TWh in 2030 and 73 TWh in 2040 vs 53.7 TWh in 2025) there
is also an increase in export trade (14 TWh by 2030 and 20.1 TWh by 2040 vs 10.9 TWh
in 2025), which will lead to a constant increase in the energy exchanged in both
directions on the border. Table 10 presents the electricity import and export between
Italy and neighbouring countries.

Table 10. Plan for electricity import and export by 2025, 2030 and 2040
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Import/ Export of electricity | 2025 2030 2040
(TWh)
France Import 27.8 29.2 30.3
Export 2.9 1.9 2.4
Switzerland Import 13.3 22.9 28.8
Export 2.8 2 1.9
Austria Import 2.6 6.7 6.9
Export 1.1 1.1 1.2
Slovakia Import 33 4.2 3
Export 1.1 0.5 1.4
Monaco Import 4.3 4.4 2.0
Export 0.3 0.3 2.4
Germany Import 2.5 4.6 1.7
Export 1.0 1.8 54
Malta Import 0.0 0.0 0.2
Export 1.7 1.6 0.9
Tunisia Import 0.0 0.0 0.0
Export 0.0 4.6 4.5
Total Import 53.7 72.0 71.6
Export 10.9 13.7 18.6
Net import/ | 42.8 58.3 53.0
export balance
Net exchange | 64.6 85.7 90.2
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Recently, due to the impacts of the war in Ukraine, there are some changes in the
national policy to adapt to the increasing price and shortage of supply of energy in
general and natural gas in particular, as well as to release the dependency on foreign
supply of energy. This change aims at maximizing the production of electricity from
fuels other than natural gas (coal and bioliquids). Specifically, the energy sources for
electricity generation are going to be more diverse, with the contribution of RE (MITE,
2022).

From the 15t August 2022 to 31 March 2023, the maximum operation of coal and oil
existing plants contribute to a reduction of about 1.8 billion m3 of natural gas. Together
with other activities in existing plants generating electricity from bioliquids (reducing
operating hours) and diesel (temporary authorization of operation), the total natural
gas saving is 2.1 billion m3 (MITE, 2022).
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CHAPTER 3. LITERATURE REVIEW ON RESEARCH METHODOLOGY

This chapter describes the state of the art on consequential life cycle assessment in
the energy sector in general and the power sector in particular. It includes the
description of the methodology, with focus on the combination of economic and
environmental models for performing C-LCA in the power sector. This chapter will
answer the third research question: What are the methods and the approach for
quantifying and evaluating life cycle environmental impacts as consequences of
changes?

This chapter clarifies the limits in the available methodology applied in research
community for quantifying and evaluating life cycle impacts as consequences of
changes. These are the foundations for proposing a detail framework for conducting
the study, which will be described in the next chapter.

3.1. Consequential life cycle assessment - Concepts

Life cycle assessment (LCA) quantifies the life cycle environmental impacts of a product
system, covering all stages, including raw material extraction and processing; product/
service manufacturing, use and disposal; and transportation (Horne, 2009). The
comprehensiveness makes LCA a particularly effective mechanism for quantifying
different environmental impacts originating from the product’s life cycle including
indirect impacts.

There are two types of LCA approaches, namely attributional LCA (ALCA) and
consequential LCA (C-LCA). In the ALCA approach, inputs and outputs of a product
system are attributed to its functional unit by linking the unit processes of the system
while defining a physical boundary and isolating it from other systems (Bjgrn et al.,
2018). ALCA quantifies the physical inflows and outflows directly related to the
product system, without considering the effects that it can generate on other
economic sectors.

Meanwhile, C-LCA has been developed to quantify the environmental impacts of a
product system in relation with changes within its life cycle (Bjgrn et al., 2018). It
expands the system boundaries by including the marginal or avoided impacts induced
by a change in the product system on other economic sectors. The product system can
be considered as a ‘partial process’ that overlaps and influences other processes
(Georgescu-Roegen, 1971). New spatial and temporal boundaries of the product
system must be defined in C-LCA, according to the goal of the analysis.

To make a clear distinction between C-LCA and ALCA, several authors conducted
systematic reviews on C-LCA methodology (Earles and Halog, 2011; Roos and Ahlgren,
2018; Soimakallio et al., 2011). Other authors reviewed different models for life cycle
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analysis and focused on the outstanding features of C-LCA in capturing environmental
impacts of a product system under economic interactions (Marvuglia et al., 2013;
Sanchez et al., 2012; Zamagni et al., 2012). These reviews indicated that ALCA and C-
LCA are vastly different in terms of application scale for small/large economic sector,
(increased) number of products, (expansion of) system boundary. The differences
between C-LCA and ALCA are summarized in Table 11.
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Table 11 . Comparison between ALCA and C-LCA (Soimakallio et al., 2011; Zamagni et

al., 2012)
Features ALCA C-LCA

Goal To assess potential To assess potential
environmental impacts, | environmental impacts of a
including inputs and outputs of | product system in relation with
a product system per its | changes per its functional unit
functional unit over its life | over its life cycle.
cycle.

Application Answer for question ‘How Answer for question ‘What

things are?’

Hotspot identification or
product comparison.

ALCA is relevant when no
specific decision is at hand for
increasing the understanding
of the causal relations within
the product chain, and
between this chain and the
surrounding technological

systems.

if?’
Reflection of causality.
Used for decision making.

C-LCA is relevant when
rational decision making is
needed. This process requires
information about the
consequences of the decision.

Product system

Normally there is one
product system per a LCA.

The product systems are
broadened to include several
similar or relevant products.

System boundary

Over the product system’s
whole life cycle (from cradle to
grave), or a part of its life cycle
(from cradle to gate, from gate
to gate, from gate to grave).

The system boundary is
broadened to include unit
processes and products as
consequences of change/
intervention.

Functional unit

1 unit of function of product
system.

1 unit of function of marginal
product system.

Functional unit of the whole
system would consist of
multiple functions, including
the main system and those
added by the processes
included in the boundaries.
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Allocation The impacts are ascribed for System boundary is
main product and co-products | broadened to include main
based on economic value | product and co-products, so
(price) or physical value | thereis no need of allocation.
(volume, mass).

3.1.1. Direct vs. indirect environmental impacts

The life cycle environmental impacts of power system, especially renewable power
technologies have been widely studied. For example, Géralczyk assessed the life cycle
environmental impacts of RE at global scale for the whole energy industry (Gdralczyk,
2003), or Balcombe et al. and Fthenakis et al. studied those of RE technologies
(Balcombe et al., 2005, Fthenakis et al., 2008 cited in (Jones and Gilbert, 2018)). Liu et
al. studied the environmental impacts of new energy technologies over its whole life
cycle (Liu et al., 2012).

The life cycle environmental impacts include not only direct impacts arising during the
generation of power, but also the indirect ones. The indirect impacts may lie in the
intermediate products that contribute to the power’s life cycle, e.g. land use impacts
for the development of bio-electricity, impacts from equipment and power
infrastructure, impacts from background processes such as primary energy, fuel
extraction for power generation. Moreover, they may be originated from the affected
products which are related to the power in some ways, e.g. impacts from increasing
battery integration into the power grid on other types of power technologies such as
wind power, solar power or thermal power in the generation mix, impacts from
increasing or decreasing demand on products of power intensive industries such as
metal manufacturing and food processing on power grid structure and capacity.

While the former type of indirect impacts (e.g., impacts from intermediate products)
can be quantified with ALCA as can be seen in the studies of Géralczyk, 2003, Balcombe
et al., 2005, Fthenakis et al., 2008, Liu et al. 2012; the latter types of indirect impacts
(e.g., impacts from affected products) should be quantified with C-LCA. In this thesis,
the term ‘indirect environmental impacts’ is used to denote the latter type of impacts
which originates as the consequence of changes in the product system. These changes
include different types of changes in the socio-economy such as changes in the
governmental policy decision, or changes in the market demand of the studied product
system or any relevant products and co-products.

The comparison of literatures is complex because there are differences in methods
(geographic coverage, temporal horizon, system boundary, applied economic
modelling tools and assumptions) and product systems’ characteristics (different types
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of electric power, grid inclusion or exclusion), etc. Therefore, this chapter briefly
reviewed C-LCA in energy and power sector in terms of applied methods, subsequently
focused on the ability of C-LCA in obtaining results on the direct and indirect
environmental impacts of power system.

3.1.2. Economic causal relationship

Originally, C-LCA was defined as aiming ‘at describing the effects of changes within the
life cycle’” (Ekvall, 2002). Similarly, other authors defined C-LCA as ‘an approach
describing how the environmentally relevant physical flows to and from the
technological system will change in response to possible changes in the life cycle’
(Ekvall and Weidema, 2004) or ‘an approach to estimate how flows to and from the
environment will change as a result of different potential decisions’ (Curran et al.,
2005). Soimakallio et al., who agreed with (Ekvall, 2002), defined C-LCA as a method
for describing potential changes in environmental impacts of a product system in
response to possible decisions that would have been or will be made (Soimakallio et
al., 2011).

These definitions focus on the causal relationship of C-LCA approach which occurs
during different processes over the product system’s life cycle. The two distinguished
features of C-LCA were pointed out: (1) changes in the environmentally physical flows
and (2) as consequences of changes in the life cycle of the product system (Curran et
al., 2005; Ekvall, 2002; Ekvall and Weidema, 2004; Soimakallio et al., 2011). These
changes (effects) occur in the technological (product) system, while the cause of
changes originates from different decisions. These decisions occur during the life cycle
of the product system. There is no limitation on types of decisions, and it may extend
to decisions on technological improvement of a company, or governmental policy
decisions on subsidy for a product, or to limit the consumption of a product.

Some authors extended the definition of C-LCA to include the environmental impacts
on other sectors due to market related changes, that is an increase or decrease in
demand on the product system. For example, Nielsen et al. assessed the
environmental impacts of the product system in which ‘environmental profiles are
compiled by addressing changes induced by a change in demand for the company’s
products’ (Nielsen et al., 2007). Earles and Halog defined C-LCA as ‘an emerged
modelling approach for capturing environmental impacts of product systems beyond
physical relationships accounted for in ALCA’ (Earles and Halog, 2011). In other words,
the common principle of causal relationship of C-LCA was handled under the view of
economic interactions.
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Earlier, Georgescu-Rogen mentioned the solution for including impacts of economic
activities and the energy- material flows by consider the energy sector under a set of
economic processes instead of a thermodynamic flow (Georgescu-Roegen, 1986) and
proposed the passing to the multi process matrix to better cover several socio-
economic indicators which are unavailable in the input-output matrix (Georgescu-
Roegen, 1979).

The economic relations between the studied product system and other economic
sectors, therefore, will cause indirect environmental impacts due to a change in the
studied product system on other relevant product systems and vice versa. As an
example: the EU bioenergy policy requires the bioethanol consumption by 2030, which
causes an increasing demand of this product system in the same timeframe. In order
to meet that demand, bioethanol exporters to EU market, e.g. from Malaysia, have to
produce more bioethanol. This will require more inputs (land, seeds, fertilizers, etc.)
in Malaysia to grow energy crops. At the same time, the amount of co-products of the
bioethanol production process, e.g. animal feeds, will increase. As a consequence, the
environmental impacts of bioethanol product system will now equal to direct impacts
of bioethanol, adding indirect impacts from increased bioenergy production in
Malaysia, subtracting indirect impacts from reduced animal feeds being substituted by
Malaysian animal feeds.

On practice, the coupling of environmental and economic metrics has been studied for
a long time. It started with the effort of linking between demand on energy sources
and an economic activity (Brown and Herendeen, 1996). The consumed resources
were various in terms of natural resources such as copper in Leontief cited in (Brown
and Herendeen, 1996), nitrogen in Herendeen cited in (Brown and Herendeen, 1996)
or social resources such as labour in Bezdel and Hannon cited in (Brown and
Herendeen, 1996). These resources were initially focused on their embodied energy
(Brown and Herendeen, 1996) and were later broadened into energy and material, for
example Raw Materials Equivalents tools and database of Eurostat (Schoer, 2019),
System of Environmental Economic Accounting database of the United Nations (UNSD
and UNCEEA, n.d). This coupling quantified the energy and material used for the
product or service itself, as well as those used in the background processes during the
production of that product or service.

However, there are risks on mixing different approaches based on physical valuation,
e.g. energy analysis, material flow analysis, and economic valuation, for example
double counting (Georgescu-Roegen, 1975), combination of different metrics
(Georgescu-Roegen, 1975) and uncertainty due to transformation of energy (Brown
and Herendeen, 1996). The proposed solution for this analysis was to use a process-
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based matrix which composed of both economic and physical inputs and outputs
(Georgescu-Roegen, 1975). In other words, it is the transformation of pure economic
input-output methodology or pure (physical) energy and material analysis
methodology to get the best of both worlds.

At the same time, C-LCA is usually based on a quantitative analysis, and this can
represent a limit of the methodology, considering that economic growth involves not
only quantitative changes but also qualitative transformations, as suggested by
Georgescu-Roegen (Georgescu-Roegen, 1975). This aspect should be further
integrated in future C-LCA studies or in any case, a trade-off between C-LCA outcomes
and other qualitative aspects should be integrated in multi attribute decision making
processes.

3.1.3. Market boundary

One of distinguished features of C-LCA is the expansion of system boundary; that is,
the inclusion of unit processes (Zamagni et al., 2012) and different products and co-
products (Weidema, 2003) to the extent of the expected changes. At the early time of
C-LCA development, Weidema proposed an approach, in which the expansion of
system boundary was conducted under the ceteris paribus (other things being equal)
assumption (Weidema et al., 1999). The author suggested an approach to identify
affected products in five steps (Weidema et al., 2009, 1999), including:

1) What scale and time horizon does the study apply to?

2) Does the change only affect specific processes or a market?

(

(

(3) What is the trend in the volume of the affected market?

(4) Is there potential to provide an increase or reduction in supply and demand?
(

5) Is the technology the most/least preferred?

This stepwise approach clarified the links between the product systems and unit
processes through intermediate products (ALCA) as well as identified the
consequences on supply and demand of products and co-products (C-LCA) (Weidema
et al., 2009). Due to the limitation of data availability at that time, the scale of change
was assumed to be small (Weidema et al., 2009). Therefore, the suggestion of applying
the ceteris paribus assumption when expanding the system boundary is reasonable.

Frischknecht and Stucki proposed a methodology framework in which different
modelling techniques will be applied depending on the changing agent, its potential
effect and the size of studied product systems (Frischknecht and Stucki, 2010).
Specifically, if the changing agent has small potential consequences (e.g., individual
decision of buying lamps of company X), the ceteris paribus assumption should be
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applied. Meanwhile, if the changing agent has large potential consequences (e.g.,
policy to encourage the consumption of five-star energy rating lamps in country Y), the
mutatis mutandis (‘the necessary changes being made’) assumption should be applied
(Frischknecht and Stucki, 2010).

In the former example, the decision of whether to buy a specific product is applicable
at a small scale, and the consequence of that decision is limited in physical changes;
that is, changes of quantity of environmental impacts without changes in economic
systems. Meanwhile, in the latter example, the decision of introducing a policy to
encourage a product or technology will induce changes in other relevant economic
sectors. In order to accurately quantify the impact, it is necessary to expand the system
boundary. Frischknecht and Stucki concluded that C-LCA, therefore, would be relevant
for quantifying impacts of changes due to governmental policy or strategic
international organization decision in which the investigated object has a relatively
large economic size (Frischknecht and Stucki, 2010).

It is suggested that if the relative economic size of studied product system is small to
medium, i.e. accounting for less than 0.1% or from 0.1% to 1% of the market share,
respectively, the ALCA approach should be applied. In contrast, if the market share of
the studied product system is larger than 1%, the C-LCA approach should be applied
(Frischknecht and Stucki, 2010). Although the criteria are not adequately convincing,
they are the initial efforts of how to deal with system expansion in C-LCA, based on
guantitative economic value.

The system boundary is extended to at least two products in all reviewed studies.
Moreover, it is even extended to several relevant economic sectors. The investigated
products and economic sectors of some reviewed C-LCA papers are specified in Table
12.
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Table 12 . Product systems and affected products of some reviewed papers

Studies

Investigated product systems

Affected products

Coverage of economic sectors

Pizarro-Alonso et al.
(Pizarro-Alonso et
al., 2018)

Waste
waste to energy

management approaches,

Different types of power such as coal,

natural gas, biomass, wind, solar,
ocean, geothermal and nuclear
power

Two sectors of waste management and power

generation

Moora and Lahtvee
(Moora and Lahtvee,
2009)

Waste management approaches

Different types of power

Two sectors of waste management and power

generation

Pehnt et al. (Pehnt et
al., 2008)

Wind power

Thermal power such as power from
coal, lignite and gas

Blanco et al. (Blanco
et al., 2020)

Power to methane

The EU power system

The whole economic system of energy supply and
heat,
and commercial,

demand sectors, including power,

(supply);
residential, industry, mobility and agriculture (demand)

industry,

transport, and supply

Mathiesen et al.
(Mathiesen et al.,
2009)

Power and heat from waste

Energy from coal, oil, natural gas and
biomass

Lund et al. (Lund et
al., 2010)

Power

Energy from wind, coal and natural
gas
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Igos et al. (Igos et al.,
2015)

Six energy final products including

liquid fuels, fuels, coke, refined
petroleum, electricity, products of
mining and quarrying of energy, and

gas, steam and hot water

Six economic sectors of Luxembourg: Agriculture,

Construction, Industry, Electricity production and

distribution, Transport, and Other industries

Gibon et al. (Gibon
et al.,, 2017)

17 energy technologies including
bioenergy, coal, hydropower, natural
gas, natural gas, concentrating solar
power, nuclear power, solar
photovoltaics (solar PV), wind power

and CCS

McDowall et al.
(McDowall et
2018)

al.,

18 power technologies from wind,
solar PV, coal, combined cycle gas
turbine, conventional gas, nuclear,
hydro, oil, biomass and waste

The comprehensive energy supply and demand sectors
of fuel provision sectors, power generation sectors
(Agriculture, Forestry, Coal, Leather, Wood, Pulp &
Paper, Printing & Media, Coke, Nuclear fuel, Chemicals,
Rubber & Plastic products, Other non-metallic mineral
Fabricated metal

products, products) and power

consumption sectors (Agriculture, Pulp & Paper,

Chemicals, Non-Metallic minerals and Other industry)

Raugei et al. (Raugei
et al., 2018)

Solar PV power

Different types of UK on-grid power
such as wind, nuclear, coal, gas and
biomass power

Algunaibet et al.
(Algunaibet et al.,
2019)

The US power system with power

from coal, natural gas, nuclear,

hydropower, biomass, geothermal,
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solar PV, solar thermal, wind,
bioenergy and CCS

Vandepaer et al.
(Vandepaer et al.,,
2019a)

Two types of batteries

On-grid power

Dandres et al.
(Dandres et al,
2017)

The European (EU) electricity and
heat

20 globally economic sectors: Grains and crops;
Livestock and meat products; Processed food; Water;
Textiles and clothing; Light manufacturing; Heavy
manufacturing; Utilities and construction; Transport and
communication; Other services; Coal and lignite
extraction; Gas extraction; Oil and peat extraction;
Minerals; Fuels; Gas, steam and hot water; Electricity;
Forestry; and Pulp, paper, publishing and Wood
products

Elzein et al. (Elzein et
al., 2019)

France grid power with different
price and generation technologies

Normandy grid
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All of the reviewed studies expanded the product system boundary by either
increasing unit processes or including relevant products and co-products. This
approach helps to identify products or technologies being affected as consequences
of changes. However, the ways how these affected products and co-products being
treated were different. Some authors treated the affected product under ceteris
paribus assumption. In this case, they simulated the consequences in the form of
physical changes, or the affected products can be substituted by other similar ones.
These physical changes were modelled through quantifying energy flows; for example
in Jones et al.’s study which used net energy analysis (Jones et al., 2017). The affected
products were treated by substitution and cut-off; for example, the marginal
electricity production was replaced by the power from waste incineration and material
recycling as in Eriksson et al.’s study (Eriksson et al., 2007).

The reviewed papers that applied the ceteris paribus assumption were conducted at
the early time of C-LCA development, when the methodology was emerging. At that
time, most authors focused on the causal relations of change in the product system
and affected product rather than socio-economic relations between them. These
‘claimed to be C-LCA’ studies should be regarded as using consequential concept, in
which they applied consequential approach by mentioning the causal relationship and
its consequences on the environmental impacts of the product system without
considering it under the socio-economic interactions.

Another approach to identify affected products is considering them under the mutatis
mutandis assumption. The changes in the affected products were determined by
reviewing literatures, seeking for stakeholders’ participations, and running economic
models. In power sector, Mathiesen et al. identified marginal energy technologies by
looking at publications on historical and future energy system and existing C-LCAs
(Mathiesen et al., 2009); Dandres et al. took the business-as-usual (BAU) and future
renewable technology mixes from peer-reviewed publications (Dandres et al., 2011);
and Gibon et al. determined the existing power generation mixes and the regional
technology performance from International Energy Agency reports and the New
Energy Externalities Development for Sustainability project, and identified changes in
the future power system structure and fuel consumption due to the increased
adoption of clean power technology based on experts’ opinions (Gibon et al., 2017).

Several authors used economic models to determine marginal technologies such as EU
Electricity Market Model (E2M2) (Pehnt et al., 2008), EnergyPLAN (Lund et al., 2010;
Mathiesen et al., 2009), MARKAL (Choi et al.,, 2012), ETEM (lgos et al., 2015),
Energy2020 (Dandres et al., 2017), Network Impact Assessment Model (Jones and
Gilbert, 2018), TIMES (ETM-UCL) (McDowall et al., 2018), Unit commitment model
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(Raugei et al., 2018), Balmorel (Pizarro-Alonso et al., 2018), Swiss TIMES Energy Model
(STEM) (Vandepaer et al., 2019a) and JRC-EU-TIMES (Blanco et al., 2020).

The changes in product system and its environmental impacts may occur within its
own boundary. These changes may be physical changes of the product system, for
example, change in the carbon stock of land used for bioenergy will induce change in
bioenergy GHG emission. Other examples such as change in the solar radiation
(nature) or wind generator efficiency (equipment), which will induce change in the
output of the renewable energy systems, consequently change the environmental
impacts of the systems. At this point, the consequential approach quantifies the
environmental impacts by taking the absolute value of the impacts of the studied
product system after and before change, without the need to consider the product
system under the linkage with other economic sectors.

It should be noted that this concept does not ignore at all the circularity effect of
conventional LCA, in which (partial) outputs of one process are inputs for others. A
simple example as followings: to generate fossil fuel-based power, we need minerals
or fuels such as coal or natural gas. In turn, we need power (energy) to mine coal or to
exploit natural gas. This creates a loop of physical inputs and outputs over the product
system’s life cycle. On one hand, this loop results in a circulation of energy and material
inside the product system boundary, and at the end of the day, it raises a question of
net energy and material output (Georgescu-Roegen, 1975). On the other hand, we
must not forget the role of other inputs contributing to a product system other than
environmentally physical ones. These include socio-economic inputs such as capital
and labour (Georgescu-Roegen, 1975). As a consequence, it returns to the importance
of identifying the system boundary of a C-LCA (Georgescu-Roegen, 1971).

When being considered under the economic interactions, the system boundary of C-
LCA, goes beyond the physical boundary to extend to the market boundary. The
physical boundary of the product system, as being widely accepted, covers a spatial,
geographical dimension, for example, a region or country during four stages of a
product life cycle: raw material extraction, manufacturing, using and end of life.
Meanwhile, the market boundary covers a market area of several industries and
economic sectors. It also considers market effects; for example, changes in electricity
price and production cost, and sometimes even consider rebound effect and feedback
mechanism.

In any case, still now the establishment of the boundary is one of the most debated
questions of C-LCA. However, including or excluding some processes is sometimes
done inconsistently, using different arguments, which leads to different results.
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3.1.4. Socio-economic interactions

According to Weidema, Earles and Halog, Zamagni et al., while ALCA focuses on the
physical inflows and outflows of environmental impacts of a product system, C-LCA
considers the interactions of economic sectors'® on the product systems and the
relevant environmental impacts (Earles and Halog, 2011; Weidema, 2003; Zamagni et
al., 2012). These authors agreed on the economic interactions in the C-LCA through
the inclusion of market mechanism or economic-based causal relationship.

The most common way to model the economic relationship is combining an economic
modelling tool and LCA. The applicable economic models are either partial equilibrium
model (PEM), general equilibrium (GE), input output (I0) or dynamic models (DM),
which are also common in C-LCA studies in energy sector in general (L. Q. Luu et al.,
2020). Two thirds of reviewed papers applied economic models to simulate the
economic interactions between the power sector and other sectors. The pathway for
integrating these models into C-LCA is running the models to obtain scenarios with
changes in affected sectors and identify affected products/ technologies. These
scenarios and data on affected products/ technologies will be used for running C-LCA.

The good point of integrating economic models, e.g. |0/ PEM/ GE into LCA, is that they
can provide details of the economic causal relationship (Beaussier et al., 2019).
Economic models work with one or several economic sectors; therefore, they either
provide a specific view of one economic sector, or a comprehensive view of the
product system in relations with the economy. This will help to clearly identify the hot
spot economic sectors that contribute most to the impacts. Different economic
modelling tools for conducting C-LCA will be analysed in the section ‘Economic models
for’ of this Chapter.

The economic model based C-LCA accurately tracks the links between environmental
impacts and economic indicators. Dandres et al. applied GE model to predict global
economic perturbation potentially caused by two different European energy policies,
and C-LCA to quantify environmental impacts due to these policies. It was identified
that, among economic sectors, the most impacted sectors were the coal extraction
and power generation ones. Consequently, it contributes to most of the difference in
the environmental impacts across the two scenarios. Moreover, the authors pointed
out that the most sensitive causal relation lied in economic revolution or the change

10 The term ‘economic sectors’ denotes System of National Accounts economic (production)
sectors, which are described in monetary and economic flows UNSTATS 2009. The System of National
Accounts (SNA). European Communities, International Monetary Fund, Organisation for Economic Co-
operation and Development, United Nations and World Bank. New York..
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in the GDP, rather than the change in the demand (Dandres et al., 2011). Similarly, Igos
et al. applied PEM and GE models to evaluate the economic impacts of policy decisions
on energy commodity demand in Luxembourg by 2030 and identify the least cost
technologies to meet that energy demand. The authors identified that the
contribution of other economic sectors, except for energy sector, are quite similar
across studied scenarios. Moreover, most of the environmental impacts originate from
imported commodities (Igos et al., 2015).

Apart from economic causal relationship, C-LCA also covers the social interrelations
among the product system. In this case, the original changes are not limited to the
decrease or increase of consumption and production which are quantitative, but also
include changes in social indicators. This is mostly conducted with the application of
DM such as system dynamics and agent based modelling.

C-LCA based on system dynamics was applied to model sustainability impacts of three
alternative vehicles including internal hybrid, plug-in hybrid and battery EV by 2050
and compared them with internal combustion vehicle (Onat et al., 2016). The increase
in the number of EVs being used caused environmental, economic and social impacts
on carbon dioxide emissions, particulate matter formation, photochemical oxidant
formation, vehicle ownership cost, contribution to GDP, employment generation, and
the human health impacts. With C-LCA approach, it was identified that EVs were
expected to be the best alternative in long-term for reducing human health impacts
and air pollution from transportation. Meanwhile, the result based on average value
indicated that plug-in hybrid vehicles had the largest potential GHG emission
reductions (Onat et al., 2016).

Florent and Enrico combined agent based modelling and C-LCA to model changes in
vehicle private use in Luxembourg in relation with environmental impacts of battery
EVs, plug-in hybrid EVs by 2020, and compared them with gasoline internal
combustion vehicles and diesel internal combustion vehicles (Florent and Enrico,
2015). Different mobility policies cause changes on characteristics and number of
travels, charging patterns and auxiliary use, consequently decrease global warming,
fossil depletion, acidification, ozone depletion and photochemical ozone formation;
and increase in metal depletion, ionizing radiations, marine eutrophication and
particulate matter formation (Florent and Enrico, 2015).

In 2017, Frischknecht et al. has reviewed papers of the 62nd LCA forum, and indicated
that C-LCA goes beyond the marginal mixed and avoided burdens (Frischknecht et al.,
2017). It involves causal modelling, which not only includes economic relationship but
also social responsibility (Weidema, 2016 cited in (Frischknecht et al., 2017). Although
the social responsibility referred by Weidema concerned on the consequences of a
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company’s action, it could be extended to the context of governmental policy
intervention. An example is the impact on social wellbeing and rate of
employment/unemployment, specifically the decreased labour in coal mining industry
and the increased labour in solar PV panel manufacturing, due to the policy on
renewable portfolio standard. In this case, the impacts of policy intervention would be
larger than those of a company decision.

Among the reviewed papers there were only two case studies covering the social
aspects or social relationship of the power system. These studies either simulated the
social agents and their impacts on the product system (Florent and Enrico, 2015), or
simulate the socio-economic interactions of the product system over its life cycle
(Onat et al., 2016).

Although there were not many C-LCA studies on the power sector considering the
social interactions at present, with the call for social inclusion in LCA community and
the consequential impacts of increasing the integration of renewable energy sources
into the power system, it is expected that there will be more need of C-LCA
methodology to work with socio-economic indicators in analysing and assessing
impacts of power system in the context of GHG policy intervention.

3.1.5. Some concluding remarks of the C-LCA methodology

By expansion of system boundary and inclusion of socio-economic interactions, C-LCA
shows its strength in quantifying indirect life cycle environmental impacts of power
sector. Consequently, it is more suitable in analysing and assessing life cycle impacts
of power sector compared to ALCA in the context of energy and environmental policy
aiming at GHG emission reductions.

The expansion of system boundary is observed in all reviewed papers by inclusion of
unit processes, affected products and co-products, and economic sectors to the extent
of changes. Although the affected products are treated differently among reviewed
papers, it should be noted that the selected assumption, either ceteris paribus or
mutatis mutandis, largely depends on the availability of data and the economic size of
investigated product systems. With the expansion of system boundary, C-LCA covers
a larger number of affected products, and relevant unit processes, economic sectors.
As a result, it would comprehensively quantify the environmental impacts which may
be neglected in ALCA.

The inclusion of socio-economic indicators in a C-LCA is frequently conducted by
applying an economic modelling tool. The application of economic models and C-LCA
has the advantages of tracking the links between environmental impacts and socio-
economic indicators, such as product demands or economic growth, domestic market
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or import/export market, and consumer behaviours. Therefore, C-LCA would have an
upgraded advantage of hotspot identification compared to ALCA.

In this thesis, | follow the notion of C-LCA in which

The environmental profile of the product system includes both direct
and indirect impacts, originating from the change in the product
system life cycle, while interacting with other aspects of the economy
and society.

This can only be done by expanding the product’s physical system boundary and
considering the product system under the socio-economic interactions.

3.2. Application of C-LCA in energy and power sectors

The practical application of C-LCA in the energy and power sectors was analysed and
reviewed through 102 research papers being published before 2020. The literature
search was conducted on Web of Science with the terms of ‘consequential life cycle
assessment AND energy sector’ in January and February, 2020. The term ‘energy’ has
been selected instead of ‘power’ because it was assumed that there were studies on
energy sector which included power, heat, fossil fuels, and biofuel. The initial search
gave out 221 C-LCA papers being published from 2005 to the present.

These 221 papers were primarily screened through the titles and abstracts to exclude
ones relevant to food/nutrient energy and ones that assessing energy as a medium
during the production line, instead of the product system. At the end of this primary
screening, there were 118 papers conducting an C-LCA in energy sector, including
reviews, papers proposing framework/ approach and papers with illustrated case
study. Of which, there were 102 papers with illustrated case studies.

Research on C-LCA was scatterly conducted before 2010. The number of papers
increased steadily since 2011 and was at peak in 2017. The numbers of papers by year
and topic are presented in Figure 10.

The literatures mainly focused on three topics: bioenergy, power and other. Papers on
‘bioenergy’ topic accounted for 56% of the total number of papers. This may be
originated from the interrelation of bioenergy and other sectors such as agriculture in
terms of land use change and transportation in terms of globally scaled geographical
lines of biofuels, and social controversy between 1st and 2nd generation of biofuels.

Papers on ‘power’ topic were composed of those studying different types of electric
power, i.e. coal, natural gas thermal power, nuclear power, hydropower, renewable
power, fossil fuel-based power with carbon capture and storage (CCS). It also included
papers studying both power and heat simultaneously (including power as one of the
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product systems or using power as the only input during the product system useful
life) and electric vehicles (EV) which have recently entered as the power system for
regulation purposes through Vehicle To Grid (V2G) initiatives. The number of studies
on the ‘power’ topic was very little in the first half of the research period, but has
recently increased, with six papers in 2019. This can be explained by the change in the
power system, with the integration of such renewable power as wind and solar, and
consequently energy storage systems, which requires the need of a C-LCA approach to
model environmental impacts in relation with power system changes. There were 31
case study papers of C-LCA on power sector at total.

Papers on topics of ‘other’ account for a small number of total papers (20 papers).
These cover different product systems such as fuel cell bus, hydrogen, heat (only),
fossil fuels.

25
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I Bioener 8y other Power Total

Figure 10 . Numbers of articles by years and topics

3.2.1. Geographical coverage

There is a large difference in geographical coverage of C-LCA studies. 74 out of 102 the
case studies are conducted within EU and UK boundary, up to 73% of studies.
Meanwhile, only a small number of studies conducted elsewhere around the world, in
Asia (11), America (8), Australia and New Zealand (2) and Africa (1). Interestingly, there
are five studies conducted at global scale, which try to identify the global marginal
energy mix, for example global nuclear power development (Warner and Heath,
2012), global electric mix (Herbert et al., 2016), global low carbon electricity (Gibon et
al.,, 2017), global biofuel transport (Some et al., 2018) and long term marginal
electricity mix of 40 countries (Vandepaer et al., 2019b).
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3.2.2. Temporal horizon

In term of temporal horizon, two papers (Hou et al., 2017; Moore et al., 2017) out of
102 case studies modelled the change in the past through survey and monitoring
program. Specifically, Hou et al. conducted a monitoring project and a questionnaire
survey on biogas consumption and leakage and digestate quantities for the two
villages in China (Hou et al., 2017). Data in the study were obtained in 2010 to calculate
the GHG balance and in 2014 to evaluate changes in rural household biogas system
(Hou et al., 2017). Meanwhile, Moore et al. carried an analysis of various scenarios
with two control variables: crop management techniques and source of nutrients for
sugarcane crops to examine the effects of replacing chemical fertilizers with vinasse
and filter cake during ethanol production (Moore et al., 2017). These scenarios were
developed for the period of 2011- 2015, and the changes were quantified based on a
substitution approach, through screening governmental document and literature
(Moore et al., 2017).

There are several papers (23% of the total review case studies) which did not clarify
the studied timeframe. The remaining papers studied the change in the product
system for short or medium to long term. The short timeframe is every 30 minutes,
hourly or monthly, and this was applied in five studies (Collinge et al., 2018; Elzein et
al., 2019; Herbert et al., 2016; Roux et al., 2017; Roux and Peuportier, 2013) which
were recently conducted on power/ heat generation systems. For medium to long
term timeframe, there were 56 papers, accounting for 55% of reviewed case studies,
ranging from three to 21 years of cycle crop or lifecycle of the product system
(Fukushima and Chen, 2009; Glogic et al., 2019; Kimming et al., 2015, 2011; Styles et
al., 2016) to 10, 20, 30, or 40 years. The studied timeframe ranged up to 200 years of
forecasting scenarios, with product system of a 6 MW bio heat plant in UK (Brander,
2017).

3.2.3. Applications of economic models

59 out of 102 case studies did not apply any economic modelling. They conducted a C-
LCA by developing different scenarios taken from governmental reports and plans, and
identifying marginal/ affected technologies based on change in carbon flows or
reviewing historical LCA studies, journal papers and published plans with results of
economic model simulations.

The remaining 43 papers applied one or several economic models, in combination with
LCA to model the indirect environmental changes. An example of coupling economic
models and LCA is presented in Figure 11. Among papers that coupled economic
models and LCA, the most frequently applied approaches include Partial Equilibrium
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Model (PEM), General Equilibrium (GE), Input-Output (I0), Agent Based Modelling
(ABM) and System Dynamic (SD) models. A third of papers used several models in
combination, i.e. concurrently applying PEM + GE, or PEM + 10, or GE + 10. The
application of dynamic model such as ABM and SD is less common than equilibrium
and |0 models.

Technological revolutions, Socio-economic parameters
for scenario development

!

Input- Output model Economic models

Inputs Equilibrium model Dynamic model
Capital Outputs
Labor
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Figure 11 . Economic models and LCA for consequential LCA (adapted from (Igos et al.,
2015)

3.3. Consequential life cycle environmental impacts of energy power system
3.3.1. Energy sector

In the energy sector, there is a difference between the direct and total environmental
impacts, which is shown in many studies on LCA of energy systems such as fossil fuels,
biofuel and bioelectricity. Prapaspongsa et al. conducted a C-LCA on Thailand biofuel
and indicated that the inclusion of both direct and indirect environmental impacts
highly affected the total environmental gains and losses of biofuel compared with the
conventional diesel system (Prapaspongsa et al., 2017). Specifically, the impact of
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climate change of 14 million litres palm biodiesel with ALCA is 10,502 tCO.e, while it is
4,599 tCO,e with C-LCA (Prapaspongsa et al., 2017). Moreover, the impact of
freshwater eutrophicationis 5.88 t P eand -2.5t P e, with ALCA and C-LCA respectively.

A large number of studies indicated that, due to off-site effects, the environmental life
cycle impacts of bioenergy are larger at global scale when indirect impacts are included
(Canals et al., 2006; Dandres et al., 2011; Oladosu, 2012; Pehme et al., 2017; Rege et
al., 2015; Styles et al., 2016; Tonini et al., 2016, 2012; Yesufu et al., 2019). For example,
the global warming potential of bioenergy, when indirect land use change effects are
included, increased by three to eight times depending on types of plant based
bioenergy (Styles et al., 2015). Similarly, the global warming impact of bioenergy in
Denmark ranges from -82 and 270 tCO,e per ha over 20 years with inclusion of indirect
land use change. These figures are much higher than those of similar studies without
consideration of indirect land use change, at -360 to 700 tCO,e per ha over 20 years in
Ireland, -500 tCO,e per ha over 20 years in Italy, or -210 to -220 tCO,e per ha over 20
years in UK (Tonini et al., 2012).

3.3.2. Power sector

In the power sector, C-LCA is successful in simulating the indirect environmental
impacts. When the indirect impacts are included, the total environmental impacts that
being assessed with C-LCA are either larger or smaller than those being assessed with
ALCA. This was observed in several case studies that reported both direct and indirect
environmental impacts results such as Pehnt et al., Dandres et al., Igos et al.,
Frischknecht and Stucki, Raugei et al., Vandepaer et al., Blanco et al. and McDowall et.
al. (Blanco et al., 2020; Collinge et al., 2018; Dandres et al., 2011; Frischknecht and
Stucki, 2010; Igos et al., 2015; McDowall et al., 2018; Pehnt et al., 2008; Raugei et al.,
2018; Vandepaer et al., 2019a) (see Table 13).

Pehnt et al. studied the increase of off-shore wind power in Germany and its GHG
emission reduction. The increased off-shore wind power substituted for thermal
power from coal, lignite and gas, causing change in the power mix, operation of power
system, expansion and reinforcement of the grid. The study indicated that in the low
and high carbon certificate price scenarios, respectively, the specific carbon reductions
per kWh offshore electricity in the year 2020 amount to 914 and 646 gCO,e, thanks to
the substitution of thermal power (Pehnt et al., 2008). The inclusion of the offshore
wind power into the power system also affected the operation of thermal power
plants and caused the loss in its operational efficiency, as a consequence, increased
the GHG emissions of wind power, up to 70 and 18 gCO,e per kWh of off-shore wind
power. The emission from wind induced grid extension is 22 gCO,e per kWh. When
the emissions from all processes, including construction, operation and disposal of the
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wind energy park, wind-influenced grid expansion, carbon reductions due to thermal
power substitution and GHG emissions from altered power plant operation were
added up, the total net carbon reduction is 822 gCO,e per kWh and at 606 gCO.e per
kWh (Pehnt et al., 2008).

Dandres et al. assessed the environmental impacts of EU electricity and heat
generation in two EU energy policies, namely baseline and bioenergy, in consideration
with and without global economic development. The quantified impacts included
direct impacts of increased energy generation and indirect impacts due to change
global economic activities served for increased energy generation in the EU. It was
indicated that potential indirect impacts were higher than direct impacts, with impacts
occurring inside the EU border only accounted for 5.5% of the total global potential
impacts. Interestingly, indirect impacts of increased energy in bioenergy policy were
considerably higher than those in baseline policy (Dandres et al., 2011). In other words,
bioenergy policy which harnesses more renewable energy is regarded as being cleaner
compared to the baseline policy, in fact causes more environmental impacts due to its
indirect consequences on global economic activities.

Igos et al. assessed the impacts on human health, ecosystem and resources of two
energy policies: BAU and GHG. The environmental impacts included direct impacts
from energy related processes (energy production: gate to gate contribution of energy
technology and energy import: cradle to gate contribution of the imported fuels and
electricity processes to the final impact) as well as indirect impacts (contribution of
changes in other economic sectors and imports). The contribution of indirect impacts
was up to 50% in all three impact categories. The environmental impacts in GHG policy
were 2-3% lower than those in BAU policy. This difference mainly and directly came
from the energy sector. The contribution of other sectors to the difference of two
policies environmental impacts was less than 0.1% (Igos et al., 2015).

Frischknecht and Stucki used attributional and consequential (decisional) life cycle
inventories to quantify the environmental impacts of French and EU electricity supply
(Frischknecht and Stucki, 2010). The attributional life cycle inventory was taken from
Ecoinvent database and the consequential life cycle inventory was based on
EurElectric, other energy publications and expert opinions. The authors identified that
there was a difference between the obtained results. In the French electricity supply
mix, the GHG emissions rose from 98 gCO,e per kWh with ALCA to 225 gCO,e per kWh
with C-LCA. The volumes of high radioactive waste generated was 11 and 3.8 mm3 per
kWh, respectively (Frischknecht and Stucki, 2010). Similarly, in the EU attributional and
decisional electricity supply mix caused GHG emissions of 554 and 473 gCO,e per kWh
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and generated high radioactive waste of 3.5 and 3.4 mm?3 per kWh, respectively
(Frischknecht and Stucki, 2010).

Raugei et al. conducted a C-LCA on the increased uptake of solar pv on UK grid. The
increase of solar pv capacity impacted the generation mix as well as the grid
development, and consequently global warming potential of solar pv (Raugei et al.,
2018). The authors identified that there was a small difference in the GHG emissions
from the increased solar pv deployment, which originated from background stages of
solar pv and changes in the generation mix (Raugei et al., 2018). Consequently, any
change in the solar pv deployment had no considerable additional emissions of the UK
on-grid power (Raugei et al., 2018) (Raugei et al., 2018).

Vandepaer et al. quantified the environmental impacts of inclusion of battery into the
Swiss power system by 2030. In the current policy scenario, the inclusion of battery
caused the displaced electricity mix which was dominated by natural gas combined-
cycle units (Vandepaer et al.,, 2019a). The inclusion of batteries generated
environmental benefits in 12 of the 16 impact categories, including climate change,
ozone depletion, particulate matter, ionizing radiation, photochemical ozone
formation, acidification, terrestrial eutrophication, freshwater eutrophication, marine
eutrophication, land use and water resource depletion. In low carbon scenario,
marginal electricity generation being displaced due to the inclusion of batteries mostly
came from geothermal and hydropower which already had reduced environmental
impacts. Therefore, the environmental benefits due to inclusion of battery reduced
compared to those of current policy scenario (Vandepaer et al., 2019a).

Blanco et al. conducted an ex-post LCA analysis of results from JRC - EU - TIMES and
estimated the environmental impact indicators across 18 sectors in scenarios that
achieved 80-95% GHG emission reductions by 2050 in EU28+ countries. The results
showed that the indirect CO, emission was as large as the direct one for 80% reduction
target. Moreover, for 95% reduction target, the indirect CO, emission was three times
larger than the direct one (Blanco et al., 2020).

In the study of McDowall et al., the indirect emissions contributed to less than 10% of
the total emissions of power sector in EU by 2050 (McDowall et al., 2018) , which was
a small part, especially compared to the result of Blanco et al.’s study. It should be
noted that while Blanco et al.’s study covered 18 economic sectors, the indirect
emissions in McDowall et al.’s study includes that from energy equipment and
construction (Blanco et al., 2020; McDowall et al., 2018). Moreover, in spite of the
small contribution of indirect emission of power sector in McDowall et al.’s study, the
inclusion of these emissions into the optimization model of the power system made
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the renewable power less attractive and consequently, induced changes in the

structure of the power sector (McDowall et al., 2018).

Table 13 . Direct and indirect environmental impacts of some reviewed C-LCA papers

Studies Product Environmental impacts/ benefits Direct Indirect Variation
system impacts impacts
only included
Pehnt et al. Wind power GHG emission reductions | 914~ 646 | 822~ 606 -10.1% ~
(Pehnt et (8C0O2e/kWh) 6.2%
al., 2008)
Dandres et Electricity Environmental impacts N/A 5.5%
al. and heat
(Dandres et
al., 2011)
Igos et al. Energy Human health, ecosystem and | N/A 50.0%
(Igos et al., | (including resources
2015) power)
Frischknec Power GHG emissions (gCO,e/kWh) 98 225 129.6%
ht and | system
Stucki (French) High radioactive waste | 11 3,8 -65.5%
(Frischknec (mm3/kWh)
ht and
Stucki Power system | GHG emissions (gCO2e/kWh) 554 473 -14.6%
' (EV)
2010) High radioactive waste | 3.5 3.4 -2.9%
(mm3/kWh)
Raugei et Solar pv GHG emissions N/A +2%
al. (Raugei
et al.,
2018)
Vandepaer Lithium Climate change | 7.89 -443 -5714%
et al. | metal polymer | (kgCO,e/MWh)*
(Vandepae | battery
r et al,
2019a) Li-ion 6.68 -439 -6671%
battery
Blanco et Energy GHG emissions (85% emission | N/A 50%
al. (Blanco | (including reduction target policy)
power) (gC0O,e/kWh)
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et al., GHG emissions (90% emission | N/A 200%
2020) reduction target policy)
(gC0O2e/kWh)

McDowall Power GHG emissions N/A 10%
et al. | sector
(McDowall
et al.,
2018)

Notes:

N/A = Not available. No number on direct and indirect impacts was provided in the
studies (Blanco et al., 2020; Dandres et al., 2011; Igos et al., 2015; McDowall et al.,
2018; Raugei et al., 2018). Instead, these authors presented the results on variations
between “direct impact only” and “indirect impact inclusion”.

* These numbers were estimated by the authors based on Figure 3 of Vandepaer et al.
(Vandepaer et al., 2019a).

The mismatch between the total environmental impacts of power sector with and
without indirect impacts was indicated by the cost of power generation. Algunaibet et
al. quantified the life cycle indirect cost of electricity generation in the US and pointed
out that other indirect environmental impacts of the power sector need to be
considered apart from direct GHG emissions. In the study, the costs of electricity were
minimized with constraints on demand, generation potential and capacity factor,
while achieving a particular target on emission. These costs included levelized cost of
electricity (direct cost) and costs to endpoint life cycle indicators including human
health, ecosystem diversity and resource availability (indirect cost, externalities)
(Algunaibet et al., 2019). It was found that by meeting the emission reduction of Paris
Agreement, the indirect costs of electricity generation could be reduced up to 63%
(Algunaibet et al., 2019). In contrast, the withdrawal from Paris Agreement would
cause to a cost up to 1103 + 206 billion USD 2013 in BAU scenario by 2030 (Algunaibet
et al., 2019). When both direct and indirect costs are optimized, the total cost for the
energy system is 373 4+ 164 billion USD 2013 in 2030 (Algunaibet et al., 2019).

Elzein et al. assessed the GHG emissions and the operating cost of electricity
generation of Normandy grid with the inclusion of energy storage system. The
inclusion of energy storage system altered the generation of thermal and nuclear
power plant, consequently, reduced the GHG emissions by 53%. At the same time, the
operating cost reduced by 28% compared to the base case of historic power
generation without energy storage system (Elzein et al., 2019).
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It is indicated that there is a difference in the obtained results of reviewed C-LCA
papers on quantifying the indirect and total environmental impacts. The variation
ranges widely from inconsiderable difference (less than 5%) to 200%, depending on
the investigated product system. In most of the case, the GHG emission and other
environmental impacts are larger with the application of C-LCA, compared to ALCA.
The variations in GHG emission quantifying results also impact the cost for GHG

emission reduction in power system.
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3.4. Economic models for C-LCA

Among reviewed papers, the numbers of studies using the PEM are much larger than

those using the two latter models, with 11 studies compared to two studies applying

GE and five studies applying 10, and two studies applying DM. More interestingly, it is

common that the studies apply several types of economic models, for example, PEM

in combination with GE, and PE in combination with 10. The applications of PEM, GE,

and 10 have the advantage of available data and (energy) economic models.

Meanwhile, The DM is limited in terms of the availability of data and modelling tools,

but works well with socio-economic data (L. Luu et al., 2020). Table 14 presents the

reviewed C-LCA case studies and their applicable models.

Table 14. Applicable tools in reviewed studies

Study PEM | GE 10 DM LR Expert based
Dandres et al. (Dandres et al., 2011) Y Y
Eriksson et al. (Eriksson et al., 2007) Y

Pizarro-Alonso et al. (Pizarro-Alonso et | Y

al., 2018)

Pehnt et al. (Pehnt et al., 2008) Y

Blanco et al. (Blanco et al., 2020) Y

Mathiesen et al. (Mathiesen et al., 2009) Y Y

Lund et al. (Lund et al., 2010) Y

Igos et al. (Igos et al., 2015) Y Y

Gibon et al. (Gibon et al., 2017) Y Y Y
McDowall et al. (McDowall et al., 2018) | Y Y

Raugei et al. (Raugei et al., 2018) Y

Algunaibet et al. (Algunaibet et al., 2019) | Y

Vandepaer et al. (Vandepaer et al., | Y Y Y
2019a)

Elzein et al. (Elzein et al., 2019) Y
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Choi et al. (Choi et al., 2012) Y

Jones and Gilbert (Jones and Gilbert, Y
2018)

Florent and Enrico (Florent and Enrico, Y
2015)

Onat et al. (Onat et al., 2016) Y

Hammond and O'Grady (Hammond and | Not clear Y Y
O’Grady, 2017)

Notes:
Y =Yes

Hammond and O'Grady presented three pathways to a low-carbon power sector of the UK by 2050,
through coal phase-out, and technological innovations in CCS, and combined heat and power. These
pathways were developed through Stakeholders workshop; Quantitative research; and
Interdisciplinary workshop. The authors mentioned applying economic models and interdisciplinary
assessment in the ‘quantitative research’ step; however, it is not clear which models have been used

(Hammond and O’Grady, 2017).
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3.4.1. Partial Equilibrium Model
Conceptual model

The PEM explains the behaviour of supply and demand of the product system as one
part of the economy. The product systems, which are considered with PEM, can be
any product of the economic activities and does not limit to the energy sector. This
economic model focuses on the primary relations of supply, demand and price of the
product system, and considers the product system as being partial closed to other
economic sectors, i.e. the impacts of other economic sectors on the product system
can be linked by changing parameters and variable exogenously (Vazquez-Rowe et al.,
2013).

This type of model analyses the immediate or primary effects of economic
disturbance, or the possible effects of a policy on one or several markets, in which any
change in the price will induce a change in the supply and demand of the product
system. There are three endogenous variables in the PEM: supply, demand and price,
which are determined by the solution of the model (see equations 1, 2 and 3 for a
simple PEM). There are also several coefficients or parameters to reflect the reactions
of demand and supply to the price. Depending on the specific PEM modelling tools,
there are several exogenous parameters such as Gross Domestic Product (GDP),
inflation, population growth, price of input material, investment capital for
technology, etc., which impact either supply or demand. The equilibrium price solution

of the model can be obtained by setting demand being equal to supply.

The mathematical equations for PE are presented as followings:

Qd = Qs (1)
Qq = a—bP (2)
Qs =cP—d (3)

In which:
Qd is the demanded quantity of the commodity;
Qs is the supplied quantity of the commodity;

P is the price of the commodity.
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a, b, ¢, d are fixed or exogenous coefficients/ parameters, which can be altered
depending on the specific PE modelling tool, for example, GDP, population growth,

price of input material, and investment capital for technology.
Operational model

The PEM has been coupled with LCA to estimate indirect environmental impacts
originating from the market force (Ekvall, 2002). For example, Bouman et al. cited in
(Earles and Halog, 2011) examined the effectiveness of several tax instruments in
reducing the amount of mined, landfilled, and emitted lead from batteries. Ekvall and
Andrae cited in (Earles and Halog, 2011) explored the impacts of the lead solder ban
in the electronics industry. Earles et al. analysed energy demand scenarios in case
more wood is used for ethanol production (Earles et al., 2013). Vazquez Rowe et al.
assessed environmental changes in the agricultural sector in Luxembourg linked to an
expected increase in maize cultivation for energy generation (Vazquez-Rowe et al.,
2013).

Due to the fact that the PE model considers the product system without connection to
the rest of the economy, the coupling of PE and LCA is frequently applied to an industry
or an economic sector (Katelhon et al., 2016). Several authors clarified that the PEM
and LCA coupling is suitable to study one or two closely related sectors with 5 to 20
products (Beaussier et al., 2019; Pehnt et al., 2008). This is true for all reviewed case
studies which applied PE and LCA, with a focus on one sector of energy production
(Algunaibet et al., 2019; Blanco et al., 2020; Choi et al., 2012; Collinge et al., 2018;
Dandres et al., 2017; Elzein et al., 2019; Jones and Gilbert, 2018; Pehnt et al., 2008;
Raugei et al., 2018; Roux et al., 2017; Vandepaer et al., 2019a, 2019b), or two sectors
of energy production and waste management (Eriksson et al., 2007; Pizarro-Alonso et
al., 2018) or energy production and agriculture/ forest/ crop growing (Albers et al.,
2019; Earles et al., 2013; Escobar et al., 2017; Menten et al., 2015; Rege et al., 2015;
Rozakis et al., 2013; Tonini et al., 2017; Vadenbo et al., 2018, 2017; Vazquez-Rowe et
al., 2014, 2013).

The coupling of PEM and LCA is mostly applied in macro geographic areas. Most of the
reviewed PEM and LCA case studies (19 out of 24) were conducted at the national
level. There are four case studies using PEM and LCA at the regional scale, e.g.
expanding the geographical boundary to several countries by including import and

export. Katelhon et al. and Beaussier et al., who agreed with this point, identified that
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the geographical boundary of PEM ranges from macro to meso scale (Beaussier et al.,
2019; Katelhon et al., 2016). Interestingly, one case study used PE and LCA at the global
level to identify the long-term marginal electricity supply mixes of 40 countries
between 2015 and 2030 (Vandepaer et al., 2019b).

The coupling of PEM and LCA can run in various time horizons, either very short or
medium, long term. For the very short term, PEM-LCA was applied to identify the
impacts of marginal energy production and consumption hourly, monthly or even
every 30 minutes (Collinge et al., 2018; Elzein et al., 2019; Roux et al., 2017). The
medium and long terms are common among the reviewed case studies, with up to 20
papers conducting a C-LCA over the time frame of 15 to 20 years, and one paper with

the time frame of 40 years.

The high percentage of coupling PE and LCA in the energy sector among reviewed case
studies indicated that it seems to be the most common tool. This may originate from
the availability of energy system modelling tools, which are mostly based on PE
principle, such as NELSON, E2M2, Euroelectric, Energy 2020, ETM-UCL, Balmore,
TIMES, MIRET, MARKAL, Network Impact Assessment Model, Emissions Reduction
Cooperation Model, Energy Techno-Economic Model, JRC-EU-TIMES. The coupling of
PE and LCA, therefore, takes the advantage of available data of energy system

modelling tools.
PEM and LCA models can be coupled following these steps:
e run the PE model to obtain the marginal data, and

e run the LCA model to quantify the environmental impacts related to the
changes in the product system.

As the two models of PEM and LCA are run independently, it is time-consuming and
costly to match PEM results and LCA. There may be an incompatibility between the
outputs of PEM and life cycle inventory databases, for example, marginal products
obtained by PEM are not directly matched with Ecoinvent — the most common life
cycle inventory database (Earles et al., 2013). At the same time, the independence of
the two models also requires each PE model for every LCA (Eriksson et al., 2007). In
spite of these limitations, it is possible to match the outputs of PE and the life cycle
inventory database. The outputs of PEM include marginal technologies and energy

production which are used as the inputs of energy consumption in the LCA model.
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The coupling of PEM and LCA offers the efficient modelling of consequential effects
based on economic indicators. It can model indirect environmental impacts due to
simple changes in supply, demand and price (Beaussier et al., 2019). Eriksson et al.
compared five combined heat and power technologies based on waste incineration
and combustion of biomass or natural gas in Sweden. At a different fuel price, there is
a change in the marginal electricity production and consumption (coal-based or
renewables-based), and consequently in the technologies’ environmental profiles
(Eriksson et al., 2007). Pehnt et al. analysed the potential CO, reduction of offshore
wind power. At different certificate prices, the operation and expansion of the
electricity mix of renewable and conventional power plants turned to be altered,
which consequently changed the net CO, reduction of offshore wind power (Pehnt et
al., 2008). Escobar et al. combined PE and LCA to determine the feedstock combination
for domestic biodiesel production in Spain and quantified its associated impacts. The
PEM was used to predict the optimal feedstock mix based on farmers’ and biodiesel
plant owners’ welfare. Depending on the types and origins of the feedstock mix, the

GHG savings of biodiesel were altered (Escobar et al., 2017).

The coupling of PEM and LCA offers a detailed assessment of a specific product.
Therefore, the C-LCA of one product cannot be applied to other similar products.
Eriksson et al. and Pizarro-Alonso et al. applied PE and LCA in waste-based energy
generation in Nordic countries and Denmark, respectively (Eriksson et al., 2007;
Pizarro-Alonso et al., 2018). These two studies applied the same methodology to the
same product system in a similar context. Therefore, it is expected there should be
similarities among these studies. However, the studies convey two different results. In
Eriksson et al.’s study, the results showed that waste incineration is better than
landfill, but worse than recycling. On the other hand, Pizarro-Alonso et al.’s study
showed climate benefits of waste trade at present as well as in long term. The only
similarity in the two studies’ results is that the environmental benefits of waste-based
energy generation are sensitive to waste management approaches (landfill or recycle)
and energy policy (energy importing/ exporting countries, marginal electricity mix),
which were determined by simulations of PEM for energy system development and

waste management system.
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3.4.2. General Equilibrium Model
Conceptual model

The GE model explains the behaviour of supply and demand of the product system in
the economy as a whole. It considers the supply, demand and price of the product
system in relation to those of other economic sectors. GE expands the modelling to
indirect effects of economic disturbances of different sectors on the market on the
studied system (Beaussier et al., 2019; Katelhon et al., 2016; Vazquez-Rowe et al.,
2013).

Similar to PEM, there are three types of endogenous variables in the GE: supplies,
demands and prices, which are determined by the solution of the model (see
equations 4, 5, and 6). There are also several coefficients or parameters to reflect the
reactions of demands and supplies of the commodities to the prices. The solutions of
the model are at equilibrium, the prices would satisfy the requirement that the

demands equal the supplies of all markets for different commodities simultaneously.

The mathematical equations for GE are presented as followings:

Qia = Qis (4)
Qi,d =4ai,.n— bl ..... nP1,...,n (5)
le - C1 .,nP1,...n dl n (6)

In which:

Qi 4 are the quantities demanded of the commodities;
Q; s are the quantities supplied of the commaodities;

i are the commodities, ranging from 1 to n;

a, b, ¢, d are fixed constants parameters of the economy and commodities, which can

be altered depending on the specific GE modelling tool.
Operational model

The GE model (and its variant Global Trade Analysis Project (GTAP) was coupled with
LCA to assess the indirect environmental impacts in relation to market or policy

changes in the whole economy. For example, Dandres et al. quantified potential global
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environmental impacts on human health, global warming, natural resource and
ecosystem due to changes in the EU’s bioenergy policy and bioenergy generation,
respectively (Dandres et al., 2012, 2011). Oladosu studied the impacts of increased
bioenergy use in the US on global GHG emissions (Oladosu, 2012). Dunn et al.
evaluated global GHG emissions due to land use change for bioethanol in the US (Dunn
et al., 2013). Other authors even combined several economic models of GE, PEM and
IO with LCA, such as Igos et al. evaluated the EU’s GHG emissions due to the energy
policy of Luxemburg (Igos et al., 2015); or Some et al. studied change in bioenergy

policy of US and EU, and its implication on global GHG emissions (Some et al., 2018).

The GE model considers the product system in relation to the whole economy, as a
result, the coupling of GE and LCA covers a large number of sectors and includes
several regions. All reviewed case studies cover several economic sectors and regions,
specifically 20 economic sectors in 13 regions (Dandres et al., 2012, 2011), 33
economic sectors in 18 regions (Oladosu, 2012), 16 economic sectors in Luxembourg
(Igos et al., 2015). Apart from one case study being conducted at the national level to
quantify regional impacts (Igos et al., 2015), the remaining six case studies applied GE
and LCA to assess the global environmental impacts due to changes at the national
level (Dandres et al., 2012, 2011; Dunn et al., 2013; Marvuglia et al., 2013; Oladosu,
2012; Some et al., 2018).

The coupling of GE and LCA shows the highest effectiveness in medium to long-term
studies. All reviewed case studies were conducted for at least 15 years and up to a 30-
year horizon, for example, 15 years from 2006 to 2020 (Some et al., 2018), 25 years
from 2005 to 2030 (lgos et al., 2015), policy by 2030 with GTAP running from 2005 to
2010 (Dandres et al., 2012), 20 years from 2005 to 2025, with GTAP running in 5-year
steps (Dandres et al., 2011), policy by 2030 and GE running from 2001 to 2010
(Oladosu, 2012), and by 2040 (Dunn et al., 2013). There is no study applying GE and
LCA for modelling short-term changes, for example, several years of crop cycle or
hourly/daily power/heat generation, which can be observed in studies combining PEM
and LCA.

The coupling of GE and LCA provides comprehensive outputs thanks to dealing with
indirect environmental effects due to changes in supply, demand, and price of product
systems on different economic sectors. GE-LCA allows to study significant changes

affecting large systems with a global modelling of the economy (Dandres et al., 2011).
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It extends the modelling to off-site effects of other economic sectors on the studied
product system (Beaussier et al., 2019). Dandres et al. compared the results of PEM
and GE-based C-LCA on bioenergy policy and identified that while the indirect
environmental impacts of bioenergy policy are insignificant when being quantified
with PEM-based C-LCA, they constitute the main part of the total environmental
impacts in the GE based C-LCA approach (Dandres et al., 2012). Due to the improved
modelling of interactions among economic sectors, the GE and LCA coupling is deemed

to perform better in quantifying indirect impacts.

GE and LCA are coupled by running a GE model (mostly Global Trade Analysis Project
or its variants) to predict economic disturbances caused by changes in policy or
market. These disturbances will cause changes in demand and production in all
economic sectors. The obtained data is then mapped with inventory databases to
quantify life cycle environmental impacts (Dandres et al.,, 2011). Due to the
incompatibility between the GE results and life cycle inventory, it would require effort
to combine the two databases (Dandres et al., 2011). Also, due to this incompatibility,
some processes or commodities are not available in either GE or life cycle inventory,
consequently, they have been excluded or other similar processes are used (Dandres

et al., 2011). This causes uncertainty in the obtained results.

In order to increase the detail of the studied sector, the input data required for GE
models is directly taken from the PEM simulation or indirectly taken from literature
which are results of PEM simulations to develop policy/market scenarios of the studied
product system (Dandres et al., 2012, 2011; Igos et al., 2015; Marvuglia et al., 2013).
Therefore, it would double the time for data collection and scenario development to
conduct a GE-based C-LCA study, compared to PEM-based C-LCAs. Moreover, the
application of several approaches would again hinder uncertainty during GE and LCA

coupling.

In contrast with the comprehensiveness results offered by GE based C-LCA, one of its
limitations is the low detail at the product level. The affected products and the affected
processes of the product life cycle cannot be clearly identified (Beaussier et al., 2019;
Ekvall, 2002; Katelhon et al., 2016). In the GE model, each main product corresponds
to one economic sector. If there is any change in the manufacturing process of the
product, or any technological revolution occurring during the product’s life cycle, GE

models the change by reducing or increasing the commodity inputs for manufacturing
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that product. Therefore, in order to identify the origin of the environmental impacts
of the product system, several sensitivity analyses need to be conducted. For example,
in order to identify whether the environmental impacts mostly come from imported
or domestic commodity inputs, we need to conduct a lot of sensitivity analyses, by

decreasing or increasing the value of these inputs.

At the same time, there are tens to hundreds of technologies for manufacturing a
product in practice. Therefore, the technological efficiency is modelled in GE as being
average in each economic sector. On one hand, it is impossible to model the
substitution effects among alternative technologies (Katelhon et al., 2016), for
example, introducing a new technology to manufacture an existing product. On the
other hand, it is impossible to trace the rebound effect of technological efficiency
(Dandres et al., 2011), as technology efficiency reduces the price and increases the
consumption of the product, which is in contrast with the modelling principle of GE of

reducing commodity inputs in case of technological revolution.
3.4.3. Input — Output Model
Conceptual model

The 10 model describes economic flows, including production, consumption,
employment and import/export, and their interrelations among different economic
sectors and final users (Beaussier et al., 2019). It allows the calculation of the impact
for entire sectors or economy rather than focusing on specific processes (Blanco et al.,
2020). It shows how parts of an economic system are affected by a change in one part
of that system (the interdependency among industries) in the economy (Beaussier et
al., 2019).

The 10 model explains the relationship between the total outputs of all economic
sectors and the final demand for goods and service (see equation 7). The technological
coefficients determine the output requirements for each economic sector to satisfy
the demand for goods and service. Any changes in the final demand or the

technological coefficients will cause a change in the needed outputs.

I0 model is based on the following equation (Cellura et al., 2011):
X=(U-A)1Y (7)

In which:
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X is the vector of the total outputs needed to satisfy the final demand;
Y is the vector of the final demand of goods and services;
| is the identity matrix;
A is the matrix of technological coefficients.
Operational model

The coupling of 10 (and its variant Environmental Extended Input Output (EEIO) and
LCA has been used to simulate the indirect impacts of changes in products’ inputs and
outputs of several economic sectors. Mathiesen et al. and Lund et al. coupled LCA and
EnergyPLAN to identify marginal energy technologies, applied in the Danish energy
system (Lund et al., 2010; Mathiesen et al., 2009). Cellura et al. assessed the energy
and environmental impacts related to the consumptions of Italian households in the
period 1999-2006 and identified the economic sectors involving the highest impacts
(Cellura et al., 2011). Katelhon et al. used an 10 model (Technology Choice Model) in
combination with the suboptimal decision and factor constraints to determine the
marginal GHG emissions of different biomass energy technology mixes (Katelhon et
al., 2016). Sherwood et al. characterized the food, energy and water intensities of the
US economic sectors (Sherwood et al., 2017). Gibon et al. assessed the human health
and ecological impacts of the global low-carbon electricity over its life cycle (Gibon et
al., 2017).

The coupling of 10 and LCA provides a comprehensive presentation of the economy,
covering 50 industries in all economic sectors in a large geographical coverage
(Beaussier et al., 2019), or up to 428 sectors (Sherwood et al., 2017). It was also applied
at global scale (Gibon et al., 2017). However, in Katelhon et al.’s study, 10-LCA was
used to capture a part of the economy, with a narrow spatial boundary, which assessed
the thermal generation and climate change impact in a hypothetical rice plant in a

province of Pakistan (Katelhon et al., 2016).

Similar to PE-based C-LCA, the coupling of 10 and LCA was either applied for a short-
term horizon (Lund et al., 2010; Mathiesen et al., 2009), with hourly change in the
energy system, or for long-term effects of technological or policy changes (Gibon et
al., 2017; McDowall et al., 2018; Some et al., 2018). The I0-LCA does not consider time
series, it normally accounts for the impacts at a static time (Cellura et al., 2011,
Katelhon et al., 2016; Sherwood et al., 2017).

100



As 10 is based on data from all economic sectors of a country/region(s), the coupling
of 10 and LCA may take advantage of public data such as World Input-Output Database
(Timmer et al., 2015) to develop an IO table (Cellura et al., 2011). The 10 model also
shares a similar computational framework with LCA (Sherwood et al., 2017), so it
requires less effort to collect the data as well as run the model. However, there is a
disagreement in the literature in the requirement of data for the 10 and LCA coupling.
According to Katelhon et al., I0-LCA requires more data than PE/GE-LCA (Katelhon et
al., 2016).

The coupling of 10 and LCA shows its effectiveness also in modelling both direct and
indirect environmental impacts of a product system due to changes in other product
systems. The modelled consequential effects include both simple, direct and off-site
impacts of the economy thanks to the exhaustive background modelling (Beaussier et
al., 2019; Cellura et al., 2011). The case study of Some et al. also showed that the
coupling of GE, 10 and LCA enables a broader consideration of the environmental

effects of biofuel policies than conventional LCA (Some et al., 2018).

One limitation of IO-LCA is that it is based on a fixed price. In other words, the changes
in demand or supply of the product are independent from its price. In order to model
the interaction of price, Lund et al. developed two scenarios of open and closed
electricity markets (Lund et al., 2010). In the open market, the model considers the
connection of the studied energy system with the regional grid, and the electricity
price is affected by the fluctuation in the regional grid market. In the closed market,
electricity prices are determined by the production costs of the marginal production
unit at a given hour. These two scenarios of price, together with technical constraints
and optimized operational cost, were put into 10-based C-LCA to calculate the hourly

marginal electricity and heat production unit to meet the demand (Lund et al., 2010).

Similar to GE-based LCA, the |0 and LCA coupling is complained for its lack of detail at
the product level. It assumes that there is only one product per industry, consequently,
the process is not fully described (Sherwood et al., 2017). Therefore, the technology
revolution in the I0-LCA is modelled to be unchanged. Only in McDowall et al.’s study,
apart from the scenario of no technology change, the authors considered the change
in the process in response to decarbonization policies (McDowall et al., 2018). As the

authors combined PE, 10 and LCA, they can take advantage of the PE model
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simulations of the decarbonization rate of the industry sectors producing energy

technologies.

Interestingly, the study of Katelhon et al. proved that the coupling of 10 and LCA can
provide details at the technology level (Katelhon et al., 2016). They applied an 10
model to determine the marginal GHG emissions of different biomass energy
technology mixes. The 10 model allowed one product is produced by several
technologies, without considering the cost factor. The technology mixes are
determined by factor constraints such as demand and natural resources, and the
inclusion of a sub-optimal decision on the optimized cost pathway. The six scenarios
of technological mixes utilized the engineering-level data therefore providing high

level of technological/sectorial detail (Katelhon et al., 2016).
3.4.4. Dynamic Model

In terms of conceptual models, the coupling of dynamic modelling and LCA has been
used to assess the impacts of dynamic interactions of a product system over its life
cycle. The common dynamic models include ABM and SD. ABM simulates the effects
of one agent on the system, while SD considers different agents’ interactions in the

system as a whole.

Specifically, in the energy sector, the ABM and LCA have been coupled to assess the
life cycle environmental impacts of dynamic product systems. Specifically, Davis et al.
computed the contribution of energy technologies to global warming in case a policy
on the carbon tax is implied while considering the demand, supply and profit of the
technologies (Davis et al., 2009). Miller et al. proposed a framework of ABM and LCA
to understand the development of renewable energy technology for 20 years using
Bayesian probabilities (Miller et al., 2012). Florent and Benetto assessed the
environmental impacts of the electric vehicles under different mobility policies in
Luxembourg between 2013 and 2020 (Florent and Enrico, 2015).

SD and LCA have been coupled to understand the impacts of the product under the
systematic and dynamic interactions over time. Onat et al. assessed the life cycle
sustainability of conventional, electric, hybrid and plug-in hybrid vehicles in the US
from 2015 to 2050, in which seven sustainability impact categories are dynamically
qguantified (Onat et al., 2016).
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The review indicates that the coupling of dynamic models and LCA is applied to one
sector. This coincides with Beaussier et al.’s study, which clarified that ABM-LCA was
frequently used for one (or several) product(s) of one sector (Beaussier et al., 2019),
with one product (Davis et al., 2009; Marvuglia et al., 2017; Miller et al., 2012; Zhao et
al., 2016) and four products (Florent and Enrico, 2015; Onat et al., 2016).

The coupling of dynamic models and LCA shows its effectiveness in modelling changes
in the medium to long term. The changes in the product system are modelled for 8 to
40 years (Florent and Enrico, 2015; Marvuglia et al., 2017; Miller et al., 2012; Onat et
al., 2016). Interestingly, the coupling of dynamic models and LCA offers the simulation
for time serial, for example, one year step of product/ technology evolution (Marvuglia
et al., 2017; Miller et al., 2012).

The combination of dynamic models and LCA performs well in modelling the
technological change at a very micro level, but can also model the sector interactions
at a very macro level. At the technological level, some authors applied ABM and LCA
to evaluate the environmental impacts of an emerging technology. Miller et al.
modelled the technology producing bioenergy from switch grass in the US, in which
the adoption of technology is analysed under behaviour agents of individual resistance
to change, profitability and familiarity on land adoption for biomass-based energy
(Miller et al., 2012). In Florent and Benetto’s study, the environmental impacts of four
different types of electric cars are modelled with the decisional agents based on types
of car, segment, consumption weight, travelling distance, and selling of car during the

use phase under four policy scenarios (Florent and Enrico, 2015).

At the macro level, Onat et al. applied the SD-LCA to model the life cycle impacts of
four different types of US vehicles in relation to three pillars of sustainability:
economy, environment and society (Onat et al., 2016). The modelling, therefore,
provides a comprehensive view of the sustainability of the US transport system (Onat
et al., 2016).

The coupling of dynamic models and LCA works with socio-economic data. On one
hand, it would be problematic to collect the specific behaviour and socio-economic
data, which sometimes is unavailable (Florent and Enrico, 2015; Miller et al., 2012).
Moreover, it causes a great deal of uncertainty due to the availability of data, and

dependence on scenario and hypothesis (Florent and Enrico, 2015; Miller et al., 2012;
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Onat et al., 2016). This limitation, consequently, makes it a predictive approach of

forecasting how the change will occur more than for accounting purposes.

On the other hand, it performs well in modelling detailed systems with complex social
and economic consequential effects, which is great in assessing sustainability over a
product life cycle. In fact, the coupling of dynamic models and LCA is the only
combination that can model the social impacts such as employment, public welfare,
human health (Onat et al., 2016) and social behaviour such as farmers/producers’
(Davis et al., 2009, Miller et al., 2012, Marvuglia et al., 2017) and consumers’ decision
(Florent and Enrico, 2015; Onat et al., 2016). As a result, it is suitable to the problems

that are not totally driven by economic terms, but also social-behaviour driven.
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CHAPTER 4. PROPOSED FRAMEWORK & DATA

Following the conceptual description of consequential life cycle assessment, this
chapter will describe the operational model in detail. Based on an analysis of the
strengths and limitations of available modelling tools, a hybrid framework of input
output analysis and process-based LCA for conducting a C-LCA in the power sector will
be proposed. The framework will be followed by a description of collected input data
served for the calculation.

Similar to the previous chapter, this chapter will answer the same research question:
What are the methods and approaches for quantifying and evaluating life cycle
environmental impacts as consequences of changes? However, instead of focusing on
the conceptual model in the previous chapter, this chapter includes a specific
operational framework for conducting a C-LCA on the Italian power system.

4.1. Hybrid framework
4.1.1. Comparison of modelling tools

The PEM explains the behaviour of supply and demand of the product system as one
part of the economy, which makes it a suitable tool to estimate indirect environmental
impacts originating from the market force when being coupled with C-LCA. The
coupling of PEM and LCA is frequently applied to an industry or an economic sector to
model changes at the macro level, at the national or even global scales. The coupling
of PEM and LCA can perform well in various time horizons, from the very short time
frame to long-term period. Although it is simple to conduct PEM-based C-LCA, it
cannot provide the technology or process details. The availability of PEM for the
energy sector, and its relevant input data for the PEM running make it the most
frequently used in coupling with LCA for quantifying both direct and indirect
environmental impacts of the energy sector. Although there are complaints on the

incompatibility between PE and LCA, it is possible to match the two approaches.

The GE model explains the behaviour of supply and demand of the product system in
the economy as a whole, which makes the coupling of GE and LCA perform well in
modelling indirect environmental impacts in relation to market and policy changes in
the whole economy. The coupling of GE and LCA is suitable for modelling several
economic sectors in a large number of regions, and it shows the highest effectiveness
for modelling medium to long-term change. Therefore, it provides a comprehensive

view of the product system in relation to the economy. Compared to PE, GE requires
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more time for collecting data and matching the obtained results to LCA models.

Besides, its limitation lies in the incapability of modelling details at the product level.

The 10 model describes the economic flows of different sectors in the society,
therefore, the coupling of 10 and LCA can be applied to model the indirect impacts of
changes in products’ inputs and outputs of several economic sectors. The coupling of
10 and LCA can cover all economic sectors in a large geographical boundary. It can be
applied for short-term to long-term horizons. Its strength lies in the effectiveness in
modelling indirect impacts of a product system due to changes in other systems, with
the availability public 10 database and a similar framework with LCA. It limits in
modelling principle of independence from price and lacks detail at the product level.
However, some exceptional examples from the review indicate the application of |0-
based C-LCA for modelling the causal relationship of price and product system, as well

as providing the product details.

The dynamic model simulates the effects of one agent on the system (ABM) or
considers different agents’ interactions in the system as a whole (SD). The coupling of
ABM and LCA is used to model the environmental impacts of a dynamic product
system, for example, innovative technology, while the SD and LCA coupling is applied
to understand the impacts of the products under complex systematic and dynamic
interactions over time. The dynamic models and LCA coupling normally covers one
economic sector, and a medium to long-term horizon. The coupling of dynamic models
and LCA performs well in modelling technological change at a very micro level, and
sector interactions at a macro level. Although it is quite complex to conduct a C-LCA
based on dynamic models, the coupling shows the most effectiveness in modelling
socio-economic indicators and offering diversified outputs of both quantitative and

qualitative indicators of sustainability.

With the application of different modelling tools for C-LCA, it is expected that there
will be a difference in the obtained results. For example, Dandres et al. assessed the
bioenergy policy in the EU with PEM and GE and identified that with the application of
PEM-based LCA, the global warming impacts are smaller compared to that obtained
with GE-based LCA. With the application of GE and the inclusion of economic
evolution, the potential impacts from China as an emerging market, caused a huge
increase in the total global warming impact. For example, the potential life cycle

impact of EU bioenergy policy in/from China is around 5*10° kgCO,e with PEM-based
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LCA, while this number is 2.5%10'2 kgCO,e with GE-based LCA (Dandres et al., 2011).
This also happened to other markets such as South Asia, North America, Middle East
and North Africa, etc. and other environmental impact categories such as human

health, ecosystems and natural resources (Dandres et al., 2011).

Regardless of the used model, it is important to highlight that LCA studies have
generally an intrinsic uncertainty related to various factors (i.e. difficulty in the survey
of data, lack of detailed information sources, data quality, etc.) (Ardente et al., 2004).
Thus, transparency of the studies and the use of sensitivity analysis are paramount for

improving the reliability of the results (Ardente et al., 2003).

A summary of the different models for C-LCA is presented in Table 15.
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Table 15. Features of the models for C-LCA

PEM+LCA GE+LCA 10+LCA ABM+LCA SD+LCA
Application - Apply for changes |- Apply for changes | - Applyfor changes dueto | - Apply to changes of one | - Apply to changes in the
originating from  the | originating from the | economic interactions agent in a socio-economic | whole system in a socio-
market force, disregard | market force, with regard context economic context
the whole economy to the whole economy . - One economic sector - One economic sector
- All economic sectors
- One industry  or | - All economic sectors . . . - Medium to long term - Medium to long term
economic sector - Medium to long term - Various time horizon
- Various time horizon
Input data Price, demand of the | Price, demand of all | Inputs, outputs of goods | Cost, consumption | Cost, consumption
studied product system, | commodities, and service, consumption | pattern of the studied | pattern of the studied
consumption of | consumption of | of environmental inflows, | product system, | product system,
environmental inflows, | environmental inflows, | and emission factors environmental inflows, | environmental inflows,
and emission factors and emission factors and emission factors. and emission factors.
Obtained - Environmental and economic indicators (quantitative) - Environmental and socio-economic indicators
results (quantitative and qualitative)

E.g. Change in GHG emission (tCO,e) and animal feed supply and demand (one ton

of animal feed) over time due to increased bioenergy demand or power production

Change in natural resource depletion (kg of used metal) and generation of different

types of power (at an equilibrium power price) due to an increase in solar pv capacity

and generation

E.g. Changing pattern of land for energy crops over

time due to change in bioenergy demand; changing

area of land for energy crops (ha) due to change in

farmer behaviour
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Change in climate change impact (tCO,e) and power production and structure of

power system by 2030 (at a carbon price) due to policy on renewable portfolio

standard

Dynamics of annual human health impacts for a 20-

year period (DALY) due to the application of an energy

policy

Reduction in indirect cost (million USD) of electricity

generation due to

implementation of the Paris

Agreement
Strengths - Availability of data and | - Availability of data and | - Availability of public |- Good at modelling |- Good at modelling
energy development | global trade model database technological changes at a | technological changes ata
model . micro level macro level
- Share a  similar
- Provide product detail framework with LCA - Ability to work with | - Ability to work with
socio-economic data socio-economic data
Limitations - Incompatibility between | - Incompatibility between | - Price independence - Difficult to collect data | - Difficult to collect data

PEM and LCA, but not too
difficult to match two
models

GE and LCA, and effort to
match two models

- Lack of product detail

- Lack of product detail

and complex to run the
model

and complex to run the
model
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4.1.2. Hybrid method of Input Output analysis for C-LCA

The coupling of economic models and life cycle assessment quantifies both direct and
indirect environmental impacts of a product system to the extent of change in the
technological development and socio-economic context. During the period of 2006-
2020, the commonly used economic models includes PE, GE, input-output, agent-
based modelling and system dynamics, in which the coupling of PE and LCA is the most
frequent combination. There is a trend in combining several economic models such as
PE and GE, partial equilibrium and input-output, and GE and input-output with LCA to
get the highest effectiveness of each economic modelling tool.

The coupling of PE or GE and LCA estimates environmental impacts from the changes
due to the market mechanism, with some strengths in the availability of modelling
tools and relevant input data. PE or GE and LCA models are inharmonious in their
databases and modelling approaches. It is not too difficult to match PE and LCA, while
takes some effort to match GE and LCA. The coupling of input-output and LCA works
well in modelling environmental impacts induced by economic changes thanks to the
availability of public input-output databases and similar frameworks with LCA.
However, the input-output and LCA coupling simulates the change with independence
from price and lacks product details. The dynamic model and LCA combination
simulate the social and environmental impacts, but running a dynamic model is
complex and takes a lot of effort for collecting input data for the models. The choice
of using one or more economic models combined with LCA may be determined by the
goal of the study, the nature of the changes due to market mechanisms, economic or
social origins, and the availability of data.

In this thesis, the hybrid method of input-output and process-based LCA has been
selected to assess the consequential life cycle environmental impacts of the Italian
power system. First, the technological and socio-economic parameters are collected
for constructing the power and socio-economic development scenarios. These
scenarios will be integrated into the input-output tables. At the same time, the
process-based data will be included in input-output tables to provide the power
system’s details. The combination model of input-output analysis and process-based
LCA will be applied to obtain the results on consequential life cycle impacts of the
Italian power systems in the context of climate change policy.
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Figure 12. Framework of the hybrid method
The framework of the hybrid method is presented in Figure 12.

(1) First, two types of data, including input output data and data for the integration
are collected. 10 data such as the Italian and multiregional input output (MRIO)
tables and NAMEA air tables are collected from Istat and EXIOBASE. data for the
integration is collected from (Snam and Terna, 2021) for power development
scenarios, and from the ecoinvent database for direct air emissions of power
generation technologies. Detail of collected data will be presented in the next
section.

(2) From 10 data, the MRIO model with two regions of Italy and Rest of the World
(RoW) and 36 economic sectors will be constructed.

(3) In combination with the power development scenarios, the Italian electricity
sector is disaggregated into seven power generation technologies, for both
intermediate flow matrices and final demand vectors in Italian IOT. Similarly, in
the environmental burden matrices, the air emissions of electricity sector are
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disaggregated into emissions of seven power generation technologies. At this
time, the model composes of 42 sectors (36 economic sectors - 1 electricity
sector + 7 power technologies). The mathematical equations for disaggregating
different matrices and vectors will be presented in the next section.

(4) The model is calculated with historical data of 2010 and 2017 (reference
scenario) and replicated for the future scenarios of 2025, 2030 and 2040. The
simulation is conducted with Python.

4.1.3. Mathematical model for I0-based C-LCA

The consequential life cycle environmental impacts of further inclusion of renewable
energy into the energy system will be calculated following these equations:

Ie =v(f) (8)
In which
I is the total life cycle impacts of all products

y is the environmental coefficient

f1
£2

fn

fis the vector of products including f1, f2, ..., fn products, f =

Leontief equation to calculate the total gross output of the economy needed to meet
the final demand, presented as followings:

X(HH=U—-A7xY(f) (9)
In which
X(f) is the total gross output of the economy needed to meet the final demand
l'is the identity matrix
A is the technological coefficient matrix

Y(f) is the final demand of products
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Adapting the Leontief equation for quantifying the environmental impacts of
industries and final consumptions to calculate the life cycle environmental impacts,
we have:

Ie=SxX(f)=SxI—-A)"'xY(f) (10)
In which
Sis the pollution coefficient matrix

Providing that the renewable energy will be included into the energy system, at an
amount &, the life cycle impacts will change into I’

I'ic=v(f +6) (11)

Similarly, applying the Leontief equation to quantify the life cycle impacts of all
products f with the inclusion of renewable energy §, we have:

I';c=S"XX(f+6)=S"xU—-A)TxY(f+6) (12)
In which

I', - is the ‘after-change’ life cycle impacts (life cycle impacts after the inclusion of
renewable energy)

S’ is the ‘after change’ pollution coefficient matrix
A’ is the ‘after change’ technological coefficient matrix

Y(f + &) is the ‘after change’ final demand of products (final demand of products,
with the inclusion of demand on renewable energy)

Now, we will have the consequential life cycle impacts of renewable energy I;;ca,
calculated with the following equation:

Iepca=T1c—lLe=S"XU=-A)TXY([f+86)-SxU-A"xY(f) (13)

Similar concepts of C-LCA, which induces the formation of equation (13) can be found
in (Schaubroeck et al., 2021). The Leontief’s equation can be found in (Leontief, 1970)

In this study, the consequential life cycle impacts of renewable energy will be modelled
by creating different scenarios of developing the energy systems to 2040. The year
2017 will be used as the baseline or the ‘before change’ scenario and scenarios of

113



2025, 2030 and 2040 are the ‘after change’ ones. Because there are several ‘after
change’ scenarios’, the scenarios will be indicated by the time (t) for the simplification.
For example, Sz030 denotes the ‘after change’ pollution coefficient matrix in 2030; Y;025
denotes the ‘after change’ final demand in 2025.

The consequential life cycle impact will be quantified from both production-based and
consumption-based perspectives in a multiregional context, presented as followings:

pa=Fie + F} (14)
tba=My' +E  (15)
F;;ba is the life cycle emission of production-based accounts of region i

F! is the direct emission of production activities of region I; e is an appropriate
summation vector

Fyi is direct emission from consumption activities of region i
Fl,, is the life cycle emission of consumption-based accounts of region i
M and y* are the multiplier matrix and the vector of final demand of region i

From the production-based perspective, the emissions include direct emissions from
production activities plus emissions from final consumption. Meanwhile, from the
consumption-based perspective, the emissions composes of emissions from all
activities to meet the final demand. In other words, it includes emissions from
domestic production plus import, and excluding exports. In the multiregional context,
the global emissions will be the same in case of being quantified from different
perspective. However, at national scale, the differences in emissions embodied in
import and export will cause the difference in emissions from production-based and
consumption-based perspectives.

4.2. Data

4.2.1. Inter-industrial Coefficient Matrices

The inter-industrial coefficient matrices A present the relationship among different
industries (or sectors) of an economy, in which products (or outputs) of one industry
are used as inputs of other industries, or in other ways, indicate the inter-industrial
relations of the amount (or value) of intermediate products to produce other products.
The A matrix in the baseline scenario (before change) is developed based on the input
output tables (IOTs). While the data for A matrix in future scenarios (after change) is
the combination of IOT with the integration of power development scenarios. The
following section will describe the data collection for A matrices in different years of
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2017, 20125, 2030 and 2040, specifically the introduction on I0Ts and procedures for
integrating future energy development scenarios in IOTs (A matrices of future years).

The first concept of Input Output Analysis (IOA) was introduced and developed by
Wassily W. Leontief since the 1920s’. After about 60 years of studying on this topic, his
collection of journal papers has been published in the “Input-Output Economics” book,
containing the concepts and various applications of IOA. Basically, IOA is an economic
method for understanding the socio-economic interactions within the production
industries and between the production activities and final consumption, in relations
to material and resource consumptions, labor use and price!!(Leontief, 1951). These
socio-economic interactions are structured into input output tables (10Ts). A simple
IOT is presented in Figure 13 below.

. . Gross
Agriculture | Industry Service Household
Output

Agriculture A-A
Industry I-S I-H
Service S-I
Household H-1
Gross Input

Figure 13. A simple Input Output Table

The rows of the IOT present outputs of sectors being distributed among sectors, and
the columns indicate needed inputs from different sectors. In Figure 13, it is assumed
that the economy includes four sectors, namely agriculture, industry, service and
household, with four corresponding outputs including agricultural products, industrial
products, service and labour (provided by the household sector, presented by the
yellow cells in Figure 12). By columns, there are three production sectors!? of
agriculture, industry and service (presented in green cells) and one consumption
sector of household (presented in blue cells). By rows, these four sectors provide
outputs which will be used as inputs for themselves and other sectors. For example,

1 Leontief, 1951. Input Output Economics, Chapter 1, pp.5-14

12 Though being called as “production sectors”, these sectors play the roles of both producers
and consumers. They produce intermediates for other production sectors and final products/
service for consumption sectors. At the same time, they use intermediates produced by other
production sectors and labor from the household sector. This is also the case of consumption
sectors. The terms production or consumption sector are used to present the different between
supply (production sectors) vs demand (consumption sectors); and material input requirement
(provided by production sectors) and labor requirement (provided by households).
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the cell A-A is the amount of agricultural product of the agriculture sector used for this
sector’s own purpose. The cell I-S is the amount of industrial products of the industry
sector supplied for the service sector. Vice versa, the cell S-l is the amount of service
supplied by the service sector for the industry sector. The cell H-1 presents the amount
of labour of the household sector used in the industry sector. As outputs of one sector
will be used as inputs for other sectors, the gross output (the last column in Figure 13)
equals to the gross input (the last row in Figure 13).

One distinguishing feature of I0A is the capacity of presenting complex transactions
among industries and between industry and final consumption. Firstly, we can see the
industry purchase of intermediate inputs (and labour use) are connected to the other
sectors’ outputs, which are the interrelations among industries, presented in green
cells (and the first three yellow cells) in Figure 12. At the same time, we can see that
the industry purchase of inputs is determined by final consumption, which are the links
between blue cells and green cells in the Figure. For example, the final consumption
of industrial products (cell I-H) is connected to the uses of agricultural products,
industrial products, service and labour in the industry sector.

The inter-industrial relationship indicates the technological structure, which includes
the coefficients of each intermediate input Z to the gross output X of the
corresponding industry, or the ratio of green cells dividing by the first three rows of
the gross output column in Figure 12. This is called the inter-industrial coefficient
matrix or A matrix*3.

The Italian IOT has a breakdown of the economy into 63 industrial sectors,
corresponding to 63 products. The classification of sectors and products follows the
classification of sectors/ products by activity (CPA), with reference to NACE A*64. The
coding structure of CPA corresponds to that of NACE up to the fourth level'* (Eurostat,
2008). The final consumption composes of the final consumption of households, of
non-profit social institutions serving households (ISP) and of public administration
related to distribution and redistribution of income. Besides, there are final payments
including inventory changes, export and investment. The final consumption together
with the final payment will make up the total expenditures. The sum of industry
purchasing and total expenditure is gross output. Similarly, the sum of industry

13 The A matrix is different from the T matrix which is normally used in process-based LCA.
Both matrices show the relation between the intermediate inputs and final product outputs.
However, A matrix is based on economic or monetary value of industries, for example €, while
T matrix is based on physical requirement of technologies.

14 NACE Rev 2 guideline p.42
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production and total accumulation is gross input. The structure of Italian 10T is
presented in Figure 14 below.

Sector/ Product (CPA*63) Total iture
Agriculture Production of Industry Final Inventory Investment Export Final payment| Gross output
goods and |purchasing (1)| consumption change @) M+@)

services for
their own use
by families
and
partnerships

Sector/ Product (CPA*63) RO1 RT R

Agriculture

Production of goods and services for their own
use by families and partnerships

Consumption of intermediates
Tax - Subsides
Total consumption of intermediates

Net wages

Other net tax

Depreciation

Net operating income

Gross operating profit
Added value

Production

Import

Gross input

Figure 14. Structure of Italian Input Output Table

The Italian 10Ts are published every five years by ISTAT. The most updated 10T was
published in 2017, therefore, in this study the 10T for 2017 was used. The
corresponding A matrix with 63 product-by-product of the Italian 10T for 2017 (A017)
is presented in Appendix A.

If we assume that any change in the product system will contribute to a small part of
the economy, the ‘before change’ A and ‘after change’ A matrix would be similar.
However, it is not the case for the energy/ electricity sector. In fact, the inclusion of
renewable energy and energy efficiency measures into the energy system will induce
changes in the A matrix. It would directly cause changes in electricity sector in matrix
A, consequently changes relevant economic sectors providing inputs for the electricity
sector direct and indirectly.

The changes in the electricity sector and relevant economic sectors are modelled by
integrating the power development scenarios into the A matrix. With the integration
of these scenarios, the ‘before change’ A matrix will become the ‘after change’ A. In
these cases, the ‘before change’ A matrix is the baseline of 2017 (A,017) and the ‘after
change’ A matrices are matrices of future scenarios with the changes in energy-related
sectors (Azo2s, Az030 and Ajos) the ‘before change’ A matrix will be integrated with
power development scenarios of corresponding future years to obtain ‘after change’
A matrix. For energy supply development scenarios, the data of Terna and Snam will
be used. The power development scenarios has been described in detail in Chapter 2.
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During the integration of energy supply development scenarios into the A matrix, the
scenarios are adapted to the electricity sector and cause corresponding changes on
other economic sectors. In Italian 10 tables, the electricity, gas and steam sector is
divided into three subsectors. (1) Electricity supply subsector includes electric power
generation, transmission, distribution and trade. (2) Gas supply subsector includes the
manufacture of gas and the distribution of natural and synthetic gas to consumers. (3)
Steam and air conditioning supply includes production, collection and distribution of
steam and hot water for heating, power and other purposes, production and
distribution of cooled air, production and distribution of chilled water for cooling
purpose and the production of ice for food and non-food purposes. The details of these
subsectors will be discussed in Section 3 on “Aggregation and dis-aggregation of
matrices”.

As mentioned in Chapter 2 CHAPTER 2. ENERGY CLIMATE POLICY AND ITALIAN ENERGY
SECTOR, the Italian electricity generation technologies in 2017 comprise of natural
gas-based power, coal and other fossil fuels-based power, hydropower, wind power,
solar power and other RE-based power. By 2025-2040, the generation mix will change
towards a decrease in fossil fuels and an increase in RE. Table 16 below is the
combination of Table 9 and Table 10 in Chapter 2, with the grouping of power
generation technologies. It indicates the percentage of power generation technologies
contributing to the grid mix between 2017 and 2040. These data of the National Trend
Italy developed by Terna and Snam will be deployed for the energy supply
development scenarios.

Table 16. National Trend Italy scenarios

Share of technologies (%) 2017 2025 2030 2040
Coal and other non-RE (oil) 12.9 2.4 1.5 0.8

Gas (natural gas and others) 44.4 41.6 27.9 25.9
Solar (with CSP) 54 11.9 20.6 21.9
Wind 7.5 9.1 11.8 17.8
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Hydropower 11.1 14.9 14.4 13.8
Other RES  (geothermal,
biogas, solid and liquid
biofuel) 7.1 7.0 6.8 6.5
Net import/ export 11.6 13.1 17.1 13.3
Total percentage (%) 100 100 100 100

The I0Ts published by ISTAT divided the economy into 63 products/ sectors, and do
not offer any details in electricity sectors. Meanwhile, the energy supply development
scenarios of Terna and Snam present a detail development plan for the energy sector,
by different energy technologies, including import and export. Therefore, the
disaggregation of the energy sector in I0Ts into detailed energy technologies is crucial
in order to match the IOT and energy development scenarios.

For the disaggregation of the energy sector into detailed energy technologies, a row
vector of electricity share ves will be created, in which the columns of the vector are
the shares of detailed energy technologies. The sum of the columns equals to one.

The disaggregation of the energy sector is presented in matrix Aeje, Which is calculated

with the following equation:

— T
At—ele = Vtes * A2017—ele * Vt_es (14)

In which:

Actele is the disaggregated matrix of electricity sector in year t

Az017-ele is the original vector of electricity sector in 2017

Vies IS the vector of electricity share in year t

Ves' is the transpose vector of v
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The consumption of inputs from different economic sectors for the production of the
energy sector are presented in matrix A’othele and calculated with the following
equation:

At—oth,ele = My_jg * Viges * A2017—0th,ele (15)
In which:

Atoth, ele IS the matrix for intermediate inputs from other economic sectors to the
electricity sector in year t

Az017-0th, ele IS the original matrix for intermediate inputs from other economic sectors
to the electricity sector in 2017

M¢.is is the matrix of input supply from other economic sectors to the electricity sector
in year t. The sum product of mjs and ves equals to one.

The consumption of energy for different economic sectors are presented in matrix A:.
ele.oth- The flows of inputs and outputs between other economic sectors are presented
in matrix Acing. The matrices Ateleoth and Acing are calculated with the following
equation:

At—ind At—ind

T
At—ele,oth At_ele At—ele,oth = Vo5 * Azg17 * TV g (16)
At—ind At—ind

In which

Ivi.es is the identity matrix with cells representing inputs from the electricity sector to
electricity technologies is replaced by vector electricity share vis.

IVies' is the transpose matrix of IV s

By substituting the results obtained by the equation 15 into the results obtained by
the equation 16, we have the structure of disaggregated matrix A in year tis presented
in following figure:

At—ind At—oth,ele At—ind

At—ele,oth At—ele At—ele,oth
At—ind At—oth,ele At—ind
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The disaggregated ‘before change' A matrix of the Italian IOT for 2017 and the
disaggregated ‘after change’ A matrices for the years 2025, 2030 and 2040 are
presented in Appendix B, C, D and E.

4.2.2. Final Demand Vectors

As mentioned in the previous section, IOTs present the link between the inputs used
and outputs manufactured by the production sectors, and the final consumption. The
final demand is vector Y (or vector of final consumption). In this study, data on the
final demand, extracted from the Italian IOT for 2017 is utilized for vector Y017, Which
is presented in Appendix A.

For vector Y of future years (Y2025, Y2030, Y2040), the total final consumption will include
the additional final demand of the year 2025, 2030 and 2040. The total final demand
of 2025, 2030 and 2040 is forecasted based on the total final consumption data of WB
and OECD countries studies estimated for 2023, using linear regression.

The detail of final consumption for each economic sector are estimated based on the
average shares of final consumption during the period 2015-2017. Besides, it is
essential to disaggregate the final demand from electricity sector of the vector Y,17 as
well as vectors Yaozs, Y2030, Y2040 into the final demand of specific electricity supply
technologies. This will be done by applying the following equation:

Vi = IV o5’ * Yiggg (17)
In which:
Y:is the disaggregated final demand with detailed electricity technologies in year t
Y:-agg IS the original final demand in year t
Ivies is the identity matrix with detailed electricity technologies
IV res' is the transpose matrix of IV e
The disaggregated vectors Y2017, Y2025, Y2030, Y2040 are presented in Appendix F.
4.2.3. Pollution Coefficient Matrix

The pollution coefficient matrix S indicates the amount of pollutants F per total gross
output X of the economy (which is similar for the S matrix of the ‘before change’
scenario as well as the ‘after change’ scenarios). The dataset for the ‘before change’ F
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matrix is taken from the National Accounting Matrix with Environmental Accounts Air
Emissions (NAMEA-AIr) of Italy. While the data for the ‘after change’ F matrix is the
combination of NAMEA with the integration of power development scenarios. The
following section will describe the data collection for F and S matrices, specifically the
introduction on NAMEA and relevant environmental accounts, as well as procedures
for updating NAMEA in future scenarios.

The matrix F is a combination of environmental account and economic statistics. In
European countries, the Regulation (EU) 691/2011 provided a legal framework for data
for environmental accounts. Under this framework, there are six compulsory modules.
The six compulsory modules consist of Air Emissions Account (AEA); Economy Wide
Material Flow Account (EW-MFA); Physical Energy Flow Account (PEFA);
Environmental taxes; Environmental Goods and Services Sector accounts (EGSS); and
Environmental Protection Expenditure Account (EPEA)'® (Eurostat, 2021). Table 17
below presents features of different environmental account modules.

Table 17. Environmental accounts

AEA recording the physical flows between the economic system and the
air emissions. The economic system is divided into economic
activities that generate air emissions, with differences between
production (64 industries), consumption (households), trade, value
added, and etc. 6 GHGs and 7 air pollutants are recorded in AEA
(Eurostat, 2021).

EW-MFA an economic wide balance sheet including all material flows
between the economic system and the natural system. There are
50 material categories of biomass, metal ores, non- metallic
minerals, and fossil energy materials. These flows are bi-
directional, in which both material production and consumption
are recorded (Costantino, n.d.; Eurostat, 2021).

PEFA recording energy flows between the economic system and the
environment. The recorded flows include energy flows from the
environment to the economy (the use of natural inputs for energy
products), within the economy (the use of energy products) and

15 Eurostat Statistical Explain
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from the economy to the environment (the generation of excess
heat or energy residues (Eurostat, 2021).

Environmental | Presenting environmental taxes of four categories: energy,
taxes transport, pollution and resource. In this account, the economic
system is broken into 64 tax-paying sectors including industries and
households (Eurostat, 2021).

EGSS Presenting the supply flows of goods and service for environmental
protection and resource management. It includes production and
export of goods and service, value-added and employment, with a
breakdown of 21 industries (Eurostat, 2021).

EPEA Presenting the demand flows of goods and service for
environmental protection. It includes expenditures for goods
(including intermediate), import and export, investment, with a
breakdown of four sectors (Eurostat, 2021).

These modules are at different stages of maturity and their development has been set
out in the multi-annual EU strategy for environmental accounts. The most updated
strategy indicated the plan for development period of these accounts by 2023
(Eurostat, 2021). These environmental modules are the most standardized and
globally widespread ones. Some environmental accounting modules developed in the
EU such as AEA, EW-MFA and EPEA are also adopted outside Europe (Costantino, n.d.).

In addition to these six modules, other EU environmental accounts have been
developed without EU legal basis, for example forest account, environmental subsidies
and similar transfer account, ecosystem account and water account. Forest account
covers natural assets such as wooded land and timbers; economic aspects of the
forestry and logging industry; and environmental aspects such as wood balances,
carbon capture of the forest. Environmental subsidies and similar transfer account
records subsidies and other forms of government support measures that help to
protect the environment. Ecosystem and water accounts provide information on
natural resource extraction, e.g. ecosystem values and water consumption,
respectively (Costantino, n.d.; Eurostat, 2021).
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The AEA, water, energy, and other accounts on natural intakes are frequently grouped

into one category of National Accounting Matrix with Environmental Account
(NAMEA).

NAMEA was first developed since the 1990s by the European Union Statistical Office,
with the aim of integrating the environmental data with the economic data recorded
in the National Account framework (Eurostat, 2002) cited in (Gajos and Prandecki,
2016). It is a combination of national account data, for example, input output tables,
and environmental accounts, for example, air pollutant accounts (Eurostat, 2009) cited
in (Gajos and Prandecki, 2016). It presents the environmental and economic data of
economic sectors and household consumption per monetary and physical units
(Eurostat 2006) cited in (Gajos and Prandecki, 2016). Figure 15 below presents the
structure of NAMEA (Costantino, n.d.).

Figure 15. Structure of NAMEA
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Among environmental aspects being considered in NAMEA such as air emissions,
energy use, water use, wastewater, solid waste, etc, the most common and well-
developed NAMEA tables are NAMEA-Air tables, presenting data for air pollution.
NAMEA-Air was first constructed in 1999 in 11 pilot projects (Gajos and Prandecki,
2016). After several efforts of Eurostat in revising to harmonize tables of different
countries, the ‘standard’ NAMEA tables were introduced in 2002 (Eurostat, 2004) cited
in (Gajos and Prandecki, 2016). Nowadays, NAMEA-Air are available for all EU
countries.
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NAMEA tables on other compartments such as soil, water and resource extraction
(from the nature) are less common. Some countries developed the national NAMEA
tables for emissions to water, for example in Sweden, Denmark and Germany
(Heijungs et al., 2006). Several countries have compiled NAMEA tables on energy,
resource use, water use, wastewater and solid waste (Eurostat 2001) cited in (Gajos
and Prandecki, 2016). In the Netherland, apart from air emissions such as GHGs, ozone
layer depletion emissions, acidification and eutrophication, the Dutch NAMEA tables
also cover wastewater, solid waste and exploration of crude oil and natural gas
(Schanau et al. 2010) cited in (Gajos and Prandecki, 2016).

NAMEA-Air compilation guide list around 20 substances for inventory in three priority
(Eurostat 2004) cited in (Gajos and Prandecki, 2016). Priority 1 includes GHGs (carbon
dioxide, carbon dioxide from biomass, nitrous oxide, methane, hydrofluorocarbons,
perfluorocarbons and sulphur hexafluoride). Priority 2 includes some other substances
such as nitrogen oxides, sulphur oxides, ammonia, non-methane volatile organic
compound, carbon monoxide, particulate matter, chlorofluorocarbons,
hydrochlorofluorocarbons, mercury, lead, and cadmium. Priority 3 includes some
heavy metals: arsenic, zinc, chromium, selenium, copper, and nickel (Gajos and
Prandecki, 2016).

Because there is no obligation for EU countries to construct NAMEA tables, NAMEA
tables are constructed to the extent of the availability of data and resources (Gajos
and Prandecki, 2016). For NAMEA-Air, data which is available on the Eurostat website
cover emissions of nitrogen oxides, methane, nitrous oxide, carbon dioxide and
sulphur oxides.

NAMEA-Air and AEA share the same concepts, definitions, classification, accounting
rules and structures, which are also the same as those of systems of national accounts
(SNA). The most important sharing features are the accounting principle and the
residence principle, i.e. adopting a scope which is not based on territory but on the
residency of producer units. This is the same scope used for gross domestic product
(Eurostat, 2021, 2015)

The physical flow of NAMEA-Air include flows of gaseous and particulate material from
the economic system (production, consumption and accumulation processes) to the
natural environment, more specifically to the atmosphere.

For accounting principle, NAMEA-Air assign emissions to producing entities (or
industries). These industries are composed of several local kind-of-activity units (or
establishments) of the similar activities of producing goods or service. Apart from
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principal products and service, industries sometimes conduct one or several secondary
activities with corresponding products/ service. Then, air emissions associated with
both principal and secondary activities (or products/ service) need to be recorded
under those industries. There are 64 industries in NAMEA-Air, using NACE A*64
classification (statistical classification of economic activities in the European
Community), the same as supply and use tables, input output tables.

The residence principle defines the scope of the national economy and what is
included in the account. NAMEA-Air records air emissions arising from activities of
resident units constituting a given national economy, regardless of where the
emissions occur physically. For example, if the industry is registered in Italy, and they
provide freight transportation service between Italy and Spain. The emissions from the
production of this industry’s service are to be recorded in the Italian NAMEA as the
industry’ profit contribute to the Italian GDP. It should be noted that the national
emission inventory under the EU Convention on Long Range Transboundary Air
Pollutions (CLRTAP) and United Nations Framework Convention on Climate Change
(UNFCCC); and the national energy statistics do not follow the same residence
principle as applied in national accounts and NAMEA. National emission inventory and
national energy statistics rather follow territory principle. i.e. the record emissions
arising from the territory of a given country regardless who emits.

Emissions from transportation activities are assigned to the operators of transport
vehicles or mobile sources of emissions. These operators are either industries or
private households. Emissions from vehicles operated by tourists are attributed to the
country of residence of the operators, according to the residence principle, regardless
of the ownership of the vehicles. This is different from the principle of recording
national emission inventory under CLRTAP and UNFCCC, and national energy statistics
which do not consider the information about operators.

In  NAMEA-Air, economic activities include consumption activities by private
households. The emissions from private households are direct emissions arising from
the consumption of products and service, to avoid double counting with production
activities of industries. Households emits air pollutants through consumption activities
in transportation, heating/ cooling and others.

The emissions covered in NAMEA-Air are anthropogenic emissions. Emissions from
natural sources (volcanos, forest fires, etc.) are generally excluded. It should be noted
that cultivated forest and domesticated animals are parts of the national economy,
therefore emissions from these activities are recorded in NAMEA-Air. NAMEA-Air
records the human made emissions in relation to the national economy, or the total
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economic activities of resident units, regardless of the geographical boundary where
the emissions actually occur (residence principle). This is different from the territory
principle of national emission inventory under CLRTAP or UNFCCC

Coverage of substance. NAMEA-Air include six GHGs, five air pollutants and two forms
of particulate matters, namely CO, (CO, from biomass is separately reported), N0,
CHg4, HFCs, PFCs, SFs, NOX, CO, NMVOC, SOx, NH3, PM1o and PM; s (Eurostat, 2015).

The CO, emission is excluded CO, from biomass (wood, wood waste, charcoal, bio
alcohol, black liquor, landfill gas, household waste being used as fuels) and the latter
is treated as separate substance. CO, emissions are measured in 1000 metric tonnes.
Other GHG emissions (N,O, CH4; and F-gas) are measured in metric tonnes CO,-
equivalents.

NOXx includes nitric oxides and nitrogen dioxide, expressed as nitrogen dioxide (NO,).
It is measured in metric tonnes of NO,-equivalents.

SOx includes sulphur dioxide, sulphur trioxide, sulphuric acid, hydrogen sulphide and
other reduced sulphur compounds). It is expressed in metric tonnes of SO,-
equivalents.

NMVOCs means all organic compounds of an anthropogenic nature, other than
methane, that are capable of producing photochemical oxidants by reaction with
nitrogen oxides in the presence of sunlight.

Particulate matter (PM) is an air pollutant consisting of a mixture of particles
suspended in the air. These particles differ in their physical properties (such as size and
shape) and chemical composition

In Italy, several environmental accounts have been developed including EW-MFA,
NAMEA, EPEA , Resource Use and Management Expenditure Account (RUMEA), etc.
The EW-MFA of Italy is the same as regulations of the EU, presenting material flow
indicators and balance sheets. NAMEA reports atmospheric emission, waste,
emissions to water, fossil fuel, mineral, biomass and water extraction. EPEA and
RUMEA of Italy is a combination of environmental taxes accounts, EGSS and EPEA of
the EU framework. It records the production of goods and service for environmental
protection; expenditures of enterprises, central and local government, households for
environmental protection, and environmental taxes. Besides, Italy plans to develop
the Integrated environmental and economic accounting for natural resources
(NRIEEA) which composed of the accounts for forest, water, sub-soil assets, land and
other natural resources (e.g. fish) (Costantino, n.d.). Table 18 below presents features
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and development stages of these Italian environmental accounts (compiled from

(Costantino, n.d.))

Table 18. Italian environmental accounts

Environmental accounts

Features

Stage of development

EW-MFA Same as EU framework completed

NAMEA reporting atmospheric | Completed for air
emission (AEA in the EU | emissions, work-in-
framework), waste, | progress for other
emissions to water, fossil | emissions and natural
fuels, minerals, biomass | extraction, but feasible for

and water extraction

the availability in the near
future

EPEA and RUMEA

recording the production
of goods and service for
environmental protection
(EGSS in the EU
framework); expenditures
of for environmental
protection (EPEA in the EU

Completed for EPEA, and
initial for
RUMEA

investigation

framework, and
environmental taxes
(environmental taxes
account in the EU
framework.
Integrated environmental | including accounts for | Initial investigation
and economic accounting | forest, water, sub-soil
for natural resources | assets, land and other
(NRIEEA) natural resources
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Among these environmental accounts, NAMEA and NRIEEA are suitable sources for
reference as they are relevant to the environmental inflows and outflows to air, water
and land. NRIEEA has not completed or been available for publication. NAMEA has
been completed for air emissions, and other accounts on water emissions or natural
intake is under progress. Therefore, only NAMEA-Air (of Italy for the year 2017) is
utilized in this study.

The Italian NAMEA-Air tables are published annually by ISTAT. Italian NAMEA-Air
tables include 10 atmospheric emissions, (including carbon dioxide, sulphur oxides,
nitrogen oxides, nitrous oxides, ammonia, methane, carbon monoxide, non-methane
volatile organic compounds and particulate matter PM, s and PMy,) for 63 products/
production sectors (production activities) and three consumption sectors of transport,
heating and others (consumption activities). Detail dataset of NAMEA-Air 2017 is
presented in Appendix G.

For the ‘after change’ S matrix, we need to forecast the emission coefficients of the
economy. The future emission coefficients depend on the ‘after change’ emission
amount F and economic value, or total output ‘after change’ X. Data for the future
total output is taken from economic forecast. The air emission amount of the economy
will depend on the operation of all individual socio-economic sectors. While the
emissions of GHGs largely depend on the types of fuels being used in the operation of
economic activities, the emissions of other air pollutants (sulphur oxides, nitrogen
oxides, ammonia, methane, NMVOCs and particulate matters) is closely connected
with types of installation, types of equipment (Moorkens and Dauwe, 2019). Due to
the complexity of applying changes in types of fuels, installation and equipment in
different socio-economic sectors, the future emission amount is extrapolated based
on the historical data of emissions during 2005 -2017 using linear regression.

First, the amount of air emissions F during 2005-2017 are normalized by the national
GDP of corresponding years. The improvement factor of emission intensity per GDP is
obtained from these calculations. Second, based on the calculated improvement
factor of emission intensity, the amount of air emission of 2019 will be calculated and
compared to that of NAMEA-Air 2019. Until the calculated air emission amount
matches with the actual emission amount of NAMEA-Air 2019, then that improvement
factor will be used for calculating the air emission amount for future years of 2025,
2030 and 2040.

16 http://dati.istat.it/Index.aspx?Queryld=10526&lang=en#
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The air emission amount ‘after change’ F of each economic sector ij of the future years
are calculated with the following equation:

F_ij = GDP, * [e = (1+ )~ 50)] (18)
In which:
e is the emission intensity per GDP of base year
fis the improvement factor
t is the forecasted year (2025, 2030 and 2040)
tois the base year 2017

As mentioned above, NAMEA-Air shares the same framework and classification with
IOT, with 64 industries/ sectors, and the emissions of the electricity sector is not
further divided into specific electricity supply technologies. Therefore, the electricity
sector of the original dataset of NAMEA-Air 2017 as well as that of the F matrix for
future years of 2025, 2030 and 2040 is disaggregated seven electricity supply
technologies. In order to disaggregate the electricity sector, the data set from
Ecoinvent for air emissions of electricity supply technologies will be used. The below
figure presents the disaggregated matrix F’ with the integration of Ecoinvent dataset
into NAMEA-AIr.

Ft—oth,em Ft—ele sec,em Ft—oth,em Ft—oth,em Ft—ele tech,em Ft—oth,em

>>

Ft—oth,em Ft—ele sec,em Ft—oth,em Ft—oth,em Ft—ele tech,em Ft—oth,em
Notes:

Ftoth,em are the emission amount of different economic sectors in year t. Each economic
sector’s emissions are presented in one column.

Fiele secem are the emission amount of the electricity sector, being presented in one
column.

Fiele secem are the emission amount of electricity generation technologies. There are
seven technologies which are presented in seven columns.

It should be noted that the emissions of Ecoinvent data are more diverse than those
of NAMEA. Therefore, the two database need to be matched. The matching rules
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follow the description on the coverage of substances of NAMEA in the previous texts.
Each emission is presented in one row, and there are 10 rows representing CO,, N,0,
CH4, NOx, SOx, NH3, NMVOC, CO, PMyo and PM;s.

The S matrix is calculated by dividing the disaggregated F; matrix by the corresponding
X; vector in year t and presented in the following equation:

S, = F, /X, (19)
In which:
St is the disaggregated emission coefficient matrix in year t
Fi is the disaggregated emission amount matrix in year t
X is the total output of the economy in year t

The disaggregated ‘before change’ S matrix of the base year 2017 and ‘after change’ S
matrix of the future years of 2025, 2030 and 2040 are presented in appendix H, |, J and
K.

As mentioned above, NAMEA-Air includes data for direct emissions of final
consumption F_Y,017, with three sectors of transport, heating and others. These
emissions are emission from household consumption only, and includes 10 air
emissions of CO,, N,O, CH4, NOx, SOx, NH3, NMVOC, CO, PMyg and PM, . There is no
available data on direct emissions of government, household serving institutions and
investment; therefore, the emissions of these actors are set as ‘zero’.

Similar to the calculation of ‘after change’ F, the air emission amount ‘after change’
F_Y of final household consumption of the future years are calculated with the
improvement factor and corresponding GDP:

FY,i = GDP, * [e x (1+ f)(t~10)] (20)

The data on direct emissions of final household consumption in of base year and future
years are presented in appendix L.

4.2.4. Aggregation and dis-aggregation of matrices

The original Italian 10 tables include 63 products/ sectors, which is the same for
environmental account (NAMEA-Air for production activities). For the reference
system, the sectors are aggregated into 36 production sectors (see Appendix K). For
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the consequential system, the sector of electricity and gas is disaggregated into seven
electricity generation technologies, so there will be 42 production sectors at total (see
Appendix K).

In Italian 10 table, the electricity sector includes three subsectors of (1) electric power
generation, transmission, distribution and trade of electricity, (2) manufacture of gas,
distribution of gaseous fuels through mains, and (3) steam and air conditioning

supply?’.

The production of electricity includes the operation of power generation plants,
including thermal power plants, nuclear power plants, hydropower plants, gas turbine
power plants and renewable power plants. This subsector excludes the production of
electricity through incineration of waste (which is categorized in sector of waste
management and disposal).

The transmission of electricity includes the operation of transmission systems that
convey the electricity from the power generation plants to the distribution system.

The distribution of electricity includes the operation of distribution system such as
lines, poles, meters and wiring that convey electric power received from the power
generation plants or the transmission system to the final consumer.

The trade of electricity includes the sale of electricity to users, the activities of electric
power brokers or agents that arrange the sale of electricity via power distribution
systems operated by others and the operation of electricity and transmission capacity
exchanges for electric power.

The manufacture of gas includes the production of gas for the purpose of gas supply
by carbonation of coal from agricultural by-products or waste; and the manufacture
of gaseous fuels with a specific calorific value, by purification, blending and other
processes from gases of various types including natural gas. This subsector excludes
the production of crude nature gas, operation of coke oven, manufacture of refined
petroleum product and manufacture of industrial gas (which are categorized in sector
of mining and quarrying)

The distribution of gaseous fuels through mains includes the distribution and supply
of gaseous fuels of all kinds through a system of mains. This subsector excludes long

7 NACE Rev.2 guideline, p.204
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distance transportation of gases by pipelines (which is categorized in sector of land
transportation)

The trade of gas through mains includes sale of gas to users through mains, activities
of gas brokers or agents that arrange the sale of gas over gas distribution systems
operated by other and commodity and transport capacity exchanges for gaseous fuels.
This subsector excludes wholesale of gaseous fuels, retail sale of bottled gas, and
direct selling of fuel (which are categorized in subsector of whole sale and retail trade)

The steam and air conditioning supply includes the production, collection and
distribution of steam and hot water for heating, power and other purposes,
production and distribution of cooled air, production and distribution of chilled water
for cooling purposes, production of ice, for food and non-food (e.g. cooling) purposes.

The electric power generation, transmission and distribution subsector was the largest
part of electricity, gas and steam sector, contributing 82.42 % of the sectoral value
added in 2017. The gas supply subsector was next largest in terms of value added with
a 15.67 % share. Remaining 1.91 % of value-added was recorded in steam and air
conditioning supply®. Therefore, it is assumed that the electricity generation
technologies can be present for the technologies of the whole electricity, gas and
steam sector.

Table 19 presents terminologies for matrices and vectors used in the equations in this
Chapter.

Table 19 . Terminology for matrices and vectors

Z; Intermediate flows matrix in year t
A Inter-industrial coefficients matrix in year t
I Identity matrix
Lt Leontief matrix in year t, equals to (I-A)*?
Y: Final demand matrix in year t
X¢ Total gross output, equals to LY;
Ft Direct air emission amount matrix of production activities in year t
F_Y: Direct air emission amount matrix of final consumption in year t
St Air emission coefficient matrix of production activities in year t
18 Eurostat data from

https://ec.europa.eu/eurostat/databrowser/view/SBS NA IND R2 custom 1438474/setting
s_1/table?lang=en
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S_Y,

Air emission coefficient matrix of final consumption in year t

Year (2017 is baseline for the reference system, 2025, 2030 and

2040 are future scenarios for the consequential systems)
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CHAPTER 5. APPLIED FRAMEWORK INTO THE ITALIAN CONTEXT

This chapter presents the obtained results of applying the hybrid framework of I0A
and process based LCA for consequential life cycle assessment on the Italian power
system. The results are presented on two main points: (1) consequential life cycle
assessment (C-LCA) impacts of Italian power sector, and (2) interactions among energy
climate policy, power system and the economy. Besides, the methodological and
operational framework will be discussed. Suggestions for future research are also
provided in this Chapter.

5.1. Consequential life cycle environmental impacts of Italian power system

The production-based accounting (PBA) analyses the emissions according to where
they actually generated. Firstly, it includes the emissions from all production activities.
Secondly, it takes into account direct emissions from final consumption of households,
government and investment. Here, the production-perspective considers households
as producing units, in which they produce their private services namely heating and
lighting their dwellings, driving their own cars and using electrical equipment. Some of
these activities do not generate any PBA emissions such as lighting and using electrical
equipment. The production perspective does not take into account the air emissions
embodied in imported goods and services for intermediate production and for final
use.

Meanwhile, the consumption-based accounting (CBA) takes into account the
emissions from industries in order to create products for final use, including air
emissions embodied in imports, and excluding air emissions embodied in exports. Air
emissions embodied in export from one country will be accounted for consumers
elsewhere.

In this case, the PBA indicates the direct air emissions from electricity production and
consumption activities, while the CBA indicates direct and indirect air emission from
final electricity consumption including imported and excluding exported electricity.
Both PBA and CBA can be considered as ‘life cycle’ emissions/impacts, in which PBA
implies the ‘gate to consumer’ emissions/ impacts and CBA covers the ‘cradle to grave’
system boundary. The air emissions and impacts are calculated for the power sector
and per a functional unit of one marginal MWh of electricity.

5.1.2. PBA of marginal Italian electricity

During the period of 2017 -2040, the direct marginal air emissions of Italian electricity
production and consumption are negative, indicating its contribution to the emission
reduction of the nation. These reductions occur in all air emission categories, with
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different scales. Most of the emission reduction originates from coal and natural gas
power, due to the reduction in the amount of electricity generated by these two
technologies between 2017 and 2040. For the cases of NH3 and NMVOC, most of NH3
and NMVOC emission reductions come from other renewable electricity (electricity by
biomass).

There is a difference in the pattern of change in the air emissions between three
periods of 2017- 2025, 2017-2030 and 2017-2040 (as presented in Figure 16). The
emissions reductions of NH3 and NMVOC are relatively large during the period of
2017-2025 and 2017-2030. However, these emissions reductions are much smaller
during the period of 2017-2040. In fact, the electricity by other RES increases over
three periods of 2017-2025, 2017-20130, and 2017-2040; in which the amount of
electricity by other RES increase from 5.8 TWh in 2017 to 23 TWh by 2025 and 2030,
and at peak by 2040, at 26 TWh. Considering the fact that most of NH3 and NMVOC
emissions reduction come from other renewable electricity, this suggests the non-
linear change in emissions pattern of electricity technologies and electricity sector as
a whole.

For other air emissions, the emission reductions are quite similar among different
periods of 2017-2025, 2017-2030 and 2017-2040. Specifically, the CO, emission
reduction is 64.85 MtCO; by 2025, which reach the peak by 2030 at 75.34 MtCO,, and
followed by a slight reduction by 2040, at 71.56 MtCO,. Most of the CO, emissions
reduction originates from coal and natural gas power, due to the reduction in
electricity generation amount of these two technologies between 2017 and 2040. The
reductions of CO; as well as other air emission are presented in Figure 16.
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Figure 16. Production based emission reductions of electricity sector

The emissions of marginal electricity production and consumption per MWh do not
follow the decreasing trend in the period of 2017- 2040. Between 2017 and 2025,
there is a considerable reduction in all air emission categories per MWh, which is due
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to the comprehensive change in the power generation structure of increasing
renewable energy such as solar and wind for power generation and the phasing out of
coal-based electricity.

By 2030, air emissions slightly increase per MWh of marginal electricity production
and consumption. However, the increase in air emissions per MWh does not mean
that the emissions of the electricity sector as a whole increase (refer to the previous
section). In fact, both the marginal air emission of the electricity sector and the
marginal electricity generation decrease between 2017 and 2030, which makes air
emissions per MWh become positive.

By 2040, the air emission reductions of one MWh of electricity are very small.
However, this small reduction does not indicate that the air emission of one MWh of
electricity by 2040 is similar to that of 2017. Although the air emissions reduce
between 2017 and 2040, the increase in electricity generation and consumption of
2040 as compared to 2017 makes the air emissions reduction benefits become
insignificant.

It should be noted that the air emissions changes are negative between 2017 and
2025, and between 2017 and 2040. Meanwhile, the air emissions change is positive
between 2017 and 2030. This originates from the changes in marginal electricity
generation, for which the marginal electricity generation increases between 2017 and
2025, and between 2017 and 2040; while it decreases between 2017 and 2030. This
pattern of change suggests a non-linear decrease of marginal air emissions, in which
the air emissions decrease, being independent from the increase or decrease of
electricity generation.

Figure 17 below presents the air emissions of 1IMWh of marginal Italian electricity in
the period 2017-2040 from the production perspective.
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Figure 17. Production based emission reduction of 1 MWh of marginal electricity
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In the scenarios of not updating the S matrix for future years, there is no difference in
the obtained PBA results if we do or do not update future S matrices. Because from
the production perspective, the model quantifies the air emissions of electricity
generation based on ecoinvent data (process based LCl), which is independent from
the 10 equations. Meanwhile, there is a slight difference in the CBA results, in which
the results obtained with updated S matrices is lower than those obtained without
updating matrix S. The following sections will present the obtained results on air
emission of marginal electricity with and without updating future S matrices.

5.1.3. CBA of marginal Italian electricity with updated S matrix

From the consumption perspective, the emissions of marginal electricity production
and consumption reduces in six out of 10 air emission categories, except for CH4, NH3,
NMVOC and CO during the period 2017-2040. In most of the cases, the emission
reduction is at peak by 2030, and the emissions reduction of the period 2017-2025 and
2017-2040 is similar (for CO,, N,O, NOx, SOx, CO, PM1g and PM,s). For the case of CH,,
NH3, NMVOC and CO, the emissions gradually increase between 2017-2040. The
emissions of CO is negative (emission reduction benefit) in the periods of 2017-2025
and 2017-2030, but positive considering the whole period 2017-2040.

The emissions (reductions) are shared among electricity technologies. The large shares
come from coal-based and natural-gas-based electricity. Shares of emissions from
renewable electricity such as wind and solar are visible due to their emissions from
infrastructure production. It should be noted that most of emission reduction comes
from the coal-based and natural-gas-based electricity (thanks to the drop in fossil fuel
consumption for electricity generation between 2017 and the future years), while the
renewable electricity such as solar power and wind power release some certain
amounts of emissions (due to the further investment into RE technologies).

At the same time, the CBA emissions are lower than the PBA emissions in all air
emission categories, because the CBA emissions indicate the emissions associated
with all economic activities to meet the final demand on electricity. In such case, the
CBA excludes a part of air emissions embodied in electricity used for manufacturing
other final product. For example, there are air emissions from electricity consumption
during the manufacture of transportation vehicles, which are accounted for the
transportation equipment sector, not electricity sector.

Specifically, the CO, emission reduction is at peak at 23.66 MtCO; in the period 2017-
2030, while emission reductions of the period 2017-2025 and 2017-2040 are around
20~21 MtCO,. Figure 18 presents the CBA air emissions of marginal electricity
production and consumption during 2017-2040 for electricity sector.

140



€02 emission (Mt)

N20 emission (kt)

2017-2025 2017-2030 2017-2040
5.00 2017-2025 2017-2030 2017-2040
0.20
0.00 0.10
o — I
-5.00 -0.10
-10.00 -0.20
-0.30
-15.00 -0.40
-0.50
-20.00 -0.60
-21.16 -
-25.00 =20.19 -23.66 070
-30.00 m— coal mmmm natural gas  solar
m— coal = natural gas m solar wind hydro other res
m wind mm hydro mmmm other res
. B net import/ export s total
mmm net import/ export  e=—total
CH4 emission (kt) NOXx emission (Mt)
2017-2025 2017-2030 2017-2040 2017-2025 2017-2030 2017-2040
8.00 0.01
6.00 0.00
-0.01
2.00
0 — 0
-2.00 A -0.03
-4.00 -0.03
-6.00 -0.04 -0.03
} : -0.03 -0.03
mm coal mmm natural gas solar i coal ' natural gas solar
= wind mmmm hydro mmmm other res m wind mm hydro mmm other res
I net import/ eXport estotal N net import/ eXport s total
SOx emission (Mt) NH3 emission (kt)
2017-2025 2017-2030 2017-2040 2017-2025 2017-2030 2017-2040
0.01 2.00
0.00 1.50
001 1.00
-0.02
0.50
-0.03
-0.05 -0.50
-0.05
-0.06 -0.05 -0.05 -1.00
= coal mmm natural gas solar ' coal mmmm natural gas solar
m— wind mmm hydro mmm other res m wind mmmm hydro mmmm other res
W net import/ export s=—=total et import/ export e total
NMVOC emission (kt) CO emission (kt)
2017-2025 2017-2030 2017-2040 2017-2025 2017-2030 2017-2040
2.50 4.00
2.00
) I
1.00 0.00
050 0.81
-1.00
-1.50 -6.00
m coal mmmm natural gas solar ' coal = natural gas solar
m— wind mmmm hydro mmmm other res — wind ' hydro mmmm other res

N net import/ export emmtotal

B net import/ export em=total

141



0.60
0.40
0.20
0.00
-0.20
-0.40
-0.60
-0.80
-1.00

PM10 emission (kt)

2017-2025 2017-2030 2017-2040
—— ——
—
! ’ -0.46
-0.57 -0.59
' coal I natural gas solar
— wind = hydro mm other res

et import/ export e total

0.50
0.00

-0.50
-1.00
-1.50
-2.00
-2.50
-3.00

PM2.5 emission (kt)

2017-2025 2017-2030 2017-2040
234 255 -2.35
' coal = natural gas solar
m— wind ' hydro ' other res

W net import/ export e total

Figure 18. Consumption based emission reduction of electricity sectors

Per one MWh, there is a reduction trend in all air emissions categories. In the cases of
emission reductions (for CO,, N,O, NOx, SOx, CO, PMig and PM;s), the emission
reductions gradually decrease along the years, which is due to the fact that the speed
of increase in electricity generation overtakes the speed of decrease in emission

reduction effort (through investing in renewable power). In contrast, the emission

changes of CH4, NH3 and NMVOC are positive and decrease year by year, meaning that
the speed of increase in electricity generation is lower than the speed of decrease in
emission reduction effort. Figure 19 presents the CBA emissions of marginal electricity

production and consumption during 2017-2040 per one MWh of electricity.
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Figure 19. Consumption based emission reduction of 1 MWh of marginal electricity
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5.1.4. CBA of marginal Italian electricity without updating S

Without updating the S matrix, from the consumption perspective, the emissions of
marginal electricity production and consumption reduce in seven out of 10 air
emission categories, except for CHs, NH3 and NMVOC during the period 2017-2040. In
most of the cases, the emission reductions are at their peaks by 2030, and the emission
reductions of the period 2017-2025 and 2017-2040 is similar (for CO,, N,O, NOx, SOx,
CO, PMyp and PM;s). For the case of CH4, NH3 and NMVOC, the emissions of the whole
period 2017-2040 is slightly higher than those of the period 2017-2025.

Figure 20 also indicates that emissions (reductions) are shared among electricity
technologies, with most of the emission reductions coming from coal-based and
natural-gas-based electricity, while RE technologies cause a certain amount of
emissions. These patterns are similar to the results of updating S matrix in the previous
section.

Specifically, the CO, emission reduction is at its peak, at 23.42 MtCO; in the period
2017-2030, while the emission reductions of the period 2017-2025 and 2017-2040 are
around 20 MtCO,. These emission reductions are slightly smaller than those of
updating the S matrices. The change in CO; as well as other air emissions are presented
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Figure 20. Consumption based emission reduction of electricity sectors without
updating S matrix
Per MWh, there is a reduction trend in all air emission categories comparing three
periods of 2017-2025, 2017-2030 and 2017-2040. In the cases of emission reductions
(for CO,, N0, NOx, SOx, CO, NMVOC, PMy,, PM,5), the emission reductions gradually
decrease along these years, which is due to the fact that the speed of increase in
electricity generation overtakes the speed of decrease in emission reduction effort
(through investing in renewable power). In contrast, the emissions of NH; and NMVOC
decrease along the years, meaning that the speed of increase in electricity generation
is lower than the speed of decrease in emission reduction effort. These patterns are
similar to those obtained without updating the S matrix. The only difference lies in CH,
emissions, for which the periods of 2017-2025 and 2017-2030 see some emission
reduction benefits, while the CH4 emission increases for the whole period of 2017-
2040. Meanwhile, there is no reduction benefit in CH4 emissions in all periods 2017-
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2025, 2017-2030 and 2017-2040. Figure 21 below presents air emission reductions per
1MWh, from consumption perspective, without updating S matrix.
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Figure 21. Consumption based emissions reduction of 1 MWh of marginal electricity
without updating S matrix

Comparing the results obtained updating and not updating the S matrix, the emission
reduction benefits are clearly shown in CH;, NH3; and CO (See Table 20, cells being
highlighted in green). The electricity sector emits about 70 tonnes of CH, emissions by
2040 in case of no change in S matrix, as compared to 2.52 tonnes of CH; emission
reduction by the same time in case of updating the S matrix. Meanwhile, it seems there
is no difference in the SOx emission reduction benefits between updating and not
updating matrix S. The difference in emission reduction benefits of CO,, N,O, NOx, and
PM,s emissions categories are small, ranging between 1% and 8% in various time
periods. The difference in those of NH3, NMVOC, CO and PMy, are relatively large,
around 17-91% in various time periods. Similarly, the emission reduction benefits per
one MWh in the scenario of updating S matrix are larger than those of the scenario
without updating the S matrix. Table 20 shows the difference between obtained
results with and without updating matrix S.

Table 20. Difference between consumption-based emissions reduction with and
without updating S

Difference Difference
Unit | Updating S Not updating S (absolute) (percentage)
2017-2025
Co, Mt | -20.19 -20.04 -0.15 1%
N,O kt -0.44 -0.45 0.01 -3%
CHa kt 0.61 -0.20 0.81 -403%
NOx Mt | -0.03 -0.03 0.00 -7%
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SOx Mt | -0.05 -0.05 0.00 -8%
NHs kt 0.36 0.06 0.30 503%
NMVOC kt 0.54 0.43 0.11 24%
co kt -1.29 -2.03 0.74 -37%
PMyo kt -0.57 -0.57 0.00 -1%
PM;.s kt -2.34 -2.32 -0.02 1%
2017-2030

CO, Mt | -23.66 -23.42 -0.24 1%
N.O kt -0.48 -0.50 0.02 -5%
CH4 kt 0.97 -0.14 1.11 -789%
NOx Mt | -0.03 -0.03 0.00 4%
SOx Mt | -0.05 -0.05 0.00 0%
NHs kt 0.56 0.12 0.44 367%
NMVOC kt 0.81 0.64 0.17 26%
co kt -1.08 -2.18 1.10 -50%
PMyo kt -0.59 -0.60 0.01 -2%
PM;.s kt -2.55 -2.54 -0.01 0%
2017-2040

CO, Mt | -21.16 -20.80 -0.36 2%
N.O kt -0.36 -0.40 0.04 -9%
CHa kt 1.91 0.07 1.84 2623%
NOx Mt | -0.03 -0.03 0.00 -4%
SOx Mt | -0.05 -0.05 0.00 -5%
NHs kt 1.02 0.30 0.72 241%
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5.1.5. C-LCA impacts

C-LCA impacts was quantified with various life cycle impact assessment (LCIA)
methodologies, including Intergovernmental Panel on Climate Change (IPCC) 100a,
IPCC 20a, Recipe Midpoint H, CML, EDP and Traci. Because the numbers of NAMEA air
emission are limited (in 10 air emissions), the C-LCA impact categories are quantified
for some relevant impacts, including: Global warming potential (GWP) , Stratospheric
ozone depletion (ODP), Ozone formation (Terrestrial ecosystems and Human health)
(OFP, TES and OFP, HH), Photochemical oxidation (PCOP), Smog, Fine particulate
matter formation (FPMF), Respiratory effect , and Human toxicity (HT).

It should be noted that some impact categories can be well quantified, for example
GWP, because the GWP indicator can be well quantified with the emissions of main
GHGs such as CO,, CH4 and N,0. However, the study underestimates other impacts
such as ozone depletion, human toxicity. The main cause of ozone depletion are
emissions of HFC, CFC and other F-gases, which are not included in NAMEA tables. As
aresult, the ozone depletion impact of this study has neglected a considerable amount
of impacts caused by F-gases. For the case of human toxicity, this impact is collectively
relevant to emissions to air, water and soil. Meanwhile, the NAMEA tables only report
emissions to air, which causes the underestimate of human toxicity in this study.

Table 21 presents the C-LCA impacts of one MWh of marginal electricity with and
without updating S. There are no difference in the obtained results with different LCIA
methodologies. For example, the GWPs per one MWh of marginal electricity by 2040
are -1.21 tCOzeq and 0.28 tCO,eq, with production and consumption perspectives,
respectively, with all applicable LCIA methods of IPCC GWP 100a, IPCC GWP 20a,
Recipe midpoint H GWP, CML GWP 100a, EDP GWP 100a and Traci GWP.

There are slightly difference in the results of updating and not updating S matrix
(referred to cells highlighted in green in Table 21). For example the ODP impact of
updating S matrix is -0.05 gCFC11 compared to -0.06 gCFC11 in case of not updating S.
or the OFP impacts are 0.38 and 0.36 kg NOx in case of updating and not updating S
matrix, respectively.

Table 21. C-CLA impacts of one MWh of marginal electricity
For Global Warming Potential

1 MWh of | IPCC Recipe .
_ IPCC T ML EDP Traci
marginal | GWP midpoint
_ GWP 20a (GWP100a) | (GWP100a) | GWP
Italian 100a (tCOseq) H GWP (tCOeq) (tCOeq) (tCOeq)
e e e e
electricity | (tCOeq) 284 (tCO,eq) 284 284 284
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PBA 2025 |-93.28 -93.38 -93.36 -93.27 -93.27 -93.34
PBA 2030 | 22.98 23.00 23.00 22.98 22.98 23.00
PBA 2040 (-1.21 -1.21 -1.21 -1.21 -1.21 -1.21
Updating S matrix

CBA 2025 | -3.44 -3.43 -3.44 -3.44 -3.44 -3.44
CBA 2030 |-1.41 -1.40 -1.41 -1.41 -1.41 -1.41
CBA 2040 | -0.28 -0.28 -0.28 -0.28 -0.28 -0.28
Not updating S matrix

CBA 2025 | -3.42 -3.42 -3.42 -3.42 -3.42 -3.42
CBA 2030 | -1.40 -1.40 -1.40 -1.40 -1.40 -1.40
CBA 2040 | -0.28 -0.28 -0.28 -0.28 -0.28 -0.28

151




For the ozone-related impacts

) Recipe )

Recipe Recipe EDP

1 MWh of Ozone CML
] Stratosph ) Ozone Photoche
marginal . formation, ) Photoche ) )
) eric ozone i formation, ) mical Traci Smog
Italian ] Terrestrial mical o
. depletion Human L oxidation | (kg Oseq)

electricit ecosystem oxidation

(g CFCy health (kg (kg
y s (kg NOx (g CHs eq)

eq) NOx eq) NMVOC)

eq)

PBA 2025 | -24.20 -124.63 -124.62 -273.48 -125.15 -3089.65
PBA 2030 | 5.72 29.40 29.40 63.66 29.52 728.96
PBA 2040 | -0.33 -1.56 -1.56 -3.36 -1.57 -38.68
Updating S matrix
CBA 2025 | -0.82 -4.71 -4.72 -5.28 -4.66 -117.48
CBA 2030 | -0.31 -1.84 -1.84 -1.38 -1.81 -45.91
CBA 2040 | -0.05 -0.38 -0.38 0.16 -0.37 -9.56
Not updating S matrix
CBA 2025 | -0.84 -4.59 -4.60 -9.38 -4.55 -114.30
CBA 2030 | -0.32 -1.78 -1.78 -3.56 -1.76 -44.38
CBA 2040 | -0.06 -0.36 -0.36 -0.80 -0.35 -8.93

152




For acidification and eutrophication

Recipe EDP .
) o ) CML EDP Traci
1 MWh of | Terrestri | CML Acidifica | Traci ) ) )
] o ) o Eutrophi | Eutrophi | Eutrophi
marginal al Acidifica | tion Acidifica . . .
) e i . cation cation cation
Italian acidifica | tion (kg | (fate not | tion (kg
- . . (kg PO4-- | (kg POg4-- | (kg N
electricity [ tion (kg [ SOz eq) |incl.) (kg | SO, eq)
- eq) - eq) eq)
SO; eq) S0, eq)
PBA 2025 -45.44 -62.78 -87.78 -87.78 -16.90 -16.90 -5.55
PBA 2030 10.71 14.80 20.70 20.70 3.98 3.98 1.31
PBA 2040 -0.56 -0.78 -1.09 -1.09 -0.21 -0.21 -0.07
Updating S matrix
CBA 2025 -1.59 -2.27 -3.20 -3.20 -0.61 -0.61 -0.20
CBA 2030 -0.60 -0.87 -1.23 -1.23 -0.24 -0.24 -0.08
CBA 2040 -0.11 -0.17 -0.24 -0.24 -0.05 -0.05 -0.02
Not updating S matrix
CBA 2025 -1.64 -2.29 -3.21 -3.21 -0.62 -0.62 -0.20
CBA 2030 -0.63 -0.88 -1.24 -1.24 -0.24 -0.24 -0.08
CBA 2040 -0.12 -0.17 -0.24 -0.24 -0.05 -0.05 -0.02
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For the air quality impacts

Recipe Fine
1 MWh of | particulate | Traci CML
marginal | matter Respiratory | Human
Italian formation | effects (kg | toxicity (kg
electricity | (kg PMys | PMys eq) 1,4-DB eq)
eq)
PBA 2025 | -13.78 -3.32 -158.20
PBA 2030 | 3.25 0.78 37.30
PBA 2040 |-0.17 -0.04 -1.98
Updating S matrix
CBA 2025 | -0.51 -0.12 -6.01
CBA 2030 |-0.20 -0.05 -2.34
CBA 2040 | -0.04 -0.01 -0.49
Not updating S matrix
CBA 2025 | -0.50 -0.12 -5.85
CBA 2030 |-0.20 -0.05 -2.27
CBA 2040 | -0.04 -0.01 -0.46

5.1.6. Uncertainty analysis

A Monte Carlo simulation has been conducted with 1000 runs for analysing the
uncertainty of the GWP of 1IMWh of marginal electricity by 2040 from consumption
based perspective. It is found out that the GWP ranges from -0.284 to -0.28
tCO2e/MWh, with the mean value of -.0282 tCO,e/MWh. In case of not updating the
pollution coefficient matrix, the uncertainty analysis provide a similar results.
Specifically, in case of without updating pollution coefficient matrix, the GWP ranges
from -0.283 to -0.279 tCO2e/MWh, with the mean value of -.0281 tCO,e/MWh The

154



probability distribution of GWP of marginal electricity by 2040 is presented in Figure

22.

Figure 22. Probability distribution of GWP of 1 MWh of marginal electricity by 2040,
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5.2. Interactions among energy climate policy, energy power system and the
economy.

5.2.1. Global air emissions

The global GHGs quantified with this model is 47.69 GtCOeq, which is slightly higher
than the global GHG emissions estimated by the World Bank (WB), at 45.2 GtCO,eq
(WB, 2020)*° or by CAIT model of Climate Watch, at 47 GtCOeq (Climate Watch,
2022)?°. The difference in the obtained results of this model and other model such as
CAIT is caused by the difference in scope of air emissions being studied. This model
has been developed based on Istat database for Italy and EXIOBASE data for RoW. Both
of Istat and EXIOBASE database are actual anthropogenic emissions of CO,, CH; and
N,O, excluding emissions from LULUCF and biomass burning as a fuel. Meanwhile the
Climate Watch’s model takes into account all GHGs (CO,, CH4, N,O, and F-gases such
as HFCs, PFCs, and SFg), excluding LUCF. This causes a difference of around 1 GtCO,eq
of F-gases and 2.8 Gt CO,eq of CH4. Moreover, Climate Watch’s model excludes short-
cycle biomass burning such as agricultural waste burning and savanna burning, but
including other biomass burning such as forest fires, post-burn decay, peat fires and
decay of drained peatlands. The exclusions of emissions from land use (mostly CH,),
biogenic CO, and F-gases in this model leads to an insignificant difference of around
0.69 GtCO,e (less than 1.5%).

Another calculation with this model for GHGs from combustion activities only, and
excluding fugitive emissions of CH,, GHG emissions from agriculture, waste
management and industrial production, indicated that the GHG emissions to meet
global final demand in 2017 is at 33.96 GtCO.e. In this case, the GHG emissions from
combustion accounts up to 70% of the total GHG emissions (refer to Table 22).
Moreover, this obtained results is very close to the reported number of IEA on CO,
emissions for energy sector, at 32.92 GtCO,e (IEA, 2022)?!

19 WB’s global GHG estimation is based on Climate Watch data. Available on:
https://data.worldbank.org/indicator/EN.ATM.GHGT.KT.CE

For annex 1 only https://di.unfccc.int/time_series

20 Calculated by CAIT model, excluding LUCF. Available on:
https://www.climatewatchdata.org/ghg-

emissions?end year=2019&start year=1990

21 |EA, 2022, The global emissions of electricity sector. Available on:
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Table 22 compares the global air emissions calculated by this model and other exiting
model.

https://www.iea.org/reports/greenhouse-gas-emissions-from-energy-overview/emissions-
by-sector#abstract

and

https://www.iea.org/data-and-statistics/data-tools/energy-statistics-data-
browser?country=WORLD&fuel=C0O2%20emissions&indicator=TotCO2
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Table 22. Comparison of global air emissions

This EXIOB This EXIOB PIK
CAIT CAIT
study ASE study ASE all . . | (exclud
. . . (exclud | (includi |
Unit combu | combu | all air | air . ing GAINS
in n
stion stion emissio | emissio . 8 LULUCF
LUCF) | LUCF)
only only ns ns )
CO, GtCOzeq 32.31 32.27 34.33 34.30 34.70 35.70 35.40
N,O GtCOzeq 1.16 0.28 2.34 2.34 3.00 3.09 3.07
CHa GtCOzeq 0.42 0.47 11.02 11.01 8.25 8.33 7.80
NOx Mt 78.58 84.12 102.53 | 102.58 | n/a n/a n/a
SOx Mt 75.70 69.90 110.39 | 110.23 | n/a n/a n/a
NH3 Mt 15.46 15.10 83.83 83.95 n/a n/a n/a
NMVOC | Mt 106.13 | 47.07 153.39 | 153.31 | n/a n/a n/a
CO, Mt 195.64 | 253.81 | 426.99 | 428.40 | n/a n/a n/a
PMao Mt 27.59 27.53 47.40 47.42 n/a n/a n/a
PMas Mt 21.46 21.41 36.44 36.45 n/a n/a n/a
F-gas GtCO.eq n/a n/a n/a n/a 1.09 1.09 0.99
GHGs GtCOzeq 33.89 33.02 47.69 47.65 47.0 48.3 47.3

https://data.worldbank.org/indicator/EN.ATM.PM?25.MC.M3?view=chart

PM,.s emissions in 2017 (WB data): 46 microgram/m?3
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5.2.2. Italian air emissions

At national level, there will be difference between production and consumption-based
emissions, due to the difference in trade, import and export of the specific countries.
In the case of Italy, the production-based GHG emissions in 2017 is 441.19 MtCO.e,
while that of consumption-based perspective is 510.77 MtCO;e. Both the production
and consumption-based GHG emissions is larger than the number reported to
UNFCCC. The fourth Biannually Updated Report (BUR4) of Italy to UNFCCC?? reported
427 MtCOe (excluding LULUCF) and 409 MtCOe (including LULUCF). Other air
emissions of Italy, including 2.28 Mt and 3.16 Mt of CO (for production and
consumption-based calculation, respectively); 0.92 Mt and 1.2 Mt of NMVOC; 0.37 Mt
and 0.61 Mt of NH3; 1.03 Mt and 1.11 Mt of NOx; 0.54 Mt and 0.8 Mt of SOx; 0.23 and
0.33 Mt of PMp; and 0.2 Mt and 0.26 Mt of PM, 5, is presented in the following Table
23.

The Italian production-based air emissions are slightly lower than the consumption-
based ones in the air emissions of CO, and NOx, at around 7% or 8%. Regarding
emissions of N,O, NMVOC, CO, PM;p and PM; s, the difference between the production
and consumption-based emissions ranges from 23% to 29%. Meanwhile the difference
between production and consumption-based air emissions is largest among SOx, NH3
and CHg4, ranging from 33% to 40%. While the production-based air emissions includes
the emissions from production activities for domestic consumption (excluding export
demand), the consumption-based air emissions includes emissions embodied in final
consumption (either from domestic production, or import, excluding export), the
difference between import and export (trade) causes the difference between the
production and consumption-based emissions.

The lower CO; (and others) emissions from production-based perspective compared
to consumption-based perspectives indicate Italian import is larger than those of
export in term of economic value, or the emissions factors of import is larger than that
of export.

22 Total GHG emissions of Italy in 2018: 399.6 MtCO,e (WB data); and 327.8 MtCO,e,
including 322.8 MtCO,e from fuel combustion (IEA data)
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Table 23. Consumption and production-based accounting of Italy air emissions

CBA PBA

Air BUR BUR CAIT CAIT PIK UNFCCC | UNFCCC
emissio This This excluding | including | excluding | including | excluding | excluding | including
n Unit study EXIOBASE | study EXIOBASE | LULUCF LULUCF LUCF LUCF LULUCF LULUCF LULUCF
CO, MtCO.eq 409.16 436.55 376.71 346.55 348.99 328.64 329.19 316.37

N.O MtCO.eq 21.28 24.90 16.49 13.08 17.80 18.29 16.18 16.21

CH, MtCO.eq 80.32 134.56 47.98 52.53 43.85 45.33 44.72 44.88

NOx Mt 1.11 1.45 1.03 1.08

SOx Mt 0.80 0.91 0.54 0.38

NH3 Mt 0.61 0.94 0.37 0.49

NMVOC | Mt 1.20 1.01 0.92 0.84

co Mt 3.16 4.41 2.28 3.69

PMyo Mt 0.33 0.36 0.23 0.24

PMzs Mt 0.26 0.30 0.20 0.21

F-gases | Mt 17.07 17.07 14.28 14.28

GHG MtCO.eq 510.77 596.01 441.19 412.16 427.71 409.33 404.50 391.74 434.00 432.71 412.37
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Calculation in BUR report, CAIT model, PIK model and UNFCCC report follow sectorial approach, production based perspective.
Calculation in this study and EXIOBASE follows both the production and consumption based perspective.

https://www.climatewatchdata.org/ghg-emissions?end year=2019&regions=ITA&source=CAIT&start year=1990
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Without considering the international trade, the production and consumption-based
emissions?3 of Italy is 327.99 and 397.57 MtCO,eq, respectively. The GHGs and other
air emissions of Italy according to production and consumption perspectives, without

considering the international trade are presented in Table 24.

Table 24. Italy CBA and PBA emissions without trade activities

All air PBA by | CBA by | Difference | Difference
emissions | Unit region region (absolute) | (percent)
Co, MtCO,eq | 268.37 300.81 32.45 11%

N,O MtCO.eq | 14.67 19.47 4.80 25%

CHa4 MtCO,eq | 44.95 77.28 32.33 42%
NOx Mt 0.84 0.92 0.08 8%

SOx Mt 0.53 0.79 0.26 33%

NH; Mt 0.37 0.60 0.23 39%
NMVOC | Mt 0.54 0.83 0.29 35%

co Mt 0.43 1.30 0.88 67%
PM1o Mt 0.10 0.20 0.10 48%
PMzs Mt 0.08 0.14 0.06 42%
GHGs MtCO,eq | 327.99 397.57 69.58 18%

23 CBA + Export — Import = CBA by region; PBA + Export — Import = PBA by region
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5.2.3. Air emission trends between 2017 and 2040

There is a difference in emission trends between production and consumption-based
analysis during the period of 2017-2040. The Italian emissions tend to reduce during
the period 2017-2040 in all air emission categories, considering the production-based
emissions. Meanwhile, from the consumption-based perspective, the general trend is
the decrease in most air emission categories, except for NH; and NMVOC during the
same period. Figure 23 presents the change in air emissions over the period 2017-2040
from production and consumption perspective, in absolute value and in percentage.

From the production perspective, the emissions sharply reduce between 2017 and
2025, thanks to the transformational change in energy sector of phasing out coal in
the electricity supply. The periods of 2025-2030 and 2030-2040 also see the emission
reductions, but in much slower speed compared to the emission reductions between
2017 and 2025. For the whole period of 2017-2040, the emission reductions are
obviously shown in CO,;, NOx and PM emissions. Specifically the emission of CO,
reduces by 47.9%, and that of NOx reduces up to 53.8%. The emissions of PMs reduce
by 50.3% and 64.4% in PMjo and PM, s, respectively. However, for the period of 2017
and 2025, the emission reductions are only clearly shown in CO, (34%), NOx (30.4%)
and PM,s (35.3%). The emission reductions of SOx and PMiq are around 29.4% and
24.3%. If we look at the sharply change of electricity sector between 2017 and 2025,
and between 2017 and 2040, and considering the difference rates of emission
reductions during these periods, we may conclude that the emission reductions of CO,,
NOx and SOx are closely related to the decarbonization of electricity sector. While the
sharp reductions of CO and PMs between 2017 and 2040 are loosely linked to the
decarbonization of electricity sector (refer to Figure 23).
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In percentage
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The emission reductions from the consumption perspective shared the same trend as
those from the production perspective, but at slower pace. For the whole period of
2017-2040, the emission reduction is obviously shown in CO, (reduction by 23%), NOx
(reduction by 25.4%) and PM, s emissions (reduction by 17.3%). Meanwhile for the
period of 2017 and 2025, the emission reductions are clearly shown in CO, (19%), NOx
(15.4%), SOx (12.2%), and PM,5 (10.3%).

It should be noted that from consumption perspective, the emissions of NH3 and
NMVOC slightly increase during the period of 2017-2040. This could be explained that
the increased emissions from the growth in final demand overtakes the emission
reduction efforts of decarbonizing the electricity sector. Furthermore, it could be
concluded that the decarbonization of the electricity sector insignificantly contributes
to the reduction of NH3 and NMVOC (less than its contribution to the GHGs, NOx, and
SOx emission reductions).
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5.2.4. Decomposition of air emission changes

In order to look into details of the sources of the change in the air emissions, a
decomposition analysis has been conducted following the study of (Dietzenbacher and
Los, 1998). A similar study on air emission change of the Italian household
consumption during 1999 and 2006 shows that, between 1999 and 2006, the indirect
CO; emission from Italian household consumption was about 13 MtCO; (Cellura et al.,
2012).

With the changes in the final demand and the electricity sector composition of Italy,
consumption-based GHG emissions decrease in the period 2010-2040 (Figure 24).
Specifically, due to the changes in the production structure, emission coefficients, and
final demand, the annual CO, emission reduction embodied in production activities
during 2010- 2017 was 12.5 MtCO,. During the period 2017- 2025, the annual CO,
emission reduction will be up to 7.1 MtCO,, which makes up 57.1 MtCO, emission
reduction at total, for 8 years of this period. The increased final demand of Italy causes
an annual increase of 4.8 MtCO,. While the change in production structure, including
electricity sector and corresponding change in other economic sectors, helps to reduce
6.1 MtCO; annually. The change in emission flows coefficient brings an annual
reduction credit of about 5.8 MtCO,. During the period of 2025-2030 and 2030-2040,
the annual change in emission reduction will be much smaller, at 2.3 MtCO, and 33.9
ktCO,, respectively.
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Figure 24. Decomposition of the Italian consumption-based emission variation over

four periods annually (above) and for each period (below)
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5.2.5. Identification of hot-spot sectors

There is a difference in ‘hotspot’ sectors when they are identified from production and
consumption-based perspectives. From the production-based perspective, the
‘hotspot’ sectors include electricity, rubber and plastics, water transportation and
agriculture, forestry and fishing sectors. For CO, emission, the electricity sectors
accounts up to 36% total emissions of 2017. In the same year, the majority of other
GHGs and NH3 emissions comes from agriculture, forestry and fishing with 70% of N0,
53% of CH4 and 97% of NHs. For NOx, SOx, PM3p and PM, s, the emissions mostly come
from water transportation, contributing up to 40%, 52%, 37% and 46% respectively.
For CO emission, 29% comes from metals sector and another 25% from agriculture,
forestry and fishing.

Meanwhile, from consumption-based perspective, apart from trade activities (import
and export), four ‘hotspot’ sectors of wholesale and retail trade, agriculture, forestry
and fishing, food and beverage, water transportation can be identified. Trade balance
accounts for the largest part of all air emission categories, from 19% to 37%. Apart
from trade activities, the agriculture, forestry and fishing sector contributes 14% of
N,O, 8% of CH; and 16% of NHs, ranking first among the top contribution of N,O and
NHs. Food manufacturing ranks first among the top contribution of CH4, at 9%; and
second among the top contribution of N,O (12%), NH; (13%) and CO (6%). Water
transportation is the large contributor for NOx, SOx and PM emissions, up to 13% of
NOx, 12% of SOx, 7% of PMyo and 9% of PM,s. Wholesale and retail trade is the top
contributor of CO,, CO and PMjo, and holds a large share of air emissions in four
emission categories such as NOx, SOx, NMVOC and PM, s, around 8% and 9%. Table 25
presents hotspot sectors identified with production and consumption based
perspectives for different air emissions.

Table 25. List of hotspot sectors, PBA and CBA, for different air emissions

PBA CBA
CO; Electricity, rubber and plastics, water | Trade, wholesale and retail trade,
transport, coke and petroleum construction, electricity (natural gas),
health
N,O Agriculture, forestry and fishing, water | Trade, Agriculture, forestry and fishing,
and waste management, health, rubber | food and beverages, wholesale and retail
and plastics and electricity trade, accommodation and food service
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CH,4 Agriculture, forestry and fishing, water | Trade, food and beverages, agriculture,
and waste management, food and | forestry and fishing, water and waste
beverages, chemicals, mining and | management, wholesale and retail trade
quarrying

NOx Water transport, agriculture, forestry | Trade, water transport, wholesale and
and fishing, electricity, land transport, | retail trade, construction, food and
rubber and plastics beverages

SOx Water transport, electricity, coke and | Trade, water transport, wholesale and
petroleum, rubber and plastics, metals retail trade, electricity (coal),

construction

NH3 Agriculture, forestry and fishing, water | Trade, agriculture, forestry and fishing,
and waste management, electricity | food and beverages, wholesale and retail
(other res) rubber and plastics, chemicals | trade, accommodation and food service

NMVOC | Agriculture, forestry and fishing, | Trade, construction, wholesale and retail
Construction, metals, wholesale and | trade, food and beverages, agriculture,
retail trade, textiles and leather forestry and fishing

co Metals, agriculture, forestry and fishing, | Trade, wholesale and retail trade, food
water transport, chemicals, rubber and | and beverages, construction, health
plastics

PMj1o Water transport, agriculture, forestry | Trade, wholesale and retail trade, water
and fishing, rubber and plastics, metals | transport, food and beverages,
and land transport construction

PMys Water transport, agriculture, forestry | Trade, water transport, wholesale and

and fishing, electricity, rubber and

plastics, metals

retail trade, construction, food and

beverages
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5.2.6. Change in air emissions in electricity sector

The hybridization of the electricity development scenario causes a change in all air
emissions categories in 2017, at various scales. The smallest difference occurs in CO,,
at 8% of difference. The largest difference occurs in PM, s, which is followed by SOx.
The difference in other air emissions of N,O, CH4, NOx, NH3, NMVOC, PMy, ranges
between -0.98 to 2.28. This difference is mainly caused by the level of aggregation of
process-based LCl and |0 data. 10 data is taken from NAMEA, which reports air
emissions of the electricity, gas and steam sector, while LCI data only includes air
emissions of electricity supply technologies. First, this mismatch causes a missing of
emissions from gas supply and steam and air supply in the LCl data used in this study.
The production of natural gas is a CHs-intensive process (Roman-White et al., 2021);
therefore, the missing of emissions from gas supply in the LCI data will omit an amount
of CH4 emissions from this subsector, which explain the lower CH4 emissions of hybrid
results compared to the original NAMEA. Second, the air emissions of electricity supply
technologies in LCl data is taken for the ‘representative’ technologies, or seven
technologies contributing for the largest parts of the electricity supply in this study. In
practice, the numbers of ‘actual' power technologies go beyond seven technologies.
The emissions are not the same for ‘representative’ and ‘actual’ technologies, which
cause a difference between the hybrid results and the original 10 data.

With the change in power supply technologies and power consumption, the emissions
dramatically change in electricity sector. After 2017, due to the changes in power
supply technologies and power consumption, the future air emissions dramatically
reduce in the electricity sector, as presented in Figure 26. In 2017, from the production
perspective, the electricity sector emits 97.5 MtCO, and 98.2 MtCO,e of GHGs. By
2040, this sector’s emissions reduce to 25.9 MtCO; and 26.1 MtCO,e of GHGs (see also
Table 26). This also occurs in all other non-GHG air emission categories, such as NOx,
SOx, CO, NMVOC, CO, PMjg and PM,s. The reductions are sharp in CO,, N,O, CH4, NOx,
SOx, CO, PMjo and PM, s, at around 60% of reduction, while the reduction in NH; and
NMVOC are much slighter at 5% between 2017 and 2040 (see also Table 26).
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Figure 26. Emissions of electricity sectors for all air emissions (above) and for CO,
emission (below)

Table 26. Air emissions of electricity sector by years

Air 2010 2017 2025 2030 2040
emissions | Unit

CO, Mt 124.80 97.49 32.64 22.15 25.93
N.O kt 2.99 2.38 0.84 0.65 0.76
CH, kt 2.39 1.82 0.53 0.36 0.42
NOx Mt 0.17 0.12 0.03 0.02 0.03
SOx Mt 0.29 0.18 0.04 0.02 0.03
NH; kt 0.72 1.12 0.91 0.91 1.07
NMVOC kt 0.20 0.31 0.25 0.25 0.30
co kt 11.32 8.80 2.00 1.34 1.57
PM1o kt 3.99 2.48 0.48 0.30 0.35
PMy.s kt 14.76 9.54 2.17 1.47 1.72
GHGs Mt 125.67 98.18 32.88 22.33 26.14
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Most of the PBA emissions of the electricity sector come from fossil fuel-based
electricity, e.g. coal and natural gas. A smaller part comes from other RES, including
geothermal and biomass based electricity. The productions of solar and wind power
do not generate any air-borne emission, while the operation of hydropower plant
generate an amount of N,O emission. The reductions in the electricity generated by
fossil fuels such as coal and natural gas help to reduce the PBA emissions of this sectors
nearly four times from 97.5 MtCO, in 2017 to 25.9 MtCO; by 2040. With regards on
CBA, the CO; emission is 34.8 MtCO, in 2017, which reduces by more than half, at 13.6
MtCO, by 2040. The CBA CO, emission of the electricity sector is divided among
technologies by their production structure. As it can be observed, low-carbon
technologies such as solar and wind power technologies contribute to emissions,
because of their manufacturing of their infrastructures (see Figure 26).

Considering the whole economy, the difference between the production and
consumption-based emissions is not large. For example the difference in CO, emission
is at around 8% including trade balance and 10% excluding trade balance (refer to the
previous section on ltalian air emissions). However, considering one economic sector,
there is a significant difference between production and consumption-based
accounting. For example, the CO, emissions of the electricity sector in 2017, counted
with production perspective nearly triples those counted with consumption
perspective in the same year (see Figure 26). This is due to the difference in the
guantification principles of the these two approaches. Production based emissions of
one economic sector are emissions associated with that corresponding sector. In the
case of the electricity sector, they are the direct emissions from the electricity
generation processes. Meanwhile, the consumption-based emissions of one economic
sector are emissions associated with all economic sectors to meet the final demand of
that corresponding sector. In the case of the electricity sector, they includes emissions
of the whole economy to meet final demand on electricity. In such case, the emissions
of the electricity sector, which are accounted based on consumption perspective,
excludes the emissions of electricity consumption for the final demand of other
economic sectors, for example emissions from electricity consumption to meet final
demand of cement sector.

Comparing the emissions of the electricity sector obtained in this study with emissions
from fossil fuel consumption quantified by IEA or reported in the Italian BUR, it is
identified that the GHG emissions of electricity sector account for around one third of
emissions from fossil fuel combustion (see

Table 27).
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Table 27. Air emissions of electricity and energy sector in 2017 by years

This study IEA (fossil GCP (fossil

Air Unit (electricity | fuel BUR (fuel fuels and
emissions sector) combustion) | combustion) | cement)
CO, MtCO.eq 97.49 0 331.09 0
N0 MtCO.eq 0.63 0 3.98 0
CH, MtCO,eq 0.06 0 3.78 0
NOx Mt 0.12 0 0 0
SOx Mt 0.18 0 0 0
NH3 Mt 0.00 0 0 0
NMVOC Mt 0.00 0 0 0
co Mt 0.01 0 0 0
PMio Mt 0.00 0 0 0
PMzs Mt 0.01 0 0 0
GHGs Mt 98.18 327.2 338.84 352.85

https://www.iea.org/reports/greenhouse-gas-emissions-from-energy-

overview/data-explorer
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5.2.7. Change in air emissions of other economic sectors

The absolute change in air emissions of the electricity sector induces a change in the
economy emission structure, as presented in Figure 27. In 2017, from production
perspective, the Italian electricity sector accounts for the largest shares of the national
emission of CO, (36%), which reduce to 18% by 2040. At the same time, the CO,
emission shares of agriculture, forestry and fishing, wholesale and retail trade, water
and waste management, and air transportation increase about 2-5 percent points each
between 2017 and 2040. Some economic sectors, which have the smaller change in
their share of CO, emissions such as rubber and plastics, water transportation, coke
and petroleum and land transportation (though their large contribution to the total
emissions), reduce by 1 percent point during the same period.

Apart from the electricity sector, other economic sectors see a considerable change in
their emissions (absolute value) during the period 2017- 2040. For example, the CO;
emissions of land transportation reduce from 15.64 MtCO2 in 2017 to 10.57 MtCO; by
2040, 32% in the whole period or 1.4% annually; or the emissions of metals sector
reduce from 13.72 MtCO; in 2017 to 8.04 MtCO, by 2040, 41% in the whole period or
1.7% annually. The emissions of rubber and plastics sector reduce from 23.04 MtCO,
in 2017 to 9.9 MtCO; by 2040, 57% in the whole period or 2.4% annually. The emissions
of water transportation sector reduce from 17.95 MtCO, in 2017 to 9.33 MtCO, by
2040, 48% in the whole period or 2% annually. Figure 27 visualizes the changes in CO,
emissions of ‘hotspot’ economic sectors.

From consumption perspective, the changes in electricity consumption induce
changes in other economic sectors both in percentage points and absolute values,
however, it is less obviously shown than that from production perspective. In 2017,
the electricity sector accounts for 11.6% of the total CO, emissions. By 2040, its share
reduces to 5.9%. Apart from the electricity sector, the share of CO, emissions of some
economic sectors also decrease during the period 2017 and 2040, such as construction
sector (reducing 1.1 percent points), health, accommodation and food service, public
administration and defend (reducing less than 1 percentage point for each sector).
Meanwhile, the shares of CO, emissions of some sectors increase such as food and
beverage, land transportation, coke and petroleum, transport equipment (increasing
less than 1 percent point for each sector). It should be noted that the shares of
emissions of these sectors out of the total emissions do not show the absolute increase
(or decrease) of the economic sectors’ emissions. Instead, these shares relatively
present the change in the contribution of these sectors’ emissions to the total emission
(see also the ‘Identification of hotspot sectors’ section).
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In term of change in the absolute value of the emissions, the CO, emissions decrease
in all economic sectors between 2017 and 2040. The decrease is clearly presented in
economic sectors such as construction, decreasing from 20.99 MtCO, in 2017 to 13.4
MtCO, by 2040, at about 0.33 MtCO; annually; or electricity, decreasing from 34.88
MtCO, in 2017 to 13.72 MtCO, by 2040, at about 0.92 MtCO; annually; food and
beverage decreasing from 15 MtCO, in 2017 to 12.5 MtCO, by 2040, or 0.1 MtCO,
annually; or healthcare, decreasing from 17.7 MtCO, in 2017 to 11.43 MtCO, by 2040,
or 0.27 MtCO, annually. The decrease of CO, emissions of economic sectors between
2010 and 2040 can be seen in Figure 27.

CO; emissions in Italy, production-based CO, emissions in Italy, consumption-based

300 4,296, BN Electricity W Construction
268 I Land transport B Electricity
250 B Metals E 244 B Food and beverages
BN Rest B Healthcare
2001 B Rubber and plastics 1 I Rest
177 I Water transport 187  mmm Wholesale and retail trade
154
150 1 140 |
100 A 1
50 1

Figure 27. Emissions of other economic sectors
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5.2.8. Relations between power consumption and air emissions of economic
sectors

There is a correlation between the power consumption and the air emission change
through years. Take CO; as an example, as mentioned above, most of CO, emissions
come from the electricity sector, and the wholesale and retail sector. These two
sectors contributed up to 27% of the life cycle consumption-based CO, emission in
2017. This CO, emission value is relevant to the electricity consumption of these two
sectors, in which the electricity sector is the top electricity consumer (the own use of
electricity in this sector), at 31280 million Euro, and followed by wholesale and retail
sector, at 3519 million Euro. By 2040, the CO, emission reduction of these two sectors
is up to 25.72 million tonne, contributing 64% of the total CO, emission reduction in
the period 2017-2040.

It should be noted that the emission reduction of the electricity sector reduces by 60%
in the period 2017-2040, while that of the wholesale and retail sector only reduces by
17%. It is clear that the pace of emission reduction in the wholesale and retail sector
is much slower than that of the electricity sector. Meaning that, the change in
emissions of the wholesale and retail sector is not solely dependent on the power
consumption. This also occurs in some other sectors, for example, the metal sector
consumed about 3227 million Euro of electricity in 2017, being equivalent to about
4.6% of the total output value of the electricity sector. Meanwhile, during the period
2017- 2040, the CO;, emission reduction of this sector is at 9%, which is lower than the
average emission reduction pace of the whole economy, at 14%. In other cases, for
example, the hotel and restaurant sector consumes about 3.5% of the electricity
sector’s output value, or 2458 million Euro. Besides, its emission reduction in the same
period reach 29%, or 3.49 million tonne CO,. From these three cases, it can be
concluded that there are some sectors whose CO, emissions are largely dependent on
the electricity sector, for example the hotel and restaurant sector, while some other
sectors, for examples the wholesale and retail, and metals sectors, the correlation
between them and the electricity sector are quite loose. Instead, there are other
factors that impact their emission reductions (or increase) such as the increase/
decrease in final demand, technological improvements and sectorial efficiency. The
relations between power consumptions and emissions of economic sectors are
visualized in Figure 28.
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5.2.9. Emissions embodied in import and export

There is a large difference between the emissions of import and export in all air
emission categories, presented in Table 28. The largest difference occurs in CO
emission, in which CO emission from import equals five times that of export. The
smallest difference occurs in NOx, at 19%. It should be noted that the emissions of
import are higher than those of export in all air emission categories, indicating that
the Italy’s import value is larger than its export value, or emission intensities of
imported products are larger than those of exported products.

Table 28. Air emissions embodied in import, export and trade in 2017

Trade
between Absolute
Import Italy and difference

Air excluding Rest of the | Absolute (excluding
emissions | Unit | Import trade Export World difference | trade)
CO; Mt | 128.22 71.07 95.77 224.00 32.45 -24.70
N.O kt 37.54 20.81 19.43 56.97 18.10 1.37
CH, kt 1,552.45 860.48 492.32 2,044.77 1,060.13 368.15
NOx kt 399.63 221.50 322.46 722.09 77.17 -100.96
SOx kt 472.51 261.90 211.34 683.86 261.17 50.55
NH3 kt 368.86 204.45 136.46 505.32 232.40 67.99
NMVOC kt 503.18 278.90 216.70 719.87 286.48 62.20
co kt 1,080.89 599.10 204.24 1,285.13 876.64 394.86
PMy, kt 140.47 77.86 45.04 185.51 95.43 32.82
PM; s kt 95.30 52.82 35.46 130.76 59.84 17.36

For all air emission categories, 44.6% of the emissions embodied in import comes from
trade (see Table 28). Meaning that nearly half of the imported products are
intermediate products which are used for exporting, after adding some values. If the
emissions from trade is excluded from the emissions from import, the difference will
be lower. In the cases of CO, and NOx, the emissions from import even become lower
than those of export.

Table 29 presents the changes in the CO; emissions in import and export of Italy from,
and to Rest of the World (RoW) over the period from 2010 to 2040. The CO; emissions
from import sharply decrease from 162.22 MtCO, to 128 MtCO, between 2010 and
2017, and gradually and slightly increase to 134.07 MtCO;, by 2040. Meanwhile, the
emissions from export, slightly increase from 93.88 MtCO, to 95.77 MtCO, between
2010 and 2017, then reduce by half to 42.3 MtCO; by 2040.
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Table 29. CO, emissions embodied in import, export and trade

Year Unit Import Export Trade between

Italy and RowW
2010 MtCO, 162.22 93.88 256.10
2017 MtCO, 128.22 95.77 224.00
2025 MtCO, 130.44 63.70 194.15
2030 MtCO, 131.64 53.58 185.21
2040 MtCO, 134.07 42.30 176.37

Figure 29 presents the contribution of various economic sectors to the CO, emissions
of import and export. There is a difference between the contribution of economic
sectors to import and export. In 2010 and 2017, there is a large contribution of CO,
emissions from the electricity sector to the emissions embodied in export. During the
period 2025-2040, the contribution of the electricity sector sharply decrease. Thanks
to the decarbonization of the electricity sector, emissions of domestic production as
well as export of this sector reduce accordingly. Six main sectors which contribute
most to the emissions of export include electricity, chemical, coke and petroleum,
metals, rubber and plastics, and water transportation.

For import, there is a big difference between the emissions of trade, and other
economic sectors. Specifically, the CO, emissions from trade account for half of the
emissions embodied in import. These emissions originate from imported products
which are then be exported. This is the same emissions presented in trade (as an
economic sector) in consumption-based accounting. Five main sectors which
contribute most to the emissions of import include electricity, food and beverages,
healthcare, transport equipment and wholesale and retail trade.

....................................
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Figure 29. Contributions of economic sectors to emissions embodied in imports and
exports
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5.2.10.Foreign or domestic dependence in ‘hotpot’ sectors

The emissions from import account for a significant share of the national CBA
emissions in most of air emission categories. Specifically, CO, emissions embodied in
import hold up to 43.9 % of consumption-based emissions. This indicates the
outsource of the Italian air emissions, as well as its emission’s dependency on foreign
products. In order to reduce the emissions of Italy, it is necessary to take into account
of imported products, and emissions of its trade partners.

Emissions from some economic sectors are more dependent on those of imported
products than others, which is expressed by the close or loose relation between air
emissions embodied in import and consumption in these economic sectors, as
presented in Figure 30. Some economic sectors with large shares of air emissions
embodied in import compared to those of consumption includes trade,
pharmaceutical, computer and electronics, textile and leather, information and
communication, transport equipment and etc. For example, 63% of the CO, emission
in 2017 of the transport equipment sector originates from imported products.

2040 2030 2025 2017 2010

wwwwwwwwwwwww
=8 T 22 g 9

es

2 s 5 =@

vvvvv

Trade -
ransport
gement
Other

uuuuu
uuuuuuu
2t g 258 2o dyo

Land

Textiles and leather
Coke and petroleum
Food and beve

Postal an:
Household activities -

Finance and inst

Arts and entel

Wholesale and r
Water and waste man.
Agriculture, forestry

Information and
Public administration a

Computer, electronics and electrical
Other scientific and tecl
Legal, accounting an
Accommodation and f

Figure 30. Share of CO, emission embodied in import out of consumption by years

During the period of 2017- 2040, the shares of air emissions embodied in import out
of consumption increases, for example, from 40.8% to 49.5% in CO, emission. These
increases occur in all particular economic sectors. The largest CO, emission increases
are among the electricity, information and communication, and finance and insurance
sectors, at around 11-12 percentage points in the same period. This indicates that the
trend of transferring the national air emissions to other countries will continue in the
mid-term.
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Five economic sectors holding the large shares out of the total CBA CO, emission
includes: wholesale and retail, healthcare, food and beverage, electricity and
construction (refer back to identification of hotspot sectors). In 2017, the wholesale
and retail sector contributes to more than 12% of the total CBA CO, emission of Italy.
The four remaining sectors account for an average CBA CO, emission, from 6% to 10%
of the total CO, emissions. By 2040, the shares of emissions of these sectors remain in
the same range. This emission pattern suggests that between 2017 and 2040, in order
to reduce the national CO, emission, effort should be focused on these five sectors.

The different contributions of domestic and import emissions to the total emissions
suggest that Italy should have proper strategies to reduce its emissions in term of
geographical effort. For example, the CO, emissions of Italian trade partners for food
and beverage, construction, health, wholesale and retail sectors should be taken into
account, because the emissions of these sectors largely depend on import (see Figure
30) with the large shares of CO, emission originating from import. The effort should be
taken either to reduce their trade partners’ emission intensity, or to move away from
trade partners that have high emission intensities. Meanwhile, the equal effort should
be shared between local manufacturers and trade partners in renewable power
technologies such as power by solar, wind and other renewables.
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5.2.11.Italian electricity sector’ dependency on foreign resources

During the period 2017 and 2040, two fossil fuel based technologies (natural gas and
coal) are obviously responsible for most of the emissions of the electricity sector, and
most of the emissions of these technologies are foreign sourced. However, their
contributions gradually reduce in the same period. Figure 31 below indicates the
change in contributions of 10 air emissions of different power generation technologies
into the total emissions of electricity sector, in relations to the contributions of their
import into the specific technologies’ emissions during 2017- 2040.

The subplots explain the CO, emissions of import and consumption of different
electricity technologies out of emissions of the electricity sector in different years.
‘Hotspot foreign resource’ are technologies whose contributions to the whole
electricity sector’s CO, CBA emission are larger than 50%, and whose contributions to
the whole sector’s CO, import emission are larger than 30%. These electricity
technologies have relatively high CO, emissions compared to the remaining electricity
technologies. Besides their dependencies on import are relatively high compared to
the remaining electricity technologies. In this case, electricity by natural gas is
identified to be a ‘hotspot foreign resources. Its dependency on import increases
between 2017-2025, slightly reduces by 2030, and keeps constant until 2040.

The ‘foreign resource’ and ‘domestic resource’ are technologies whose contributions
to the whole electricity sector’s CO, CBA emission are between 20% and 50%. The
difference between ‘foreign resource’ and ‘domestic resource’ is that contributions of
‘foreign resource’ technologies to the sector’s import emission are larger than 20%
while those of ‘domestic resources’ are smaller than 20%.
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Correlation between emissions from import and
consumption of electricity 2010-2040
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5.3. Sensitivity analysis

A sensitivity analysis is conducted to verify the role of aggregation in obtained results.
Two other models were constructed including 2-regions, 46-52-sectors model and 8-
regions, 32-45-sectors model. In the 2-regions, 46-52-sectors model, the number of
regions is the same with reference model, but the number of sectors is more detailed,
starting with 46 sectors before the hybridization and 52 sectors after the hybridization
(46 sectors — 1 electricity sector + 7 electricity generation technologies). In the 8-
regions, 32-45-sectors model, the number of regions increases, including Italy, its
important electricity trade partners and RoW. The number of sectors is 32 sectors
before the hybridization and 45 sectors after the hybridization (32 sectors — 1
electricity sector + 14 electricity generation technologies). The number of regions and
sectors of these models are presented in Appendix K.

5.3.1. Global emissions

For the global emissions, there is no difference in the obtained results of the reference
year (2017) calculated by different models, and a negligible difference for those of the
future years (refer to Table 30). This is because the calculation is conducted based on
the same air emission matrices (F matrices) for the reference year. For the future
years, the F matrices of Italy are forecasted with different improvement factors for
each economic sectors, which causes a corresponding change in the emissions of Italy.
The emissions of RoOW and other countries are fixed for future scenarios. As the Italian
emissions are relatively small compared to the global emissions, any change in Italian
emissions in future years causes an insignificant change in the global emissions. This
explains for the negligible difference among results of the future years obtained by
three models

Table 30. Global emissions calculated with different aggregation rules

Global air | Unit | 2017 - 2|2040 - 2|2040 - 2-| 2040 - 8-

emissions regions, regions, regions, regions,
36-42 36-42 46-52- 32-45-
sectors sectors sectors sectors

CO, Gt 34.32 34.20 34.23 34.23

N,O Mt | 8.83 8.82 8.82 8.82

CH4 Mt | 361.26 360.87 361.03 361.03

NOx Mt | 102.52 102.08 102.08 102.08
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SOx Mt | 110.39 110.22 110.01 110.01
NHs Mt | 83.83 83.77 83.73 83.73
NMVOC Mt | 153.39 153.34 153.44 153.44
CcoO Mt | 426.99 426.77 426.95 426.95
PM1o Mt | 47.40 47.35 47.36 47.36
PM; s Mt | 36.44 36.39 36.40 36.40
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5.3.2. Italy emissions

The role of regional and sectorial aggregation is clearly shown at the national scale,
especially considering the consumption-based perspective. In 2017, the PBA emissions
are the same for the models of 2-regions, 36-42-sectors and 2-regions 46-52-sectors,
while they are slightly lower in the models of 8-regions, 32-45-sectors (for CO,, NOx
and SOx emissions) (see Table 31). The similarity in the PBA emissions among three
models as the modelling is started with the same NAMEA-Air database (the original F
matrices). For the hybridization, though ecoinvent database is used for the electricity
generation technologies, the difference in the number of electricity generation
technologies cause the difference in the PBA results. With the more detail electricity
technologies (14 compared to 7 electricity generation technologies), the PBA results
obtained with the 8-regions, 32-45-sectors model are lower than those obtained with
the 2-regions, 36-42-sectors and 2-regions, 46-52-sectors models. From the
consumption perspective, the more detail the models are, the higher the obtained
results are (see Table 31). Comparing the two models of 2-regions, there is a small
difference in the CBA emissions which are clearly shown in CO, and CH4 and
insignificant in other air emissions. The differences in CBA emissions of 2-regions and
8-regions models are quite large, around 30% for most of the air emissions, and up to
50% for CO, emission. Notably, the NMVOC emission of 8-regions model is lower than
those of 2-regions model. These differences can be explained by differences in the
emission coefficients of each economic sectors of Italy as well as of other countries
(caused by the aggregation rules).

The difference in the Italian air emission results obtained by three models are more
obvious in future years (compared with those of the reference year), for example in
2040, as shown in Table 32. These differences are caused by the combined effect of
the forecasted emissions as well as the emission coefficients of the different economic
sectors of Italy and other countries.

Table 31 and Table 32 present the Italian emissionsin 2017 and in 2040 calculated with
different aggregation rules.

Table 31. Italian emissions in 2017 calculated with different aggregation rules

Italian air Unit PBA CBA

emissions 2- 2- 8- 2- 2- 8-

regions, regions, regions, regions, regions, regions,
36-42- 46-52- 32-45- 36-42- 46-52- 32-45-
sectors sectors sectors sectors sectors sectors

CO, Mt 376.71 376.71 364.52 409.16 410.36 478.31
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N.O Mt 0.06 0.06 0.06 0.08 0.08 0.11
CHa Mt 1.57 1.57 1.57 2.63 2.61 4.07
NOx Mt 1.03 1.03 1.02 1.11 1.11 1.46
SOx Mt 0.54 0.54 0.52 0.80 0.80 1.11
NHs Mt 0.37 0.37 0.37 0.61 0.60 0.85
NMVOC Mt 0.92 0.92 0.92 1.20 1.20 1.07
co Mt 2.28 2.28 2.28 3.16 3.16 4.26
PM1o Mt 0.23 0.23 0.23 0.33 0.33 0.43
PM;.s Mt 0.20 0.20 0.20 0.26 0.26 0.34

Table 32. Italian emissions in 2040 calculated with different aggregation rules

Italian air Unit PBA CBA
emissions 2- 2- 8- 2- 2- 8-
regions, regions, regions, regions, regions, regions,
36-42- 46-52- 32-45- 36-42- 46-52- 32-45-
sectors sectors sectors sectors sectors sectors
CO, Mt 248.26 274.95 261.30 340.03 386.30 425.37
N2O kt 47.61 49.20 47.77 75.49 76.45 99.66
CH4 Mt 1.18 1.34 1.18 2.51 2.62 3.99
NOx Mt 0.58 0.59 0.58 0.88 0.88 1.20
SOx Mt 0.36 0.16 0.35 0.72 0.58 1.07
NH3 kt 315.29 268.46 315.07 611.34 574.26 848.81
NMVOC Mt 0.86 0.97 0.86 1.23 2.60 1.08
co Mt 2.06 2.24 2.06 3.11 3.31 4.21
PMao kt 178.42 184.08 178.22 306.93 316.09 411.74
PM2s kt 151.28 157.48 150.65 239.62 243.72 312.17
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5.3.3. Hotspot identification

From the production perspective, there is small difference in the hotpot sectors being
identified by three models, for example, the CO, emission hotspot sectors as
presented in Figure 32. The difference lies in the third hotspot sector, e.g. rubber and
plastics in 2-regions 36-42-sectors and 8-regions 32-45-sectors models, compared to
other non-metallic minerals in 2-regions 46-52-sectors model. Moreover, the
difference lies in the 7t" and 8™ hotspot sectors, in which the position of metals and
chemicals (and pharmaceuticals) sectors are in interchanged. These differences occur
due to the aggregation of several economic sectors into one in 2-regions 36-42-sectors
and 8-regions 32-45-sectors models. In contrast, in 2-regions 46-52-sectors model, the
rubber, plastics and other non-metallic minerals sector are two separate sectors. As
the emissions from the other non-metallic minerals are much larger than those of
rubber and plastics, the other non-metallic minerals ranks third in the contribution to
PBA CO; emission in 2-regions 46-52-sectors model.

This is also the same explanation of the ranking of the metals and chemicals (and
pharmaceuticals) sectors, in which in 2-regions 36-42-sectors, the chemicals and
pharmaceuticals sectors are separated, while they are grouped into one sector in 2-
regions 46-52-sectors and 8-regions 32-45-sectors models. Moreover, the metals
sector is separated into two sectors of metals and metallic products in 2-regions 46-
52-sectors model; and modelled as one sector in the two remaining models.

Similarly, from consumption-based perspective, the ranking of hotspot sectors slightly
changes due to the aggregation rules (presented in Figure 33). In the two models of 2-
regions 36-42-sectors and 8-regions 32-45-sectors, the wholesale and retail trade is
modelled as one economic sector, as a result, it ranks first in the contribution to the
CBA CO; emissions of Italy. In the model of 2-regions 46-53-sectors, the wholesale and
retail trade is separated into two sectors of (1) wholesale trade and (2) retail trade. In
this case, retail trade ranks the fifth and wholesale trade ranks the seventh in the
contribution to the Italian CBA CO, emissions.
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Figure 33. CBA hotspot sectors identified by three models
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5.3.4. Emissions from electricity sector

From the production-based perspective, there is no difference in the air emissions of
the Italian electricity sector in 2017 obtained by the two models of 2-regions 36-42-
sectors and 2-regions 46-52-sectors. These two models using the same aggregation for
the electricity sector (separating into seven electricity generation technologies after
the hybridization), as a result, the PBA air emissions of the Italian electricity sectors of
the two models are the same. In the model of 8-regions 32-45-sectors, the number of
electricity generation technologies is larger (than those in the other two models);
therefore, the calculation is more accurate and specific to 14 electricity generation
technologies. In this case, the emissions of the Italian electricity sector are lower in all
categories (refer to Figure 34).

In future scenarios, the results obtained by the two models of 2-regions 36-42-sectors
and 2-regions 46-52-sectors are the same. However, the results obtained by the model
of 8-regions 32-45-sectors are higher in CO,, N,O, CH4, NOx and CO emissions; while
being lower for SOx, NH3, NMVOC, PM1, and PM; s emissions, compared to those of
the other two models in the corresponding future years (refer to Figure 34).
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Regarding the specific electricity generation technologies, there is no difference in the
results obtained by the two models of 2-regions 36-42-sectors and 2-regions 46-52-
sectors. However, the results obtained by the model of 8-regions 32-45-sectors are
more specific, thanks to the increased number of electricity generation technologies
in the 8-regions 32-45-sectors model (refer to Figure 35). Notably, in the model of 8-
regions 32-45-sectors, the PBA CO, emissions from the electricity sector is shared by
three technologies of electricity by coal, electricity by gas and electricity by petroleum
and other oil derivatives. By 2025, there is a drop in CO, emissions from electricity by
coal and electricity by petroleum and other oil derivatives. However, the PBA CO,
emission from electricity by gas keeps constant, and only reduce by 2030 and 2040.

The CBA CO, emission of the electricity sector shares the same pattern with the PBA
emission, in which there is no difference in the results obtained by the two models of
2-regions 36-42-sectors and 2-regions 46-52-sectors. The CBA CO, emission of the
Italian electricity sector in 2017 of the 8-regions 32-45-sectors model is lower than that
of the other two models; however, in future years, they are higher than those of the
other two models (refer to Figure 35).
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Figure 35. CO, emission of electricity sector calculated by three models
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5.3.5. Emissions from other economic sectors

The Figure 36 presents the Italian CO, emission and the contributions of different
economic sectors to the national emission. Comparing the two models of 2-regions
36-42-sectors and 2-regions 46-52-sectors, the CO, emission pattern is quite similar,
in which the national PBA CO, emission is higher than CBA CO; emission in 2017. In
future years, the national CO, emission reduces in both perspectives. However, the
rate of CO, emission reduction is slower in CBA compared to PBA, which causes a
higher CBA CO, emission in future years. The difference in national CO, emission of
the two models comes from the difference in each economic sector’s emission (refer
to the section ‘hotspot identification’).

Comparing the two models of 2-regions with the model of 8-regions, the PBA
emissions of the three models are quite similar. Meanwhile, there is a significant
difference in CBA emissions. The CBA CO, emission of the 8-regions model is
considerably higher than that of the two models of 2-regions. In the two models of 2-
regions, trade activities (import and export) are treated as a separate sector and being
excluded in this reported results, meanwhile in the model of 8 regions, trade activities
are shared among different economic sectors. This causes a higher national CBA CO,
emission as well as higher CBA CO, emissions in all economic sectors in the 8-regions
model.
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5.3.6. Emissions from import and export

Figure 37 presents the Italian import and export CO, emission and the contributions
of different economic sectors to the emissions embodied in trade activities. Comparing
the two models of 2-regions 36-42-sectors and 2-regions 46-52-sectors, both the CO,
emissions embodied in import and export are quite similar. The CO, emission
embodied in import is at 94~95.8 MtCO; and reduces to 53.5 and 43.3 by 2040 in 2-
regions 46-52-sectors model and 2-regions 36-42-sectors model, respectively. The CO,
emission embodied in export in both models decreases from 128 MtCO, in 2017 to
134 MtCO; by 2040.

Comparing the two models of 2-regions with the model of 8-regions, the emissions of
the Italian export is lower in 8-regions model, but that of import is higher. Specifically,
with 8-regions model, the Italian export emits 71.4 MtCO; in 2017, and reduces by two
thirds, to 29.9 MtCO, by 2040. Meanwhile, the Italian import’s CO, emission slightly
increases from 192 to 199 MtCO, between 2017 and 2040. The significant difference
between CO; emissions embodied in trade activities obtained by 2-regions models and
8-regions model indicates the important role of regional aggregation to the accuracy
of obtained results related to the emissions of trade activities.
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Figure 37. CO, emission of export and import calculated by three models
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5.3.7. Some highlights on sensitivity analysis

The aggregation of economic sectors has strong impacts on emissions in future
years, and moderate impacts on emissions in reference years.

The aggregation of electricity generation technologies has direct and strong
impacts on PBA emissions.

The aggregation of regions has strong impacts on emissions of import and
export.

The aggregation of regions and economic sectors impacts the CBA emissions
more than the PBA emissions, and the emissions from import more than the
emissions from export.
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5.4. Discussion on methodological framework

Similar to I0A, H-MRIO is a static model. Though some ‘dynamic’ factors has been
integrated into the model by adding power development scenarios, and some changes
in final demand. There are some limitations belonging to the ‘static’ characteristic of
the model. First, the model is based on fixed price, meaning that there is no change in
the price of products before and after the integration of power development scenario,
as well as between 2017 and 2040. Second, prices are the same for different power
technologies. Though the purchase price of power is the same for all technologies, the
production price should be difference among power generation technologies.

Moreover, the hybridization is the time-consuming process. For the development of
MRIO matrix, Istat and EXIOBASE data need to be matched. The economic sectors of
these two databases are classified differently; and there is also a variation in the level
of sectoral aggregation. For hybridization of environmental burdens, the ecoinvent
and NAMEA data need to be matched. Again the different level of detailness between
two data sets requires time for matching them, and in some cases it is impossible to
match the two data sets. Gas supply sector accounts for a small percentage of
economic values of the electricity, gas and steam sector in the 10T; however, gas
supply technologies’” CH4 emission intensity are higher than those of power supply
technologies. The omission of gas supply sector during the hybridization of matrix A,
and consequently hybridization of environmental burden will neglect the CH, emission
from gas supply technologies, and hinder the risk of causing CH, emission gap in actual
and quantified (by this study) emission. It is suggested that in future studies, the level
of aggregation should be more specified to reflect the diverse of technologies in
electricity, gas and steam sector.

The integration of future power development scenario utilize the similar intermediate
flow matrix (for other economic sectors excluding electricity sector). Though the
future intermediate flow matrix may be similar to the current one in short term, it is
not convincing that in the long term, they will be similar. It is expected that with the
increase in energy efficiency, material efficiency and sector productivity, there will be
a lot of changes in the long term. Future studies should take into account these aspects
when forecasting the future intermediate flow matrix.

Lastly, the study is restricted in the data availability for power development scenarios.
Considering that recent EU policies such as Fit for 55 are internalized into national
policy, in which the new Emission Trading System that will be applied to private
transportation and buildings, there will be change in the electricity sector, as well as
other energy intensive industries such as transportation and buildings. At the same
time, the further requirement of climate targets will initiate more diverse low carbon
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energy technologies to include battery energy storage system and hydrogen; as well
as emission reduction options related to social behaviour change. In that context, a
comprehensive (and updated) energy development scenario should be developed,
and should extend from electricity sector to the economic-wide sectors.
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CHAPTER 6. CONCLUSION

The thesis quantified and evaluated the consequential life cycle air emissions and
impacts of Italian electricity sector and national emissions. The decarbonization of the
Italian electricity sector has positive impacts on the GHG and other air emissions of the
sector itself as well as the national economy. By 2040, the Italian electricity sector will
be developed towards decreasing electricity by coal, and replacing by electricity by
solar and electricity by wind.

The total GHG emissions to meet global final demand in 2017 calculated in the study
is at 47.69 GtCO,e. Another calculation for GHGs from combustion activities only
indicated that the GHG emissions to meet global final demand in 2017 is at 33.96
GtCOze. In this case, the GHG emissions from combustion accounts up to 70% of the
total GHG emissions. Moreover, these obtained results on global emissions are very
close to the available results calculated with other models.

The national GHG emissions of Italy in 2017 were 441 and 510 MtCO,e, by production
and consumption perspectives, respectively. Between 2010 and 2040, the Italian
emissions tend to reduce in all air emission categories, considering the production
emissions. Meanwhile, from the consumption perspective, the general trend is the
decrease in most air emission categories, except for NH3 and NMVOC during the same
period.

A decomposition analysis has been conducted in order to look into details of the
sources of the change in the air emission. With the change in final demand and
electricity sector composition of Italy, consumption-based GHG emissions appear to
decrease in the period 2010-2040. Specifically, due to changes in production structure,
emission coefficients, and final demand, the annual CO, emission reduction embodied
in production activities during the period 2017- 2025 will be up to 7.1 MtCO,, which
makes up 57.1 MtCO, emission reduction in the whole period. The increased final
demand of Italy causes an annual increase of 4.8 MtCO,. While the change in
production structure, including electricity sector and corresponding change in other
economic sectors, helps to reduce 6.1 MtCO; annually. The change in emission flow
coefficients brings an annual reduction credit of about 5.8 MtCO,. During the period
of 2025-2030 and 2030-2040, the annual change in emission reduction will be much
smaller, at 2.3 MtCO, and 33.9 ktCO; respectively.

Due to the change in power supply technologies and power consumption, the future
air emissions dramatically reduce in electricity sector. Most of the emissions of the
domestic electricity production come from fossil fuel based electricity, e.g. electricity
by coal and natural gas. The reduction in electricity from fossil fuels such as coal and
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natural gas help to reduce the emissions of the domestic electricity production nearly
four times from 97.5 MtCO, in 2017 to 25.9 MtCO; by 2040. Besides, the CO, emission
of final consumption of electricity is 34.9 MtCO, in 2017, which reduces by more than
half, at 13.7 MtCO, by 2040. The CO, emission of final electricity consumption is
divided among technologies by their production structure, including emissions from
low-carbon technologies such as solar and wind power technologies.

The changes in energy transition scenarios induce changes in other economic sectors
over the supply chain of low carbon electricity technologies. The CO, emission
decrease is clearly presented in economic sectors such as land transportation,
decreasing from 15.64 MtCO; in 2017 to 10.57 MtCO; by 2040; or metals, decreasing
from 13.72 MtCO; to 8.04 MtCO,; or rubber and plastics, decreasing from 23.04 MtCO,
to 9.9 MtCO,; or water transportation, decreasing from 17.95 MtCO; to 9.33 MtCO.,.

The obtained results relevant to trade activities point out the important contribution
of imports in the national air emissions. Trade, pharmaceutical, computer and
electronics, textile and leather, information and communication, and transport
equipment, are particularly high importers of embodied carbon. Specifically, 63% of
CO, emission in 2017 of transport equipment sector originates from imported
products. This suggests the need of international measures to further reduce
emissions embodied in imported products.

The sensitivity analysis highlights the role of sectorial and regional aggregation in
emission quantification. The numbers of economic sectors and electricity generation
technologies have strong impacts on the national emission and emissions of individual
sectors. Meanwhile, the number of regions have strong impacts on the emission
embodied in import, export and trade activities. In any cases, the increasing number
of sectors and regions improves the transparency of the model. However, it will take
more time for collecting the specific sectoral and regional data.
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Appendix K. Aggregation of regions and sectors in three models

Codes | 2 Regions 8 Regions

IT Italy Italy

RoW | Rest of the World | Rest of the World

AT Austria

CH Switzerland

FR France

GR Germany

S| Slovenia

MT Malta

Codes | 36 Sectors 42 Sectors Codes | 46 Sectors 52 Sectors Codes | 32 Sectors 45 Sectors

no1 |foestyand  |forestryand | mor | ASTeuture, | Agricuture, | [EECERE e
fishing fishing forestry forestry fishing fishing

A.02 Fishing Fishing

B.02 Miningand Miningand B.03 Miningand Miningand B.02 Miningand Miningand
quarrying quarrying quarrying quarrying quarrying quarrying

.03 Ezsgrzggs Ezsgrzggs C.04 Ezsgrzggs Ezsgrzggs .03 Ezsgrzggs Ezsgrzggs

.04 Textiles and Textiles and C.05 Textiles and Textiles and .04 Textiles and Textiles and
leather leather leather leather leather leather

C.05 Wood and paper | Wood and paper | C.06 Wood Wood C.05 Wood and paper | Wood and paper

c.07 Paper Paper
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Codes | 36 Sectors 42 Sectors Codes | 46 Sectors 52 Sectors Codes | 32 Sectors 45 Sectors
C.08 Printing Printing
C.06 Coke and Coke and .09 Coke and Coke and C.06 Coke and Coke and
petroleum petroleum petroleum petroleum petroleum petroleum
C.07 Chemicals Chemicals C.10 Chemicals ar‘1d Chemicals ar‘1d C.07 Chemicals ar‘1d Chemicals ar‘1d
pharmaceuticals | pharmaceuticals pharmaceuticals | pharmaceuticals
C.08 Pharmaceuticals Pharmaceuticals
.09 Rubb'er and Rubb'er and c11 Rubb'er and Rubb'er and .09 Rubb'er and Rubb'er and
plastics plastics plastics plastics plastics plastics
c12 Other non- Other non-
) metalic minerals metalic minerals
C.10 Metals Metals C.13 Metals Metals C.10 Metals Metals
C.14 Metallic products | Metallic products
Computer, Computer, Computer, Computer,
c11 electronics and electronics and c15 Computer, Computer, c11 electronics and electronics and
) electrical electrical ) electronics electronics ) electrical electrical
equipment equipment equipment equipment
C16 EIecjcrlcaI EIecjcrlcaI
equipment equipment
c17 Other mechanic Other mechanic
) equiipment equiipment
C.12 Trar?sport TrarTsport C.18 Automobile Automobile C.12 TrarTsport TrarTsport
equipment equipment equipment equipment
c19 Other transport Other transport
) equipment equipment
C.13 Furniture Furniture C.20 Furniture Furniture C.13 Furniture Furniture
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Codes

36 Sectors

42 Sectors

Codes

46 Sectors

52 Sectors

Codes

32 Sectors

45 Sectors

D.14

Electricity and
gas

Electricity by coal

D.21

Electricity, gas
and steam

Electricity by coal

D.14

Electricity and
gas

Electricity by coal

Electricity by gas

Electricity by gas

Electricity by gas

Electricity by
solar
photovoltaic

Electricity by
solar
photovoltaic

Electricity by
nuclear

Electricity by
wind

Electricity by
wind

Electricity by
hydro

Electricity by
hydro

Electricity by
hydro

Electricity by
wind

Electricity by
other RES

Electricity by
other RES

Electricity by
petroleum and
other oil
derivatives

Electricity net
import/ export

Electricity net
import/ export

Electricity by
biomass and
waste

Electricity by
solar
photovoltaic

Electricity by
solar thermal

Electricity by tide,
wave, ocean

Electricity by
Geothermal
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Codes | 36 Sectors 42 Sectors Codes | 46 Sectors 52 Sectors Codes | 32 Sectors 45 Sectors
Electricity nec
Transmission
services of
electricity
Distribution and
trade services of
electricity
E15 Water and waste | Water and waste E22 Water supply Water supply E15 Water and waste | Water and waste
management management management management
£23 Waste Waste
' management management
F.16 Construction Construction F.24 Construction Construction F.16 Construction Construction
Wholesale and Wholesale and
G17 Wholesale and Wholesale and G5 retail of retail of G17 Wholesale and Wholesale and
) retail trade retail trade ) transportation transportation ) retail trade retail trade
equipment equipment
G.26 | Wholesale trade | Wholesale trade
G.27 Retail trade Retail trade
H.18 Land transport Land transport H.28 Land transport Land transport H.18 Land transport Land transport
H.19 Water transport Water transport H.29 Water transport Water transport H.19 Water transport Water transport
H.20 | Air transport Air transport H.30 Air transport Air transport H.20 Air transport Air transport
Warehousing and | Warehousing and
t activiti t activiti
H.21 | Warehousing Warehousing H.31 support activities | support activities H.21 | Warehousing Warehousing

for
transportation

for
transportation
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Codes | 36 Sectors 42 Sectors Codes | 46 Sectors 52 Sectors Codes | 32 Sectors 45 Sectors
Postal, courier Postal, courier
Postal and Postal and ! ! Postal and Postal and
H.22 . . H.32 and and H.22 . .
courier courier . . courier courier
communication communication
Accommodation Accommodation Accommodation Accommodation Accommodation Accommodation
1.23 . : 1.33 . . 1.23 . .
and food service | and food service and food service | and food service and food service | and food service
194 Information and Information and
) communication communication
Finance and Finance and . . . . . . Finance and Finance and
K.25 . . K.34 Financial service Financial service K.25 . .
insurance insurance insurance insurance
K.35 Insurance Insurance
Activities Activities
K.36 auxiliary to auxiliary to
financial service financial service
L.26 Real estate Real estate L.37 Real estate Real estate L.26 Real estate Real estate
M.27 Legal, accounting | Legal, accounting
' and management | and management
M.28 Research and Research and M.38 Research and Research and M.28 Research and Research and
' development development ' development development ' development development
Other scientific Other scientific
M.29 | and technical and technical
activities activities
Administrative Administrative Administrative Administrative Administrative Administrative
N.30 | and support and support N.39 | and support and support N.30 | and support and support

service

service

service

service

service

service
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Codes | 36 Sectors 42 Sectors Codes | 46 Sectors 52 Sectors Codes | 32 Sectors 45 Sectors
Public Public Public Public Public Public
0.31 administration administration 0.40 administration administration 0.31 administration administration
and defence and defence and defence and defence and defence and defence
P.32 Education Education P.41 Education Education P.32 Education Education
Q.33 Health Health Q.42 Health Health Q.33 Health Health
R34 Arts and Arts and R.43 Arts and Arts and R34 Arts and Arts and
) entertainment entertainment ) entertainment entertainment ) entertainment entertainment
Activities of Activities of
S.35 Other service Other service S.44 membership membership S.35 Other service Other service
organization organization
S.45 Other service Other service
T36 HomiJs,'e'hoId HomiJs,'e'hoId T46 HomiJs,'e'hoId HomiJs,'e'hoId T36 HomiJs,'e'hoId HomiJs,'e'hoId
activities activities activities activities activities activities

215



216



LIST OF PUBLICATION

Published

Luu, L.Q.; Longo, S.; Cellura, M.; Sanseverino, R.E.; Cusenza, M.A.; Franzitta, V.A. Conceptual
Review on Using Consequential Life Cycle Assessment Methodology for the Energy
Sector. Energies 2020, 13, 3076, doi:https://doi.org/10.3390/en13123076.

Luuy, L.Q.; Longo, S.; Cellura, M.; Sanseverino, E.R. A Review on Consequential Life Cycle
Assessment in the Power Sector. Int. J. Sustain. Dev. Plan. 2020, 15, 1157-1168,
doi:10.18280/ijsdp.150802.

Luy, L.; Longo, S.; Cellura, M.; Sanseverino, E. CLCA for Assessing Environmental Impacts of
Power Sector in the GHG Policy Context. Tec. Ital.-Ital. J. Eng. Sci. 2020, 64, 229-238,
doi:10.18280/ti-ijes.642-416.

Luu, Q.L.; Van Doan, B.; Nguyen, N.Q.; Nguyen, N.H. Life Cycle Assessment (LCA) of an
Integrated Solar PV and Wind Power System in Vietnam. J. Asian Energy Stud. 2020,
4,36-47, doi:10.24112/jaes.040005.

Vuong, K.Q.; Nguyen, N.H.; Luu, Q.L.; Nguyen, H.T.; Nguyen, H.T.D.; Van Doan, B.; Dargusch,
P. Emission Reduction Opportunities in a Rapidly Growing Economy. Case Stud.
Environ. 2020, 4, 961967, doi:10.1525/cse.2020.961967.

Nguyen, N.H.; Van Doan, B.; Van Bui, H.; Le Luu, Q. Renewable Energy Policy in Vietnam. In
New Challenges and Solutions for Renewable Energy: Japan, East Asia and Northern
Europe; Midford, P., Moe, E., Eds.; Springer International Publishing: Cham, 2021;
pp. 247-277 ISBN 978-3-030-54514-7.

Sanseverino, E.R.; Cellura, M.; Luu, L.Q.; Cusenza, M.A.; Nguyen Quang, N.; Nguyen, N.H.
Life-Cycle Land-Use Requirement for PV in Vietnam. Energies 2021, 14, 861,
doi:10.3390/en14040861.

Cellura, M.; Cusenza, M.A.; Longo, S.; Luu, L.Q.; Skurk, T. Life Cycle Environmental Impacts
and Health Effects of Protein-Rich Food as Meat Alternatives: A Review.
Sustainability 2022, 14, 979, doi:10.3390/su14020979.

Luu, L.Q.; Riva Sanseverino, E.; Cellura, M.; Nguyen, H.-N.; Tran, H.-P.; Nguyen, H.A. Life
Cycle Energy Consumption and Air Emissions Comparison of Alternative and
Conventional Bus Fleets in Vietnam. Energies 2022, 15, 7059,
doi:10.3390/en15197059.

Luu, L.Q.; Riva Sanseverino, E.; Cellura, M.; Nguyen, H.-N.; Nguyen, T.M.; Nguyen, H.A.
Comparative Life Cycle Impact Assessment of Electric and Conventional Bus in
Vietnam. Sustain. Energy Technol. Assess. 2022, 54, 102873,
doi:10.1016/j.seta.2022.102873.

Riva Sanseverino, E.; Luu, L.Q. Critical Raw Materials and Supply Chain Disruption in the
Energy Transition. Energies 2022, 15, 5992, doi:10.3390/en15165992.

Under review

Luu L.Q., Gibon T, Cellura M., Riva Sanseverino E., Longo S. Assessing the life cycle air
emissions of the future Italian power system with integrated input-output analysis,
submitted to the Journal of Cleaner Production

217



REFERENCES

Alberici, S., Boeve, S., van Breevoort, P., Deng, Y., Forster, S., van Gastel, V., Grave, K.,
Groenenberg, H., de Jager, D., Pouwels, W., Smith, M., de Visser, E., Winkel, T., 2014.
Subsidies and costs of EU energy.

Albers, A, Collet, P., Lorne, D., Benoist, A., Helias, A., 2019. Coupling partial-equilibrium and
dynamic biogenic carbon models to assess future transport scenarios in France. Appl.
Energy 239, 316—330. https://doi.org/10.1016/j.apenergy.2019.01.186

Algunaibet, I.M., Pozo, C., Galan-Martin, A., Guillen-Gosalbez, G., 2019. Quantifying the cost
of leaving the Paris Agreement via the integration of life cycle assessment, energy
systems modeling and monetization. Appl. Energy 242, 588-601.
https://doi.org/10.1016/j.apenergy.2019.03.081

Ardente, F., Beccali, G., Cellura, M., 2003. Eco-sustainable energy and environmental
strategies in design for recycling: the software “ENDLESS.” Ecol. Model. 163, 101—-
118.

Ardente, F., Beccali, M., Cellura, M., 2004. F.A.L.C.A.D.E.: a fuzzy software for the energy and
environmental balances of products. Ecol. Model. 176, 359-379.

Beaussier, T., Cairla, S., Maurel, V.B., Loiseau, E., 2019. Coupling economic models and
environmental assessment methods to support regional policies: A critical review. J.
Clean. Prod. 2016, 408-421.

Bj@rn, A., Owsianiak, M., Molin, C., Hauschild, M.Z., 2018. LCA History, in: Hauschild, M.Z.,
Rosenbaum, R.K., Hauschild, S.I.O. (Eds.), Life Cycle Assessment. Springer
International Publishing AG 2018.

Blanco, H., Codina, V., Laurent, A., Nijs, W., Marechal, F., Faaij, A., 2020. Life cycle
assessment integration into energy system models: An application for Power-to-
Methane in the EU. Appl. Energy 259.
https://doi.org/10.1016/j.apenergy.2019.114160

Brander, M., 2017. Comparative analysis of attributional corporate greenhouse gas
accounting, consequential life cycle assessment, and project/policy level accounting:
A bioenergy case study. J. Clean. Prod. 167, 1401-1414.
https://doi.org/10.1016/j.jclepro.2017.02.097

Brown, M.T., Herendeen, R.A., 1996. Embodied energy analysis and EMERGY analysis: a
comparative view. Ecol. Econ. 19, 219-235.

Canals, L.M.I., Clift, R., Basson, L., Hansen, Y., Brandao, M., 2006. Expert workshop on land
use impacts in life cycle assessment (LCA). Int. J. Life Cycle Assess. 11, 363—368.

Carnevale, P., Mattei, E., 2020. Roadmap to 2050: A Manual for Nations to Decarbonize by
Mid-Century. Fondazione Eni, Sustainable Development Solutions Network.

Cellura, M., Longo, S., Mistretta, M., 2012. Application of the Structural Decomposition
Analysis to assess the indirect energy consumption and air emission changes related
to Italian households consumption. Renew. Sustain. Energy Rev. 16, 1135-1145.
https://doi.org/10.1016/j.rser.2011.11.016

Cellura, M., Longo, S., Mistretta, M., 2011. The energy and environmental impacts of Italian
households consumptions: An input—output approach. Renew. Sustain. Energy Rev.
15, 3897—-3908. https://doi.org/10.1016/j.rser.2011.07.025

Choi, J.-K., Friley, P., Alfstad, T., 2012. Implications of energy policy on a product system’s
dynamic life-cycle environmental impact: Survey and model. Renew. Sustain. Energy
Rev. 16, 4744—4752. https://doi.org/10.1016/j.rser.2012.05.032

218



Climate Watch, 2022. Global Historical Emissions.

Collinge, W.0., Rickenbacker, H.J., Landis, A.E., Thiel, C.L., Bilec, M.M., 2018. Dynamic Life
Cycle Assessments of a Conventional Green Building and a Net Zero Energy Building:
Exploration of Static, Dynamic, Attributional, and Consequential Electricity Grid
Models. Environ. Sci. Technol. 52, 11429-11438.
https://doi.org/10.1021/acs.est.7b06535

Costantino, C., n.d. An Overview of Istat’s Environmental Accounting in the Light of Eu
Methodological Achievements.

Curran, M.A,, Mann, M., Norris, G., 2005. The international workshop on electricity data for
life cycle inventories. J. Clean. Prod. 12, 853—-862.

Dandres, T., Gaudreault, C., Tirado-Seco, P., Samson, R., 2012. Macroanalysis of the
economic and environmental impacts of a 2005-2025 European Union bioenergy
policy using the GTAP model and life cycle assessment. Renew. Sustain. Energy Rev.
16, 1180-1192. https://doi.org/10.1016/j.rser.2011.11.003

Dandres, T., Gaudreault, C., Tirado-Seco, P., Samson, R., 2011. Assessing non-marginal
variations with consequential LCA: Application to European energy sector. Renew.
Sustain. Energy Rev. 15, 3121-3132. https://doi.org/10.1016/j.rser.2011.04.004

Dandres, T., Vandromme, N., Obrekht, G., Wong, A., Nguyen, K.K., Lemieux, Y., Cheriet, M.,
Samson, R., 2017. Consequences of Future Data Center Deployment in Canada on
Electricity Generation and Environmental Impacts A 2015-2030 Prospective Study. J.
Ind. Ecol. 21, 1312-1322. https://doi.org/10.1111/jiec.12515

Danish Energy Agency, Energinet, 2016. Technology Data - Energy Plants for Electricity and
District heating generation.

Davis, C., Nikoli¢, I., Dijkema, G.P.J., 2009. Integration of Life Cycle Assessment Into Agent-
Based Modeling Toward Informed Decisions on Evolving Infrastructure Systems. J.
Ind. Ecol. 13, 306—325. https://doi.org/10.1111/j.1530-9290.2009.00122.x

DDPP, 2015. Pathways to deep decarbonization 2015 report. Deep Decarbonization
Pathways Project SDSN - IDDRI.

Dietzenbacher, E., Los, B., 1998. Structural Decomposition Techniques: Sense and
Sensitivity. Econ. Syst. Res. 10, 307-324.
https://doi.org/10.1080/09535319800000023

Dunn, J.B., Mueller, S., Kwon, H., Wang, M.Q., 2013. Land-use change and greenhouse gas
emissions from corn and cellulosic ethanol. Biotechnol. Biofuels 6, 13.

Earles, J.M., Halog, A., 2011. Consequential life cycle assessment: a review. Int. J. Life Cycle
Assess. 16, 445-453.

Earles, J.M., Halog, A,, Ince, P., Skog, K., 2013. Integrated Economic Equilibrium and Life
Cycle Assessment Modeling for Policy-based Consequential LCA. J. Ind. Ecol. 17, 375—
384. https://doi.org/10.1111/j.1530-9290.2012.00540.x

EEA, 2018. Annual European Union greenhouse gas inventory 1990- 2016 and inventory
report 2018. Submission to the UNFCCC Secretariat, May 2018. European
Environment Agency.

Ekvall, T., 2002. Cleaner production tools: LCA and beyond. J. Clean. Prod. 10, 403-406.

Ekvall, T., Weidema, B.P., 2004. System boundaries and input data in consequential life cycle
inventory analysis. Int. J. Life Cycle Assess. 9, 161-171.

Elzein, H., Dandres, T., Levasseur, A., Samson, R., 2019. How can an optimized life cycle
assessment method help evaluate the use phase of energy storage systems? J. Clean.
Prod. 209, 1624-1636. https://doi.org/10.1016/j.jclepro.2018.11.076

219



Eriksson, O., Finnveden, G., Ekvall, T., Bjorklund, A., 2007. Life cycle assessment of fuels for
district heating: A comparison of waste incineration, biomass- and natural gas
combustion. Energy Policy 35, 1346—-1362.
https://doi.org/10.1016/j.enpol.2006.04.005

Escobar, N., Manrique-de-Lara-Penate, C., Sanjuan, N., Clemente, G., Rozakis, S., 2017. An
agro-industrial model for the optimization of biodiesel production in Spain to meet
the European GHG reduction targets. Energy 120, 619-631.
https://doi.org/10.1016/j.energy.2016.11.111

Eurostat, 2021. Environmental accounts - establishing the links between the environment
and the economy - Statistics explains. https://ec.europa.eu/eurostat/statistics-
explained/index.php/Environmental_accounts_-
_establishing_the_links_between_the_environment_and_the_economy

Eurostat, 2015. Manual for air emissions accounts, Eurostat manuals and guidelines. ISBN
978-92-79-51138-7 ISSN 2315-0815 doi: 10.2785/527552

Eurostat, 2008. NACE rev. 2. Office for Official Publications of the European Communities,
Luxembourg. ISBN 978-92-79-04735-0

Florent, Q., Enrico, B., 2015. Combining Agent Based Modeling and Life Cycle Assessment for
the Evaluation of Mobility Policies. Environ. Sci. Technol. 49, 1744-1751.

Fontana, A., 2022. THE ITALIAN ECONOMY AT THE TEST OF THE CONFLICT IN UKRAINE.
Cofindustria.

Frischknecht, R., Benetto, E., Dandres, T., Heijungs, R., Roux, C., Schrijvers, D., Wernet, G.,
Yang, Y., Messmer, A., Tschuemperlin, L., 2017. LCA and decision making: when and
how to use consequential LCA; 62nd LCA forum, Swiss Federal Institute of
Technology, Zurich, 9 September 2016. Int. J. Life Cycle Assess. 22, 296—301.
https://doi.org/10.1007/s11367-016-1248-9

Frischknecht, R., Stucki, M., 2010. Scope-dependent modelling of electricity supply in life
cycle assessments. Int. J. Life Cycle Assess. 15, 806—-816.
https://doi.org/10.1007/s11367-010-0200-7

Fukushima, Y., Chen, S.P., 2009. A decision support tool for modifications in crop cultivation
method based on life cycle assessment: a case study on greenhouse gas emission
reduction in Taiwanese sugarcane cultivation. Int. J. Life Cycle Assess. 14, 639—-655.
https://doi.org/10.1007/s11367-009-0100-x

Gajos, E., Prandecki, K., 2016. NATIONAL ACCOUNTING MATRIX WITH ENVIRONMENTAL
ACCOUNTS (NAMEA) — AN OVERVIEW OF ENVIRONMETALLY EXTENDED INPUT-
OUTPUT ANALYSIS.

Georgescu-Roegen, N., 1986. The Entropy Law and the Economic Process in Retrospect.
East. Econ. J. 12, 3-25.

Georgescu-Roegen, N., 1979. Energy Analysis and Economic Valuation. South. Econ. J. 45,
1023-1058.

Georgescu-Roegen, N., 1975. Dynamic models and economic growth. World Dev. 3, 765—
783.

Georgescu-Roegen, N., 1971. The Entropy Law and the Economic Process. Harvard
University Press, Cambridge, Massachusetts.

Gibon, T., Hertwich, E.G., Arvesen, A., Singh, B., Verones, F., 2017. Health benefits,
ecological threats of low-carbon electricity. Environ. Res. Lett. 12.
https://doi.org/10.1088/1748-9326/aa6047

220



Glogic, E., Weyand, S., Tsang, M.P., Young, S.B., Schebek, L., Sonnemann, G., 2019. Life cycle
assessment of organic photovoltaic charger use in Europe: the role of product use
intensity and irradiation. J. Clean. Prod. 233, 1088-1096.
https://doi.org/10.1016/j.jclepro.2019.06.155

Goéralczyk, M., 2003. Life-cycle assessment in the renewable energy sector. Appl. Energy 75,
205-211. https://doi.org/10.1016/S0306-2619(03)00033-3

Grosse, R., Christopher, B., Stefan, W., Geyer, R., Robbi, S., 2017. Long term (2050)
projections of techno-economic performance of large-scale heating and cooling in
the EU. EUR28859. Publications Office of the European Union, LU.

Hammond, G.P., O’Grady, A., 2017. The potential environmental consequences of shifts in
UK energy policy that impact on electricity generation. Proc. Inst. Mech. Eng. Part -J.
Power Energy 231, 535-550. https://doi.org/10.1177/0957650916675519

Heijungs, R., Tukker, A., Huppes, G., Van Oers, L., 2006. Environmentally extended input-
output tables and models for Europe. Publications Office, Luxembourg.

Herbert, A.S., Azzaro-Pantel, C., Le Boulch, D., 2016. A typology for world electricity mix:
Application for inventories in Consequential LCA (CLCA). Sustain. Prod. Consum. 8,
93-107. https://doi.org/10.1016/j.spc.2016.09.002

Horne, R.E., 2009. Life cycle assessment: origins, principles and context, in: RE Horne, T
Grant, K Verghese (Eds.), Life Cycle Assessment - Principles, Practice and Prospects.
CSIRO Publishing.

Hou, J., Zhang, W.F., Wang, P., Dou, Z.X., Gao, L.W,, Styles, D., 2017. Greenhouse Gas
Mitigation of Rural Household Biogas Systems in China: A Life Cycle Assessment.
Energies 10. https://doi.org/10.3390/en10020239

IEA, 2021. WORLD ENERGY MODEL DOCUMENTATION 2020.

IEA, 2020a. Energy Transitions Indicators [WWW Document]. URL
https://www.iea.org/articles/energy-transitions-indicators

IEA, 2020b. IEA World Energy Balances 2020.

IEA, 2016. Energy Policies of IEA Countries - Italy 2016 Review. Energy Policies IEA Ctries.
214.

IEA, NEA, 2020. Projected Costs of Generating Electricity 2020.

Igos, E., Rugani, B., Rege, S., Benetto, E., Drouet, L., Zachary, D.S., 2015. Combination of
equilibrium models and hybrid life cycle-input-output analysis to predict the
environmental impacts of energy policy scenarios. Appl. Energy 145, 234-245.
https://doi.org/10.1016/j.apenergy.2015.02.007

IRENA, 2018. Renewable Power Generation Costs in 2017. International Renewable Energy
Agency, Abu Dhabi.

IRENA, 2016. The Power to Change: Solar and Wind Cost Reduction Potential to 2025.

ISPRA, 2021. Italian Greenhouse Gas Inventory 1990-2019. National Inventory Report 2021.
Institute for Environmental Protection and Research.

Jones, C., Gilbert, P., 2018. Determining the consequential life cycle greenhouse gas
emissions of increased rooftop photovoltaic deployment. J. Clean. Prod. 184, 211-
219.

Jones, C., Gilbert, P., Raugei, M., Mander, S., Leccisi, E., 2017. An approach to prospective
consequential life cycle assessment and net energy analysis of distributed electricity
generation. Energy Policy 100, 350-358.
https://doi.org/10.1016/j.enpol.2016.08.030

221



Katelhon, A., Bardow, A., Suh, S.W., 2016. Stochastic technology choice model for
consequential life cycle assessment. Environ. Sci. Technol. 50, 12575-12583.

Kimming, M., Sundberg, C., Nordberg, A., Baky, A., Bernesson, S., Hansson, P.A., 2015.
Replacing fossil energy for organic milk production - potential biomass sources and
greenhouse gas emission reductions. J. Clean. Prod. 106, 400-407.
https://doi.org/10.1016/j.jclepro.2014.03.044

Kimming, M., Sundberg, C., Nordberg, A., Baky, A., Bernesson, S., Noren, O., Hansson, P.A,,
2011. Life cycle assessment of energy self-sufficiency systems based on agricultural
residues for organic arable farms. Bioresour Technol 102, 1425-1432.
https://doi.org/10.1016/j.biortech.2010.09.068

Leontief, W., 1970. Input Output Economics, Second edition. ed. Oxford University Press,
1986, New York.

Leontief, W., 1951. Chapter 1, Input Output Economics, in: Input Output Economics. pp. 3—
19.

Liu, S.-Q., Mao, X.-Q., Gao, Y.-B., Xing, Y.-K., 2012. Life Cycle Assessment, Estimation and
Comparison of Greenhouse Gas Mitigation Potential of New Energy Power
Generation in China. Adv. Clim. Change Res. 3, 147-153.
https://doi.org/10.3724/SP.).1248.2012.00147

Lund, H., Mathiesen, B.V., Christensen, P., Schmidt, J.H., 2010. Energy system analysis of
marginal electricity supply in consequential LCA. Int. J. Life Cycle Assess. 15, 260—
271. https://doi.org/10.1007/s11367-010-0164-7

Luy, L., Longo, S., Cellura, M., Sanseverino, E., 2020. CLCA for Assessing Environmental
Impacts of Power Sector in the GHG Policy Context. Tec. Ital.-Ital. J. Eng. Sci. 64, 229—
238. https://doi.org/10.18280/ti-ijes.642-416

Luu, L.Q., Halog, A., 2016. Rice Husk Based Bioelectricity vs. Coal-fired Electricity: Life Cycle
Sustainability Assessment Case Study in Vietnam. Procedia CIRP 40, 73-78.
https://doi.org/10.1016/j.procir.2016.01.058

Luy, L.Q., Longo, S., Cellura, M., Sanseverino, R.E., Cusenza, M.A., Franzitta, V.A., 2020.
Conceptual Review on Using Consequential Life Cycle Assessment Methodology for
the Energy Sector. Energies 13, 3076. https://doi.org/10.3390/en13123076

Marvuglia, A., Benetto, E., Rege, S., Jury, C., 2013. Modelling approaches for consequential
life-cycle assessment (C-LCA) of bioenergy: Critical review and proposed framework
for biogas production. Renew. Sustain. Energy Rev. 25, 768-781.
https://doi.org/10.1016/j.rser.2013.04.031

Marvuglia, A., Rege, S., Navarrete Gutiérrez, T., Vanni, L., Stilmant, D., Benetto, E., 2017. A
return on experience from the application of agent-based simulations coupled with
life cycle assessment to model agricultural processes. J. Clean. Prod. 142, 1539—-
1551. https://doi.org/10.1016/j.jclepro.2016.11.150

Mathiesen, B.V., Munster, M., Fruergaard, T., 2009. Uncertainties related to the
identification of the marginal energy technology in consequential life cycle
assessments. J. Clean. Prod. 17, 1331-1338.
https://doi.org/10.1016/j.jclepro.2009.04.009

McDowall, W., Rodriguez, B.S., Usubiaga, A., Fernandez, J.A., 2018. Is the optimal
decarbonization pathway influenced by indirect emissions? Incorporating indirect
life-cycle carbon dioxide emissions into a European TIMES model. J. Clean. Prod. 170,
260-268. https://doi.org/10.1016/j.jclepro.2017.09.132

222



McKinsey, 2010. Transformation of Europe’s power system until 2050 Including specific
considerations for Germany.

Menten, F., Tchung-Ming, S., Lorne, D., Bouvart, F., 2015. Lessons from the use of a long-
term energy model for consequential life cycle assessment: The BTL case. Renew.
Sustain. Energy Rev. 43, 942—-960. https://doi.org/10.1016/j.rser.2014.11.072

Miller, S.A., Moysey, S., Sharp, B., Alfaro, J., 2012. A Stochastic Approach to Model Dynamic
Systems in Life Cycle Assessment. J. Ind. Ecol. 17, 352—-362.

Ministry of Ecological Transition, 2020. The national Energy Situation 2020.

Ministry of Economic Development, 2021. Annual report on energy efficiency Results
achieved and targets for 2020.

Ministry of Economic Development, 2017a. Italy’s National Energy Strategy (SEN 2017).

Ministry of Economic Development, 2017b. Italian Energy Efficiency Action Plan (PAEE).

Ministry of Economic Development, 2017c. Annual report on energy efficiency Results
achieved and targets for 2020.

Ministry of Economic Development, 2010. Italian National Renewable Energy Action Plan
(NREAP).

MISE, 2017. Energy Balance Table 2017. Ministry of Economic Development.

MISE, MEIT, MIT, 2019. INTEGRATED NATIONAL ENERGY AND CLIMATE PLAN (NECP).

MITE, 2022. National plan on natural gas consumption. PIANO NAZIONALE DI
CONTENIMENTO DEI CONSUMI DI GAS NATURALE.

Moora, H., Lahtvee, V., 2009. ELECTRICITY SCENARIOS FOR THE BALTIC STATES AND
MARGINAL ENERGY TECHNOLOGY IN LIFE CYCLE ASSESSMENTS - A CASE STUDY OF
ENERGY PRODUCTION FROM MUNICIPAL WASTE INCINERATION. Qil Shale 26, 331-
346. https://doi.org/10.3176/0il.2009.35.14

Moore, C.C.S., Nogueira, A.R., Kulay, L., 2017. Environmental and energy assessment of the
substitution of chemical fertilizers for industrial wastes of ethanol production in
sugarcane cultivation in Brazil. Int. J. Life Cycle Assess. 22, 628—-643.
https://doi.org/10.1007/s11367-016-1074-0

Moorkens, Dauwe, 2019. Impacts of renewable energy on air pollutant emissions.
Calculation of implied emission factors based on GAINS data and estimated impacts
for the EU-28. European Topic Centre on Climate Change Mitigation and Energy.

Nielsen, P.H., Oxenboll, K.M., Wenzel, H., 2007. Cradel-to-Gate Environmental Assessment
of Enzyme Products Produced Industrially in Denmark by Novoaymes A/S. Int. J. Life
Cycle Assess. 12.

Noussan, M., Roberto, R., Nastasi, B., 2018. Performance Indicators of Electricity Generation
at Country Level—The Case of Italy. Energies 11, 650.
https://doi.org/10.3390/en11030650

OECD, 2022. Economic Forecast Summary (June 2022).

OECD, 2021. Economic Survey of Italy (September 2021).

Oladosu, G., 2012. Estimates of the global indirect energy-use emission impacts of USA
biofuel policy. Appl. Energy 99, 85-96.
https://doi.org/10.1016/j.apenergy.2012.04.045

Onat, N.C., Kucukvar, M., Tatari, O., 2016. Uncertainty-embedded dynamic life cycle
sustainability assessment framework: An ex-ante perspective on the impacts of
alternative vehicle options. Energy 112, 715-728.
https://doi.org/10.1016/j.energy.2016.06.129

223



Pehme, S., Veromann, E., Hamelin, L., 2017. Environmental performance of manure co-
digestion with natural and cultivated grass - A consequential life cycle assessment. J.
Clean. Prod. 162, 1135-1143. https://doi.org/10.1016/j.jclepro.2017.06.067

Pehnt, M., Oeser, M., Swider, D.J., 2008. Consequential environmental system analysis of
expected offshore wind electricity production in Germany. Energy 33, 747-759.
https://doi.org/10.1016/j.energy.2008.01.007

Pizarro-Alonso, A., Cimpan, C., Munnstr, M., 2018. The climate footprint of imports of
combustible waste in systems with high shares of district heating and variable
renewable energy. Waste Manag. 79, 800-814.
https://doi.org/10.1016/j.wasman.2018.07.006

Prapaspongsa, T., Musikavong, C., Gheewala, S.H., 2017. Life cycle assessment of palm
biodiesel production in Thailand: Impacts from modelling choices, co-product
utilisation, improvement technologies, and land use change. J. Clean. Prod. 153,
435-447. https://doi.org/10.1016/j.jclepro.2017.03.130

Raugei, M., Leccisi, E., Azzopardi, B., Jones, C., Gilbert, P., Zhang, L.X., Zhou, Y.T., Mander, S.,
Mancarella, P., 2018. A multi-disciplinary analysis of UK grid mix scenarios with large-
scale PV deployment. Energy Policy 114, 51-62.
https://doi.org/10.1016/j.enpol.2017.11.062

Rege, S., Arenz, M., Marvuglia, A., Vazquez-Rowe, |., Benetto, E., Igos, E., Koster, D., 2015.
Quantification of Agricultural Land Use Changes in Consequential Life Cycle
Assessment Using Mathematical Programming Models Following a Partial
Equilibrium Approach. J. Environ. Inform. 19.

Roman-White, S.A,, Littlefield, J.A., Fleury, K.G., Allen, D.T., Balcombe, P., Konschnik, K.E.,
Ewing, J., Ross, G.B., George, F., 2021. LNG Supply Chains: A Supplier-Specific Life-
Cycle Assessment for Improved Emission Accounting. ACS Sustain. Chem. Eng. 9,
10857-10867. https://doi.org/10.1021/acssuschemeng.1c03307

Roos, A., Ahlgren, S., 2018. Consequential life cycle assessment of bioenergy systems - A
literature review. J. Clean. Prod. 189, 358-373.
https://doi.org/10.1016/j.jclepro.2018.03.233

Roux, C., Peuportier, B., 2013. Evaluation of the environmental performance of buildings
using dynamic life cycle simulation.

Roux, C., Schalbart, P., Peuportier, B., 2017. Development of an electricity system model
allowing dynamic and marginal approaches in LCA-tested in the French context of
space heating in buildings. Int. J. Life Cycle Assess. 22, 1177-1190.
https://doi.org/10.1007/s11367-016-1229-z

Rozakis, S., Haque, M.I., Natsis, A., Walker, M.B., Mizak, K., 2013. Cost effectiveness of
bioethanol policies to reduct carbon dioxide emission in Greece. Int. J. Life Cycle
Assess. 18, 306—-318.

Sanchez, S.T., Woods, J., Akhurst, M., Brander, M., O’Hare, M., Dawson, T.P., Edwards, R.,
Liska, A.J., Malpas, R., 2012. Accounting for indirect land-use change in the life cycle
assessment of biofuel supply chains. J. R. Soc. Interface 9, 1105-1119.
https://doi.org/10.1098/rsif.2011.0769

Schaubroeck, T., Schaubroeck, S., Heijungs, R., Zamagni, A., Brandao, M., Benetto, E., 2021.
Attributional & Consequential Life Cycle Assessment: Definitions, Conceptual
Characteristics and Modelling Restrictions. Sustainability 13, 7386.
https://doi.org/10.3390/su13137386

Schoer, K., 2019. Handbook for estimating raw material equivalents.

224



Sherwood, J., Clabeaux, R., Carbajales-Dale, M., 2017. An extended environmental input—
output lifecycle assessment model to study the urban food—energy—water nexus.
Environ. Res. Lett. 12, 105003.

Snam and Terna, 2021. Scenario National Trend Italia.

Soimakallio, S., Kiviluoma, J., Saikku, L., 2011. The complexity and challenges of determining
GHG (greenhouse gas) emissions from grid electricity consumption and conservation
in LCA (life cycle assessment) — A methodological review. Energy 36, 6705-6713.
https://doi.org/10.1016/j.energy.2011.10.028

Some, A., Dandres, T., Gaudreault, C., Majeau-Bettez, G., Wood, R., Samson, R., 2018.
Coupling Input-Output Tables with Macro-Life Cycle Assessment to Assess
Worldwide Impacts of Biofuels Transport Policies. J. Ind. Ecol. 22, 643—-655.
https://doi.org/10.1111/jiec.12640

Styles, D., Dominguez, E.M., Chadwick, D., 2016. Environmental balance of the UK biogas
sector: An evaluation by consequential life cycle assessment. Sci. Total Environ. 560,
241-253. https://doi.org/10.1016/j.scitotenv.2016.03.236

Styles, D., Gibbons, J., Williams, A.P., Dauber, J., Stichnothe, H., Urban, B., Chadwick, D.R.,
Jones, D.L., 2015. Consequential life cycle assessment of biogas, biofuel and biomass
energy options within an arable crop rotation. Glob. Change Biol. Bioenergy 7, 1305—
1320. https://doi.org/10.1111/gcbb.12246

Terna, 2021. DATI STATISTICI SULL’ENERGIA ELETTRICA IN ITALIA.

Terna, 2017. Consumi e Produzione di energia elettrica in Italia.

Timmer, M.P., Dietzenbacher, E., Los, B., Stehrer, R., de Vries, G.J., 2015. An lllustrated User
Guide to the World Input—Output Database: the Case of Global Automotive
Production [WWW Document]. Rev. Int. Econ.

Tonini, D., Hamelin, L., Astrup, T.F., 2016. Environmental implications of the use of agro-
industrial residues for biorefineries: application of a deterministic model for indirect
land-use changes. Glob. Change Biol. Bioenergy 8, 690—-706.
https://doi.org/10.1111/gcbb.12290

Tonini, D., Hamelin, L., Wenzel, H., Astrup, T., 2012. Bioenergy Production from Perennial
Energy Crops: A Consequential LCA of 12 Bioenergy Scenarios including Land Use
Changes. Environ. Sci. Technol. 46, 13521-13530.
https://doi.org/10.1021/es3024435

Tonini, D., Vadenbo, C., Astrup, T.F., 2017. Priority of domestic biomass resources for
energy: Importance of national environmental targets in a climate perspective.
Energy 124, 295-309. https://doi.org/10.1016/j.energy.2017.02.037

UNFCCC, 2020. Annual greenhouse gas (GHG) emissions for Annex |, in Gt CO2 equivalent
[WWW Document].

UNSD, UNCEEA, n.d. System of Environmental Economic Accounting.

Vadenbo, C., Tonini, D., Astrup, T.F., 2017. Environmental Multiobjective Optimization of the
Use of Biomass Resources for Energy. Environ. Sci. Technol. 51, 3575-3583.
https://doi.org/10.1021/acs.est.6b06480

Vadenbo, C., Tonini, D., Burg, V., Astrup, T.F., Thees, O., Hellweg, S., 2018. Environmental
optimization of biomass use for energy under alternative future energy scenarios for
Switzerland. Biomass Bioenergy 119, 462-472.
https://doi.org/10.1016/j.biombioe.2018.10.001

225



Vandepaer, L., Cloutier, J., Bauer, C., Amor, B., 2019a. Integrating Batteries in the Future
Swiss Electricity Supply System: A Consequential Environmental Assessment. J. Ind.
Ecol. 23, 709-725. https://doi.org/10.1111/jiec.12774

Vandepaer, L., Treyer, K., Mutel, C., Bauer, C., Amor, B., 2019b. The integration of long-term
marginal electricity supply mixes in the ecoinvent consequential database version 3.4
and examination of modeling choices. Int. J. Life Cycle Assess. 24, 1409-1428.
https://doi.org/10.1007/s11367-018-1571-4

Vazquez-Rowe, ., Marvuglia, A., Rege, S., Benetto, E., 2014. Applying consequential LCA to
support energy policy: Land use change effects of bioenergy production. Sci. Total
Environ. 472, 78-89. https://doi.org/10.1016/j.scitotenv.2013.10.097

Vazquez-Rowe, |., Rege, S., Marvuglia, A., Thenie, J., Haurie, A., Benetto, E., 2013.
Application of three independent consequential LCA approaches to the agricultural
sector in Luxembourg. Int. J. Life Cycle Assess. 18, 1593-1604.

Warner, E.S., Heath, G.A., 2012. Life Cycle Greenhouse Gas Emissions of Nuclear Electricity
Generation. J. Ind. Ecol. 16, S73-592. https://doi.org/10.1111/j.1530-
9290.2012.00472.x

WB, 2020. Total greenhouse gas emissions (kt of CO2 equivalent).

Weidema, B.P., 2003. Market information in life cycle assessment. Environmental Project
no. 863. Danish Environmental Protection Agency, Copenhagen.

Weidema, B.P., Ekvall, T., Heijungs, R., 2009. Guidelines for application of deepened and
broadened LCA. Project no. 037075, Co-ordination Action for innovation in Life-Cycle
Analysis for Sustainability CALCAS, The Italian National Agency on new Technologies,
Energy and the Environment, ENEA.

Weidema, B.P., Frees, N., Nielsen, A.M., 1999. Marginal Production Technologies for Life
Cycle Inventories. Int. J. LCA 4, 48-56.

Yesufu, J., McCalmont, J.P., Clifton-Brown, J.C., Williams, P., Hyland, J., Gibbons, J., Styles, D.,
2019. Consequential life cycle assessment of miscanthus livestock bedding, diverting
straw to bioelectricity generation. Glob. Change Biol. Bioenergy.
https://doi.org/10.1111/gcbb.12646

Zamagni, A., Guinee, J., Heijungs, R., Masoni, P., Raggi, A., 2012. Lights and shadows in
consequential LCA. Int. J. Life Cycle Assess. 17, 904-918.
https://doi.org/10.1007/s11367-012-0423-x

Zhao, G., Guerrero, J.M., Pei, Y., 2016. Marginal Generation Technology in the Chinese
Power Market towards 2030 Based on Consequential Life Cycle Assessment. Energies
9. https://doi.org/10.3390/en9100788

226



