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ARTICLE INFO ABSTRACT

Keywords: Under the pressure for new policy and socio-ecological transformation, this work evaluates the future (2020-
Energy transition 2050) GHG emissions, considering a likely range of electric energy growth scenarios in the world’s current
GHE energy system. An integrated model accounts for different penetration strategies of renewable energies,

Renewable energy technological advancements, and variations in the fuel/renewables mix. Data of actual renewable/fossil share,

GHG emission factors, and technology indicators, as plant load factors, were assumed from the Italian scenario.
The study reveals that regardless of the current electric energy demand for the future, the transition to
a massive penetration share of renewables as unique GHG reduction strategy will only partially abate the
level of GHGs, and the zero-emission targets are definitely not feasible. A relevant result is the evaluation
of future green power capacity, to satisfy the worldwide electrical energy demand. The scenarios foresee an
unprecedented rate of the installation of generation plants from renewable sources, accompanied by a steep
year-by-year variation of the required power capacity in operation. This prediction, in the temporal front
chosen for this survey, poses the problem of the technological readiness of many conversion technologies,
which makes it difficult to guarantee that renewable penetration programs can be matched with their technical

feasibility.
1. Introduction rapid implementation of smart mobility solutions, ending fossil fuel
subsidies, and innovating ’farm to fork’ environmentally-friendly food
1.1. Tackling the climate and environmental challenges systems. All these fields of intervention can be grouped into two broad
classes, energy efficiency (building, transport, industrial/agricultural
Since the beginning of the 21st century, the international scien- transformation) aimed to reduce the environmental impact of the end
tific and geopolitical debate has centred on climate change caused user’s and the energy conversion processes.
by anthropogenic activity (IPCC, 2006). Global warming is having
a devastating impact on ecosystems with unpredictable fallouts on
economic development. Societal pressure and climate strikes by the 1.2. The role of electricity consumption
young, have pushed governments to take action to strengthen the
mitigation of greenhouse gas emissions, which are recognized as be- Among the leading sources of GHGs is the electricity production
ing majorly responsible for climate change, as claimed in the latest sector, which handles the generation, transmission, and distribution of

Special Report on Global Warming of 1.5 °C (SR1.5) (IPCC, 2018). electricity, (IPCC, 2014), accounting for not less than 30% of the global

Although carbon dioxide (CO,) makes up the majority of the sector’s share (IEA, 2019). The escalating growth of electricity consumption
greenhouse gas emissions, fractions of methane (CH,), water, and

nitrous oxide (N,O) are also contributing to the global effect, in fact,
CO, emissions account for approximately 76% of total greenhouse gas
emissions (GHGs) (C2ES, 2021). Therefore the most relevant metric for
air pollution, GHG emissions, instead of CO, emissions, is considered
in this study as a more accurate indicator of air pollution for poli-
cymakers. Among various political actions, the European Green Deal
(EGD) (EU, 2021) indicates as key points of its strategy low-carbon
infrastructural development and digital transition, circular economy ac-
tion plan, carbon pricing reform, energy efficient building renovation,

among end users will make the weight of this sector increasingly
important in national energy systems. In Italy, since 2001 the energy
consumption of the electricity sector has increased at higher rates than
gross domestic consumption, which is an indication of the progressive
electrification of final consumption services. The gross national produc-
tion of electricity in Italy from 1990 to 2019 went from 216.6 TWh to
293.9 TWh with an increase of 35.7%. Electricity consumption went
from 218.8 TWh to 301.8 TWh in the same period with an increase of
37.9%' (TERNA, 2020). The electricity is distributed to final users such
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Greek letters

a growth constant

ay de-growth constant

n efficiency

y Pearl-Reed constant

Pedex

c construction

d decommissioning

f fossil, fossil fuelled plants
inst installed

Jj LCA individual macro phase
N number of fuel species

n fuel specie

Oo&M operation and maintenance
r renewable

ref reference time period

t time

Ty year 0

T3, year 30

target target

Main symbols

as energy attenuation factor

c intensity factor during plant build-up phase

CO,,, equivalent CO,

d intensity factor during plant decommission-
ing phase

E electric energy [kWh]

ey variation of fossil to total electric energy use

e, share of the fuel energy contribution to the
total

f emission factor [kgco2 /MWh]

F, penetration level of renewable sources at
=1,

feo, electric energy to CO, conversion factor
[kgco,/MWh]

sco, fuel to CO, conversion factor [kgco, /kg/]

i growth rate [-]

ig reference growth rate [-]

K constant

as residential houses, commercial properties, businesses (e.g., heating,
ventilation, air conditioning, lighting, and appliances), industries, and
small factories, and finally transportation. As a consequence, it is
legitimate to attribute the GHG from electricity generation to any sector
whose energy demand makes use of electric energy. Since the electric
vector is destined to continue into the future, tracking its evolution is
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Nomenclature k, constant of period growth function
LF plant load factor [-]
Acronyms M mass [kg]
AEP Annual Energy Production [kWh,year] 0 intensity factor during plant operating
EGD European Green Deal phase'
GHG GreenHouse Gas P electric power [kW]
LCA Life Cycle Analysis r constant
PMGE Power Marginal Growth Factor [-] T year
PV Photovoltaic
SFC Specific Fuel Consumption [kg/kWh]

indispensable for planning and monitoring initiatives aimed at reducing
greenhouse gas emissions, and the development of containment strate-
gies at national and local levels. As an extreme scenario, IEA forecasts
a target of 90% of electric energy possibly generated by renewables
by 2050 (IEA, 2021b). The evolution to a highly efficient electricity
market copes well with renewable energies, and in a future of highly
interconnected grids reaching instantaneous needs of final users, their
intermittent nature will be less and less a deal. Already in 2020, 38%
of the electricity consumption of the European Union was provided by
renewable source plants (nd Energiewende and Ember, 2021), which
thus surpassed fossils, while on a global level, it reached 29% (IEA,
2021a).

1.3. GHG emission scenarios

A quantitative analysis of future GHG has been attempted by several
organizations, dating back to the 2000 IPCC by Nakicenovic et al.
(2000). Such reports discuss how to keep the temperature rise below
the threshold of 1.5 °C relative to pre-industrial levels, and indicate
the pathways of mid to long-term behavioural societal transforma-
tion required to contain the carbon budget within this limit. Despite
the different hypotheses and models used, leading to a very broad
range of scenarios, two common points of consensus emerged: (i)
the growth in electric energy demand is driven by the growth in
per capita income as the main determinant of future emissions. This
dynamic measure (unfortunately an ex-post assessment) is a consistent
indicator of the growth in energy demand. At the same time, (ii) this
parameter introduces a great source of uncertainty, as it is derived
from the complex combination of multiple economic, technological,
and demographic factors. Many papers deal with the problem of the
future impacts of today’s energy choices by analysing the problem
based on political energy development plans, investment choices, and
strategies for containing climate-altering emissions and sustainability
objectives (American and Scientific, 2018; Tudor and Sova, 2021;
UNFCCC, 2021b,a; DeutscheWelle, 2020; UNCCC, 2021; EEA, 2021;
UN, 2021; UNCCC, 2019; IEA, 2021c; Wen and Yuan, 2020).

Following the guidelines of the largest supranational institutions,
each country has adopted plans for an overall reduction in emissions
of GHG to achieve the emission targets. This goal is pursued by sev-
eral strategies: the improvement in energy conversion processes that
determine a reduction in specific fuel consumption (energy efficiency
measures in industry and buildings), the introduction of renewable
sources in the energy system, the introduction of tailored energy poli-
cies (e.g., carbon tax, incentives for renewable sources), and finally the
introduction of decarbonization technologies.

The fundamental contribution, in massive terms, given by renew-
able plants is represented by solar power (concentrated solar power,
photovoltaic power), wind power sources through terrestrial and the
offshore wind farms, potential geodetic power of water (head and
runoff plants) with hydropower plants, and seawater (ocean currents,
tidal) with hydrokinetic plants. A more marginal contribution is pro-
vided by geothermal power and wave/salt gradient power plants which
are unfortunately very site-specific and characterized by low unit power
if compared to previous plants. Although biomass fuel and biogas
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electric power apparently have near-zero GHG emissions, they are
characterized by a very low power per land surface unit, at least one
order of magnitude lower than that of wind or solar power plants(Smil,
2015).

1.4. Current approaches to energy transition scenarios

Energy transition studies involve a large network of research areas,
including the technology area (energy source exploitation, conver-
sion, and supply, energy infrastructure planning), but also climate
policy (environmental impact), and societal/economical transforma-
tion/organization policy (society organization and welfare, health, mar-
ket behaviour, security of supply, etc.). A number of approaches and
theoretical stands are used to conceptualize the phenomena, charac-
teristics, and interaction levels of such areas (see for instance (del
Granado et al., 2018; Halbe et al., 2015; Miillera et al., 2017; Li et al.,
2015)). They differ according to level of complexity, and final scope
(exploring transition path, providing policy advice, facilitating stake-
holder decision processes, etc.). The review of these models is out of
the scope of this study, and will not be discussed further. The literature
body explored through major research engines and selected on the
basis of similar area of investigation, considers primarily the measure
of the GHG emissions, which is analysed according to three general
approaches: the Primary Energy Equivalent (PEE) approach, the Equal
Share (ES) approach, and the Index Decomposition Analysis approach.
All models quantify the GHG emission savings GH G, according to the
general model formalized in Eq. (1):

GHG, = f; - (E - Erq), o))

being f, the emission factor [kgco,/MWh] of fossil fuel plants, and
(E- ETO), the non-fossil fuel electric energy generated in the period
considered, where E, is the energy target and Er, the baseline energy
level. The avoided emissions assessed by Eq. (1) are then added to the
emissions of the target year to obtain the total emission level (Clancy
et al., 2015). PEE is a ‘static’ or ‘stiff’ approach as it generally considers
the parameters of Eq. (1) as constant. In particular, the method does not
account for the impact of operational changes to fossil fuel generators
because of renewable generation. This method may over - or underesti-
mate the fossil-fuel and GHG displacement as the impact of renewable
energy tends to be focused on a subset of the generation portfolio,
typically the more expensive or marginal power plants (Holttinen
et al.,, 2014). It was adopted in 2015 by the European Environment
Agency (Agency, 2015) as the method to consider any new renewable
energy installation as a mean to avoid emissions that otherwise would
have been emitted from fossil fuel plants. The emission factor of fossil
generation is generally a weighted value and depends on the fossil
generation mix and the emission factors of individual fossil fuels used
in the given year in the country. ES (Goh and Ang, 2018) approach
incorporates the ratio of the electricity demand in the target and
base years, therefore is able to compute emission reductions based on
changes in the share of non-fossil based electricity in the generation
mix. Accordingly, Eq. (1) includes the rate of total energy demand
E/Eg as shown in Eq. (2):

E
GHG, = f - (E_mE’ - ETO’,> 2

Since the terms of Eq. (2) can be viewed as the single contribution
of each non-fossil energy source, this approach allows also us to extend
the measure by summing each of these contributions to obtain the total
emission reduction arising from the substitution in the electricity mix
of the share of non-fossil-based energy. Both PEE and ES approaches
encounter two limitations. The first depends on the fact that emissions
are weighted only based on the emission intensity of the target year,
which consequently will weigh markedly on the forecast. They also
do not take into account the baseline year’s emission intensity, and
therefore are not able to assess possible changes in emission intensities
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due to a change over time in the fuel mix, such as the transition from
high fuel to carbon content to high to low carbon content (transition to
natural gas or heavily hydrogenated fuels). A throughout comparison of
these models with numerical examples is given in Goh and Ang (2018).

IDA approach (Ang, 2004; Xu and Ang, 2013) uses the classic
economy decomposition methods to account (potentially) for all vari-
ables that determine ‘dynamic’ changes in GHG emissions during the
period considered. The methods allow including several factors. Since
the extension to 5-factor identity by considering, namely the activity,
the structure, the energy intensity, the fuel mix, and the emission
coefficient effects by Torvanger (1991) in 1991, the method has been
widely used to carry out emission studies for many countries, especially
for Far East economies. More than 900 emissions IDA studies have been
reported in the peer review literature in the last ten years period (2013-
2022) according to Mendeley statistics,” showing a growing escalation
of related papers. Applications of the method for specific Countries can
be found in Xu and Ang (2013, 2014), Zhang et al. (2013), Kim and
Kim (2016), Yang et al. (2011). The model considers the contribution
of the single n-fuel specie, forming the general Eq. (3):

E, E N
f [
GHG, = Z E,_._f" Ny fra= z E- e, e, fpn frm 3)
n=1

or, by integrating the logarithms, the marginal variation of the saved
GHG emissions can be expressed as a summation of the marginal
increments/decrements (impacts) of the single contributions:

AGHG S (e
_S=£+Z< L 4

de,, Ar/f,n Aff!n
GHG, E

€in €2n Nfn ff,n

n=1

AE . . de
= is the marginal rate of electric energy use, —
1

Ln

is the marginal

i . A . )
variation of fossil to total energy use, % is the share of the n-fuel
2.n

. Mg,
energy contribution to the total, :f -

is the marginal variation of fossil
Affn

fin

f.n
plant energy conversion efficiency, and
of the emission factor of the n-fuel.

A first limitation of the IDA model lies in the fact that plant effi-
ciency, 1, is not a sufficiently informing parameter to assess technology
advancements Another important limitation of this version of the IDA
approach arises from the fact that it does not consider the, albeit low,
GHG emission contribution of renewable energy conversion processes.
In general also the emission factor, either fossil or renewable, should
be based on the LCA of processes to have a more exhaustive view of the
global environmental impact of the energy conversion technologies.

is the marginal variation

1.5. Paper outline

The study forecasts the contribution of electric energy generation
to GHG emissions for a midterm scenario of 30 years in accordance
with the standard governance projections to the year 2050. Although
the electric energy demand scenarios are a consequence of various
factors that contribute to economic growth (demographic, technolog-
ical, behavioural, etc.), the author defines general trends, indicating
a likely range of possible growth scenarios, without investigating the
mechanisms that form the basis of the global construction of the
demand itself. Of course, the generality of the model allows selecting
any wished energy change scenario. It is also assumed that the energy
demand is satisfied by transition roadmaps to renewable, where the
plant’s load factor is the indicator of the technology evolution. This
parameter incorporates fuel availability, technology advancement, reg-
ulatory evolution, market strategies, and efficiency, being therefore a
far more complete parameter to evaluate energy conversion technol-
ogy readiness over time. As a consequence, the power plant capacity

2 Mendeley, https://www.mendeley.com/; search for: Index Decomposition
Analysis and emission, accessed January 2023.
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required is inferred and the GHG emissions related to the production
can be rigorously determined. The actual share of fossil-to-renewable
energies, fuel mix, and fossil and renewable plants load factor are taken
from the Italian scenario data.

The model uses four key indices for the discussion: (i) the demand
for electricity from fossil and renewable sources for any transition
scenarios; (ii) the demand for power plants to provide the energy
demand; (iii) the marginal trend of power (essential for the decision
to build/decommission plants in the future), and (iv) the consequent
greenhouse effect in terms of GHG (expressed as CO,,,) emitted, and
saved.

The model presented is an analytical model marching in time, built
by nesting of submodels made by independent variables. The general
path is given in Fig. 7 of Chapter 5. Section 2 introduces several
electrical energy growth scenarios characterized by different growth
rates. Fig. 4 shows these scenarios. In Section 3, two models of energy
transition through which fossil sources are progressively replaced by
renewable ones are used: (i) the ‘forced’ one (top-down approach,
Fig. 5), where the decision-maker imposes the implementation of a
roadmap of progressive (linearly increasing) penetration over thirty
years. According to this strategy, the penetration of renewable sources
in the electricity sector is a consequence of the policies to contain
greenhouse gas emissions and the objectives of increasing the share of
renewable energy in final consumption under given constraints. The
roadmap can be implemented through measures such as incentives and
priorities for dispatching electricity from renewable sources. Another
approach is (ii) the ‘liberal’ energy transition (bottom-up approach,
Fig. 6), where the penetration follows a typical logistic trend. Here a
natural saturation level of penetration can be set with the achievement
of 90% of total energy production by renewable sources in the time
frame considered. This situation is driven by either endogenous and
exogenous factors (social acceptance, market dynamics, environmen-
tal limits, technology advancements, etc.). This demand is corrected
by intensity attenuation laws or other wished correction mechanisms
(rebound effect, other economic mechanism) (Marchetti, 1977). The
power capacity needed to fulfil the energy requirement is a conse-
quence of the transition model adopted. As the energy and power
evolution are computed, Section 4 introduces a model of greenhouse
gas emissions that takes into account the specific characteristics of the
plants (fossil or renewable), and advances in future technologies. As
the GHG emission is partly due to electric energy production and part
to power plant commissioning/decommissioning, and operation, both
energy and power output are used to compute GHG emission, by means
of suitable emission factors inferred from LCA analysis (see Tables 3, 4
and 5). Section 5 presents the basic assumptions and the limitations
of the model and discusses the results of the adoption of different
growth scenarios on the electricity demand (energy and power) and
environmental effects (greenhouse gas emissions). The most interesting
combinations of these models generated 17 scenarios commented on
in the Discussion. Section 6 presents a sensitivity analysis to evaluate
the weight of the assumption drawn from the model’s general results.
Section 7 presents the conclusions. The model can handle either posi-
tive and negative variation of all the quantities over time, to correctly
compute each contribution, and since its general, and flexible structure
is easily implementable in a worksheet to allow extensive parametric
analysis to be carried out.

2. Growth model of energy and power

If the electric energy needs are satisfied by the electric energy
production E, under the hypothesis that the demand grows over time
at the same constant annual rate, i, the variation is:

dE

E=E.i ()
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and by integration, an exponential growth model can be obtained,
governed by the annual growth rate i, with a linearly increasing at-
tenuation factor law f(a,):

E, = Eq ") [1 - f(ap)] 6)

where E, is the electricity produced at year, ¢ and Ep, is the electrical
energy produced at the initial year 7;,. The power to be installed to
supply the electricity produced amounting to E, can be calculated on
the basis of the plant load factor LF:
O
st LF(@) - T
where T refers typically to one year or 8760 h.

As the energy and power are calculated, the power marginal growth
factor (PMGF) can be derived:
PMGF = Pn—h

p,

)

(8

To generate likely electrical energy growth scenarios, the historical
data provided by BP (2020) were analysed to obtain an indication
of the trend in electric energy generation from 1990 to 2020 for
the main countries in the world. Eq. (5) was used to compute the
growth rate i. The results in Fig. 1 show the emerging scenarios of
continents, and relevant sub-regions. Some present an almost constant
electric energy growth rate, with different intensities, ranging from 1%
(i.e. Europe) to about 9% (China), or even slightly decreasing. Some
countries such as CIS (Azerbaijan, Belarus, Kazakhstan, Russian Feder-
ation, Turkmenistan, USSR, Uzbekistan) and other European members
(Albania, Bosnia-Herzegovina, Bulgaria, Croatia, Cyprus, the former
Yugoslav Republic of Macedonia, Georgia, Gibraltar, Latvia, Lithuania,
Malta, Montenegro, North Macedonia, Romania, and Serbia) show an
escalating growth rate. Notable countertrends within the same geophys-
ical/political regions can be occasionally noted, as shown in Figs. 2 and
3, which show more specifically the situations of South America and
Europe. These data indicate other more complex trends, depending on
the specific local political or environmental (availability of resources)
situation, which analysis is beyond the scope of the paper. Nevertheless,
these energy demand evolutions, which depend on endogenous and
exogenous markets, and sociological and political factors, can be used
to generate a range of realistic ‘shapes’ of future growth.

As consequence, the following generalized growth models can be
used to cover all current and future global situations:

» models with a constant growth rate over time (i = const.). We
arbitrarily defined: a low/normal growth rate can be defined as
i = 1+2% (or lower figures), a medium growth rate, i = 3+4%, and
a high growth rate, i = 7 + 8% (or higher figures). These models
depict future scenarios with a very stable economic development,
characterized by geopolitical stability and a definite supply of
fossil and renewable sources.

i = const. (C)]

models with increasing but attenuated exponential growth: this
scenario is typical for countries experiencing an initial boom in
economic growth, followed by a gradual settlement, i.e. countries
with dynamic commercial interactions, and conspicuous energy
resources (a < 1, iy = irq, i3g = ig30):

i =iy —ig - e 10

models with periodic fluctuations characterized by constant aver-
age growth rates over the period considered, indicating cycles of
increasing and decreasing demand, for example with a ten-year
or twenty-year frequency (7,,,) oscillating around an average
value iy. These models are designed to describe a future situation
when periodic pandemics, wars, or downturns in fuel supply will
temporarily slow down the demand for electrical energy. For this
scenario, 40 years was used as a time frame:

i=ig{l+sin(z/2-1/T,;)}
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Fig. 1. Electric energy generation growth rate of the world’s main countries in the period 1985-2020. Europe*: OECD members (Organization For Economic Co-operation and
Development). Other European countries: Albania, Bosnia-Herzegovina, Bulgaria, Croatia, Cyprus, the former Yugoslav Republic of Macedonia, Georgia, Gibraltar, Latvia, Lithuania,
Malta, Montenegro, North Macedonia, Romania, and Serbia. CIS: Azerbaijan, Belarus, Kazakhstan, Russian Federation, Turkmenistan, USSR, Uzbekistan. Elaboration of data BP (BP,

2020).
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Fig. 2. Electric energy generation growth rate of South American countries in the period 1990-2020. Analysis of BP data (BP, 2020).
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Fig. 3. Electric energy generation growth rate of European countries for 1990-2020. Analysis of BP data (BP, 2020).

models with periodic growth rates, but characterized by fluctua-
tions with average values dropping over time. These models are
designed to model economic fluctuations with declining growth
trends. Again, 40 years was used as a time frame:

i=ig{k, t+sin(n/2-1/T,;)}

according to the vision of degrowth (decroissance) of a planned
downscaling of energy and resource use, additional scenarios
were added to consider political resolutions aimed to contain the
future energy demand. This vision tries to cope with the limits
associated with the availability of natural resources (Meadows
et al.,, 1972), and is discussed by a vivid ecology and social

literature (Latouche, 2010) after the 1970s The model forces
consumption in the long period to slow down to a target level
by a linear drop in the growth rate (a; > 1).

i=ig- e(—aasior)

Fig. 4 shows the examples of these basic cases.

3. Energy transition models

3.1. Linear, constant energy transition model

Different laws of penetration of renewable sources through the

progressive substitution of fossil fuels into the energy system can be
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Fig. 4. Basic growth/de-growth models used for the simulations.
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Fig. 5. Substitution model of fossil sources with the hypothesis of linear growth from
the initial value of renewable contribution from 25% at year T; to 75% at the year
Ty

planned through mid to long-term strategies. For example, a possible
top-down pathway can impose a constant rate of penetration of renew-
able sources into the energy system that varies from the initial value
Ey at the year T to a target value E,,,,, . to be achieved at year Ty.
During this period, the fossil energies E, will be substituted, generat-
ing a complementary trend. Therefore, at any instant, the electricity
demand is satisfied by the production E(t) = E; + E,. Based on these
assumptions, a linear model of penetration of the renewable sources is:

Etarget,r - ETO,r

E, = Epo, + gr 11
and:
E; =E-E, (12)

corresponding to the one shown in Fig. 5, where Ey,, = 25%, and
Etarget,r = 75%

Linear substitution models suffer from at least two limiting factors
in the transition process, as emerges from the analysis of economies

historically based on the use of fossil fuels:

« the operation of the electricity grid; the connection of renewable
source generation plants to the grid, with intermittent (even if
partly predictable) and time-varying power levels, is equivalent,
from an electrical point of view, to the insertion of sources of
perturbation of the power level. This forces the grid control
system to continuously compensate for fluctuations to avoid lo-
cal disconnections of the electricity grid or, in the worst case,
blackouts. The ability to manage perturbations depends on the
mix of the technology used to generate the electrical load and the
magnitude of the instantaneous loads. The interposition of energy
storage systems increases the flexibility of use, and hence the
penetration rate of renewable sources. The top-down approach
must necessarily include scheduling technical updates. Although
many papers have been published regarding penetration limits of
renewables into the grid (Impram et al., 2020; Cochran et al.,
2014; Burke and O’Malley, 2011), there is currently no conclusive
data on the maximum penetration rate of intermittent sources,
and the scenarios differ from country to country.

3.2. Logistic energy transition model

A model that is physically closer to a realistic renewable penetration
trend is the logistic growth model, which belongs to the bottom-up
type category. The penetration of renewable sources in the energy
system is influenced by saturating factors, such as the natural limit
of the availability of the renewable resource, the limits of the market
and/or the regulatory context, and by the technology factors mentioned
in the previous subsection. These factors determine the achievement
of a characteristic, asymptotic, ‘physiological’ growth trend. Here a
model of penetration of renewable source plants was used expressed
by logistic functions, i.e. the one shown in Fig. 6, which refers to the
well-known Pearl-Reed model (Pearl and Reed, 1920)

E
E TO,r ot
target,r ET()
E(n= D 13
70,
Erorgerr + E - (e = 1)
TO
where E,,..,, = 0.9, and y = 0.2. The model was therefore assumed to

satisfy at Ts, 90% of the total energy demand with renewables, starting
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Fig. 6. Renewable penetration law according to the Pearl-Reed logistic model (E,,,,
= 90%, y = 0.2, Ery,/Er) = 0395).

from an arbitrary initial penetration level of Ery,/Er, = 39.5%°
assumed at year T,.

4. Greenhouse gas emission model

Each electric energy demand scenario has an impact in terms of
equivalent carbon dioxide CO,,, or greenhouse gas emission GHG
deriving from the process of electric energy production. Conversion
factors f (greenhouse gas warming potential GWP) are expressed in
terms of kg of CO,,, per MWh of electricity generated, both for fossil-
fuelled plants and renewable fuelled plants. These factors account for
emissions generated from all macro phases of the plant life cycle (Life
Cycle Analysis approach - LCA), starting from the materials used for
construction, through all of the lifespan operations, and finally of its
disposal. This approach means that the mass of equivalent carbon
dioxide produced during each j-phase can be quantified:

(Mcoser), = B, a4

where j is the individual macro-phase, and E the energy use asso-
ciated with the specific activity. Despite some unsolved issues (Reap
et al., 2008), the main methodology to compute the emission factor
is the procedure regulated by the ISO 14040 Standard (principles
and framework) (ISO, 2006), and the following issues.* According to
the LCA approach, the entire GHG emissions account for the green
warming potential factor generated by combustion f, (which is zero
for renewable source plants), and is often referred to as direct emissions
or stack emissions, as well as indirect emissions that derive from the
energy consumed due to construction (E,), operation and maintenance
(Epg ) and decommissioning/disposal (E,) of the plant:

J
Mco,eq = Z(f'Ef)j =fr-E+f. E .+ foem  Eogm + fa Eg (15)
j=1

Emission factors from combustion f, were provided in the 2006
IPCC Guidelines for National Greenhouse Gas Inventories
(IPCC, 2006),° and updated in the 2019 Refinement version (IPCC,
2021). The factors refer to the stationary combustion in boilers and
heaters. In addition, many papers provide independent evaluations

3 data for Italy 2019 (Arera, 2019).

4 ISO 14041 (1998) on goal and scope definition and inventory analysis,
ISO 14042 (2000) on life cycle impact assessment, and ISO 14043 (2000) on
life cycle interpretation.

5 emissions arising from fuel combustion for energy production are reported
under IPCC Table 1 A.
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(Hondo, 2005; Bouman, 2020; White and Kulcinski, 2000; Gagnona
et al., 2002; Varun and Bhat, 2009; Dudhani et al., 2006; El-Fadel et al.,
2003). These papers highlight that the emission factors change in line
with evolutions in technologies (efficiency increase, material selection),
and with the size and location of plants (altitude or latitude and by
site-specific climatic variables such as temperature). GHG emissions
vary also according to the country of production, primarily due to the
differences in the fuel mix of the specific country. Table 1 indicates the
change in the fuel mix occurring from 2005 to 2019 in Italy (ISPRA,
2021b).

As a result of improvements in energy conversion and the transition
to natural gas, greenhouse gas emissions have gradually decreased over
the years, as shown in Table 2. The emission factor for gross national
thermoelectric production decreased steadily from 1990 to 2019, from
709 kg CO,/MWh to 462 kgCO,/MWh (ISPRA, 2021a) due to the
increase in the fuel mix of the natural gas share. This was accompanied
by an increase in the electrical conversion efficiency of plants fuelled
by natural gas.

Several studies have measured the GHG emissions from renewable
plants and compared them with fossil-fuelled plants. Specific conver-
sion plants such as wind plants (Lenzen and Munksgaard, 2002; Bonou
et al., 2016; Wang and Sun, 2012; Kabir et al., 2012), geothermal (Ham-
mons, 2004), and sun (de Lima et al., 2021; Nishimura et al., 2010;
Peng et al., 2013; Becker and Meinecke, 1992) provide evaluations
of the emission factors. As no stack emissions are released, the con-
tribution from plant construction, operation and decommissioning, is
considerably smaller compared to fossil-fuelled plants. The electrical
energy production of renewable plants (to a lesser extent for solar
ones) is highly site-dependent, and the intermittency of the resource
impacts on the load factor both spatially and temporally. The very fast
evolution in technologies for renewable energy has led to a widespread
range of emission factors observable in literature. Finally, also climate
change gives rise to mid to long-term variations, because of its impact
on natural resource availability. The collection of these data resulted
in a range of values for each technology shown in Table 3. To compute
a realistic measure of the GHG emitted by future renewable plants, the
minimum values from cited studies are taken as a target, to account for
the expected improvement in pollution mitigation of the processes.

As the different growth/degrowth scenarios depicted in Fig. 4 fore-
see phases when the electrical energy demand increases or decreases,
the associated GHG emissions of both fossil and renewable plants are
measured by the following models in Section 4.1. These models do not
account for additional infrastructures (i.e. electric lines and substations,
storage plants, etc.) necessary for additional electric energy dispatching
and related energy losses.

4.1. GHG emissions for fossil fuel plants

CASE A
If the evolution of the demand is such that:
d P,

— >0,
dt

P> Py

the emissions are due to the operation and decommissioning of the
installed fossil fuel plant capacity Py, in operation at time T;, plus the
energy demand (E—Er,), required by the specific scenario, which gives
rise to emissions for the construction, operation, and the end-of-life
decommissioning of new plants. In terms of the amount of greenhouse
gases produced, we therefore obtain:

GHG = (MCOM) (16)

# (Meo,.)
actual capacity COz.eq future capacity

and in more detail:
GHG =f; - (Py,- LF;5, -8760) + [fco,, - Er)| +[fco,,  Er,

a7

O&M
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Table 1
Mix of fuel used for the thermoelectric production in Italy (2005-2019). (ISPRA, 2021b).
Year 2005 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Type of fuel
Solid 0.19 0.19 0.21 0.24 0.25 0.25 0.24 0.20 0.17 0.16 0.11
Natural gas 053 059 056 053 049 047 051 056 0.60 0.60 0.65
Gas derived 0.02 0.02 002 0.03 002 0.02 0.01 002 0.01 002 0.02
Oil products 021 013 011 010 0.09 0.09 0.08 0.07 0.07 0.07 0.06
Other fuels 0.04 0.07 0.10 0.11 0.15 0.17 0.15 0.15 0.15 0.16 0.16
Of which of 097 094 092 091 087 08 087 087 087 087 0.86
fossil origin
Table 2
Emission factors of CO, from gross thermoelectric production by fuel (kgCO, ,,/MWh).
Year 1990 1995 2000 2005 2010 2015 2016 2017 2018 2019
Total thermoelectric? 709,3 682.9 640.6 585.2 546.9 544.4 518.3 492.7 495.0 462.2

2Excluding electricity produced from biodegradable waste, biogas and vegetable biomass of plant origin (ISPRA, 2021a).

Table 3
GHG per electric MWh generated from main renewable source fuelled plants.
Renewable source Type of plant Min GHG Max GHG
emission emission
[kgCO, ,,/MWh] [kgCO, ,,/MWh]
Water Head Hydropower 10 300
Water Runoff Hydropower 2 250
Wind Offshore Wind farm 25 25
Wind Inshore Wind farm 5 20
Sun radiation PV farm 50 200
Sun radiation CSP 30 75
Endogenous heat Geothermal 25 300

+ S, [(P = Pr) - LF®) - 8760] + | fco,,, - (E = Er,)|
+ [fcolcq (E- ETO)]O&M
[fcoz.eq : (E - E’rg)]d [kgcol.eq]

Introducing the intensity factors of the construction, operation, and
decommissioning phases of fossil plants:

E
¢ = (fc(fCOz,eq)€> [kgCO, ,,/kWh]
_ <EO&M
o=

E
E,
dy = (F( fcozvm),,) [kgCO, ., /kWh]

(co,,,)o& M) [kgCO, ,, /kWh]

one obtains:

GHG = f;-E;q +E-[o,+d/] 18)

170 (E=Eg )+ [(E-Ery) - (s + o, +ds)| TkeCOL,)

CASE B
If the evolution of the demand is such that:
dP;

— <0
dt<

P <P

the emissions are due to the operation of the fraction of the already
installed capacity which uses the power P < P

GHG=f;-Epp +E- oy +dy] 19

4.2. GHG emission for renewable plants

Analogously for emissions due to renewable plants, the following
conditions can occur:

CASE C

dP,
Zrso,
dt

P> Pp

The emissions are due to the contribution of the operation and
future decommissioning of the power Py installed and in operation
at time T, plus the additional emissions caused by the future require-
ment of new renewable power capacity P — P which determines the
emissions for its construction, operation, and disposal.

GHG = [fcom 'ETO]O&M + [fcozv‘,q ‘ETO]d (20)
+ [fcom ' (E B ETO)L + [fcom ' (E B ETO)]O&M +
[fcoz_eq : (E - ETO)]d [kgCO;, 4]

Introducing the intensity factors of the construction, operation and
decommissioning phases of renewable source plants:

EC
¢, = (E( fcozw)c> [kgCO, ., /kKWh]

<E
0, =

E
d, = (E“(fcom >d> [kgCO, 4 /kWh]

0&M
E

(fco,,,)oam > [kgCO; ., /kWh]

one gets:

GHG = Ey, - [o, +d,| + (E - ETO> e +0,+4d,] [keCO,,] (21)

CASE D
If the evolution of the demand is such that:

dE,
— <0
dt
P <P

the emissions are due to the operation of the already installed capacity
which uses the power P < Pr; and it results:
GHG = Eg, - [0, +d,| [kgCO,,,] (22)

The intensity factors used for the simulations are shown in Table 4.
The emissions saved can be computed by:

GHG, = (E - Epy), - [ff+¢;+0;+df]| [kgCO,,,]
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AUXILIARY MODELS PLANTS LOAD
(intensitiy attenuation, FACTOR MODELS
rebound effect, etc.) (constant and variable)
ELECTRIC ENERGY PLANT POWER
GROWTH ENERGY TRANSITION DEMAND (fossil and CAPACITY NEEDED
SCENARIOS MODELS renewable) (fossil and renewable)
GHG EMISSIONS
MODELS
GHG EMISSIONS
Fig. 7. Flow chart of the general model.
Tab19.4 current 33% (EIA, 2022) to 45% (+36%) was considered in the
Intensity factors of plant macro phases. simulations, while that of renewable source plants from 20% (BP,
Type of plant Fossil Renewable 2020) to 25% (+25%). For the sake of simplicity, this increasing
Fuel ) f;=080+094 f,=0 trend is assumed to be linear over the period considered;
gozi;rt‘it:‘m s igi :?95 S & i?)Z)z__ooSz « it is assumed that at year T, 1 MWh of electricity is produced,
Dle)commissioning Zf,;03—05 3;01 £02 with 60.5% obtained from plants fuelled by fossil sources and

5. Results and discussion

Some scenarios can be created by combining the models discussed
above, covering almost all future changes in the demand for electrical
energy, as shown in Fig. 1. The general model is organized according
to the flowchart presented in Fig. 7, and the selected combinations for
the discussion are listed in Table 6.

5.1. Assumptions underlying the general model

The basic assumptions underlying these models are:

« the time frame considered is 30 years (2020-2050)°;
« the nuclear (both fusion and fission) sources are not used in the
replacement scenarios;
+ the CO, sequestration technologies are not considered
+ to consider the two scenarios of constant and variable LF in the
future. The load factor is defined as:
E [T P@ydr

LF = = 2
P,, T P,, T (23)

inst inst

Constant LF could be typical of countries where a delay in the
introduction of new conversion technologies is considered, or
where there is a scarce availability of the source. For instance,
countries with limited hydropower and wind resource can rely
only or almost entirely on PV plants, therefore they will tend to
assume the load factor of PV in the mid-long term period.

The future increase in the load factor of renewable and fossil-
fuelled plants accounts for technological improvements (an in-
crease of conversion efficiency, improvement of construction and
maintenance technology, balancing of electrical loads through
the introduction of storage systems), better localization of future
plants (i.e. considering offshore technologies for wind farms)
and a policy of priority dispatching of renewable energy. With
regard to fossil-fuelled plants, implementing combined plants
can significantly improve the load factor through the increase
in the AEP. An increase in the load factor of fossils from the

6 with the exception of periodic growth rate models lasting for 40 years.

39.5% by renewable sources (the Italian scenario in 2019 has
been taken as reference (Arera, 2019));

it is hypothesized to introduce an attenuation factor of the in-
creasing energy intensity over time, implemented through the
improvement in the efficiency of the final use systems, the reduc-
tion of thermal losses, etc. According to the IEA (2020) report,
since 2015, improvements in energy efficiency measured by pri-
mary energy intensity, have declined. The COVID-19 pandemic
added a further level of criticality to the process. The energy
intensity is expected to improve only by 0.8% in 2020, about half
the rate, corrected for weather effects, of 2019 (1.6%) and 2018
(1.5%). It is therefore assumed that in the following 30 years, the
demand for electricity for the processes decreases linearly up to
a maximum value of 2.5% due to energy efficiency interventions.
Rebound effects, which would partially offset the effect of the
aforementioned energy efficiency trend, are neglected here, but
could easily be implemented in the model. Evidence shows that
general goods consumption in advanced economies resulting from
lower energy costs will be modest in the context of global CO,
reduction projects. Significantly higher rebound effects can be
captured in developing economies, but they could be attenuated
by government policies (Pollin, 2018);

fossil fuel mix; the actual (2019) fuel mix and the equivalent
emission factor in Italy based on Tables 1 and 2 is 463.6 kgCO, ,,/
MWh.

renewable mix; resuming the data of Tables 3 and 5 the re-
newable equivalent emission factor in Italy accounts for 26.8
kgCO, ., /MWh.

the data adopted for the intensity factors of fossil and renewable
plants are the average of data shown in Table 4.

the data assumed for the greenhouse emission per MWh of re-
newable conversion plants are the average of data shown in
Table 3.

it is assumed that these levels of emissions in 2050 could be
reduced by 20%. This result could be obtained by a fuel mix
redistribution’ and the technology transition to combined power

the decomposition analysis shows that historically the reduction of the

equivalent CO, emissions of the thermoelectric plants is due to the increasing
share of natural gas, which in turn has a positive effect on the electrical
conversion efficiency of plants, (ISPRA, 2021b).



L. Battisti

Table 5
Fossil fuel and renewable mix in Italy at T, time [%)].

Type of fuels in
fossil fuel plants

Electric energy
generation share at

Type of resource
in renewable fuel

Electric energy
generation share at

T, (2019) [%] plants T, (2019) [%]
Solid 9.6 Hydropower 47
Natural gas 72.5 Wind 21
Derived gas 1.2 PV 25
0Oil products 5.2 Geothermal 6
Other fuels (no 11.3 Others 1

biomass)

plants. The increase in the share of wind and solar energy conver-
sion technology will lead to an equivalent drop in the renewable
emission factor of 20%.

5.2. Limitations of the model

The limitations of the model are:

+ the electric energy consumption, deduced from BP data (BP,
2020), corresponds to the user side, and not to the level of
production side, since this should include the additional quote
for energy dispatching. This quantity is country-specific, generally
amounts to a few percent of the total, and is not considered in the
model, but could be readily included in a country-specific study;
the availability of renewable sources is based on: (i) the hypothe-
sis of an endless availability of renewable resources, providing an
infinite quantity of green fuel (water, wind, and sun intensity)
to feed the conversion plants; some scenario of substitution is
clearly incompatible with the renewable resource availability and
accessibility of some countries. (ii) ignoring the commissioning
time required to build new power conversion plants; this time lag
could be not compatible with the marginal growth of the plants
required to ‘instantly’ fulfil the energy demand, and becoming a
displacing-limiting factor for renewable energies in the transition
scenario; (iii) ignoring the contribution to total emission of any
additional infrastructures commissioning/decommissioning and
operation (i.e. electric lines and substations, storage plants, etc.)
needed for the electric energy distribution;

the role of biomass and CO, capture technology can play a
role in the future to partially offset fossil fuel emissions, but, in
the timeframe investigated, can only contribute marginally, due
to the lack, to date, of technologically mature solutions. Their
inclusion can be implemented or discarded without compromising
the general model. As far as new CO, sequestration technology
will be available, this option can be implemented as a suitable
subtracting factor from the yearly GHG emission and from the
final GHG inventory;

These limitations of the model result globally in an underestima-
tion of the actual emission levels, which generates a best-scenario
prediction.

5.3. Indicators

The indicators generated for the analysis are:

« the electric energy demand (covered by fossil and renewable
sources);

+ the ratio between renewable and fossil energy E,/E/; it repre-
sents the relative penetration rate of the intermittent sources.

« the power capacity;

+ the ratio between the energy at year T and that at year zero T
(E/Erg) s, (E/Eqq)ys and the relative power of the plants at year
T and that at year zero T, (P/Pro)s, (P/Pr),-

10
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+ the power capacity marginal growth factor (PMGF). As far as
fossil fuel plants are concerned, the overall commissioning times
(authorizations, project, construction) can vary between 5 and
12 years. These times for renewable source plants generally range
between 2 and 4 years for solar and wind power plants, while they
can take up to 10 years for basin hydroelectric plants;

+ the value of the global equivalent CO,,, or GHG produced and
saved for each scenario.

Table 6 shows the list of simulations generated by the combination
of the hypotheses and the models presented.

5.4. Energy and power results

The first block of simulations (#1, #2 and #3) refers to the fu-
ture energy and power demand considering the partial replacement
(substitution) over time of fossil sources by renewable ones (E’TO =
39.5% - Erp, = 60.5%, Efy, = 60.5% - Efp, = 39.5%) according to
the three growth scenarios: low (2%), medium (4%), and high (7%).
It is assumed that there are no improvements in the load factor of
the plants. However, an attenuation of the energy intensity of the
electricity consumption processes is considered. Figs. 8-9 indicate that
the i = 2% scenario leads to global growth of energy demand and
power of 175%. This scenario can be accomplished by strong growth of
renewable energy and power (+280%), and moderate growth (+20%)
in the electricity produced with fossil sources. Accordingly, the power
capacity from fossil fuels over the next 30 years rises marginally, and
this implies (see Fig. 9) a slow decrease in the installation ratio (with
a drop from 1% to 0%) excluding the rate of plant replacement due to
obsolescence at the end of their technical life and a consistent rise of
installation of renewable plants (from 4% to 3% in the period).

Both the i = 4% and i = 7% scenarios imply significant increases in
the energy required and the power installed (see Figs. 10-11, Figs. 12—
13). The power produced by fossil plants needs to increase by more
than 200% for a growth rate of 4%, and by over 500% for the 7%
scenario. Although the marginal installed capacity of fossil fuel plants
slows slightly yearly, the plant’s installation rate remains very high,
over 6% for i = 7% (see Fig. 13). The installation ratio of the renewable
fuelled plants is even higher, close to 10% for the most demanding sce-
nario, making it very difficult to find new candidate sites. The energy
penetration of renewable energy achieves parity into the grid with fossil
one after 15 years regardless of the growth rate, due to the linear (top to
bottom) penetration law. The second block of simulations (#4, # 5, and
#6) refers to a situation of energy demand and future power similar to
the previous simulations, but where the renewable penetration target
will achieve 90% from a renewable source (complete penetration)
through a linear substitution pattern. Figs. 14-15, Figs. 16-17, Figs. 18—
19 help in assessing the three scenarios of low, medium, and high
growth. The trend towards complete penetration seems to attenuate
the growth rate of energy and power from fossil sources for the low
scenario, which will consequently lead to a marked uninstallation rate
of fossil-fuelled plants over the years. The increase in fossil power dou-
bles in the high-growth scenario. Nevertheless, the low growth scenario
allows an immediate and progressive decommissioning rate of fossil
fuelled plants. For medium and high scenarios this condition is shifted
at year t=10, andr = 20 respectively. There is a considerable increase in
the exploitation of renewable sources from 400% (at i = 2%) to 800%
(at i = 4%) up to more than 1800% (at i = 7%). As the renewable
plant installation rate is high, these scenarios entail massive resource
scouting (wind, hydraulic, solar), selecting technologies, finding suit-
able geographical areas, and selecting the infrastructures to dispatch
the electrical energy. It is also clear that even in the slowest growth
scenario (i = 2%), well before the first decade, the quantity of electricity
produced from renewable sources exceeds that of fossil sources, with
the need to develop infrastructures capable of managing intermittent
flows with an ever-decreasing regulating capacity of the fossil rotating
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Table 6

List of the simulations generated by the combination of the hypotheses and the models presented.
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SIM. # Growth law Growth rate Renewable sources Attenuation model LF fossil fuelled LF Renewable
penetration law plants [-] fuelled plants [-]
1 f)y=eT i = 2% constant linear 39.5%—60.5% a; = 2% 33% constant 20% constant
2 fli)=eT i = 4% constant linear 39.5%—60.5% a, = 2% 33% constant 20% constant
3 f@)y=eT i = 7% constant linear 39.5%—60.5% a; = 2% 33% constant 20% constant
4 f(i)=eT i = 2% constant linear 39.5%—90% a; = 2% 33% constant 20% constant
5 fi)=eT i = 4% constant linear 39,5%—90% a; = 2% 33% constant 20% constant
6 f)=eT i = 7% constant linear 39.5%—90% a, = 2% 33% constant 20% constant
7 f@)y=eT i = 2% constant logistic 39.5%—90% a; =2% 33% constant 20% constant
8 fi)=eT i = 4% constant logistic 39.5%—90% a; =2% 33% constant 20% constant
9 fli)y=eT i = 7% constant logistic 39.5%—90% a, = 2% 33% constant 20% constant
10 fGi)=eT i = 2% constant logistic 39.5%—90% a; =2% 33%—45% linear 20%—25% linear
11 fli)=eT i = 4% constant logistic 39.5%—90% a; = 2% 33%—45% linear 20%—25% linear
12 f(i)=eT i = 7% constant logistic 39.5%—90% a; = 2% 33%—45% linear 20%—25% linear
13 f() =0.02(1 + sin(x/2 - T/5)) periodic logistic 39.5%—90% a; =2% 33% constant 20% constant
14 f(i)=0.02(k - T + sin(z /2 - T /5)) periodic increasing logistic 39.5%—90% a; = 2% 33% constant 20% constant
15 f(@i) =0.02 — 0.01e01D increasing attenuated logistic 39.5%—90% a; = 2% 33%—45% linear 20%—25% linear
16 f(i) = 0.04¢=(050047) 4% — 2% logistic 39.5%—90% a; = 2% 33% — 45% linear 20%—25% linear
17 (i) = 0.04e~200.047) 4% — ~0% logistic 39.5%—90% a, = 2% 33% — 45% linear 20%—25% linear
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Fig. 8. Simulation #1 - fossil and renewable electrical energy (left) and power (right) demand trend.
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part. This means that part of the progressive decommissioning of fossil
fuel plants should become part of the rotating reserve, and cannot be

Fig. 9. Simulation #1 - ratios of electricity and power demand from fossil and from renewable sources (left), and marginal ratios of energy and power (right).

dismissed.

The third block of simulations (#7, #8, and #9) shows the results
of the logistic penetration law of renewable sources, with the goal
to achieve, at the end of the period, a generation target based on
90% from renewable sources and 10% from fossil sources. The logistic
penetration model is characterized by the typical convergence of the
renewable and fossil marginal power, as shown in the last plot of
each figure group 20-21, 22-23, 24-25. In the i =

2% and i =

4% scenarios, the energy produced from fossil sources decreases and
asymptotically forms a plateau after 15 years, with a small increase

in the last decade of the time frame. Decommissioning of fossil-fuelled

11

plants is readily possible for low and medium scenarios, but refiring
at yeart = 20 when the transition model shows a slowing down of re-
newable yearly contribution becomes necessary already for the medium
growth scenario. On the other hand, in the high development scenario,
the contribution of fossil sources to the energy system again becomes
necessary in the second decade to satisfy the high energy demand.
The decelerating trend caused by the logistic penetration of renewables



L. Battisti

Fig. 11. Simulation
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Fig. 10. Simulation #2 - fossil and renewable electrical energy (left) and power (right) demand trend.
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Fig. 12. Simulation #3 - fossil and renewable electrical energy (left) and power (right) demand trend.
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Fig. 13. Simulation #3 - ratios of electricity and power demand from fossil and from renewable sources (left), and marginal ratios of energy and power (right).
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Fig. 14. Simulation #4 - fossil and renewable electrical energy (left) and power (right) demand trend.
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Fig. 22. Fossil and renewable electrical energy (left) and power (right) demand trend.
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Fig. 32. Fossil and renewable electrical energy (left) and power (right) demand trend.

leads to a decreasing marginal installation rate of renewable plants,
which stabilizes to a constant plant capacity installation ratio halfway
through the period, while the number of fossil plants rapidly increases.
Only the i = 2% scenario leads to a near zero renewable installation
rate at the end of the period.

The fourth block of simulations (#10, #11, and #12) is similar
to the previous block but adds the effect of technological advances
through the increase in the plant’s load factor: LF = 33% — 45%
for fossil fuel plants and LF 20% — 25% for renewable energy
plants. Figs. 26-27, 28-29, 30-31 show that the main benefit is that the
same requirement of total energy is obtained with less plant capacity
(—25%), either renewable or fossil, which is important especially to
reduce the fossil contribution to the total. The high-demand scenario
is still critical, as it requires the contribution of new fossil plants after
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15 years. On the other hand, in the low growth scenario both stabilize
to about zero annual rates, this common rate tend to be about 2.5%,
and about 5% for the medium and high scenarios respectively. The E,
to E parity is achieved within about six years.

The scenario of simulation #13 (Figs. 32-33) indicating a periodic
energy demand fluctuation around a long average growth rate of i
1%, leads to a complex path with oscillations in the energy and power
requirements. With regard to marginal power trends, steep gradients
emerge, making the planning phase of construction and management of
the plants complex. Globally this scenario reduces the supply of fossil
fuel energy, but small oscillations will be dramatically amplified.

The situation of the periodic but increasing trend over time (simu-
lation #14 - (Figs. 34-35) is similar to the case of simulation #13, and
requires no further comments.
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Simulation #15 through Figs. 36-37 shows the case of an attenuated
growth from i = 1% to i = 2%. The energy indicates an escalating
growth, but with a decreasing rate in fossil contribution. This trend
reflects a reduction in the fossil power contribution, which is reduced
to a quarter, while the renewable power plant capacity grows by more
than 300%. The saturation of renewables leads to a downward trend
and reaches a constant installation rate at the end of the period, while
fossil plants decommissioning slows down.

The simulation #16 refers to the degrowth scenario and replace-
ment of fossil fuels. The situation of the constant decrease rate with
linear substitution, from i = 4% to i = 2% under a logistic transition
rate: (39,5% to 90%) is shown in Figs. 38-39, leading to an increase
in the demand for total energy (+200% in thirty years). At the same

time, there is a reduction in the fossil contribution, accompanied by a
reduction in the capacity at a very high ratio in the first years, followed
by a less intense but moderate decrease. The effect of the degrowth is
also reflected in the growth rate of renewable source plants which also
undergo a reduction in the installation ratio after the first twenty years,
followed by a near-zero rate, while the fossil plants start immediately
with a strong decommissioning rate, which attenuates at the end of the
period. Although considerably less, the fraction of power produced by
fossil fuel plants remains constant after the first half of the period, and
cannot be reduced further.

Figs. 40-41 report the situation of case #17, where the growth rate
falls to nearly zero, taking full advantage of technology advancements
(growing LFs). This scenario indicates that the total energy demand
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remains slightly decline over the period of observation, like the power
capacity. The electric energy produced by fossil fuels achieves a mini-
mum stabilized at about 10% of the initial share. The renewable energy
share decreases too at the end of the period and after about 15 years
plants can be decommissioned.

5.5. GHG emissions results

According to the GHG emission model and the hypothesis made,
renewable energies are expected to primarily play the role of avoiding
future emissions, while their contribution to GHG production remains
small, even in the highest energy-demanding scenario.

The plots indicate the GHG emissions [kg] emitted yearly as a
function of the electrical energy produced/consumed according to the
most interesting scenarios analysed in Table 6. As the energy quantity
at year T, has been set at 1 MWh, the emissions of one specific year can
be computed by multiplying the data plotted by the actual electrical
energy produced. The graph, in the boxes placed at the end of the
period, shows the total inventory of GHG emitted in the entire period.
The actual total GHG emitted can thus be obtained by multiplying this
data by the total energy produced at the end of the period. Scenarios
#4, #5, and #6 (Fig. 42) consider the low, medium and high growth
rates (i 2%, i 4% and i 7%) under a linear renewable
penetration (90% at ¢t = Tj), under the condition of a linear fossil
greenhouse gas drop rate: GHGyyy = 462.2 kg/kWh - GHGyys5y =
0.8-G H Gyp0kg/kWh, as well as a linear renewable greenhouse gas drop
rate: GH Gy = 26.3 kg/kWh — GH Gyysg = 0.8- G HGyppokg /kWh. The
scenarios lead to a drop of about 40% of the GHG emissions over the
period considered. The total GHGs emitted are 11.8 kg for i = 2%, and
13.5 kg for i = 4%. The high growth scenario (i = 7%) ends with almost
the same emissions recorded at t = Tj,, but the trend increases in the

20

first 20 years, to decrease after. The total GHGs emitted in the period,
therefore, amount to 17.7 kg. Renewable plants, in this scenario, avoid
about 26 kg, while in the low to medium scenario, the contribution
becomes less and less important. Nevertheless, these saved emissions
are not sufficient to offset or satisfactorily reduce the emissions caused
by the energy demand.

Compared to the previous scenario, the logistic penetration law
shown in Fig. 43 for simulations #7, #8, and #9, produces a faster
decline in the GHG emissions, with greater avoidance of GHGs com-
pared to the linear penetration case. The decrease is about 54% for
the low scenario and about 40% for the medium growth rate scenario,
with a consistent flattening of the yearly emissions. There is an initial
half-period decrease in the booming consumption in the high growth
rate scenario followed by a rise in GHGs until the end of the period.
The logistic penetration case seems to be more benign than the linear
one, with a dramatic global damping of emissions avoided thanks to
renewables of 30 kg, and a marked contribution for the other cases.

The fluctuating demand (Fig. 44) over 15 years in scenario #13 cre-
ates a very fast decrease in GHGs in the first half of the period, followed
by a waved plateau of fossil fuels emissions, where the contribution of
renewables avoids about 80% of future emissions.

When the demand is still fluctuating but the general trend of con-
sumption decreases (see case #14), for instance, due to long-term
strategies of containment of the energy demand, the situation depicted
in Fig. 45 is generated. The effect of a decrease in demand is reflected
in a smoothing down of the emission curve after the first 15 years, and
the emissions avoided amount to about half of the total emissions at
the end of the period.

The emissions associated with the attenuated growth case from
i =1% to 2% (case #15 and Fig. 46) show a drop of about 40% up to
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halfway through the period, after which the fossil emissions stabilize
and start to increase in the second half.

Scenario #16 foreseeing a decrease rate from i = 4% to 2% (Fig. 47)
indicates a trend of the continuous decline of emissions, with a thresh-
old plateau in the reduction of GHG emissions of about 50%. This case
leads to a maximum reduction in emissions thanks to renewables of
10.4 kg, about the same as the total emissions of the period. Finally,
the ideal exercise involving the full de-growth scenario of case #17 is
provided in Fig. 48, where a hypothetical drop from i = 4% to i = 0.5%
in thirty years is forecast. Again, no more than a 56% reduction in
emissions is obtained and the total inventory of GHG emissions remains
slightly above 9 kg. The trend indicates a sloping decrease after a mid-
period, given by the saturated contribution of renewables, which shows
the limit of green transition benefits in the field of electric energy
demand.

6. Sensitivity analysis and method testing

A sensitivity analysis (Helton et al., 2006) was carried out to inves-
tigate how variations in the model input can qualitatively or quanti-
tatively affect some output parameters (power, GHG, etc.). The input
parameters considered are:

+ the initial electric energy share (E,/E),,; this parameter differs
from country to country, and depends on the actual level of
penetration of renewable energies at time ¢ = T;,. This affects the
GHG trend and the final GHG inventory at time ¢ = T3;

+ the final electric energy share (E,/E f)T30; this parameter can
vary according to the penetration/substitution target set by an
individual country at time ¢ = T3,. This affects the GHG trend
and the final GHG inventory at time ¢ = T3;

« the load factors (LF),,(LF) 73 the uncertainty regarding the load
factor variation in the future has an impact on the power capacity,

21

thus on (P/ Pyy),, and (P/ Pry) ;. It depends on climate conditions,
fuel availability, technology improvements, choice of conversion
technology, etc.;

+ the initial fossil emission factor f r¢; this impacts the GHG trend
and the final GHG inventory at time 7 = Ty;

+ the fossil emission factor variation f, = f(r) over the years;
this impacts the GHG trend and the final GHG inventory at time
t = Ty,. The variation depends on the evolution of the fuel mix,
which in turn depends on the future fuel supply strategy and
general country options in energy plans.

Fig. 49 shows the effect of the initial renewable to fossil penetration
share ((E,/E f)TO) on GHG emissions in the period, compared to the
baseline case (E,/E;)po=2:3, all other data constant. The trend of
GHG/GH Gy, is always increasing for values of the initial (E,/E)
share higher than 1:1. The worst scenario, in terms of global emissions,
is situations where the production of energy due to renewable sources
prevails at t+ = T, over fossil production (3:1). This is caused by the
lower margin of exploitation of renewable energy in an energy-growing
context. On the other hand, a situation characterized by a relatively
ample margin for renewable growth (1:3) will lead to a drop of about
17% at the end of the period of GHGs compared to the baseline case.

With regard to the ratio between renewable to fossil energy gener-
ation at the end of the period ((E,/E;),,,), Fig. 50 indicates that all
scenarios will lead to an increase in GHG emissions, compared to the
renewable full penetration rate (9:1), even if a 3:1 ratio will limit the
global emissions at the end of the period to 13.5 kg, compared to the
baseline of 10.4 kg.

Fig. 51 indicates, for the constant growth rate i = 4% case, the
fossil plant fuelled capacity variation for different evolutions of the
future fossil plant load factor, compared to the baseline condition
LF; pusetine = 33 — 45%. As expected, while the constant LF scenario
produces a continuous increase in power installed, any technological
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advances that lead to an increase in the LF will reduce the power
requirement from fossil fuels, though not so markedly. The figure also
depicts the ideal case of LF 13p= 90%, to stress the concept that, even
for this case the power reduction cannot fall below 50% of the power
capacity of the baseline case.

Fig. 52 shows the same situation in relation to the load factor of
renewable plants. Compared to the baseline case LF, ;e = 20 =
25%, the worst scenario is due to the constant load factor, which can
depend on negligible technology advances or scarce loads interconnec-
tion, but also by the decision to develop low load factor technologies
such as solar conversion plants (PV and thermal solar). Improvements
in LF help to reduce the renewable plant capacity, and thus the land
occupation. The ideal achievement of a load factor of 50%, which
is feasible for countries that base their energy plans on a massive
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implementation of head hydropower and offshore wind energy, would
reduce the required capacity from 72% down to 50% at the end of the
period, compared to the baseline case.

Fig. 53 refers to scenarios of countries that start the transition
process from different levels of fuel emission factors and considering
a future reduction trend (GHG/ 559 = 0.8 - GHG f 550), by considering
future technology advancements, and the transition from low carbon
to hydrogen fuels. Countries moving from a fuel mix that initially
generates a 150% higher fuel emission factor (%698 kg/kWh) compared
to the baseline case, will end with +145% higher emissions (global
emitted GHG of 15.5 kg, compared to about 10.4 kg given by the
baseline scenario). The figure shows that the emissions vary linearly
with the initial level of the fuel emission factor, all other factors being
constant. The effect of the technology choice to contain future GHGs



L. Battisti
300
— 250
Baseline data X
i=4% £ 200F
Logistic penetration trend 3
LE. =20 — 25% T 150
LFf =33 = 45% =
\ o'
{E,-/‘Ef,]m =2:3 S 100
(Er/Ef)rap=9:1 T
GHG}' = GHG}"%[]SD = 0.8- O 50
GHG 2 [kg/KWh]
0
Fig. 49. Model sensitivity analysis: effect of renewable to fossil initial share (E,/E); o
period in the boxes above bars.
500
450 |+
Baseline data g 400
i = 4% 3 01
Logistic penetration trend g 300
LF =20 — 25% B 250 [
LF; =33 — 45% =
(Br/Ef)pp=2:3 =
(Er/Ef)prgg=9:1 =
GHGy = GHGyap50 = 0.8 - O

GHG 2 [kg/KWh]

Energy Policy 179 (2023) 113626

00(E,/Ef)ro=1:3
I (E./Ef)ro=1:1 .
I(E/Ef)ro=31

20
T |[year]

30

on GHG/GHG,,,,,, Baseline data on the left box. Total GHG emitted in the whole

0u(E,/Ef)rao=1:3
| I Er/Ef)r3o=1:1
0(E,/Ef)r30=3:1

208

20
T [year]

30

Fig. 50. Model sensitivity analysis: effect of renewable to fossil final share (E,/E); 13 on GHG/GH G,g,;,., Baseline data on the left box. Total GHG emitted in the whole period

in the boxes above bars.

from fossil fuels is shown in Fig. 54. Here two different fuel mixes are
considered. The light fuels-high efficient situation (GHG 559 = 0.6 -
GHG  pyseiine)s driven by the massive use of natural gas and combined
power plants, leads to a reduction in emissions compared to today’s
levels, although this reduction is about 23% at the end of the period.
The second situation investigated implies a massive return to the use of
coal combustion (GHG 5950 = 1.3 - GHGf pyye1ine)- This determines an
escalating trend in GHGs, with a final inventory that exceeds by about

40% the emissions of the light case.

7. Conclusion and policy implications

» Once the more likely scenario of future electricity demand has
been chosen, the model allows determining the electric genera-
tion plant capacity and the related GHG emission, by the selection
of input data as the emission parameters, the baseline data (re-
newable to fossil energy/power share), the baseline and future
technical context, and the target energy transition path.

the output of the power capacity required to satisfy a given
energy scenario has an important impact on the programs of
national energy plans, due to the time needed to locate, build and
commission new power plant stations.

each transition scenario indicates that very early (typically within
the first transition quinquennial) the electricity produced from
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renewable sources exceeds that deriving from fossil fuels. There-
fore a balancing problem of intermittent loads in the distribution
network arises. These issues can be solved with electricity storage
systems, smart loads management, and electric grid interconnec-
tion. However, it is unlikely to be solved for many countries
within the time frame foreseen in the transition scenarios due to
the infrastructural effort needed;

‘total’ penetration of 90% of renewable sources in the electricity
generation system, and under the auspices of the best technolog-
ical advances, does not lead to a corresponding reduction of 90%
in GHGs level;

‘total’ electric energy decrease, with a growing rate that falls from
4% to 0.5%, leads to emissions reduction by only 55% compared
to today’s data;

technological advances alone cannot solve the problem of future
emissions unless accompanied by an electric energy consumption
reduction strategy, as proved from simulations including strong
improvements in energy conversion technology (increasing LF
scenarios);

Considering realistic growth scenarios and regardless of the pen-
etration rate expected by renewable sources, each transition sce-
nario still entails relying on significant levels of fossil fuel power.
The recent history of the energy consumption of industrialized
countries confirms that the progressive penetration of renewables
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has never led to a marked reduction of electrical energy pro- energy growth demands, renewables cannot definitively perform
duced by fossil sources. Standing current and foreseen electric the desired ‘replacement’ function but instead are likely to be

25
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an ‘integration’ factor of an ever-increasing demand for capacity.
These facts indicate that the adjective ‘alternative’ should no
longer be used for renewable sources.
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