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Abstract: Power system transformation can unleash wide-ranging effects across multiple, frequently
interlinked dimensions such as the environment, economy, resource systems, and biodiversity.
Consequently, assessing the multidimensional impacts of power system transformation, especially
under rapid transitions, has become increasingly important. Nonetheless, there is a gap in the
literature when it comes to applying such an analysis to a Mediterranean country facing structural
socioeconomic challenges. This paper explores the potential multifaceted implications of rapidly
decarbonizing the Greek power sector by 2035, focusing on the local-level consequences. The
evaluation criteria encompass the cost-optimal power mix, power costs, land use, biomass utilization,
GDP, and employment. In this effort, a technology-rich cost optimization model representing Greece’s
power sector is linked to a global Computable General Equilibrium (CGE) macroeconomic model
focusing on the Greek economy. The results indicate that a fast decarbonization of the Greek power
sector could trigger positive socioeconomic consequences in the short- and medium-term (GDP:
+1.70, employees: +59,000 in 2030), although it may induce negative long-term socioeconomic effects
due to increased capital investment requirements. Additionally, the impact on land use may only be
trivial, with the potential to decrease over time due to the de-escalation of biomass power generation,
thereby reducing the risk of harming biodiversity.

Keywords: power system modelling; land planning; macroeconomic impacts; distributional impacts;
OSeMOSYS-Greece; GTAP-Greece; biodiversity; critical resources

1. Introduction
1.1. Challenges and Opportunities of Power System Transformation

Today’s economic model has exerted severe pressure on planet Earth [1], as evidenced
by the multiple systemic, escalating, and interlinked planetary crises, mainly comprising
the climate and biodiversity crisis [2]. Addressing these crises requires the redesign of the
current energy consumption and production models, with a focus on promoting renewable
power generation [3]. This transition encompasses significant opportunities, as power
generation can become cleaner and more decentralized, providing flexibility to the system
and benefits to households and the environment [4,5]. Furthermore, it can assist in dealing
with energy poverty and creating new jobs [6,7]. However, it also entails substantial risks
and uncertainties across multiple dimensions and sectors, including resource systems,
society, and the economy [8].

In contrast to conventional fossil fuel technologies, clean energy technologies, notably
wind and solar, require extensive land areas for placing their infrastructure [9,10]. This
attribute of clean power generation introduces risks to biodiversity and wildlife habitat co-
hesion, while posing threats to the aesthetic and cultural heritage of specific regions [11,12].
Consequently, while expanding clean power generation can mitigate climate change im-
pacts, thereby benefitting biodiversity hotspots around the globe, it may also negatively
affect them if not accompanied by comprehensive land-use planning [13]. In this respect,
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fostering a culture of integrated land-energy planning among power generation decision-
makers becomes crucial.

Heretofore, three approaches have been mainly employed in the literature to measure
the land area impact (LAI) of the power sector [14]: (1) “footprint”, (2) “footprint and
spacing”, and (3) “life cycle”. The first approach focuses on the infrastructure required by
the power sector, such as power plants, fossil fuel mines, and solar panels, but overlooks
the required spacing between renewable technologies, such as wind turbines, to avoid
efficiency losses. The second approach examines the aspect of spacing along with the land
demanded by power generation technologies. The third approach considers the whole
value chain of power generation infrastructure, including manufacturing, construction, and
decommissioning processes, but also excludes the aspect of spacing between renewable
technologies. These approaches have been applied at continental [15], national [16], and
regional [17] scales to estimate the land area requirements of power system pathways.

Decarbonizing the power system involves a restructuring of power system costs, which
in turn can trigger economy-wide impacts by affecting the disposable income of households
and final demand [18]. On the one hand, this transition requires substantial upfront capital
investments in the clean technology value chain to acquire the necessary infrastructure.
On the other hand, unlike fossil fuel technologies, renewable technologies present low
operational costs, which are mainly fixed regardless of the utilization rate. The latter
characteristic can stabilize power generation costs, thereby increasing the resilience of the
power system against market variability and enhancing energy security when renewable
electricity is domestically produced [19].

Therefore, the energy transition can be positive for the general economy if it lowers
energy costs, and vice versa. Similarly, it can bolster employment if the value chain of
clean energy technologies integrated into the system creates more jobs than the fossil
fuel sectors which are phased out [20,21]. Consequently, the socioeconomic impacts of
this transition may vary on a regional and temporal basis according to the underlying
technological and economic dynamics, necessitating a thorough evaluation at the local
level. A significant body of literature has examined the socioeconomic implications of
transitioning to highly renewable power systems (e.g., [21,22]). In this endeavour, a power
system cost optimization model is usually linked to a macroeconomic model, such as
Computable General Equilibrium (CGE), to examine both the technological dynamics of
the power sector and its impact on the broader economy.

Furthermore, the intermittent nature of wind and solar power generation calls for the
diversification of the power mix beyond conventional renewable technologies, alongside
the development of electricity interconnections with other countries [23,24]. However,
several renewable technologies present restricted or zero potential due to geographical
particularities, technological limitations, or social resistance (e.g., hydro, geothermal, and
nuclear). To that end, biomass can play an important role in the pursuit of highly renewable
power systems as a low-carbon energy carrier [25]. However, while the share of biomass
in the power mix increases, so does the risk of harming species and their habitats [2].
Therefore, biomass utilization can be utilized as a proxy for assessing the potential impacts
of a power system pathway from a biodiversity viewpoint.

It should be noted that, along with the aforementioned considerations regarding the
transformation of power systems, several other perspectives that refer to the global scale
may be important for decision-makers. For example, clean technology production presents
a critical material intensity and can adversely affect human health and biodiversity [26,27].
These aspects increase the risk of power system decarbonization pathways, which are con-
nected to supply disruption events and unwanted consequences. However, these aspects
mostly concern decision-makers in countries actively involved in the clean technologies
value chain [28].

Accounting for the interlinked dynamics of renewable power generation with resource
systems is of utmost importance when assessing power system decarbonization pathways,
especially under rapid transitions. A significant body of literature has delved into this
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field [22,29-31], providing critical information to power system decision-makers regarding
the implications of power system transformation pathways on resource systems. These
studies highlight the limitations of cost optimization models for assessing clean energy
transitions alone [32]. Incorporating these interconnections into cost optimization models
constitutes an important step forward in rendering them more relevant for the kind of
problems that decision-makers are facing today, a procedure commonly referred to as
“integrated assessment modelling” [33].

1.2. Research Gap and Paper’s Contribution

An extensive body of literature has examined power system transformation with
respect to the aforementioned perspectives. However, there remains a research gap in
assessing the rapid expansion of renewable power generation against these aspects jointly
for a Mediterranean country that (1) possesses a high potential for variable renewable power
generation and (2) faces structural socioeconomic challenges (e.g., social inequalities). This
type of analysis can provide additional insights compared to the previous body of literature
based on the following logic. These countries have the potential to rapidly and extensively
expand their renewable power generation. However, mitigation efforts in the power sector
may lead to unwanted consequences for biodiversity, land use, and the broader economy;
further exacerbating the existing socioeconomic challenges. Additionally, as these countries
are already vulnerable to climate change, such as the loss of precious ecosystems from
extensive wildfires, an increase in land-use competition may impede their future efforts to
deal with climate change repercussions, thereby magnifying their severity [34].

This paper contributes to the literature by examining the potential implications of
a rapid decarbonization of the Greek power sector from a multidimensional viewpoint.
Greece serves as a typical example of a country with the aforementioned characteristics,
considering its climatic conditions, geographical position, and economy [35]. The study
focuses on local-level considerations of power system transformation, overlooking aspects
related to the global scale. In particular, the evaluation is performed over the following
axes: cost-optimal technology mix, power generation costs, land use requirements, biodi-
versity impacts, and socioeconomic implications. Biomass utilization is used as a proxy for
evaluating biodiversity impacts, while Gross Domestic Product (GDP) and employment
are used as indicators for assessing socioeconomic repercussions.

The study investigates two scenarios for the transformation of the Greek power sector.
The first scenario involves the official power generation targets set by the Greek government,
serving as the baseline scenario for this analysis. The second scenario explores a transition
towards achieving renewable power generation by 2035, accompanied by an accelerated
electrification of the Greek economy. To evaluate these scenarios against the chosen criteria,
the study adopts an integrated modelling framework that combines a cost optimization
model representing Greece’s power sector with a global macroeconomic CGE model that
focuses on the Greek economy.

The remainder of the paper is organized into four sections. Section 2 outlines the
methods and materials utilized in the study, with a focus on the adopted modelling
and scenario frameworks. Section 3 presents and discusses the key results derived from
implementing this framework in Greece, while Section 4 concludes the paper and suggests
potential ways forward for this study.

2. Materials and Methods
2.1. Modelling Framework

The study employs an integrated modelling framework linking two models: (1) a
technology-rich cost optimization model representing the power sector of Greece (here-
after referred to as OSeMOSYS-Greece) [36] and (2) a global CGE macroeconomic model
focusing on the Greek economy (hereafter referred to as GTAP-Greece) [20]. OSeMOSYS-
Greece addresses various aspects related to power generation, including the cost-optimal
technology mix, power generation capital investment and operational costs, as well as
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land use requirements. On the other hand, GTAP-Greece examines the broader socioe-
conomic consequences arising from power system development, including its impact on
GDP and employment. To achieve this, it leverages the results of the cost optimization
model regarding amendments to power system costs resulting from decarbonization efforts,
which are then translated into economic shocks to the broader economy and applied to the
broader economy.

2.1.1. Power and Land Systems Illustration

To simulate the examined scenarios, the analysis utilizes a cost optimization model
that illustrates the Greek power sector [36]. This model has been built upon the Open-
Source energy MOdeling SYStem (OSeMOSYS) framework [37] and has been appropriately
parametrized to reflect the functioning of the Greek power sector from 2019 to 2050. The
model performs deterministic linear programming cost optimization with perfect foresight
on an annual basis. This means that, each year, the model computes the cost-optimal way
in terms of power technology capacity and production to meet the exogenously defined
final electricity demand, subject to the established restrictions in it (e.g., emissions cap). To
do so, it assumes a single social planner who possesses complete knowledge about how
technology costs and policy targets will evolve in the future, including the consequences of
earlier decisions on the subsequent years within the modelling horizon.

Apart from the cost-optimal power mix, other primary outputs of the model include
the annual capital and operational costs (both fixed and variable) of the system, annual
newly added technology capacity, and annual CO, emissions from power generation.
Additionally, for the purposes of this study, the model code is expanded to calculate the
annual land area impact of power generation on a yearly and technology-specific basis.
The time resolution of the model involves 24 time slices, assuming 2 daily time brackets
(day and night) for each of the 12 seasons (1 for each month).

Figure 1 presents the Reference Energy System (REF) of the Greek power sector,
as sketched in the model. This figure illustrates the whole spectrum and sequence of
procedures followed in a serial manner, from collecting the primary sources (energy and
land; left side of the figure) to converting them into electricity (middle part of the figure)
and finally transmitting and distributing electricity to the final demand sectors (right side of
the figure). The squares in the figure represent the currently deployed system technologies,
whereas the arrows denote their input and output fuels. Additionally, distorted squares
represent prospective technologies that can be introduced into the system in the future.
These technologies are selected based on the Greek government’s established targets and
stated intentions, as outlined in official documents such as the National Energy and Climate
Plan (NECP) of Greece [38]. Consequently, the model encompasses both the current and
target structures of the Greek power sector.

The technologies already diffused in the system can be categorized into fossil fuel and
clean energy technologies. The fossil fuel category encompasses (1) lignite power plant
steam turbines (ST), (2) diesel gas turbines, (3) natural gas combined-cycle gas turbines
(CCGT), (4) natural gas open-cycle gas turbines (OCGT), and (5) natural gas combined heat
and power (CHP) plants. On the other hand, the system’s renewable technologies com-
prise (1) biomass CHP, (2) small hydropower plants (<10 MW), (3) medium hydropower
plants (10-100 MW), (4) large hydropower plants (>100 MW), (5) commercial solar pho-
tovoltaics (PV), (6) rooftop solar PV, and (7) onshore wind turbines. Additionally, the
renewable technologies anticipated to be integrated into the power generation mix in future
years involve (1) geothermal power plants (both high enthalpy and medium enthalpy),
(2) concentrated solar power (CSP), and (3) offshore wind turbines. Furthermore, the elec-
tricity interconnections of the Greek power sector with other countries, namely, Albania,
Bulgaria, North Macedonia, Turkey, and Italy, are depicted in the model.
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Figure 1. The Reference Energy System (RES) of the Greek power sector, as illustrated in the cost
optimization model. The RES represents the entire network of sequential procedures in the power
sector, from collecting primary energy and land resources (left part of the figure) and generating
electricity (middle part of the figure) to finally transmitting and distributing electricity to the final
demand sectors (right part of the figure).

To ensure the relevance of the modelling framework to Greece, the techno-economic
parameters used in the model throughout the modelling horizon are extracted from liter-
ature sources that explicitly pertain to the Greek power sector, such as the Greek NECP
and Long Term Strategy 2050 (LTS). For instance, the maximum capacity for each power
technology in the model is determined based on these studies. This constraint reflects
the geographical particularities of Greece and/or the technological limitations of certain
technologies (e.g., geothermal, and hydropower plants). Furthermore, the maximum an-
nual growth rate of power technologies is set proportionally within the modelling horizon,
according to the maximum capacity level and the residual capacity at the beginning of the
modelling horizon. Additionally, the financial costs (e.g., interests) that can occur during
the construction of power plants are integrated into the capital costs of the technologies
involved in the model.

However, in instances of data unavailability, the necessary information is derived from
literature sources and datasets with broader regional scopes (e.g., [39-41]), as, for example,
occurs for the demand profile of the Greek power sector, defined based on data from the
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ENTSO-E database [42]. Furthermore, when data for specific parameters, such as capital
costs, are provided only for specific years, the intermediary year values are estimated based
on a linear extrapolation. Electricity inflows and outflows with other countries are set
exogenously in the model based on official projections [39]. The rationale behind this action
is that the level of electricity trade can significantly affect the results of a cost optimization
model concerning domestic power generation. However, their cost-optimal level depends
highly on electricity prices, for which there is high uncertainty about their future evolution.
Regarding the estimation of the land requirements for power generation, this study
adopts the “footprint and spacing” approach. This approach is selected over alternatives
since it accounts for the substantial distances required between and around renewable
technologies to ensure optimal performance. Consequently, it allows for a thorough
evaluation of the trade-offs between the expansion of renewable power generation and
the associated land area requirements. According to this approach, the annual land area
requirements for power generation are calculated based on the following formula:

LAlioty = Y (LAl X Coy + LAIgg X Ecy) ¥ G, (1)

where LA ; represents the land area impact factor of the capacity of generator G per unit
of installed capacity; Cg , refers to the installed capacity of generator G in year y; LAIE g
denotes the energy land area impact factor of input fuel R per unit of produced electricity;
and Eg,, signifies the electricity produced by generator G in year y using fuel resource R.
Table 1 presents the LAI factors of capacity and energy assigned to each power tech-
nology, which are derived from a literature review [14,16,43,44]. Offshore wind turbines
and rooftop solar PVs are considered to have zero land requirements, as their associated
infrastructure pertains to sea areas and roofs, respectively, rather than terrestrial land. In
addition, to calculate the land use required for biomass cultivation, it is assumed that 88% of
the biomass used in power generation is domestically produced throughout the modelling
horizon, with the remaining 12% being imported from abroad. This assumption is based on
the average statistics obtained from the latest available energy balances of Greece [45]. All
simulations conducted with the model utilize the GLPK linear-programming solver [46].

Table 1. Capacity and energy land area impact factors assumed for each power technology in the

system.
Land Area Impact (LAI) Factors
Technol
echnology Capacity (km%/GW) Energy (km?/GWh)
Geothermal power plant 38.8 -
Biomass CHP power plant 2 0.76
Coal power plant 2 124.2 x 107°

Diesel power plant 2 144 x 107®

Hydropower plant 84.6 -
Natural gas power plant 2 144 x 107®

CSP 30 -

Rooftop solar PV - -

Commercial solar PV 34.4 -

Wind onshore turbine 368.3 -

Wind offshore turbine - -

2.1.2. Evaluating the Socioeconomic Consequences of Power System Development

To assess the socioeconomic implications of power system development, the study
adopts a “top-down” approach, considering the economy as a whole. This is achieved by
utilizing a global CGE macroeconomic model [20] that captures the interactions among
economic agents and sectors, thereby simulating the functioning of the economy. The model
is built based on the standard version of the global macroeconomic model GTAP [47] and is
calibrated to the GTAP database version 11 [48]. It represents the Greek economy distinctly
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from the rest of the global economy, thereby allowing for evaluating the socioeconomic
ramifications stemming from the implementation of policy measures and transformations
within the Greek economy.

The model features four key economic agents: (1) households, (2) firms, (3) govern-
ment, and (4) the rest of the world (RoW). Households are the owners of the production
factors (i.e., labour, capital, land), which they lease to firms to generate income, aiming to
maximize their utility. Firms, in turn, utilize production factors by compensating house-
holds accordingly, along with intermediate materials, to produce products and services,
which they, in turn, sell with the aim of maximizing their profits. On the other hand,
the government enforces taxes and grants subsidies to households and firms, while also
spending money on the economy. Finally, RoW represents international monetary flows
and trade interactions, including imports, exports, and direct foreign investments.

The model operates on a comparative static basis, thereby not explicitly considering
the aspect of time. Instead, it examines two states of the economy: (i) the initial equilibrium
state and (ii) the post-economic shock equilibrium state. The model commences from
an initial equilibrium state (i), which typically represents a snapshot of the economy in
question for the base year. Exogenous shocks are then applied to the model to simulate the
economy-wide consequences of the policy measures in question, prompting it to calculate
a new equilibrium state (ii). The new equilibrium state is then contrasted with the initial
state of the economy, thereby estimating the net effects of the applied shocks.

In this study, the model runs multiple times for varying time horizons to evaluate the
economy-wide implications of the examined scenario at different time points, rather than
just at the end of the time horizon of the analysis. In each simulation, the base year remains
constant, while the projected final year varies at a 5-year interval before reaching the total
length of the analysis modelling horizon. To account for the flexibility of economic agents
in terms of modifying their behaviour over longer time horizons, the elasticity parameters
of the model are adjusted in each simulation according to the projected time horizon.

Initially, this procedure is performed for the baseline scenario of both the Greek
and global economies, which describes how they are going to evolve based on the main
macroeconomic and demographic projections over the examined period, including GDP,
population, workforce, and capital supply. In this effort, data from the second shared
socioeconomic pathway (SSP2) and World Bank [49-51] are harnessed, assuming a fixed
supply of land and natural resources during the period of interest [52]. SSP2 is selected over
alternatives as it depicts a moderate socioeconomic development that does not significantly
deviate from historical trends. The capital supply is calculated based on the formula
proposed in [53], and a depreciation rate of 4% was considered based on data from the
GTAP database. In the post-2020 period, gross fixed capital investments are projected via a
linear regression model that correlates them with GDP and population [54].

Subsequently, the economy-wide implications of the examined scenario are simu-
lated by applying the shocks arising from its implementation, together with the baseline
growth rates. In this endeavour, the results of the cost optimization model regarding the
implementation costs of the examined scenario are exploited, including annualized capital
investments and fixed and variable operational costs. The shocks are determined by calcu-
lating the percentage of deviation in system costs compared to the baseline. The changes in
power generation costs are considered to be passed on to the final electricity price, thereby
applying the shocks into the model upon the variable denoting “household expenditure”.

The main indicators considered for the macroeconomic evaluation are GDP and
employment. To estimate the impacts of employment on the Greek economy, the unem-
ployment closure is set in the model. This closure allows for a mismatch between labour
supply and demand, thereby enabling the estimation of the effects of employment [55].
To set this closure, the variable representing “employment supply” is exchanged with the
one indicating “employment wages”, with the former becoming endogenous instead of
the latter.
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2.1.3. Scenario Framework

The study examines two scenarios for the decarbonization of the Greek power sector.
The first scenario aligns with the official targets established by the Greek government in its
NECP, which can be summarized in the following points [38]:

Achieving a renewable technology share in the power mix of over 65% by 2030;
Phasing out all lignite power plants by 2023, apart from “Ptolemaida V”, which will
continue to operate until 2028;

e Integrating non-interconnected islands into the main grid by 2030.

This scenario (henceforth referred to as the NECP scenario) serves as the business-as-
usual scenario for our analysis. On top of this scenario, the study considers an ambitious
scenario (henceforth referred to as the ambitious scenario), in which the power sector will
completely decarbonize by 2035. Moreover, to ensure a smooth transition in the ambitious
scenario, the following two restrictions are imposed in the cost optimization model:

e No new investments in natural gas technologies are allowed from 2022 onwards;
e  The existing infrastructure of natural gas power plants depreciates by 10% annually,
starting from 2022, until its complete phase-out in 2035.

Regarding the final electricity demand, both scenarios envision a profound electrifica-
tion of the Greek economy, mainly driven by the transportation sector. In particular, the
ambitious scenario assumes the same electrification rate as the Greek NECP until 2030, and
a slightly higher rate afterward, as shown in Figure 2. Additionally, the ambitious scenario
involves a slightly higher electricity demand than that of the NECP in the post-2030 period.

Transportation
» Households
Agriculture
Tertiary

e [ndustry

Ambitious-Total

eeeeee NECP-Total

—
/

L
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Figure 2. Annual final electricity demand considered for the ambitious scenario (per sector and in
total) and National Energy and Climate Plan (NECP) scenario (in total) over the 20202035 period.

3. Results and Discussion
3.1. Simulation Results

This section presents the key findings derived from the applied modelling framework
for the decarbonization pathway involving 100% renewable Greek power generation by
2035. The results for the baseline scenario are also provided for benchmarking purposes.
The analysis focuses on the key aspects of power generation, including the cost-optimal
power mix, capital investments, power generation costs, CO, emissions, land use, and main
socioeconomic factors, such as GDP and employment. First, Figure 3 displays the annual
electricity production per type of power technology throughout the 2023-2035 period for
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the ambitious scenario. In the same context, Figure 4 illustrates the allocation of annual
electricity production across the system’s power technologies for the same scenario.
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Figure 3. Annual electricity production in terawatt-hours (TWh) from each type of power technology
in the system over the 20232035 period, for the ambitious scenario.
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Figure 4. Allocation of annual electricity production across the system’s types of power technologies
over the 2023-2035 period, for the ambitious scenario.

As shown, in this scenario, natural gas is gradually phased out of the system and
is predominantly replaced by wind and solar technologies. Particularly, wind and solar
technologies can dominate the power mix by 2035, with their shares reaching 49% and 33%,
respectively. Consequently, they can constitute the driving forces behind the transformation
of the Greek power sector. It is noteworthy that, unlike conventional solar panels, solar
photovoltaic thermal (PVT) panels can harness heat during energy conversion, thereby
cogenerating electricity and heat [56]. In this respect, incorporating PVT panels as a
candidate technology in the system could enhance the preference for solar power generation
over competing renewable technologies (e.g., onshore wind turbines), potentially leading
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to a different cost-optimal power mix. However, the optimization model used in this study
cannot account for the higher exergy of PVT panels when solving for the cost-optimal
power technology combination as it focuses on the power sector, thereby resulting in a
no-PVT power mix. Notably, even if the model were to factor in the increased exergy
of PVT panels, it would remain uncertain whether, and to what extent, they would be
included in the cost-optimal power mix due to their increased costs, thereby necessitating a
system-wide analysis to examine this possibility.

Moreover, the role of offshore wind and rooftop solar PV technologies in this transition
is critical from an ecological standpoint. Notably, their increased participation in the power
mix can diminish the system’s reliance on biomass power generation. This aspect bears
significant implications for biodiversity, as the increasing percentage of biomass in the
power mix raises the risk of harming species and their habitats [57]. On the other hand,
hydro penetration in the power mix remains relatively unaffected by decarbonization
efforts. This is primarily ascribed to the fact that large and medium hydropower plants had
already almost reached saturation at the beginning of the modelling horizon. The small
expansion of hydropower capacity over the examined period mainly pertains to small
hydropower plants.

Similarly, Figure 5 displays the annual installed capacity of each type of power tech-
nology in the system from 2023 to 2035 for the ambitious scenario. From this figure, it
becomes evident once again that the decarbonization of the Greek power sector, coupled
with the electrification of the economy, is closely tied to the capacity expansion of onshore
wind and commercial PV technologies. By 2030, the total installed capacity of the power
sector can exceed 30 GW, ultimately reaching almost 35 GW by 2035. The slight decrease in
the total installed capacity observed in 2024 can be attributed to the phasing-out of most
lignite power plants, except for “Ptolemaida V”. The latter power plant joined the system
in 2023, with a capacity of 0.7 GW, and is planned to cease operations in 2028. Hence, it
can be inferred that the transition to a highly renewable power system is associated with a
larger power sector.
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Figure 5. Annual installed capacity in gigawatts (GW) per type of power technology every year, over
the 2023-2035 period, for the ambitious scenario.

This trajectory of the power sector can increase land competition, primarily due to
the substantial land areas required for the placement of wind and solar technologies’
infrastructures. Figure 6 provides an approximation of the annual land use each system
power generator would require during the 2023-2035 period for the ambitious scenario, as
well as the potential total annual land requirements for the NECP scenario.
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Figure 6. Annual land area, in square kilometres (km?), occupied for power generation under the
ambitious scenario (in total and on a technological basis) and the NECP scenario (in total) over the
2023-2035 period.

It also gives an estimate of the annual land use which would be needed for biomass
cultivation. As shown, onshore wind infrastructure is expected to be the main contributor
to the increased land use competition, accounting for around 77% of the total land use for
power generation operations in 2035. While the difference in land use for power generation
between the NECP and ambitious scenarios could reach a peak as high as 84% in 2024, it
is expected to decrease over time, reaching as low as 9% by 2035. This trend is attributed
to the gradual decline of biomass power generation and the associated land needs for
biomass cultivation under the rapid decarbonization scenario. In contrast, the NECP
scenario exhibits the opposite trend, resulting in higher biomass power generation than
the ambitious scenario by 2033. This course is illustrated in Figure 7, which shows the
annual biomass power generation in the NECP and ambitious scenarios. In the ambitious
scenario, more non-conventional renewable technologies are inserted into the system over
time, thereby reducing the reliance of the system on biomass power generation. However,
there is a lag in the process of building the required renewable energy capacity to facilitate
the reduction in biomass power generation.

2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
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Figure 7. Annual biomass power generation in TWh under the ambitious and NECP scenarios over
the 2023-2035 period. This indicator is used as a proxy for assessing the risk of harming biodiversity.
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In summary, the total land area used for power generation in 2035 under the ambitious
scenario corresponds to approximately 6% of Greece’s total land area, which amounts
to around 132,000 square kilometres (km?). Therefore, it can be inferred that through
effective land planning, the siting of power generation infrastructure can be set to avoid
adversely affecting biodiversity hotspots and socially significant landscapes. However, a
finer analysis with higher spatial resolution is required in order to assess Greece’s capacity
to accommodate this infrastructure, thereby identifying potential negative ramifications
and bottlenecks in this regard. Furthermore, while a rapid decarbonization pathway can
increase the risk of harming biodiversity in the short-term, it can mitigate it in the long
run by offering a more diverse renewable power mix, thereby reducing the reliance of the
system on biomass power generation.

Moreover, the rapid decarbonization pathway of the power sector can result in signifi-
cant CO; emission reductions. Figure 8 demonstrates the estimated CO, emissions of the
power sector for both the ambitious and NECP scenarios over the 2023-2035 period. Under
the ambitious scenario, the target of attaining 100% renewable power generation by 2035
leads to zero CO; emissions for power generation by then. It is worth mentioning that in
this case, the reduction in CO; emissions is front-loaded and will be significantly curbed by
2030 (>75% reduction compared to NECP in 2030). This trend signifies the environmental
rationale of expeditiously investing in clean technologies. However, in the real world,
numerous barriers may impede this endeavour, such as electricity network saturation and
delays in legal permitting processes for renewable energy projects, rendering this ambitious
endeavour challenging, if not unattainable [58,59].

2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

Ambitious Scenario  eecseee NECP Scenario

Figure 8. Annual CO, emissions in megatons (Mt) of power generation in Greece under the ambitious
and NECP scenarios over the 2023-2035 period.

Meeting the objective of decarbonizing the Greek power sector by 2035 while simulta-
neously electrifying the economy necessitates substantial capital investments. Additionally,
disinvestments in fossil fuel technologies must occur, which also entail a cost owing to the
curtailment of their operational lifetimes. Figure 9 presents the potential capital invest-
ments for the examined scenarios over the 2023-2035 period. In the ambitious scenario,
capital investment requirements are presented on a technological basis, whereas for the
NECP scenario, which serves as a benchmark, only the annual total capital investment
requirements are provided.
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Figure 9. Annual capital investment requirements in EUR millions for the ambitious scenario (in
total and on a technological basis) and the NECP scenario (in total) over the 2023-2035 period.

As revealed, the Greek government’s lock-in on fossil fuels could have a substantial
impact on capital investment requirements. Notably, apart from 2035, when the power
sector is set to decarbonize, the highest capital needs are observed for 2023, the year in
which the fossil fuel power plant “Ptolemaida V” commences operations. Addressing
this strategically-myopic lock-in is crucial for the Greek government to transition the
operations of this power plant to clean energy, thereby minimizing costs [60]. Over the
2023-2035 period, the net present value (NPV) of the required capital investments in power
technologies amounts to almost EUR 21 billion, which is EUR 7.3 billion higher than the
NECP scenario.

While transitioning to 100% renewable power generation requires substantial invest-
ments in clean energy technologies, the implications differ for the system’s operational costs.
In particular, the variable cost of the system significantly decreases under the ambitious
scenario. This can be attributed to the lower utilization of fossil fuels, mainly fossil gas,
which subsequently leads to reduced Emissions Trading Scheme (ETS) costs. Consequently,
the rapid decarbonization of the power sector can have a positive impact on power genera-
tion costs. This can be observed in Figure 10, which depicts the annual levelized cost of
electricity (LCOE) per megawatt-hour (MWh) of the final electricity demand for both the
ambitious and NECP scenarios. For the ambitious scenario, the LCOE is depicted per cost
component, including capital investments, fixed and variable operational costs, and ETS
costs, while for the NECP scenario, the total annual LCOE is provided.

Over the 2023-2035 period, power generation costs in the rapid decarbonization
scenario are, on average, EUR 4/MWh lower than those in the NECP scenario. Annually,
this translates to a mitigation of power generation costs by EUR 0.3/MWh throughout the
2023-2035 period. However, this trend is reserved in the post-2032 period. The higher
capital investment requirements of clean energy technologies under the ambitious scenario
lead to increased annualized investment costs, which begin to accumulate after 2032,
thereby driving up electricity generation costs. Therefore, while the rapid decarbonization
pathway can significantly alleviate power generation costs in the short- and medium-terms,
primarily by decreasing the high operational costs resulting from fossil gas usage, there is a
long-term risk of increased power generation costs owing to the capital investments made
in previous years.
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Figure 10. Annual levelized cost of electricity (LCOE) in EUR per megawatt-hour (EUR/MWh) of
the final electricity demand under the ambitious scenario (in total and per cost component) and the
NECP scenario (in total) over the 2023-2035 period.

The trajectory of power generation costs in each of the examined scenarios provides
key insights into the subsequent socioeconomic implications. Figure 11 charts the potential
evolution of the impact of the implementation of the ambitious scenario over the 20232035
period on the GDP of the Greek economy as a percentage deviation in relation to the NECP
scenario. As shown, the rapid decarbonization of the power sector is, by and large, expected
to have a positive impact on the GDP of the Greek economy. This impact follows a similar
trajectory to that of the power generation costs (Figure 10). Particularly, until 2030, the
impact on GDP is predicted to be increasingly positive as power generation costs steadily
decline. Notably, in 2030, the GDP of the Greek economy could be 1.7% higher under the
ambitious scenario compared to the NECP scenario. This can be attributed to the alleviation
of power generation costs, which is associated with the expansion of the disposable income
of households and the final demand, subsequently growing and broadening the economy.
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Figure 11. Impact of the ambitious scenario’s realization on the GDP of the Greek economy over the
2023-2035 period, as a percentage change compared to the NECP scenario.

The positive impact on GDP becomes less profound in the post-2030 period when
power generation costs begin to increase. However, even in 2035, the GDP of the Greek
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economy is expected to be 0.59% higher under the ambitious scenario compared with the
trajectory involving fewer mitigation efforts. On average, the rapid decarbonization of the
power sector can result in an annual enlargement of the GDP of the Greek economy by
approximately 0.05% over the 2023-2035 period. Regarding the impact on employment in
the Greek economy, it unfolds rather similarly to the impact on GDP. Figure 12 presents
the effect of speedier decarbonization of the power sector on the employment in the Greek
economy, as a deviation of one thousand employees compared to the NECP scenario.
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Figure 12. Impact of the ambitious scenario’s implementation on the working positions of the Greek
economy over the 2023-2035 period, as a deviation of one thousand employees compared to the
NECP scenario.

As shown, the rapid decarbonization of the Greek power sector is expected to have a
positive effect on employment in the Greek economy. This can be primarily attributed to
the fiscal space which power generation cost reductions can create for households. Conse-
quently, the circulation of this money within the economy can generate an expansionary
effect, resulting in the creation of more working positions. As with GDP, the highest
positive employment impact is projected to occur in 2030, when the ambitious scenario
will be able to generate additional 59.8 thousand working positions compared with the
NECP scenario. After this point, the positive impact will gradually become less intense
due to the slight increase in electricity generation costs. However, the impact is predicted
to remain positive even in 2035, resulting in 23,110 additional employees. On average, the
rapid decarbonization of the power sector can generate 1,777 additional working positions
annually across the examined period.

3.2. Discussion

In view of the previous studies, the results of the analysis diverge primarily by high-
lighting that rapidly decarbonizing the power sector can reduce both carbon emissions
from power generation and the risk of harming ecosystems and biodiversity. This finding
contradicts an existing body of literature [57] and stems from the increased integration of
non-conventional renewable technologies into the power mix, which mitigates the need
for biomass power generation. Simultaneously, land requirements for power generation
do increase, yet they remain at manageable levels through effective land programming,
factoring in aesthetic and biodiversity considerations. Therefore, the analysis underscores
that the risks arising from the decarbonization of the power sector and the expansion
of renewable power generation hinge on the particular combination of the technologies
constituting the power mix [9].
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The analysis further indicates a potential reduction in the short- and medium-term
power generation costs resulting from the rapid decarbonization of the power sector. This
development is primarily ascribed to the decreased fossil fuel utilization in power gener-
ation, which presents highly variable operational costs, as has also been reported in the
literature (e.g., [31,61]). Nonetheless, a prevailing body of literature (e.g., [8,62]) suggests
the opposite trajectory, mainly because of the substantial capital investments needed for
acquiring renewable technologies. It should be noted that the analysis aligns with the
latter body of literature, yet in longer time horizons (>10 years) due to the accumula-
tion of annualized capital investments from previous years. The effects on the general
economy mirror the trajectory of power generation costs, i.e., being positive when power
generation costs decrease and vice versa, in alignment with the prevailing literature [62].
Furthermore, the analysis results accentuate an increase in land use competition due to
the accelerated decarbonization of the power sector. This outcome is in line with the estab-
lished literature addressing the land implications of wind- and solar-based decarbonization
pathways for the power sector [14]. However, the analysis goes further and pinpoints
diminishing land use competition over time due to the decreased reliance of the system on
biomass power generation.

It is important to note that this study does not examine the technical feasibility of
achieving 100% renewable power generation by 2035 in depth [31]. Technical feasibility
considerations encompass factors like electricity network bottlenecks and delays in legal
permitting processes. Another key limitation of the study comprises the fact that it focuses
on the power and land sectors as well as the overall economy, thereby overlooking the
interconnections between the power system and the rest of the sectors that constitute the
energy system (e.g., industry, heating, and transport). These sectors, apart from being
important on their own given their energy intensity and decarbonization challenges, can
also significantly influence the power sector’s evolution. The energy system’s sectors are
intricately intertwined, as the trajectory of each sector can affect, and be affected by, the
development of the other sectors. For instance, the electrification rate in the transport sector
can influence the required electricity production. Another typical linkage between the
power sector and the remaining sectors of the energy system revolves around the utilization
of waste heat from thermal power plants. In particular, the extent to which waste heat is
harnessed can affect the demand for primary heat production, potentially assisting in the
decarbonization of the heating sector.

4. Conclusions

The ever-growing intensity of climate change repercussions and the ongoing energy
price crisis have underscored the urgency of accelerating the expansion of renewable power
generation, alongside energy efficiency improvement [63]. However, this endeavour is
closely intertwined with an increase in land-use competition and capital investment require-
ments, which may lead to supply disruptions and negative socioeconomic consequences.
This paper examines these considerations for Greece, a Mediterranean country with signifi-
cant potential for variable renewable power generation and structural economic problems.
Specifically, it assesses the implications of decarbonizing the power sector by 2035 on the
power generation mix and costs, land use, biodiversity, GDP, and employment.

The findings of this study indicate that wind and solar technologies can form the
backbone of the rapid decarbonization process of the power sector. By 2035, their combined
capacity could reach 82% of the total capacity, with wind and solar technologies comprising
around 49% and 33% of the power mix, respectively. Achieving this ambitious endeavour
would require additional capital investments of approximately EUR 7.3 billion over the
2023-2035 period compared to the NECP scenario. The NPV of the total capital needs of
the power sector would amount to EUR 21.3 billion, with wind and solar technologies
accounting for around 47% and 18% of this amount, respectively. Despite the higher capital
investment requirements, this scenario can lead to reduced power generation operational
costs. This reduction is primarily ascribed to the decreased fossil fuel utilization, particu-
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larly fossil gas, leading to lower variable operational costs. The decrease in variable power
generation operational costs effectively counterbalances the increased capital investment
and fixed operational costs associated with this scenario, potentially mitigating power
generation costs by approximately EUR 0.3/MWh annually during the 2023-2035 period.

The decrease in power generation costs can increase the disposable income of house-
holds and the final demand, in turn boosting economic activity as measured by GDP. Partic-
ularly, the rapid decarbonization scenario can result in an average annual GDP growth rate
of 0.05% for the Greek economy over the 2023-2035 period. Notably, in 2035, the GDP could
experience a 1.7% increase compared to the scenario involving the current decarbonization
efforts. Additionally, the benefits of this transition may extend to employment, potentially
generating an average of 1,900 additional working positions annually from 2023 to 2035
in the Greek economy. However, it is essential to note that the positive impact on both
costs and economy-wide implications mainly refers to the short- and medium-terms. In
the long-term (i.e., the post-2032 period), there is a risk that the rapid decarbonization
pathway may induce negative socioeconomic consequences due to the capital investment
requirements of previous years. Therefore, decision-makers should adopt a long-term view
to identify measures that can mitigate this risk, such as implementing supportive policies
or pursuing economies of scale to lower power generation costs [64,65].

The results further stress that the rapid decarbonization of the power sector may
increase land use competition, on average, in the order of 2,000 km? annually over the
2023-2035 period. However, given the relatively modest scale of this requirement with
respect to Greece’s total land area, it can be concluded that careful land planning can
effectively mitigate potential adverse impacts on biodiversity and socially significant scenic
areas. Furthermore, while the land requirements may peak at around 2,800 km? in 2028
for the rapid decarbonization pathway, they can decrease to only 584 km? by 2035. This
reduction can be attributed to the decreasing reliance on biomass power generation and,
consequently, the diminishing land needs for biomass cultivation as the non-conventional
renewable energy sources, such as offshore wind and geothermal energy, gradually inte-
grate into the system. This development not only reduces the risk of harming biodiversity,
for which biomass utilization can serve as a proxy, but also enhances the system’s resilience
against factors such as weather variability. The latter can also be achieved by decreas-
ing the share of weather-dependent hydropower technologies in the power mix. Hence,
within a span of around a decade, the rapid decarbonization pathway entails a lower risk
of supply bottlenecks, disruption events, unwanted consequences for biodiversity, and
social opposition.

Potential extensions of this analysis could firstly involve integrating the other sectors
of the energy system, thereby examining how the power sector interacts with them. Addi-
tionally, the other considerations for decision-makers beyond system costs, such as land
use, could be considered when solving for the “optimal” power mix, such as by applying
multi-objective optimization or by setting specific restrictions for them into the optimiza-
tion model. Furthermore, additional aspects that may be important for decision-makers
at a global level, such as critical material demand, could also be considered as evaluation
criteria for the examined power system transformation pathways. In addition, land use
requirements could be more comprehensively examined, such as by applying sensitivity
analyses to them against the variability of the land factors considered for each technology.
This could also be achieved by increasing the spatial resolution of the analysis, for example,
by using Geographic Information Systems (GIS).
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LAI Land Area Impact

CGE Computable General Equilibrium

GDP Gross Domestic Product

0SeMOSYS  Open-Source energy MOdeling SYStem
REF Reference Energy System

NECP National Energy and Climate Plan

ST Steam Turbines

CCGT Combined Cycle Gas Turbines

OCGT Open Cycle Gas Turbines

CHP Combined Heat and Power

PV Photovoltaics

CSP Concentrated Solar Power

LTS Long Term Strategy 2050

RoW Rest of the World

SSP2 Second Shared Socioeconomic Pathway
NPV Net Present Value

ETS Emissions Trading Scheme

PVT Solar Photovoltaic Thermal

LCOE Levelized Cost of Electricity

GIS Geographic Information Systems
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