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Highlights 

• Limited total discounted cost increase in a scenario with no land expansion

• Interconnections development modifies land and investments distribution

• Cooperation at European scale challenged by opposing national interests

Abstract 

The decarbonization of the European electricity system by 2050 will involve replacing fossil fuels with low-

carbon energies, in particular variable renewable energies, coupled with the development of the transmission 

network to ensure their integration at European scale. As these production modes have a lower energy 

density, their development will imply an increase in the amount of land dedicated to electricity production. 

This study investigates the links between an optimal decarbonization of the electricity system, land 

requirements, and the development strategy of interconnections. We study these interactions using eTIMES-

EU, an energy system optimization model, by endogenously taking into account a land variable and testing 

two interconnection development plans. Our results show that it is possible to limit the land use of the 

network to its 2020 value for roughly a one percent higher total discounted cost, and that the development of 

interconnections changes the technologies to be installed on a European scale, but that it requires efficient 

and ambitious planning. Moreover, our results highlight disparities across countries in terms of space and 

investment that may constitute barriers to implementing this type of centralized development policy. 
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1. Introduction 

The European Union (EU) is committed to achieving net carbon neutrality by 2050 and intends to significantly 

increase the share of renewables (European Parliament and Council of the European Union, 2021). Moreover, the 

electrification, combined with the potential for reducing greenhouse gas (GHG) emissions in this sector (European 

Commission et al., 2020) make the power system an essential factor in the decarbonization of the economy. While 

renewable energy systems (RES) have the advantage of emitting less GHG than fossil fuels, their energy density is 

lower (van Zalk and Behrens, 2018). This larger land footprint raises concerns about a disorganized power system 

land sprawl if nothing is done to limit it. Although space resources are sufficient from a technical point of view, i.e. 

the RES potential is sufficient to supply Europe with electricity (Child et al., 2019), this observation neglects the 

complexity related to the use of space for electricity production. Indeed, a techno-economic approach overlooks 

social acceptance issues related to the use of space and conflicts of use, which are central to the transition of the 

electricity system (Busse and Siebert, 2018; Wolsink, 2018). Employing a notion of feasible potential that integrates 

social acceptance (McKenna et al., 2022) is more suitable for the spatial planning of energy systems. Another 

method that integrates social acceptance related to land involves employing tools to spatially allocate generation 

facilities in power system planning  (Drechsler et al., 2017, 2011; Grimsrud et al., 2021; Koecklin et al., 2021). 

Although the issue of space is starting to be addressed in academic research, the power system transformation plans 

made by national institutions rarely take this dimension into account. Yet research shows that if nothing is done to 

limit it, significant land space can be employed for energy purposes (Trainor et al., 2016) and that while action can 

be undertaken to reduce this land space, it requires ambitious planning decisions (Palmer-Wilson et al., 2019). 

(Scheller et al., 2021) carried out a survey among the energy system analysis community. They found that, in 

addition to equity and distributional impacts, the integration of land use issues into models is still at an early stage of 

development, despite the fact that it does not require making substantial changes to model structures.  

Contrary to the interaction between GHG and electricity production, which is studied almost systematically in 

energy models, the link with land use is still poorly understood. Recent years have seen an increased number of 

studies on this subject, but the wide range of methods implemented in terms of space and time boundaries or 
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technologies considered makes it difficult to infer what concrete action to take in terms of power system 

development. Table 1 lists studies that focus on land use and energy system models. 

The simplest method to consider the land footprint is to apply coefficients to different technologies in an ex-post 

manner for particular scenarios. Some studies examine land consumption in detail (Trainor et al., 2016), while 

others consider this variable among other indicators such as air pollution and employment (Jacobson et al., 2017); 

water use, GHG and material (Arent et al., 2014); and LCA categories (Berrill et al., 2016). A more sophisticated 

method is to study the impact of restrictions on available land by exogenously modifying the feasible potentials 

according to the definition (McKenna et al., 2022) of specific technologies, i.e. to reduce the economic potential to 

reflect a scarcity of the resource. This method is flexible and allows a detailed description of the restrictions related 

to a lack of acceptance or impact on biodiversity. (Wu et al., 2015) look at the development of the electric power 

system in California with environmental constraints. (Price et al., 2018) consider different potential values for 

variable RES for 20 zones in the UK by changing the distance to homes or the availability of agricultural land for 

generation facility installation. (Fälth et al., 2021) restrict solar and wind potentials for the North Africa and Middle 

East region. The variability in both hypotheses and regions covered make comparison between studies difficult. The 

latter method involves incorporating into an energy model an endogenous constraint on the area available for the 

power system. The model optimizes the power system so that the sum of areas used by different facilities is lower 

than a fixed value. The least-cost optimization is land-use neutral with respect to different technologies; the 

objective is to ensure that electricity demand is met while keeping the space consumption below a set value. 

(Palmer-Wilson et al., 2019) study decarbonization scenarios for the Alberta province (Canada) power system with 

different sets of constraints on space. (Tröndle, 2020) explores ways to limit the land footprint of the European 

power system for a technology mix including ground and rooftop PV, onshore and offshore wind, and a small 

proportion of hydro and bioenergy. (Chen et al., 2022) investigate the link between land use and GHG reduction in 

13 European countries for the year 2040 by minimizing land use within a defined additional cost in comparison to a 

reference scenario. (Cook et al., 2022) analyze the implications of water and land constraints on a 100% renewable 

power system located in Amarillo, Texas in the USA. 

Most studies rely on a single year simulation, which makes it impossible to investigate the influence of a land 

constraint on the power system’s development over time. Moreover, these studies do not always include the same 

list of available technologies. To our knowledge, only (Palmer-Wilson et al., 2019) have studied decarbonization 
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scenarios of the power system between the current period and 2050 with an endogenous constraint on space. The 

authors find that the reduction of fossil technologies replaced by solar and wind leads to a tenfold land use increase 

in an unconstrained scenario. In addition, they point out that not allowing any land use increase leads to an 11% cost 

increase. However, the study is limited to a least-cost optimization for a single region in Canada, and 

interconnections are not considered. Studies involving an endogenous constraint on Europe are based on the 

optimization of a power system over one year, making it impossible to study the evolution of the system over time. 

Moreover, some of these studies do not cover all European countries. While some research considers the benefits of 

interconnections in terms of costs (Schlachtberger et al., 2017) or balancing management at different scales 

(Tröndle, 2020), these articles do not focus on the impact on space at the European scale.  

Our work proposes to fill this gap by integrating a land variable in an energy optimization model that allows us to 

build scenarios that limit land sprawl while testing interconnection developments to investigate the land burden 

transfer between countries. The spatial dispatch of technologies along with the distributional effects are assessed at 

continental and national scales. We also look at the implication of interconnection development and land constraint 

on investment distribution.  

The research questions that structure this work are: 1) How does the integration of land use in energy planning 

modify decarbonization pathways? 2) Which levers of action and choices in terms of technologies and development 

of interconnections take into account the consumption of land in decarbonization pathways? 3) What are the 

potential barriers to the implementation of a land use reduction policy? 

The rest of the article is organized as follows: Section 2 describes the model and the method employed to 

incorporate a surface constraint. Section 3 gives the results, and section 4 proposes a discussion. Section 5 makes a 

conclusion and suggests the policy implications on the decarbonization of the power system. 
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Table 1 Literature review: studies considering land use and energy systems 

Article Region Energy sector Time frame Interconnection  Method Land use as 
main topic of 
the study 

Technology Carbon  

objectives 

(Ribeiro et al., 

2013) 
Portugal Electricity 2010-2020 No Ex-post 

computation 
No All except 

nuclear and ccs 
None 

(Arent et al., 2014) US Electricity 2010 to 2050 Yes Ex-post 
computation 

No All ~ -80% 

(Hertwich et al., 

2015) 
World Electricity 2010 to 2050 No Ex-post 

computation 
No, other 
LCA 
indicators 

All except 
nuclear 

No 

(Wu et al., 2015) California(US) Electricity One year 2050 No Potential 
restriction 

Yes All -80% 

(Konadu et al., 

2015) 
UK Energy 2018 to 2030, 

2050 
No Ex-post 

computation 
Yes Bioenergy land 

use only 
-80% 

(Trainor et al., 

2016) 
US Energy Comparison 

2011 and 2040 
No Ex-post 

computation 
Yes All Carbon tax 

(Berrill et al., 2016) Europe Electricity One year 2050 No (just 
transmission 
land footprint) 

Ex-post 
computation 

No, other 
LCA 
indicators 

All except 
nuclear 

Carbon tax 

(Jacobson et al., 

2017) 
World Energy 2015 to 2050 No Ex-post 

computation 
No RES only Neutral (no 

fossils) 

(Price et al., 2018) UK Electricity One year 2050 Yes Potential 
restriction 

Yes with 
water 

All -80% 

(Palmer-Wilson et 

al., 2019) 
Alberta (Canada) Electricity 2015 to 2060 No Endogenous 

constraint 
Yes All -90% 

(Tröndle, 2020) Europe Electricity One year Yes Endogenous 
constraint 

Yes RES only Neutral ( no 
fossils) 

(Sasse and 

Trutnevyte, 2020) 
Central Europe Electricity 2035 Yes Ex-post 

computation 
No, land use 
as  an 
indicator of 
equity with 
jobs and 
investments 

All No 

(Wu et al., 2020) Western US Electricity 2016-2050 Yes Potential 
restriction 

Yes PV, onshore 
wind and 
geothermal 

-80%  

(Price et al., 2020) UK Electricity 2050 No Potential 
restriction 

Yes, visual 
impact more 
precisely 

All 3Mt CO2 
2050 

(Fälth et al., 2021) MENA Electricity One year 2040 Yes Potential 
restriction 

Yes All CO2 neutral 

(Heinrichs et al., 

2021) 
Germany Energy and 

agriculture 
2015 to 2050 No Potential 

restriction 
Yes All, but 

bioenergy only 
for land use 

-80% 

(Pedersen et al., 

2021) 
Europe Electricity 1 year, 

greenfield 
Yes Ex-post 

computation 
No, other 
socio 
economic 
metrics 

RES + open 
cycle gas 
turbine 

CO2 
reduction 
explored 

(Williams et al., 

2021) 
US Energy 2020 to 2050 No Potential 

restriction 
No All Net zero 

2050 

(Chen et al., 2022) Northern Europe Electricity, 
heat, 
hydrogen 

2040 Yes Endogenous 
constraint 

Yes All Cap and tax 
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(Cook et al., 2022) Amarillo, TX, 
USA 

Electricity One year No Endogenous 
constraint 

Yes, with 
water 

RES only No direct 
GHG 
emissions  

This study Europe  Electricity 2016-2050 Yes  Endogenous 

constraint 

Yes  All Net zero 

2050 

2. Methodology 

The study uses eTIMES-EU, a bottom-up, techno-economic model to evaluate decarbonization scenarios of the 

European electricity system. eTIMES-EU optimizes the installation and operation of the different electricity 

generation facilities according to the potentials of countries in order to meet electricity demand and reach net carbon 

neutrality in 2050. The model can be used to study transition paths of the power system from 2016 to 2050 for 

Europe. In order to take into account the use of space by the model we have modified the general structure to add an 

additional constraint. Also, we created two different interconnection development plans to study the interconnection-

land link. 

2.1. Integration of a land constraint in eTIMES-EU 

eTIMES-EU is an optimization model belonging to the TIMES family (Loulou et al., 2016). The model determines 

the power system with the lowest total discounted cost for the period 2016-2050. The total cost is the sum of the 

investment, operation and maintenance costs for each technology. The model is based on a rich technological 

environment including thermal power plants (nuclear and fossil) and renewable energy with a distinction between 

ground and rooftop PV and onshore and offshore wind. The model also considers storage facilities (battery, pumped 

storage) which, together with other dispatchable production facilities, ensure that sufficient power is available 

during peak demand. The model features a detailed representation of H2 production. H2 can be used as energy 

storage or as a way to decarbonize electricity production. This can be done thanks to power-to-gas-to-power, or by 

using combined heat and power units fueled with synthetic natural gas. H2 can be produced by steam methane 

reforming, water electrolysis, or biomass gasification. Carbon capture and sequestration (CCS) technologies are 

modeled for power and H2 production. Negative emissions can be achieved with biomass power plants or H2 

production through biomass gasification. These two technologies are named BECCS in this article. The high level of 

detail of the model in terms of investment and technology use is particularly appropriate for the study of transition 

scenarios up to 2050. 

The model optimizes power system development in one- and five-year increments for the period from 2016 to 2050. 

Each year is divided into 64 periods which consider seasonality, each of which is subdivided into representative 
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days (weekdays, weekends). Each day is split into eight three-hour periods. eTIMES-EU covers the EU countries 

(excluding Cyprus and Malta) as well as the UK, Norway, Switzerland and Iceland.  

Techno-economic assumptions for new technologies are taken from (IEA, 2016). A calibration for the starting year 

for existing infrastructure is made with Eurostat data (European Commission et al., 2016) and (ENTSO-E, n.d.). 

Fuel cost assumptions are taken from (IEA, 2013). Most assumptions made to derive RES potentials come from 

(Simoes et al., 2013) and were complemented by JRC ENSPRESO data (Ruiz et al., 2019) for solar PV to 

distinguish the potential of centralized and decentralized systems.  National electricity demands are inferred from 

(European Commission et al., 2016). These corresponds to the reference scenario of the European Commission 

based on population,  economic growth, and energy efficiency gains. The demand increase for Europe is 25% from 

2016 to 2050. Scenarios with higher demand corresponding to a 60% increase are also simulated in section 4.4. 

eTIMES-EU allows electricity exchanges between different zones, and the model can choose to build 

interconnections. In this article, the word interconnection designates the nework transfer capacity that links two 

national transmission grids. The interconnections allow cross-border electricity exchanges. The costs associated with 

interconnections are investment and operation costs. Assumptions concerning interconnections that can be built by 

the model come from the TYNDP2016 (ENTSO-E, 2016). National transmission networks are not modeled 

completely, which does not show any network modifications linked to a larger share of variable RES in the power 

system. A more detailed description of the model featuring input data in the annex can be found in (Simoes et al., 

2021), which focuses on climate variability.  

The choice of Europe and of the national power system for the geographical zones is justified by the fact that Europe 

represents a coherent geographical zone where countries interact with each other thanks to interconnections. 

In order to study the influence of a constraint on available land for the power system, we added a space variable to 

the model. This variable is the sum of the land associated with each facility. For 2016, the value is calculated for a 

power system that was modeled based on historical data; then for each year, the model updates the variable 

according to the installation and decommissioning of power plants. For each of the model’s decisions, the increment 

is equal to the product between the installed/removed power and the total footprint of the technology concerned. It is 

then possible to set limits on this variable to constrain the available area. The model must make investment choices 

that consider the use of space in addition to minimizing the total discounted cost. The way the constraint is 
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implemented means that all countries cooperate to decrease the total area while minimizing the total discounted cost 

and being subject to shared CO2 constraints. 

Thanks to the model’s high level of disaggregation, technologies can be precisely differentiated in terms of the areas 

associated with the construction. This method is more general than one that restricts onshore wind and PV only. 

The study uses the total footprint to characterize the space consumption associated with each technology. This 

quantity can be defined as the total area used by power generation facilities (including road access, spacing, and 

buildings) per unit of power (Ioannidis and Koutsoyiannis, 2020). This quantity is equal to the inverse of the power 

density. The values are larger than the direct footprint, which roughly corresponds to the surface area artificialized 

by the facilities. The difference is particularly large for onshore wind and smaller for ground PV. We retain the total 

footprint because it reflects more of a potential approach and better represents possible conflicts of use. If the space 

between the turbines allows other activities, such as agriculture, this space is important from an electricity 

production perspective, as additional turbines cannot be introduced because of wake effect. We do not consider 

areas related to fuel extraction or the transmission grid. Total footprint values are the same as those used by (Palmer-

Wilson et al., 2019), which were mostly taken from (Trainor et al., 2016). Offshore wind and rooftop PV have 

footprints equal to zero because they are not installed directly on land.  

2.2. Scenarios 

The scenarios covered makes it possible to study the link between the decarbonization of the power system and its 

use of space, and to assess strategies for developing interconnections and their impact on land use and its 

distribution across Europe. All scenarios are constructed in such a way that the power system reaches net carbon 

neutrality in 2050. Land use and CO2 objectives are common to all zones. To reach carbon neutrality, we set a cap 

on direct CO2 emissions for the whole system. The cap value for each year is calculated thanks to a linear 

interpolation between real CO2 emissions in 2016 and zero emissions in 2050. For each scenario, the optimal 

solution is the one which minimizes the total discounted cost. 

In order to study the impact of the space constraint, we limit the area increase between 2020 and 2050 by setting a 

maximum surface value in 2050 which is a multiple of the total area in 2020. The multiples used are 1, 2 and 3. For 

instance, a multiplication by 1 of surfaces between 2020 and 2050 represents the limit case where the model is not 
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allowed to increase the amount of land dedicated to the power system. The trajectory between 2020 and 2050 is 

obtained using a linear interpolation. Tightening the land constraint gradually triggers technology substitutions.  

Eight scenarios are covered in this study; the four principal cases are described in more detail in the results section. 

Each of these four scenarios is then completed by a variant that allows us to explore the impact of interconnections. 

In the remainder of the article Reference refers to an unconstrained land scenario and x1, x2 and x3 designate 

scenarios which authorize a multiplication of the land between 2020 and 2050 of respectively 1, 2 and 3. 

The first set of 4 scenarios (Reference, x1, x2 and x3) represents a situation where the relative use of 

interconnections in each country does not change radically apart from the adaptation to the demand increase. The 

ratio between annual imports and demand is fixed for all time periods at its 2016 value. In order to explore the effect 

of interconnections on land use, for each scenario we then add an alternative case where trade between countries is 

only restricted by technical specifications. This means that cost efficiency is preferred to ensuring a share of national 

production. Alternative scenarios are designated by the prefix Alternative_ .  

3. Results  

The results show that there is an optimal solution for each combination of land use constraint and carbon neutrality 

objective. This section first presents the analysis of the results at the European level where all the indicators are 

aggregated. This general picture is further detailed in specific subsections that analyze geographical distributions of 

land use and investments, and the impact of interconnections in order to assess the relevance of the optimal 

solutions. 

3.1. Influence of the land constraint on the whole power system 
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3.1.1. Generation mix 

 

Figure 1 shows the evolution of the generation mix for the European power system for the x1, x2, x3 and Reference 

scenarios. For all scenarios, the direct CO2 emission constraint is materialized by the decrease in the share of fossil 

fuels from 40% to 15% of the total production in the x1 and from 40% to 8% in the Reference scenario. The 

technologies that are still present are, in equal proportion, natural gas, and fossil fuels equipped with CCS. Coal 

production is almost equal to zero in all scenarios by 2045. The more stringent the land constraint, the higher the 

share of fossils in the generation mix. The last direct CO2 emissions associated with these fossil-based technologies 

are reduced when equipped with CCS and compensated by BECCS in order to reach carbon neutrality in 2050. The 

share of nuclear power decreases in all scenarios: it is divided by three in the Reference scenario and accounts for 

Figure 1 European generation mixes for x1, x2, x3 and Reference scenarios, shares of variable RES (dotted 

background) and dispatchable sources (plain background) are distinguished. x1 refers to the scenario where 

there is no land use increase, x2 refers to the scenario where land use is multiplied by two between 2020 and 

2050, x3 refers to the scenario where land-use is multiplied by 3 between 2020 and 2050. 
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8% of the total production in 2050. Its share is divided by two in the x1 scenario and accounts for 10% of the total 

production in 2050. 

The decrease in technologies based on fossil and nuclear energy is compensated by an increase in the share of wind 

and, to a lesser extent, of PV. These two technologies account for roughly 60% and 50% in the Reference and x1 

scenarios respectively in 2050. While the global share of RES tends to slightly decrease as the land constraint 

increases, results show a high sensitivity of the share of these technologies. The optimal solution of land-constrained 

scenarios favors technologies with low total footprints, like offshore wind and rooftop PV, and reduces the amount 

of electricity produced by onshore wind and ground PV. For instance, onshore wind contributes up to roughly 30% 

of the total electricity production in the Reference scenario and only 7% in the x1 scenario. On the contrary, rooftop 

PV production in 2050 is almost three times higher in the x1 scenario than in the Reference scenario and offshore 

wind production in 2050 is almost twice as high in the x1 scenario as in the Reference scenario. 

More generally, the results show that a stricter land constraint tends to reduce the share of variable RES and slow 

down the decrease of dispatchable technologies in the generation mix. 

3.1.2. Installed capacity 

Figure 2 shows the installed capacities for the x1, x2, x3 and Reference scenarios. Installed capacity follows similar 

trends to those of production. Installed nuclear capacity is roughly halved in all scenarios between 2020 and 2050. 

The x1 scenario is the case with the highest installed capacity in 2050, with 59 GW, unlike the Reference scenario 

with 47 GW. This 12 GW difference corresponds to roughly 8 EPR reactors (1600MW). The general decrease in 

nuclear capacity implies that some nuclear power plants will be shut down while others will be renewed. CCS for 

fossil fuels and biomass reacts similarly to the land constraint. Capacity equipped with CCS increases with the 

constraint, the x1 scenario has 73 GW of CCS installed, while the Reference scenario has 37 GW installed. This 36 

GW is significant, it corresponds to the equipment of 72 sites with a capacity of 500 MW across Europe.  
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3.2. Concerning variable RES, onshore wind is the technology that is the most affected. Its high land 

footprint is a disadvantage as the land constraint becomes stronger. Installed capacity in 2050 in the 

Reference scenario is equal to roughly 670 GW, and drops to around 140 GW in the x1 scenario. 

The results show that the land constraint modifies the trend for the installation of onshore wind 

capacities depending on the scenario. The onshore wind installed capacity is multiplied by roughly 4 

between 2020 and 2050 in the Reference scenario while it slightly decreases in the x1 scenario. For 
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all other variable RES and scenarios, the total capacity installed increases over time. The 

development of rooftop PV increases gradually depending on the constraint and reaches 110 GW in 

2050 in the Reference scenario and is at its maximum in the x1 scenario with around 380 GW 

installed. The difference is less pronounced concerning installed capacity between scenarios for 

ground PV. The installed capacity difference in 2050 between the x1 and Reference scenarios is 

equal to 110 GW, which should be compared to the 600 GW installed in 2050 in the Reference 

scenario. National specificities and interactions between countries under the land constraint 

Looking at the global situation tends to underestimate the difficulty of implementing specific power system 

development. The aggregation of values for the whole of Europe hides specific situations in which cooperation 

between all of the actors might not be guaranteed. The least-cost optimization with perfect foresight used in this 

study means that the optimal solution is reached for the whole zone and may create situations where countries can 

Figure 2 Installed capacities for x1, x2, x3 and Reference scenarios, shares of variable RES (dotted background) and 

dispatchable sources (plain background) are distinguished. x1 refers to the scenario where there is no land-use 

increase, x2 refers to the scenario where land use is multiplied by two between 2020 and 2050, x3 refers to the 

scenario where land use is multiplied by 3 between 2020 and 2050. 
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win or lose in terms of land use or investments. These differences may motivate countries or energy utilities to 

defend development schemes that fulfill their interests. These diverging interests might be even more challenging 

than the extra cost of the system, which is rather limited. The following sub-sections further detail the optimal 

solutions by examining national situations.  

3.2.1. Land use distribution: the land constraint reduces the difference between countries 

 

Figure 3 shows the distribution of the surface dedicated to electricity production by country in 2050. It is noteworthy 

that in the reference cases, the ratio between the land used for electricity production and the total area is significant 

Figure 3 Geographical distribution of land use in 2050. The ratio is equal to the land dedicated to energy 

production divided by the total country area. Upward triangles (red) denote a land use ratio increase with 

development of interconnections and downward triangles (green) show a decrease. x1 refers to the scenario where 

there is no land-use increase, x2 refers to the scenario where land use is multiplied by two between 2020 and 2050, 

x3 refers to the scenario where land use is multiplied by 3 between 2020 and 2050. 
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for some countries. This is particularly the case for countries with a large onshore wind potential, such as Belgium, 

the UK, and the Netherlands, where the land ratio is equal to 13, 14 and 20% respectively in the Reference scenario. 

These ratios correspond to absolute values of roughly 4,000, 35,000 and 8,000 km² respectively. The countries with 

the highest ratio are not those with the highest absolute land use. The absolute land use values for Germany and 

France in the Reference scenario are respectively 45,000 and 39,000 km², while their ratios are equal to 13 and 7%. 

The main effect of adding an area constraint is to reduce the national land use ratio. Luxembourg is the country with 

the highest land use ratio, which is equal to 9% in the x1 scenario. In other words, the land constraint tends to 

enhance equity related to the ratio of land use among countries.  

The influence of interconnections varies according to the country. In some countries, the impact of the use of 

interconnection is insensitive to the land constraint. For instance, countries like Germany and Belgium always have 

an interest in terms of land use when trade is optimized. On the contrary, in countries like Spain and Denmark, land 

use increases when exchanges are not limited. One of the reasons is that countries with lower potential can outsource 

production from neighboring countries when exchanges are not limited. The last category gathers countries that are 

affected differently depending on the land use constraint. For example, Portugal’s ratio decreases in the Reference 

and x3 scenarios but increases in the two other cases.  

3.2.2. Influence of interconnections: improving efficiency increases trade imbalances 

 Figure 4 shows the distribution of trade and the balance between imports and exports for each country in 2050. The 

difference between the two interconnection operation schemes is visual. The optimal solution makes significant use 

of electricity exchanges between countries in the case of unrestricted exchanges, especially in Western Europe. 

Trading is intense around Germany, which imports roughly 230 TWh in 2050 from neighboring countries in the 

Alternative scenario compared to 30 TWh in the Reference scenario. This trade increase is enabled by the 

development of interconnections. The Alternative scenario has an additional 27 GW of interconnections compared to 

the Reference scenario. 
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Interconnections tend to spatially concentrate production, so that countries with the highest potential produce more 

and can increase the value of their production through trade. For instance, the Netherlands exports around 35% of its 

total production in 2050 in the Alternative scenario and Denmark about 60% of its total production. This also 

implies that exporters will have to endure the disadvantages of energy production that is not limited to land use. The 

land constraint does not significantly affect the trading schemes, except for the UK. The constraint has an impact on 

volumes but not on the direction of the exchanges. 

3.2.3. Investment distribution: the emergence of winners and losers with the land constraint 

The challenges related to investments are twofold. While Europe has an interest in developing a least-cost power 

system, countries have an interest in attracting investments. Indeed, thanks to specific pricing, exports can cover the 

cost of additional investments for exporting countries while benefiting from economic spill-overs in terms of 

employment and investments related to the additional capacities. 

Figure 4 Electricity trades, map background for the difference between exports and imports and lines for the sum of electricity flows 

in 2050. The four left-hand squares are the main scenarios, the right-hand squares are the alternative scenarios where national 

imports are limited to 2016 levels. x1 refers to the scenario where there is no land use increase, x2 refers to the scenario where land use 

is multiplied by two between 2020 and 2050, x3 refers to the scenario where land use is multiplied by 3 between 2020 and 2050. 
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3.2.3.1. Total cost  

 

Table 2 gives the absolute and relative differences from the Reference case in terms of total discounted cost and total 

cost for the year 2050. We can see that costs gradually increase when the constraint on land becomes stricter. The 

extra cost of the land constraint in the x1 scenario reaches 76 billion euros for the whole system and time period. 

The relative cost difference between the x1 scenario and the Reference scenario is 1.3%, which is rather limited in 

comparison to the severity of the land constraint. In other words, there it is possible to drastically reduce the land 

footprint of the power system with a limited extra cost. Nonetheless, this requires the full cooperation of every 

country and effective planning of the power system development. Developing the use of interconnections lowers the 

total system cost of roughly 14 billion euros in the Alternative scenario compared to the Reference scenario. 

 

3.2.3.2. Overall investments 

Figure 5 gives the absolute total investments (activity, fixed operation, and maintenance and investments costs) in 

2050 and the difference with the Reference in the other scenarios. It can be seen that countries are not equal in the 

face of constraints and that interests diverge according to network development policies. Total investments have 

consequences at two levels: first, they generate an expense for consumers, who pay for the power system and are 

looking for affordable electricity. Second, they create economic spillovers for countries, such as job creation, or tax 

and trade revenues. The model computes the total discounted cost for the whole zone, which means that it provides 

the cheapest solution for consumers in a fully cooperative mode. Nonetheless, the spatial distribution of investments 

may vary according to interconnection use and land constraints. In other words, some policies may favor or 

Table 2 Absolute and relative difference of total discounted cost from the reference scenario 

Scenario Absolute difference  

from Reference scenario [G€] 

Relative difference  

from Reference scenario  

x1     76 1.3% 

x2 28 0.5% 

x3 6 0.1% 

Alternative -14 -0.2% 
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disadvantage a country in terms of investments. Countries may push for a particular policy that favors their 

economic interests and thus deviate the transition pathways from a fully cooperative mode. 

Absolute investments in 2050 are located in countries with the highest demand, like Germany and France, which 

respectively attract around 51 and 41 billion euros in the Reference scenario. The investment differences between 

the Reference scenario and the constrained scenarios tend to increase when the constraint becomes more stringent. 

Some countries, like the Netherlands and Spain attract more and more investments when the constraint increases, 

while countries like Italy and Norway tend to lose investments. These differences can be significant in terms of 

percentage; for instance, investments in Norway are divided by 1.6 between the Reference and x1 scenarios.  

The impact of interconnections on investments has similarities with their effects on land use. Countries like Spain 

and Denmark, which are subject to a land use increase when trade is not limited, also attract more investments. On 

the contrary, countries like Germany and Belgium, which are subject to a land use decrease when trade is not 

restricted, see their national investments decrease. 

3.2.3.3. Investments by technology and country 

Figure 6 gives the difference between investments (activity, fixed operation, and maintenance and investment costs) 

and the Reference scenario for different technologies in 2050. Similar to national investments, changes in the 

Figure 5 Geographical distribution of total investments difference with the Reference scenario in 2050. . 

Upward triangles (red) denote a land use ratio increase with development of interconnections and 

downward triangles (green) show a decrease. x1 refers to the scenario where there is no land use increase, x2 

refers to the scenario where land use is multiplied by two between 2020 and 2050, x3 refers to the scenario 

where land use is multiplied by 3 between 2020 and 2050. 
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amount invested may have an impact on industries that may either be advantaged or disadvantaged. 

 

The gradual reduction of onshore wind when the constraint increases is reflected in investments in wind 

technologies. Countries with a high offshore potential like the UK, the Netherlands, and Denmark manage to take 

advantage of this potential when the constraint is tightened, while countries that mainly rely on onshore wind in the 

Reference case like France and Germany lose up to 13 and 9 billion euros of investments respectively in the x1 

Figure 6 Difference between geographical distribution of total investments and the Reference scenario by technology  in 2050. x1 

refers to the scenario where there is no land-use increase, x2 refers to the scenario where land use is multiplied by two between 

2020 and 2050, x3 refers to the scenario where land use is multiplied by 3 between 2020 and 2050. 
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scenario compared to the Reference scenario. This investment loss is partially compensated by the installation of 

PV, while only a limited number of countries lose investments in the constrained scenarios. The wind technology 

decrease is compensated by the installation of dispatchable technologies gathered in the category Others. While 

every country has positive investments, France concentrates a significant part of the increase, with an 7 billion-euro 

difference between the x1 and Reference scenarios. This is partially related to the slower decrease in the share of 

nuclear when the constraint become stronger. 

4. Discussion 

The results show that it is possible to achieve carbon neutrality under strong constraints on available space. 

However, achieving these objectives requires important decisions to be made in terms of planning and development 

of energy sources. Moreover, the decarbonization of the electricity system and the control of the power system land 

sprawl can only be achieved with significant cooperation between countries. The least-cost model reflects an ideal 

case where all countries work together to achieve the objectives by taking advantage of each other's strengths. 

Nonetheless, the modeling tends to overlook other aspects, such as distributional effects, which may make it more 

complicated to achieve. 

(Bolwig et al., 2020) show that it is possible to improve the modeling by considering other aspects related to social 

acceptance, such as changes in consumer electricity prices or differences in producer revenues, by taking into 

account the level of interconnection. More specifically on land use, (Sasse and Trutnevyte, 2020) evaluate changes 

in system cost, land use, and employment among other indicators by region for Central European countries. Like 

(Chen et al., 2022), they are also interested in changes in investment by technology. 

In this study, we propose to focus on technical feasibility, the impact of land constraints, and the impact of 

interconnections on the spatial distribution of land use and investments. 

4.1. Comparison with (Palmer-Wilson et al., 2019) 

Comparing this study with (Palmer-Wilson et al., 2019) is difficult, since Europe is much bigger and more populated 

than the Alberta province, and thus involves modeling different interconnections and different RES potential. While 

we identify similar trends on the impact of a land constraint on onshore wind and rooftop PV, there is a significant 

difference in terms of cost increase in the constrained cases. These authors found that a scenario that does not allow 

any land increase is 11% more expensive than the unconstrained cost. Our study finds only a 1.3% difference. While 
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this may be seen as a dramatic difference, several arguments explain this gap. First, our study includes low-carbon 

technologies with low land footprints, like offshore wind and nuclear, which are not considered in (Palmer-Wilson 

et al., 2019). Second, the nature of the power system in the starting year is different in the two studies. In (Palmer-

Wilson et al., 2019), the power system heavily relies on conventional technologies and the total land use is little less 

than 1,000 km² in the starting year. In comparison, the total land use is equal to a little more than 80,000 km² for 

Europe in 2020; this gives the model more room to reduce onshore wind capacities to free up space to install 

technologies with a lower land footprint. 

Lastly, there are specific locations where high variations in the total discounted cost can be seen between scenarios. 

For instance, there is a 24% difference in the Danish total discounted cost between the Reference and x1 scenarios. 

Denmark and Alberta are comparable in terms of population. 

4.2. Feasibility of implied investment pace 

Highly land-constrained scenarios require the use of a significant amount of low-carbon and low total footprint 

technologies. However, the capacities to be installed are particularly high for some technologies, such as offshore 

wind and rooftop PV. For rooftop PV, more than 300 GW must be installed within 10 years at European scale in the 

x1 scenario. As a comparison, the historical annual maximum total PV installation was achieved in Italy in 2011 

with a little less than 10GW. For offshore wind, the increase is more gradual, reaching around 280 GW installed in 

2050 in the x1 scenarios. Today, the largest offshore wind farm in Europe is Hornsea 1 (2020) in the UK with an 

installed capacity of 1.2GW. Thus, to keep up the pace, it would be necessary to install about 8 projects equivalent 

to Hornsea 1 every year.  

Moreover, some technologies, such as CCS, must be used in most constrained scenarios to both reduce the 

emissions of part of the natural gas and compensate with BECCS the emissions of the remaining natural gas not 

equipped with CCS. From 2040 to 2050, around 73 GW need to be built in the x1 scenario. Today, CCS is not 

developed on a large scale in Europe. There are no industrial sites in Europe other than those related to gas 

production operating on a large scale in 2022 (Global CCS Institute, 2022). Moreover, this technology faces social 

acceptance issues in some places (L׳Orange Seigo et al., 2014). CCS equipment for power generation will also be in 

competition with other industry sectors that are more difficult to decarbonize than the power sector. The use of 

interconnections can limit the need for CCS by allowing better integration of variable RES and a decrease in the 
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share of dispatchable technologies. However, the trade-off is that it requires an even more ambitious program for 

rooftop PV and offshore wind. 

4.3. The level of cooperation shapes the future power system 

The analysis of total system costs shows that cooperation on electricity production tends to reduce costs by 

increasing trade. Nonetheless, the development of interconnections modifies the nature of the power system and its 

operation in the future. It enables countries to rely on neighbors that have better RES potential and that can 

capitalize on it at the same time. However, the location of infrastructures and investment distribution change in this 

case, which can discourage countries from fully cooperating. The notion of cooperation is central to power grid 

parameters like total cost and land use, investments, and cost distribution. The multiple actors that contribute to the 

development of the power system may associate the word “cooperation” with different meanings. There is a need to 

further define this notion in order to secure a transition that will achieve carbon neutrality with a limited land use 

increase while satisfying national interests. 

Some key elements can already be identified by this study. The limitation of land use, and more generally 

infrastructure installations, seems difficult to align with attracting national investments and will call for trade-offs. In 

the case where interconnections are developed, countries like Denmark and the Netherlands that have the ability to 

build new infrastructures to export to their neighbors can attract more investments, but at the expense of increased 

land use. 

4.4. The influence of biomass availability and the level of demand 

The scenarios described above show an increased role of biomass, which is also a source of negative emissions. 

While the methodology described in this analysis could apply to land use linked to biomass feedstock, it opens 

specific quantification uncertainties that are left outside the scope for the sake of clarity. The allocation of the land 

use linked to biomass is not straightforward and likely country-dependent. The value depends on the amount of 

material coming from waste or energy crops (e.g. short rotation coppice) and the type of crops over the horizon. 

Allocating the amount of land  between energy and non-energy uses and accounting for trade of biomass add 

another layer of complexity.  Not taking into consideration biomass land use is a strong assumption that may lead to 

an optimistic vision of biomass usage in our result. To partially explore  the effect of this optimistic vision, all the 
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scenarios are simulated with a lower biomass availability.  The scenarios with the suffix _lowBIO refer to the 

situation where biomass availability is halved compared to the Reference scenario.  

A similar approach is used for the discussion of future electricity demands. The main scenarios are based on a 25% 

electricity demand increase from 2016 to 2050. This might be a low estimate in case of considerable electrification 

and high use of electric vehicles, and highlights the benefits of sector coupling. Since the consistent treatment of 

land use implications for the whole energy system was beyond the scope of this work, the influence of demand on 

the results was simply investigated here by adding variant scenarios with a higher demand. The scenarios with the 

suffix _highDEM refer to cases where the total demand increases by roughly 60% from 2016 to 2050. 

Table 3 Production by technology for all scenarios in 2050 

Production [PJ] Technology 

  

Coal & 

Lignite 

Fossils 

with 

seqCO2 

Natural 

gas 

Nuclear Bioenergy Biomass 

with 

seqCO2 

Other 

RES 

Hydro PV 

ground 

PV 

roof 

Wind 

onshore 

Wind 

offshore 

x1 30 1163 1149 1444 932 496 181 2505 1925 1503 1024 2829 

x2 38 782 925 1444 966 415 146 2465 2413 924 2715 1943 

x3 36 490 834 1277 968 374 147 2418 2312 483 4373 1398 

Reference 33 506 804 1176 971 282 147 2226 2252 480 4941 1305 

Alternative_x1 34 1277 981 1444 968 448 146 2518 2009 1264 1024 3085 

Alternative_x2 40 444 824 1444 982 376 146 2489 2230 1080 2825 2312 

Alternative_x3 39 78 728 1254 1000 336 140 2456 2079 656 4481 1884 

Alternative 42 43 708 1168 986 327 140 2255 2083 587 5221 1545 

x1_highDEM 9 2891 1441 1871 959 603 404 2555 1824 2131 1021 3215 

x2_highDEM 39 1703 1502 1441 798 660 230 2581 3363 1794 2362 3131 

x3_highDEM 42 974 1268 1443 861 562 175 2563 3311 1485 4108 2752 

Reference_highDEM 43 771 1193 1438 850 525 169 2318 2994 1154 5814 2201 

Alternative_x1_highDEM 21 3143 2044 1443 630 827 410 2617 2035 2141 1024 3262 

Alternative_x2_highDEM 40 1880 1435 1444 799 634 169 2567 3089 1698 2657 3189 

Alternative_x3_highDEM 42 1066 1096 1444 929 489 157 2544 2819 1489 4361 3084 

Alternative_highDEM 42 912 870 1412 988 401 140 2314 2496 1012 6029 2875 

x1_lowBIO 5 1713 1400 1479 114 409 282 2519 1543 1926 1056 3133 

x2_lowBIO 0 470 1335 1444 140 409 155 2460 2586 1326 2558 2768 

x3_lowBIO 1 240 1273 1437 149 404 146 2454 2498 834 4295 1862 

Reference_lowBIO 2 195 1296 1282 144 397 146 2190 2342 861 5048 1660 

Alternative_x1_lowBIO 0 1077 1299 1444 181 654 207 2550 1975 1625 1024 3031 

Alternative_x2_lowBIO 0 194 1331 1444 132 428 158 2507 2183 1348 2814 2918 

Alternative_x3_lowBIO 2 53 1264 1444 150 392 146 2502 2050 1012 4434 2131 

Alternative_lowBIO 6 0 1330 1266 130 412 146 2213 2153 781 5391 1722 

 

Table 3 gives the production in 2050 by technology for the main scenarios and the variant on biomass and demand. 

Lowering the biomass availability forces the model to keep biomass fuel mainly for BECCS which allows negative 
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emissions. The comparison shows that biomass reduction is replaced by offshore wind and rooftop PV and to a 

lesser extent by nuclear and fossils with CCS. Ground PV and onshore wind also contribute to replacing biomass 

when the land constraint is not too restrictive. 

Overall, a higher demand emphasizes the trends exposed in section 3. Low carbon with small land footprint 

technologies are favored when the constraint is tightened. Fossils equipped with CCS, offshore wind, rooftop PV 

and nuclear are used to meet the demand increase. Technologies like hydro or biomass do not change significantly 

compared to the main scenarios because they reached their maximum potential. 

4.5. Limitations of this work 

The results given by the model are not predictions of the future but give valuable insights on the land-use 

implications linked to energy transition. This study does not focus on the subnational dispatch of capacities, and the 

development of some technologies may have local consequences and acceptance issues, like visual impacts or land 

use competition. The rationale behind this modeling choice is that energy objectives are set either at EU or national 

government level. Nonetheless, in some countries, geographical specificities are hidden by country-size 

representation. For instance, considering France as a single zone does not allow the model to express North/South 

load factor differences for PV and wind, which may have an impact on the location of wind turbines and PV panels 

throughout the country. The analysis is performed here at the country level and increasing the spatial and temporal 

resolution of the model could potentially help derive insights at the subnational level. Nonetheless, there is a trade-

off between spatial resolution and computation time, especially for perfect foresight models considering transition 

pathways. TIMES models treat the intertemporal investment problem with great consistency but, despite the 

distinction of 64 annual time slices in eTIMES-EU, the modeling of the power system operation is typically not as 

detailed as with an hourly unit commitment over  successive years.   

The land use values consider the space between the infrastructures, resulting in significant values for onshore wind. 

However, the large area between turbines can be used for other activities, such as farming. Ground base PV also 

allows the combination of crop and energy production using agrophotovoltaic systems (Weselek et al., 2019). This 

method consists in installing PV panels that allow farming activities between or underneath a row of panels. The 

power density of agrophotovoltaic is lower than utility-scale projects but allows food production. It is also possible 

to build PV wind hybrid systems (Khare et al., 2016) to densify electricity production by using the free space 
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between turbines to install PV panels. Altogether, these methods can be helpful to handle the land use increase by 

either combining electricity production with other usse or densifying electricity production. 

Another approximation is that the model does not consider internal transmission networks and more generally the 

transmission grid footprint. Grid connections and reinforcements may affect the cost and total footprint of the whole 

power system and slightly modify the nature of the optimal solution. 

Finally, although these issues were explored in a simplified manner in the sensitivity analysis performed above, the 

treatment of land use impacts linked to fuel processing and the implications of higher electricity demand with more 

sector coupling could be improved and endogenised.   

5.  Conclusion and policy implications 

This paper explores interactions between decarbonization objectives, surface constraints, and interconnection 

development at the European scale. The analysis is carried out at European and national levels and aims at 

identifying important elements to be taken into account for the development of the power system. This work goes 

beyond a least-cost optimization of decarbonization scenarios by adding an endogenous constraint on land.  

At the European scale, the results show that it is possible to contain the land footprint of the power system by 

limiting the construction of onshore wind power and by favoring low-carbon technologies with a small total 

footprint, such as offshore wind, nuclear, CCS-equipped thermal power plants and, in the most constrained cases, 

rooftop PV. This induces competition between alternative renewable electricity production routes that impact excess 

electricity production and trade between countries. In more detail, limiting the land use increase by twofold in 30 

years can be done with a 0.5% increase in the total discounted cost and leave flexibility in achieving the objectives. 

On the other hand, not allowing any increase in the land area dedicated to electricity production raises more 

questions in terms of development options. Deployment rates are high and trajectories for some countries require 

significant planning with ambitious objectives. For instance, it requires building 380 GW of rooftop PV and 280 

GW of offshore wind by 2050 for the whole Europe. 

Greater development of interconnections allows better integration of variable RES at a European scale. On the 

national level, some countries have an interest in developing interconnections to benefit from the renewable 

potential of better endowed neighbors. Overall, interconnections are cost efficient but foster the spatial concentration 

of facilities in a least-cost optimization paradigm.  
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In addition to technical issues linked to limiting the power system’s land footprint, the way investments’ spatial 

distribution is affected in the most constrained cases may encourage countries to make trade-offs between land-use 

and the development of infrastructures, which brings economic benefits. 
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