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Article 

Constraints to Energy Transition in Metropolitan 
Areas: Solar Potential, Land Use, and Mineral 
Consumption in the Metropolitan Area of Madrid 
Ibai de Juan *, Carmen Hidalgo Giralt and Antonio Palacios García 

Department of Geography Autonomous University of Madrid, Calle Freud 10, 28049 Madrid, Spain 
* Correspondence: ibai.dejuan@estudiante.uam.es 

Abstract: Amidst the backdrop of the fossil fuel energy crisis, the development of renewable energy 
sources is experiencing an unprecedented acceleration in Spain and focusing in metropolitan areas. 
This study investigates the potential for photovoltaic energy development in Spanish metropolitan 
areas, specifically Madrid and its surrounding region. Recognizing the inherent challenges of land 
use and material scarcity associated with this development, the research aims to quantify the 
maximum achievable photovoltaic capacity for the region, along with the corresponding land 
occupation and material consumption requirements. A Material Flow Analysis (MFA) methodology 
is employed to project these parameters to 2050. The analysis estimates a potential production 
capacity of 32,163 GWh/year, representing 76.81% of the projected electricity consumption in 2050 
(and 39.94% of final energy consumption). This capacity would necessitate the utilization of 32,169 
hectares of land (4.01% of the regional area), including 7,139 hectares of rooftop space. Critically, 48% 
of the suitable land is classified as agricultural land, highlighting potential land-use competition. 
Furthermore, the study extrapolates the material requirements to a global scale, estimating the 
percentage of global mineral reserves required for a comparable energy transition. The analysis yields 
an estimate of 0.75% for aluminum, 17.69% for copper, and 34.89% for silver. These findings provide 
crucial insights into the material and geographical constraints impacting the feasibility of urban 
energy transitions. 

Keywords: solar potential; land-use; mineral footprint; energy transition; urban energy transition 
 

1. Introduction 

From an energy perspective, human history describes an exponential trend [1]. The extraction 
of increasing amount of energy from nature is carried out through what Debeir et al. [2] call “energy 
systems”. 

“An energy system is the original combination of various converters that are characterized by 
the use of specific energy sources and by their interdependence, initiated and controlled by social 
classes or groups, which develop and strengthen on the basis of this control” [2] (p.5). 

Energy systems constitute the modes through which social metabolism appropriates energy. 
They encompass both technical and social dimensions. The technical component involves energy 
converters, either biological (e.g., the human body) or artificial (e.g., photovoltaic panels or 
combustion engines). These converters facilitate the transformation of energy between various forms, 
including mechanical, electromagnetic, thermal, chemical, and nuclear. Conversely, the social 
component of energy systems pertains to the appropriation and unequal distribution of energy flows 
within the social metabolism [2] (p. 26). A critical perspective should also incorporate the often-
overlooked spatial dimension of energy systems. This dimension reveals the specific geographies of 
energy appropriation that energy systems create. 

The dominance of energy systems based on non-renewable energy sources (coal, oil, and natural 
gas) since the 19th century has enabled societies to achieve unprecedented levels of energy 
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consumption [3]. However, this trajectory also generates significant planetary impacts, including 
climate change, biodiversity loss, ocean acidification, intensifying droughts, and disruptions to 
nitrogen and phosphorus biogeochemical cycles. These consequences highlight the inherent friction 
between these energy systems and the biophysical limits of the Earth [4–8]. 

Two interrelated energy processes are unfolding within this context. Firstly, there is the 
depletion of energy systems based on finite energy sources.  These sources are inherently incapable 
of providing society with ever-increasing net energy outputs due to their physical limitations [2,3]. 
This occurs because the energy expended on extraction, transportation, and consumption of finite 
sources often exceeds the energy they ultimately deliver [9–11]). Conversely, energy systems based 
on renewable resources have witnessed accelerated development since the turn of the 21st century.  
By 2021, renewable energies accounted for 13.47% of global primary energy consumption.  Within 
this segment, hydroelectric energy comprised 53.89%, wind energy 23.48%, solar energy 13.02%, and 
other renewables 9.62% [12,13]. 

However, the large-scale integration of renewable energies to replace finite energy sources 
presents significant challenges. Key factors conditioning the development of renewable energies 
include land-use requirements that reshape energy geographies [14,15], leading to potential 
competition with other land uses. Furthermore, the consumption of critical minerals by renewable 
energy technologies presents a bottleneck for a smooth energy transition [16–18].  

Photovoltaic solar energy (PV) is a crucial renewable energy source that has witnessed 
remarkable growth over the past quarter-century. In Spain, installed photovoltaic power capacity 
surged from 1.49 MW in 1998 to 22,148 MW in 2023 [19]. Consequently, this raises critical questions 
regarding the material and spatial feasibility of sustaining this growth trajectory, particularly in 
regions with high energy consumption that tend to correspond to large urban populations [20]. 

Cities and their metropolitan areas, as centers of economic and social activity, exemplifies this 
challenge. They exert a significant influence on their surrounding territory. This influence is 
manifested in the formation of metropolitan areas, which are extensive urban regions characterized 
by a strong social, economic, and energy interdependence with the central city. In Spain, the 
delimitation and study of these metropolitan areas is carried out through the mapping of 
Metropolitan Areas or Functional Urban Areas, which provide a geographical framework for the 
analysis of urban and regional dynamics. 

Madrid, as the capital of Spain, exerts a particularly notable influence on its regional 
environment. Its metropolitan area extends through all the municipalities of the Community of 
Madrid (NUTS 02), reflecting the centrality of the city in the territorial and socioeconomic 
organization of the region. In this sense, the Community of Madrid (NUTS 02) stands as a 
representative study area of the Madrid metropolitan area, since it provides an adequate framework 
for the study of urban and regional dynamics around the Spanish capital. The region spans 8,028 km2 
(1.58% of the national territory) and accommodates a population of 6.642 million (13.73% of Spain's 
population). It functions as an energy sink, as only 2.4% of the final energy consumed within its 
borders is produced locally. The remaining 97.6% of energy consumption relies on imported 
petroleum products (47.4%), electricity (26.2%), and natural gas (23.8%) [21]. The region also ranks 
among the lowest in terms of installed renewable energy capacity. According to the Administrative 
Registry of Electricity Generation Installations, as of 2024, only 64.49 MW of photovoltaic power 
capacity exists (constituting 0.29% of Spain's total installed capacity) [19]. 

However, photovoltaic energy in Spain has experienced significant growth between 2019 and 
2023, with positive implications for the Community of Madrid. In 2023, 45 photovoltaic projects 
received a favorable Environmental Impact Assessment (EIA), which translates to an additional 4,742 
MW of capacity upon completion between 2024 and 2025.  

In light of these considerations, this study aims to estimate the maximum potential photovoltaic 
capacity within the Community of Madrid region. Additionally, it will assess the availability of land 
suitable for photovoltaic generation and the material consumption associated with a large-scale 
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development scenario between 1998 and 2050. To achieve this objective, the following 
methodological approach is adopted. 

A quantitative methodology based on a material flow analysis (MFA) is established in three 
phases. This analysis considers the installed capacity since 1998 and posits an initial scenario where 
photovoltaic infrastructure undergoes large-scale development through solar parks, progressively 
occupying all suitable land within the region by 2050. It also assumes the complete utilization of 
rooftops suitable for photovoltaic generation by the same timeframe. Subsequently, the study 
estimates land and roof occupation, material consumption, and generation capacity under this 
scenario. Finally, the results of the study are presented, followed by a discussion and synthesis of the 
conclusions. 

2. Materials and Methods 

To determine the maximum photovoltaic capacity of the Community of Madrid region, a three-
phase methodological approach is implemented (Figure 1). The first phase focuses on estimating the 
available land and roof area suitable for photovoltaic (PV) energy production. This entails the 
synthesis of land-use and rooftop suitability maps, followed by a cross-referencing process with the 
land-use cartography offered by Copernicus Corine Land Cover 2018 database. This integrated 
analysis allows for the identification of current land uses within areas potentially designated for PV 
electricity generation. 

The second phase involves establishing the basic technical specifications of a model PV 
installation. This is achieved through the analysis of technical characteristics reported in the 
Environmental Impact Assessments (EIAs) of existing PV projects. By analysing these EIAs, an 
average capacity per installation can be estimated. 

The findings from the first two phases serve as key inputs for the material flow model, which 
constitutes the third phase of analysis. This model is employed to estimate the study's primary 
results. Additionally, a set of assumptions is incorporated into the model to enhance the reliability of 
the generated outcomes. 

 

Figure 1. Methodological approach. 
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2.1. GIS Analysis 

2.1.1. Land Surface Available 

The identification of suitable surfaces for solar panel installation is achieved through a two-step 
process. The first step involves determining the available land based on a literature review and 
existing land-use maps. However, these maps require further refinement to exclude areas 
incompatible with photovoltaic generation, such as designated development zones. This process 
allows for the identification of suitable land for solar panel deployment. The second step, using a 
similar methodology, focuses on identifying rooftops within the region that are suitable for 
photovoltaic production. 

The "Environmental Zoning for the Implementation of Photovoltaic Energy in the Community 
of Madrid" report [22] serves as the primary document for identifying land available for solar panel 
installation. This report leverages Environmental Impact Assessment (EIA) methodology to pinpoint 
areas with minimal environmental impact for the construction of solar parks. The core criteria for 
EIA are outlined in Law 21/2013, of December 9, on Environmental Assessment. Annex I of this law 
stipulates that projects exceeding 100 hectares and not located on rooftops are subject to a full 
environmental assessment. 

For this study, it is assumed that large-scale installations for solar energy production will involve 
projects exceeding this size threshold. The EIA process employs a multicriteria methodology that 
weighs various biogeographical, socioeconomic, and cultural factors. This assessment considers 
different potential scenarios and incorporates preventive, corrective, and remedial measures during 
the construction, operation, and decommissioning phases. The "Environmental Zoning for the 
Implementation of Photovoltaic Energy in the Community of Madrid" report [22] consider the 
following environmental factors:  

• Urban areas and transport infrastructures. 
• Water bodies and flood zones. 
• Areas of distribution of endangered species and steppe birds. 
• Natura 2000 network. 
• Protection areas included in law RD 1432/2008, of 29 August, which establishes measures for the 

protection of birdlife against collision and electrocution on high-voltage power lines. 
• Areas of ecological connectivity by means of what are known as wild highways included in [45]. 
• Protected Natural Areas. 
• Biosphere Reserves. 
• Wetlands of International Importance considered in the Ramsar List. 
• SEO/BirdLife Important Bird Areas [46].  
• Habitats of Community Interest. 
• Camino de Santiago and cattle trails: The legal regime to which these linear elements are subject 

(Law 3/1995 at national level and Law 8/1998 in the Community of Madrid) prevents, among 
other things, the installation of any energy-generating infrastructure. 

• Mountains of public utility and preserved mountains. 
• Sites of Geological Interest. 
• UNESCO World Heritage Sites, Sites of Cultural Interest and Sites of Heritage Interest. 
• Agrological capacity and woody crops. 
• Landscape units. 
• Other areas subject to management, restrictions, or regulations units. 

Drawing on the evaluation of these factors, the report establishes an Environmental Capacity 
Index (ICA) to spatially represent the suitability of land across the Community of Madrid for 
photovoltaic projects. This index assigns scores ranging from 0 to 10,000, categorized into four 
distinct classes (Table 2). The ICA is geographically depicted as a raster surface with a 25-meter grid 
resolution (Figure 2). This index serves as a valuable tool for pinpointing areas with minimal 
environmental impact for the installation of solar parks. It facilitates a more informed decision-
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making process and contributes to minimizing the potential negative environmental consequences 
associated with these projects. 

 

Figure 2. Environmental Suitability Mapping for Photovoltaic Projects using the Environmental Capacity Index 
(ICA) from [22]. 

Table 1. Land categorization based on Environmental Capacity Index (ICA) from [22]. 

Land category ICA 
Not recommended areas 0 
Areas with low capacity 1-6,500 

Areas with medium capacity 6,501-8,000 
Areas with high capacity 8,001-10,000 

This study defines areas with high carrying capacity, characterized by an Environmental 
Capacity Index (ICA) between 8,001 and 10,000, as potentially suitable for photovoltaic energy 
production. These areas constitute 7.47% of the Madrid region [22]. However, a portion of these high-
capacity lands falls within designated urban or developable zones. Since these areas are either built-
up or undergoing development, they are excluded from consideration for photovoltaic installations. 
The Urban Information System (SIU) [25]) serves as the reference for identifying and removing such 
areas from the high-carrying capacity layer. 

Furthermore, a subset of these lands may possess orographic limitations that hinder solar panel 
installation, such as unfavorable sun exposure due to poor orientation or steep slopes. To account for 
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these limitations and refine the suitability assessment, additional constraints are applied. The 
following characteristics are used to exclude high-ICA lands from the Tragsatec [22] report: 

• Urban and developable or sectorized lands. These areas are excluded due to existing or planned 
development. 

• Lands with slopes exceeding 45º. Steep slopes significantly reduce the efficiency of solar panels 
due to a diminished tilt angle. This criterion is more conservative compared to studies that 
exclude lands exceeding 15° in slope [26].  

• North-facing lands with slopes exceeding than 10º. North-facing land with a gentle slope (less 
than or equal to 10°) is considered potentially suitable and retained in the analysis. 

2.1.2. Rooftop Surface Available 

To estimate the available rooftop surface area, a digital surface model (DSM) of buildings with 
a 2.5-meter grid resolution is employed. Building silhouettes are then extracted from the cadastral 
maps of each municipality and overlaid onto the DSM. This process identifies and eliminates rooftops 
that meet any of the following exclusion criteria: 

• Roofs with slopes exceeding 45°: Similar to land-based installations, steep slopes significantly 
reduce the efficiency of rooftop solar panels. 

• North-facing roofs with slopes exceeding 10°: North-facing rooftops with a gentle slope are 
considered potentially suitable and retained for further analysis. 

These criteria ensure that only rooftops with suitable orientation and inclination are included in 
the suitability assessment. Steep slopes and unfavorable orientations would significantly reduce the 
potential electricity generation, making them less viable for photovoltaic installations. 

2.1.3. Average Annual Irradiance 

Solar irradiance in the Community of Madrid exhibits significant seasonal variations, ranging 
from 0.683 to 2.935 MWh/m² (Figure 3). However, for the purposes of annual analysis, an average 
value of 1.71 MWh/m² per year is adopted. This value is derived from data provided by the Spanish 
State Meteorological Agency for the Community of Madrid [27]. 

 

Figure 3. Evolution of average efficiency per panel in photovoltaic projects with favorable EIA between 2015 and 
2023. 
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2.2. Environmental Impact Assessment (EIA) Analysis 

The basic characteristics of the installations determine the generation capacity on the available 
surface. To establish realistic technical parameters, a review of the technical characteristics of all 
photovoltaic projects published in the BOE (Official State Gazette) with a favorable Environmental 
Impact Assessment (EIA) between 2014 and 2023 in all of Spain has been carried out. Most of the 410 
projects reviewed received a favorable EIA between December 2022 and February 2023, reflecting the 
photovoltaic "boom" that began in 2019 and continues to this day. In this way, the following technical 
characteristics have been estimated based on the average of the analyzed sample. 

2.2.1. Average Panel Power 

Based on the review of installations with a favorable EIA between 2014 and 2023, an average 
panel power of 487W has been observed, which has been rounded down to a final panel power of 
490Wp. This value has been considered for the model for both ground-mounted and rooftop 
installations. 

2.2.2. Panel Measures and Trackers 

Upon reviewing the Environmental Impact Declarations, it is observed that the most common 
average panel size measures 1.95 meters high and 0.99 meters wide. These dimensions have been 
considered for both ground-mounted and rooftop installation panels. 

To avoid geometric efficiency losses, most photovoltaic plants have east-west trackers. In the 
case of the model, the use of trackers is assumed and geometric efficiency losses have not been 
considered. 

2.2.3. Average Panel Efficiency and Performance Ratio 

It is crucial to consider the annual increase in the average efficiency of the photovoltaic 
installation ensemble due to the continuous improvement of photovoltaic panels. To reflect this 
trend, the efficiencies achieved in the laboratory and reported by Green et al. [28–35] under standard 
test conditions (STC) (1000 W/m2 irradiation at 25°C and 1.5 ATM) have been taken as a reference. 
However, the average efficiency of commercially available panels is typically lower. 

On the other hand, by analyzing 9 photovoltaic plants with a favorable EIA between 2015 and 
2020, an increasing trend in average panel efficiency has been observed (Figure 3). From the 
installations approved in 2015 with average efficiencies of 14.6%, technological progress has enabled 
the achievement of efficiencies between 20.39% and 21% for installations approved from 2021 
onwards. In fact, in 2022, the global average efficiency of silicon panels on the market reached 20.9%, 
5.8 percentage points lower than the maximum obtained in the laboratory the same year (26.7%) [36]. 

This not only demonstrates a sustained increase in efficiency per panel but also reflects a 
convergence between the maximum efficiencies obtained under STC and the average efficiencies in 
the market. While in 2015 the average panel efficiency was 10.97 percentage points below the 
laboratory efficiency, in 2022 this difference was 5.80 percentage points. Consequently, to estimate 
the aggregated efficiency of the photovoltaic park in Madrid, these differences have been 
extrapolated considering a maximum STC efficiency of 33.7% in 2050 in accordance with the 
Shockley-Queisser theoretical limit. The difference between STC and field efficiency tends to narrow 
to 3 percentage points. As a result, the average aggregated efficiency of photovoltaic installations in 
the Community of Madrid in 2050 would be 30.7% (Figure 4). 

On the other hand, there are energy losses between the energy generated by the panel and the 
energy finally injected into the grid. These losses are calculated through the Performance Ratio (PR). 
In this case, an average PR of 80% has been considered following the assumptions of [37]. 
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Figure 4. Estimation of the average efficiency of the photovoltaic park in the Community of Madrid between 
1998 and 2050 from [36] and [28–35]. 

2.3. Material Flow Analysis (MFA) 

The installation of photovoltaic energy to reach the maximum capacity of the Community of 
Madrid is a multi-decade process. Therefore, the material flow analysis considers an energy transition 
between 1998 and 2050 towards a scenario in which all suitable land for photovoltaic generation is 
occupied by installations. However, during this period, it is very likely that changes will occur in 
different variables such as average efficiency per panel, obsolescence of older panels, or material 
consumption per installation, among others. These variables should also be integrated into the 
material flow analysis (MFA) model (Figure 5). 

 

Figure 5. MFA scheme. 
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2.3.1. Annual Installed Power 

The installed photovoltaic capacity in the Community of Madrid grew slowly from 2009 to 2023, 
increasing from 40.35 MW to 64.59 MW [19]. However, in 2023, a total of 4,742 MW received a 
favorable EIA. According to Royal Decree-Law 23/2020, the maximum period for obtaining the final 
operating authorization after a favorable EIA is 29 months. Therefore, it is assumed that the approved 
capacity in 2023 will be installed gradually over a 2.5-year period. Subsequently, the installation rate 
is estimated to remain constant until all suitable land in the region is occupied by 2050. In the case of 
rooftop installations, the installation follows a linear trend from historical data until full occupancy 
of the available surface is reached. 

2.3.2. Panel Lifetime and Repower Needs 

To model the degradation of photovoltaic installations, a Weibull probability distribution was 
employed following the methodology of Santos & Alonso-García [38]. The Weibull distribution is 
commonly used to estimate the lifespan of electronic devices and allows for the estimation of the 
failure probability of a photovoltaic installation based on Eq 1. 𝑓(𝑡) = 𝑘λ ∙ ൬𝑡λ൰௞ିଵ ∙ 𝑒ି(௧/஛)ೖ (1)

This function has two variables. On the one hand, k is the shape parameter. When k<1, the failure 
probability decreases over time, a phenomenon that is usually due to design flaws. When k=1, the 
failure probability is constant and random over time. Finally, when k>1, the failure probability tends 
to increase over time, corresponding to the life cycle of an installation. On the other hand, λ is the 
scale parameter, being the time at which the failure probability in an installation is 63.2%. Here, a 
shape parameter (k) of 2.4928 and a scale parameter (λ) of 30 years have been used (Figure 6). 

 

Figure 6. Weibull probability distribution (Eq. 1) considering k=2.4928 and λ=30 years. 

The failure probability of an installation in a period between 𝑖 and 𝑥  years after its installation 𝑃௜(𝑋) is the cumulative probability in that period (see Eq. 2). 

𝑃௜(𝑥) = න 𝑓(𝑡)𝑑𝑡 = 1 − 𝑒ି(௫/஛)ೖ௫
଴  (2)

Therefore, the failure probability of the installation in year 𝑥, 𝑄௜(𝑥), is the difference between 
the cumulative probability in that year 𝑃௜(𝑥) and the cumulative probability in the previous year 𝑃௜(𝑥 − 1), (see Eq. 3) 
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𝑄௜(𝑥) = 𝑃௜(𝑥) − 𝑃௜(𝑥 − 1) (3)

In this way, the obsolete power in year 𝑥, is estimated through the installed power in a year 𝑖 
and Eq. 3, as long as 𝑖 ൏ 𝑥 (see Eq. 4). 𝑂𝑏𝑠𝑜𝑙𝑒𝑡𝑒 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑥 =  𝑜𝑏𝑠𝑜𝑙𝑒𝑡𝑒 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑖 ∗ (𝑃௜(𝑥) − 𝑃௜(𝑥 − 1) (4)

This function is applied for each year considering the installed power in the previous years, 
obtaining the total annual obsolete power (see Eq. 5). 

𝐴𝑛𝑛𝑢𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑜𝑏𝑠𝑜𝑙𝑒𝑡𝑒 𝑝𝑜𝑤𝑒𝑟 = ෍ 𝑂𝑏𝑠𝑜𝑙𝑒𝑡𝑒 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑥௫
௜ୀଵଽଽ଼  (5)

It is assumed that obsolete power is replaced by new installations, whose lifespans must also be 
considered. Therefore, a total of 4 iterations have been carried out on the originally installed power 
and the successive replacement batches (Figures 7 and 8). 

 

Figure 7. Annual ground installed power estimated in each iteration. 

 
Figure 8. Annual rooftop installed power estimated in each iteration. 
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2.3.3. Power Density 

To determine the installation capacity based on the available land, it is necessary to estimate an 
average energy density for future installations. A sample of 410 installations with a favorable EIA 
between 2014 and 2023 was used to calculate an energy density considering the peak power and the 
area occupied by the fenced enclosure of each plant, obtaining an average of 0.58 MW/Ha. This value 
has been considered for both ground-mounted and rooftop installations and remains constant 
throughout the years. 

2.3.4. Network Power Losses 

Furthermore, it is necessary to consider the energy losses that occur during the transmission of 
high-voltage electricity. The National Commission for Markets and Competition (CNMC) publishes 
the weighted average energy losses in transmission and distribution in the Electricity Indicators 
Bulletin. The value of the losses for the last 12 months since June 2023 has been taken, which is 11.80% 
[39]. The percentage of losses remains constant throughout all years. 

2.3.5. Annual Energy Generation 

To calculate the energy generated in a specific year, the previously established installation 
parameters are used, as well as the average annual solar irradiation in the region (1.71 MWh/m²), and 
the energy losses in the high-voltage grid are also considered. In this way, the available generated 
energy for consumption in year t is defined in Eq. 6. 𝐴𝑛𝑛𝑢𝑎𝑙 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 (𝑀𝑊) = ൫𝐼௥ ∙ 𝑆௉௏ ∙ (𝑃௜/𝑃௉௏)൯ ∙ 𝐸𝑓௜ ∙ 𝑃𝑅 ∙ (1 − 𝐺) (6)

Where 𝐼௥ is the average annual irradiation (MWh/m2), 𝑆௉௏ is the area of each solar panel (m2), 𝑃௜ is the installed power in operation in year 𝑖 (MW), 𝑃௉௏ is the average power of each panel (MW), 𝐸𝑓௜ is the average aggregated efficiency of the photovoltaic park in year 𝑖, 𝑃𝑅 is the Performance 
Ratio y 𝐺 is the percentage of energy lost in the network. 

2.3.6. Material Intensity 

To estimate the aggregate mineral consumption between 1998 and 2050, the material intensity 
per MW installed is considered. In this case, it is assumed that all installations will be with 
monocrystalline silicon (mono-Si) panels, as they currently represent more than 90% of module 
production [36]. However, as panel production becomes more efficient, the material intensity per 
MW installed decreases. Therefore, the material intensity parameters obtained in 2018, 2030, and 2050 
from [40] (Table 3) have been considered and used in recent works such as [41,42]. These parameters 
come from the intermediate material demand (MDS) scenario of [40]. 

Table 3. Material intensity considered in the MFA based on (40) (t/MW). 

Year Concrete Plastic Glass Aluminum Cooper Silicon Steel Silver 
2018 60.70 8.60 46.40 7.50 4.60 4 67.90 0.020 
2030 58.40 8.30 44.70 7.20 4.50 2.75 65.30 0.006 
2050 54.60 7.70 41.80 6.80 4.20 2 61.10 0.002 

2.3.7. Recovery and Recycling Rate 

A portion of the photovoltaic panels that reach the end of their useful life are recycled. The 
collection and recycling rates used in [43] for aluminum, copper, steel, and silver are assumed. In the 
case of silicon, high recycling rates are considered, taking as a reference the analyses from [44,45] 
(Table 4). 
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Table 4. Collection and recycling rates considered in the MFA based on [42] for aluminum, copper, and silver; 
[45] for steel and [44,45] for silicon 

Year Collection rate 
Recycling rate 

Aluminum Cooper Silicon Steel 
2020 65% 75% 35% 90% 80% 
2030 72% 77% 77% 95% 85% 
2040 78% 78% 78% 95% 90% 
2050 85% 80% 80% 95% 95% 

One way to measure the impact of mineral consumption is through the Global Equivalent 
Mineral Footprint (GEMF) (see Eq. 7). This indicator expresses the percentage of a mineral's reserves 
that would be required if the entire world population were to make an energy transition like the one 
contemplated in this study [47]. For the calculation of the GEMF, the population projections of the 
Madrid Statistical Institute and the world population projections of the United Nations up to 2050 
have been considered [48,49]. On the other hand, static mineral reserves have been considered (Table 
5). 𝐺𝐸𝑀𝐹 = 𝑀𝑖𝑛𝑒𝑟𝑎𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 𝑖𝑛 𝑖 ∙ 𝑊𝑜𝑟𝑙𝑑 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑖𝑊𝑜𝑟𝑙𝑑 𝑚𝑖𝑛𝑒𝑟𝑎𝑙 𝑟𝑒𝑠𝑒𝑟𝑣𝑒𝑠 𝑖𝑛 𝑖 (7) 

Table 5. Known reserves considered in the MFA based on (46). 

Aluminum Cooper Silicon 
30x109 83x107 56x104 

2.3.8. Final Energy and Electricity Consumption 

A decrease in final energy consumption of 17% between 2019 and 2030 due to efficiency 
improvements is assumed according to the latest draft of the National Integrated Energy and Climate 
Plan (PNIEC) of 2023 [50]. Subsequently, this trend remains constant until 2050, resulting in a 36.24% 
decrease in consumption compared to 2019. On the other hand, the percentage of aggregate electricity 
consumption is estimated to rise to 34% in 2030 according to the PNIEC and 52% in 2050 according 
to the Long-Term Decarbonization Strategy (ELP) [51]. This implies a considerable reduction in the 
per capita energy footprint despite demographic statistics indicating population growth. 
Extrapolating the demographic projections for the region from the period 2022-2037 [48] to the period 
2022-2050, a 32.05% increase in the population between 2024 and 2050 is expected. In this way, final 
energy consumption would decrease from 1.61 tep/cap to 0.79 tep/cap (a reduction of 50.93%) (Figure 
9). This data paints an optimistic scenario where increased efficiency and electrification of the 
economy allow for ambitious sustainability levels to be achieved. 
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Figure 9. Estimation of final energy consumption and electricity consumption in the Community of Madrid 
between 1998 and 2050. 

3. Results 

An area of 32,169 Ha of suitable land has been identified, equivalent to 4.01% of the territory of 
the Community of Madrid. It is worth noting that this area is largely located in the southeastern half 
of the Community of Madrid (Figure 10). On the other hand, through the analysis of roofs, a total 
area of 7,139 Ha has been obtained (50.93% of the region's roof area) (Figure 11). 

 

Figure 10. Ground surface available for PV generation. Source: Own elaboration. 
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Figure 11. Rooftop surface available for PV generation. Source: Own elaboration. 

Using the data from the Corine Land Cover System 2018 for Spain and overlaying the land 
considered suitable for the photovoltaic production model, it is observed that 47.67% of the land on 
which it would be located has predominantly agricultural use, 37.84% are grasslands and natural 
vegetation areas, and 9.15% forests (Figure 12). The results of land use show the presence of urban 
land and transport infrastructures on which the model does not allow the installation of solar parks. 
This data is due to the width of the raster mesh used to calculate the suitable soils and indicates that 
if the analysis is carried out with a more precise surface layer, the amount of available soil would be 
less than that considered. 

 

Figure 12. Land uses of the area considered potentially suitable for the installation of photovoltaic plants. 
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On the other hand, there is evidence of competition with food production, which is equally 
important as energy production. If in the future, in the face of the depletion of stock energy, territories 
are forced to relocate basic sectors such as food and energy production, the availability of land in the 
vicinity of large urban centers to meet an unsustainable demand will surely be a difficult point of 
conflict to overcome. 

Assuming full occupation of the estimated suitable area, it would be possible to install 
18,658MW of photovoltaic energy on land and 4,140MW on roofs. However, the obsolescence of the 
facilities between 1998 and 2050 would require the replacement of 5,841MW. 

In this scenario, the Community of Madrid could produce around 32,163 GWh/year in 2050, 
which is equivalent to 76.81% of the electricity consumption and 39.94% of the final energy 
consumption estimated for that year (Figure 13). However, the previous calculations do not consider 
the intermittency of photovoltaic energy or the need for redundant power that should come from 
other technologies with less intermittency. 

 

Figure 13. Photovoltaic generation capacity versus electricity consumption and primary energy consumption 
(1998-2050). 

The most consumed materials in the modelled energy transition would be iron, concrete, and 
plastic (Figure 14). However, the quantities of minerals required are not negligible. Considering the 
installed capacity and the dynamic collection and recycling rates, the GEMF in 2050 reaches 0.75% 
for aluminum, 17.69% for copper, and 34.89% for silver. Aluminum is the mineral with the lowest 
HMEG due to the abundance of reserves. This indicator has only been used for those minerals for 
which reserve data are available. 
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Figure 14. Estimated cumulative material consumption (1998-2050). 

4. Discussion and Conclusions 

This study has sought to approximate a large-scale photovoltaic energy development scenario 
in the Autonomous Community of Madrid to highlight the energy, geographical, and material 
limitations of the energy transition in the region. 

Assuming a regional sustainability scenario where energy generation is linked to the territory, 
slightly over 75% of electricity consumption is exceeded assuming very optimistic consumption 
hypotheses. In fact, to meet 100% of all energy needs (considering the complete electrification of the 
economy), it would be necessary to have at least 2.83 territories like the Community of Madrid with 
a total installed capacity of 52,937MW. However, in future work it will be necessary to improve the 
resolution of the raster surfaces used to estimate suitable land (25 meters for land and 2.5 meters for 
roofs). On the other hand, only soils with high ICA have been considered; if soils with medium ICA 
were considered, the region's generation capacity would increase significantly. 

Beyond land occupation, future work will need to consider within the occupied area that used 
for the extraction and synthesis of the materials consumed by the photovoltaic infrastructure. The 
development of renewable energies implies a revolution in the ways of appropriating energy, 
transitioning from an eminently vertical fossil regime (extraction of energy from the subsoil) to a 
horizontal one (14). However, these energy appropriation modes continue to be linked to mining 
processes for the extraction of minerals. 

In relation to material consumption, the results obtained reveal potential bottlenecks in the 
development of photovoltaic energy. Despite having considered a decreasing consumption and 
increasing recycling rates to reach at least 80% in all minerals considered by 2050, the aggregate 
consumption between 1998 and 2050 is significantly high when analyzed through the GEMF. The 
case of silver is especially significant, with 34.89% of known reserves. In the case of meeting 100% of 
final energy consumption with photovoltaic electricity, the GEMF would increase to 1.77% of known 
reserves for aluminum, 41.98% for copper, and 70.74% for silver. That is, if the whole world made a 
100% photovoltaic energy transition, it would be necessary to have more than two-thirds of the 
current world's silver reserves and more than a third of copper reserves, while per capita energy 
consumption would have to be reduced by at least 34.2% compared to 2023 levels. 

It is worth noting that these estimates do not consider the redundant power that would need to 
be installed to avoid intermittency, nor do they consider the use of the minerals in other uses, which 
would translate into a lower availability of these. For example, in 2022 in the United States, the second 
country with the most installed photovoltaic power and the fifth largest producer of silver, only 13% 
of production was destined for the photovoltaic industry [46]. Finally, it is important to note that 
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mineral reserves are dynamic, so in future work this dynamism should be integrated into the model 
through the estimates of the Huber Peak for each mineral. 

Data Availability Statement: The raw data supporting the conclusions of this article will be made available by 
the authors on request.  

Conflicts of Interest: The authors declare no conflicts of interest. 
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