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Abstract 
This article reviews global upper limit potential of renewable energy for the two largest sources: 

solar photovoltaic and onshore wind. We focus on land-use availability, the most important factor 

with the largest uncertainty and less well established in literature. By analyzing the influence of 

economic development, population density and land-cover feature on renewable energy 

development, together with a historical analysis of most advanced countries, we conclude that 

current renewable energy development is largely driven by geopolitical factors. Both current 

installed capacities are far from reaching their upper limits, but onshore wind is already facing 

more land constraints than solar PV. To get to their full potentials, a significant export market will 

need to emerge due to a structural geographic imbalance between renewable energy potential 

and final consumption destination. Energy loss from this export market is for the first time 

considered to refine the upper limits of existing studies on this topic. We find a global combined 

potential of 1775 EJ per year. However, this result requires to dedicate more than 5% of total land 

on Earth to solar and wind energy generation, which will put a lot of pressure on land availability. 

This upper limit significantly exceeds our current global energy consumption of 407 EJ in 2017, 

but if we maintain current energy consumption growth, the limit would be reached early next 

century. 

 

1. Introduction 

The world will eventually run to a large extent on renewable energy at some point, either because 

we’ll deplete natural reserves that we use to produce energy, or more likely because we will take 

proactive actions towards carbon neutrality and gradually phase out fossil fuels. Given this 

mailto:jb@rudelle.net


transition, we naturally question on how much renewable energy potential we could access to, 

compared to our current and future energy needs.   

The world is today consuming around 0.01% of the incoming solar energy reaching Earth. This 

would suggest that in theory, there is almost unlimited renewable energy we can tap into. The 

problem is that solar is a very diffuse energy. The solar flux density incident on a plane surface at 

Earth’s distance from the Sun is on average 1365 Watts per square meter (Kopp and Lean, 2011) 

and about 341 W/m² when averaged-out over the Earth’s surface (Knox, 1999) and only 239 W/m2 

taking into account the Earth’s atmosphere which reflects about 30% of the incoming solar 

radiation (Szargut, 2003). As a result, our ability to transform solar irradiation directly or indirectly 

into actionable energy is directly proportional to the surface we dedicate for this usage. Analyzing 

geographical, technical or economic constraints, a number of studies have attempted to estimate 

what would be an upper limit, and they have all concluded that the amount of energy that can be 

put at use in practice is several orders of magnitude lower than the theoretical maximum.  

Some studies estimate with upper limits in thousands to tens of thousands of exajoules (EJ) per 

annum (De Vries et al., 2007; Defaix, 2009; Deng et al., 2015; Edenhofer et al., 2011; Goldemberg, 

2000; Hoogwijk, 2004; Jacobson and Delucchi, 2011; Krewitt et al., 2009; Siegfriedsen et al., 2003; 

Trieb et al., 2009). More recently, Deng et al. (2015) provided a more precise estimate, based on 

a 1 km2 grid level analysis. They determined a limit for renewable electricity potential equivalent 

to about 730-3700 EJ/a, which included mainly solar and wind power, plus a smaller contribution 

of 50-110 EJ/a from geothermal and hydroelectricity. 

These studies have covered various technologies, mainly solar photovoltaic (PV), concentrating 

solar power (CSP), onshore and offshore wind, biomass, geothermal and hydropower. Among all 

technologies, solar PV and onshore wind have by far the largest potential. However, their 

combined potentials range considerably in the literature, from about 500EJ/a to more than 16,000 

EJ/a of energy production. Considering a 15% electricity loss from production to consumption 

(given the storage requirements in a context of renewable high penetration), the range is about 

1x - 33x of current global total final energy consumption (~407 EJ in 2017, IEA).  

Given the very broad range of estimates for renewable upper limits, we intend to revisit the topic 

on the two most important contributors: solar PV and onshore wind. 



For solar PV and onshore wind, although these studies might have provided more precise 

evaluation locally by taking into account detailed barriers to implementation or modeling on a 

geographic information system (GIS) with higher resolution, they did not provide a robust model 

for land-use availability, which we find is the most important factor. Without clear explanations, 

estimates given in the literature for land-use availability vary greatly, introducing much bigger 

uncertainty in the model than other assumptions which are all relatively consistent. We assume 

that unlike other limitations, land-use availability is driven by a complex combination of social, 

political and economic factors, which are very hard to quantify. In all studies reviewed, we found 

the methodology to determine this key parameter unclear. As a result, land-use availability 

analysis has been a particular focus of this study. 

As renewable energy is today directly injected into the electricity grid, it is serving primarily the 

needs of the country it is produced in (and potentially some neighboring countries with grid 

interconnection). However, very much like for fossil fuels, there is a large structural imbalance 

between the potential land available for renewable energy in a given country and its actual needs 

in terms of energy consumption. In other words, as renewable energy starts to really scale up, 

some countries might be able to produce more renewable energy than they need, while others 

will be in the opposite situation. This means that to get to the full potential of renewables as 

presented in those studies, a significant export market will need to emerge.  For this to happen, 

renewable energy will need to be stored in a way that can be easily shipped globally. Hydrogen 

seems to be the most promising candidate to serve as an intermediary product in this global 

market. However, we know that using hydrogen as an intermediary energy storage, not only 

requires very important infrastructure investments, but introduces very significant losses in the 

final energy available. Therefore, the size of its export market has a direct impact on the energy 

available. None of the studies mentioned above consider this factor. We believe that estimating 

the size of this export market is important to evaluate how much energy will be truly available for 

end consumers. 

 

2. Methods 

The energy potential of solar PV and onshore wind is directly proportional to the surface we 

dedicate for this usage and in direct competition with other usages. The first step was to build a 



model to evaluate their respective potentials and then look at several factors that could influence 

land-use availability. In addition, we compare the regional potential with actual and future energy 

consumption. The imbalance allows to estimate how large an export market for renewable energy 

would need to grow in order to exploit the full land potential. 

2.1.  Base potential for solar PV and onshore wind 

To assess the solar PV and onshore wind potentials, we start with the same approach as the 

studies mentioned above. Different from the existing studies that worked on GIS to achieve a 

detailed and precise analysis, we assume that country level data which is publicly available, 

provides the right order of magnitude, while keeping the model relatively simple. For our analysis, 

we include 64 countries (ranked by surface area) which in total represent 90% of total land area 

of the Earth (except Antarctica). The remaining 10% is then extrapolated. 

The overall framework follows a three-step approach for each technology (utility-scale solar PV, 

rooftop solar PV, onshore wind). We have: 

𝑃𝑖 = 𝐴𝑖 ∙ 𝐼𝑖 ∙ 𝐸                                                                                                                                               (1) 

where for a given country 𝑖 : 

- 𝑃 = technical potential in EJ; 

- 𝐴 = available land area in km2; 

- 𝐼 = resource intensity in EJ/km2; 

- 𝐸 = conversion efficiency in %. 

2.1.1. Available land area 

The available land area for a given technology in a country 𝑖 can be formulated as follows: 

𝐴𝑖 = (∑ 𝑆𝑖𝑙 ∙ 𝑎𝑙) ∙ 𝑏𝑖𝑙                                                                                                                                    (2) 

with 𝑙 the land-cover types;  𝑆𝑖𝑙 = surface area for land-cover type 𝑙 in a country 𝑖; 𝑎𝑙  = land-use 

availability factor per land-cover type; 𝑏𝑖 = other land exclusion factor, taking into account other 

geographical limitations. 

2.1.1.1. Land-cover types 

• Utility-scale solar PV and onshore wind:  



We consider 8 land-cover types based on the classification from the Food and Agriculture 

Organization (FAO) database: 

- Artificial surfaces 

- Cropland 

- Grassland 

- Tree-covered areas 

- Shrubland 

- Barren land 

- Sparsely natural vegetated areas 

- Others, including permanent snow and glaciers, inland & coastal waters, mangroves, 

aquatic or regularly flooded shrubs and/or herbaceous vegetation 

• Rooftop solar PV: 

Certain studies also included solar PV potential on building façade, but its contribution is marginal. 

Therefore, we simply consider one single type in our model: building roof. 

2.1.1.2. Surface area across land-cover types 

• Utility-scale solar PV and onshore wind: 

Our data sources come from FAO land-cover and land-use data sets on a country basis. 

• Rooftop solar PV: 

Literature reviewed (IEA-PVPS, 2002; Deng et al., 2015) took varied approaches to assessing roof 

area around the world. We simply follow the method of Deng et al. (2015) and use the same 

assumption and database. They estimated both residential and non-residential floor area per 

capita for ten reference countries (Brazil, China, Germany, India, Russia, South Africa, Spain, 

Sweden, United Arab Emirates, USA) and other countries were mapped to these reference 

countries. They also estimated the roof-to-floor ratios to obtain the final roof area. 

2.1.1.3. Land-use availability factor 

• Utility-scale solar PV and onshore wind: 

In a first step, we assume that land-use availability is a factor which is not country specific. This 

means we assess the average share of area of a given land-cover type which should be available 

for renewable energy installation. As discussed, it’s a key factor and the one which is less well 



established in existing studies. In our model, we start by setting the value within the range in 

literature and follow the same basic logic, which is to give higher value to land where there is less 

competition from other usage. Given the tensions that already exist on land availability, we 

decided to take a relatively prudent approach, setting values slightly closer to the low end than 

the high end of existing studies. In general, onshore wind has a larger land availability, as onshore 

wind allows dual land use to a much greater extent than solar PV. The land-use availability factor 

and its ranges from literature are presented in Table 1. 

• Rooftop solar PV: 

We set the availability factor of rooftop solar PV according to the study of Deng et al. (2015) (see 

Table 1). 

Table 1 

Land-use availability factor for solar PV and onshore wind 

                               Technology                     
Land-cover type 

Utility-scale  
solar PV 

Onshore wind 
Rooftop solar 

PV 

Factor  
used in 

this study 

Ranges 
from 

literature 

Factor  
used in 

this study 

Ranges 
from 

literature 

Factor  
used in this 

study 

Artificial surfaces 0 0 0 0  

Cropland 0.01 0.001-0.05 0.1 0.03-0.7  

Grassland 0.01 0.005-0.1 0.1 0.03-0.8  

Tree-covered areas 0 0 0.02 0-0.1  

Shrubland 0.05 0.005-0.1 0.2 0.03-0.5  

Barren land 0.1 0.02-0.15 0.2 0.03-1  

Sparsely natural vegetated areas 0.05 0.005-0.1 0.2 0.03-0.8  

Others 0 0 0 0  

Roof         0.3 
 

2.1.1.4. Other land exclusion factor 

Although a number of constraints have been included to assess the land suitability for solar PV 

and onshore wind in other studies, such as protected areas, elevation, slope, resource intensity 

cut-off, etc., we are limited by the country level granularity of our model. So except for the 

following, we assume that those factors are already included in our availability factor. We only 

exclude the land for onshore wind that concerns: 

- Wind regime: land with an average wind speed less than 6m/s at hub height 100m 



- Elevation: land above 2000 meters from sea level 

both consistent with the assumption from Deng et al. (2015). Our estimation is based on the wind 

resource open data source Global Wind Atlas. We simplify these constraints to a factor on a 

country basis. 

2.1.2. Resource intensity 

• Solar PV: 

For solar PV on ground or building roofs, the average global horizontal irradiation (GHI) per 

country in kWh/km2/a is derived from the solar irradiance open data source Global Solar Atlas. 

The GHI includes the total gross solar energy from both direct and diffuse radiation received on a 

horizontal plane.  

• Onshore wind 

Instead of evaluating the wind power intensity, we define the resource intensity for onshore wind 

according to Eq. (3) (based on Deng et al., 2015) which includes the approximate relationship 

between the full-load hours and average annual wind speed at hub height, as well as an average 

power density: 

𝐼𝑖 = 𝐻𝑖 ∙ 𝐷 = (𝑎 ∙ 𝑣𝑖 − 𝑏) ∙ 𝐷                                                                                                                    (3) 

where 𝐻 = full-load hours in a year; 𝐷 = power density, here 8MW/km2 (based on an estimation 

of 5D x 7D spatial layout of 3MW rated power single turbine with a rotor diameter of 100m); 𝑣𝑖 

the average wind speed at hub height 100m for country 𝑖  (areas with a wind speed <6m/s 

excluded, derived from Global Wind Atlas); 𝑎 = 728, 𝑏 = 2368 (when 𝑣 = 6m/s, 𝐻 = 2000 hours). 

2.1.3. Conversion efficiency 

• Solar PV: 

The overall conversion efficiency for PV is the product of these factors: 

- The module efficiency of the individual solar module 

- The performance ratio, the ratio of actual energy output to nominal energy output after 

deduction of energy loss (due to eg. thermal loss, conduction loss and operation loss) 

- (For utility-scale PV only): Ground cover ratio, the share of the total area of a PV plant 

actually capturing energy, mainly due to inter-row spacing 



Table 2 shows the values used for this study and approximate ranges from a realistic evaluation. 

• Onshore wind: 

The conversion efficiency is largely included in the calculation of resource intensity for onshore 

wind by defining the power density and full-load hours. There are also small additional efficiency 

losses that we consider: 

- Operational efficiency, the loss of operation time for maintenance 

- Array efficiency, aerodynamic losses due to interactions between turbines in an array 

The values used for this study are shown in Table 2. 

Table 2 

Conversion efficiency values and approximate ranges for solar PV and onshore wind 

Technology Conversion efficiency factors Value Range 

Solar PV 

Module efficiency 0.25 0.15-0.3 

Performance ratio 0.9 0.8-0.9 

Ground cover ratio 0.4 0.3-0.4 

Onshore wind 

Power density (MW/km2) 8 5-20 

Operational efficiency 0.95 0.9-0.95 

Array efficiency 0.9 0.9-1 

 

2.1.4. Installed capacity potential 

To evaluate the potential of installed capacity for solar PV and onshore wind, we assume, in line 

with assumptions mentioned above and from a realistic estimation based on actual projects, that 

the power density on available land: 

- For utility-scale solar PV: 80MW/km2 

- For rooftop solar PV: 200MW/km2 

- For onshore wind: 8MW/km2 

The difference between utility-scale and rooftop solar PV comes from the ground cover ratio 

added on the former, which is assumed at 0.4 in the study. 

2.2. Influence of macro indicators on land-use availability 

As we are looking to assess the availability factors used in the previous section, we investigate a 

potential correlation between solar PV/onshore wind development and some important macro 



indicators. In particular, we conduct cross-sectional linear regressions (in year 2019) on two 

response variables as potential indicators of renewable energy development level: 

- The ratio of installed capacity (solar PV/onshore wind) to total installed power 

generation capacity per country 

- Installed capacity density (solar PV/onshore wind) per country 

For explanatory variables, we first consider: 

- GDP per capita per country 

- Population density per country 

Then we also consider: 

- Shares of each land-cover type per country 

We conduct linear regression on these variables to see if economic development, demographic 

feature or land-cover feature of a country favors or not the land use for the deployment of 

renewables. 

2.3. Historical analysis of most advanced countries 

The diffusion of every technological innovation typically follows an S-shaped growth curve 

featured by three main stages: emerging, growth and maturity. At its beginning, the technology 

has to struggle within a hostile environment of opposing habits and beliefs and itself is featured 

with a high cost. The second stage corresponds to a rapid take-off when the technology gains 

significant traction and itself makes dramatic improvements in quality and reductions in cost. 

Eventually, dramatic improvement and cost reduction opportunities are exhausted, the growth 

slows down as fewer potential remains and new environmental competition arises, until markets 

become saturated. 

We analyze the evolution of  

- the ratio of installed capacity (solar PV/onshore wind) to total installed power 

generation capacity per country 

- installed capacity density (solar PV/onshore wind) per country 



for most advanced countries within the scope of this study to see where the solar PV/onshore 

wind technology stands on the growth curve. We hope to have an intuitive understanding of the 

maturity of technology. 

2.4. Estimation of the size of a potential export market 

We analyze the geographic imbalance between potential of solar PV and onshore wind and 

current total final energy consumption per country. We want to verify if, like for fossil fuels, a 

country’s solar PV and onshore wind potentials would exceed or not its energy consumption. We 

define a ratio R as: 

𝑅 =
𝑃𝑖

𝐾𝑖
0                                                                                                                                                      (4) 

with 𝑃𝑖  = solar PV & onshore wind potential of a country 𝑖 ; 𝐾𝑖
0 = current total final energy 

consumption of country 𝑖. 

Countries with 𝑅 < 1 can be viewed as countries, for which solar PV & onshore wind potential 

cannot even meet current energy demand, will first see renewable energy shortage. Countries 

with 𝑅 > 10 can be seen having abundant renewable energy potentials. And countries with 1 <

𝑅 < 10 would be sensitive to reduction in potential or growth in energy consumption. 

We further try to identify import/export countries of renewable energy and evaluate the export 

market size in a full maturity scenario where the world runs 100% on solar PV and onshore wind 

at their full potentials. For illustrative purpose, we assume that the portion of global energy 

consumption for each country remains the same in the future as of today. In reality, the relative 

energy consumption of countries will obviously change over time, but overall we assume it will 

maintain globally a level of disequilibrium similar to what we observed today. Then we have: 

𝐾𝑖 = 𝑃 ∙
𝐾𝑖

0

𝐾0                                                                                                                                                    (5) 

𝑆𝑖 = 𝑃𝑖                                                                                                                                                            (6) 

where 𝐾𝑖 = total final energy consumption of country 𝑖; 𝑆𝑖 = total energy supply of country 𝑖; 𝑃𝑖 

= renewable energy potential (solar PV & onshore wind combined, solar PV, onshore wind) of 

country 𝑖, 𝑃 is the sum over countries; 𝐾𝑖
0 = current total final energy consumption of country 𝑖. 

If 𝐾𝑖 > 𝑆𝑖, it’s an import country: import 𝐼𝑖 = 𝐾𝑖 − 𝑆𝑖.                                                                        (7) 



If 𝐾𝑖 < 𝑆𝑖, it’s an export country: export 𝐸𝑖 = 𝑆𝑖 − 𝐾𝑖.                                                                        (8) 

Total export market 𝐸 = ∑ 𝐸𝑖 𝑖
.                                                                                                                (9) 

Then we define a ratio for the relative export market size as:  

𝑅𝑒𝑥𝑝 = 𝐸 𝑃⁄                                                                                                                                                (10) 

 

3. Results 

3.1. Base potential for solar PV and onshore wind 

We assess renewable electricity potential for solar PV and onshore wind in 64 countries included 

in the model and extrapolate to the global potential.  

We find that of the total 119 x 106 km2 of land studied (90% of the global land area), only 2.7% is 

deemed available for utility-scale solar PV after exclusions due to availability factor, and 4.8% for 

onshore wind after exclusions due to resource intensity, elevation and availability factor. We 

assume optimistically the availability factors are additive locally for two technologies in the study. 

So in total, as an upper limit, 7.5% of global total land (9.9 x 106 km2) is deemed potentially 

available for energy harvesting. This stands in contrast to current (2015) total urban and 

associated land area of ~0.4%, and total cropland area of ~15% (FAO, 2015). This figure can be 

slightly reduced if we include in practice, co-location of solar and wind. Land-cover types 

contribute differently to the available land for energy harvesting based on their shares of total 

land area and our availability assumption. Barren land is the largest contributor both for solar PV 

and onshore wind. Table 3 summarizes the weight of each land-cover type on final available land. 

Table 3 

The weight of land-cover types on final available land 

Land-cover type 

% of 
global 
land 
area 

Utility-scale solar PV Onshore wind 

Availability 
% of total 
available area 

Availability 
% of total 
available area 

Artificial surfaces 0.4% 0 0% 0 0% 

Cropland 14.7% 0.01 5% 0.1 14% 

Grassland 13.8% 0.01 5% 0.1 13% 

Tree-covered areas 33.1% 0 0% 0.02 6% 

Shrubland 12.7% 0.05 23% 0.2 25% 



Barren land 14.6% 0.1 54% 0.2 28% 

Sparsely natural vegetated areas 6.7% 0.05 12% 0.2 13% 

Others 4.0% 0 0% 0 0% 

 

For building roofs, we estimate a total of 30 x 103 km2 of roof area available for solar PV 

installations for the 64 countries combined which accommodate about 80% of the world’s 

population. We extrapolate by population and find a total of 37.5 x 103 km2. 

We find the largest potential for utility-scale solar PV, then for onshore wind and rooftop solar PV, 

which is estimated at 1944 EJ/a, 491 EJ/a and 40 EJ/a respectively for the 64 countries combined. 

After extrapolation, their global potentials are 2160 EJ/a, 546 EJ/a and 50 EJ/a respectively and 

2756 EJ/a in total, almost 6x of current (2017) global total final energy consumption of 407 EJ (IEA, 

2017) after deduction of a 15% electricity loss. Utility-scale solar PV has a much larger potential 

than onshore wind as it has a much larger resource intensity (converted into useful electric energy, 

144 kWh/m2/a versus 22 kWh/m2/a estimated), even though it has less potentially available land. 

Fig.1. shows the results of top 10 countries for potentials of utility-scale solar PV, onshore wind 

and rooftop solar PV respectively. 

Fig.1. Top 10 countries for potentials of utility-scale solar PV, onshore wind and rooftop solar PV 

If we look at the global potential from the installed capacity aspect, we obtain a result of 288 TW, 

59 TW and 7 TW respectively for utility-scale solar PV, onshore wind and rooftop solar PV. We 

know the current installed capacity for solar PV and onshore wind is respectively 580 GW and 594 

GW (IRENA, 2019), which represent 0.2% and 1.0% of their global capacity potentials separately. 

Based on our estimation, we see that both technologies are far from reaching their upper limits 

of potentials, and on average, onshore wind has a larger penetration to total potential than solar 



PV. If we just look at rooftop solar PV, it roughly has an installed capacity of 178 GW (BNEF, 2018), 

reaching 2.5% of its capacity potential, the most advanced among the three. 

3.2. Linear regression results 

We find no apparent linear correlation of two response variables: 

- The ratio of installed capacity (solar PV/onshore wind) to total installed power generation 

capacity per country 

- Installed capacity density (solar PV/onshore wind) per country 

with GDP per capita and population density. No correlation is found with shares of each land-

cover type, either. 

We just show one regression result as example for installed capacity density of solar PV (Y) with 

GDP per capita (X1) and population density (X2): Y = 4.7X1+18.3X2-10.9, with R-squared = 0.42. See 

graph in Fig.2. 

Fig.2. Regression for installed capacity density of solar PV with GDP per capita and population density 

The regression results indicate a positive, but not apparent linear correlation of economic 

development level and population density on the development of renewable energy (solar PV and 

onshore wind). Even though we set different values for the availability of each land-cover type, 

the land-cover feature of a country is yet to become an effective factor on the current 

development of renewable energy.  

3.3. Historical analysis 

Up to 2019, solar PV and onshore wind installation individually represents ~8% of global total 

installed power generation capacity, still a small portion in the electricity mix. 



We focus on some most advanced countries and countries with considerable installed capacity. 

The evolution of installed capacity density shows that, in these countries, solar PV is clearly 

accelerating with exponential growth since early 2010s, while onshore wind took off earlier than 

solar PV, rather growing steadily. The evolution of the ratio of the installed capacity to total 

installed power generation capacity supports the acceleration of solar PV installation while 

onshore wind shows signs of deceleration compared to total installed generation capacity growth. 

This probably implies solar PV is still at the growth stage on the S-shaped curve and onshore wind 

is stepping into the maturity. The graphs are shown in Fig. 3. 

The growth of solar PV may be attributed to different sources. Typically, Germany and Australia 

are driven by rooftop while China, Japan and India pour into utility-scale solar PV. 



Fig.3. Historical analysis. The top graphs show the evolution of installed capacity density for solar PV (left) 
and onshore wind (right) in a logarithmic scale. The bottom graphs show the evolution of the ratio of 
installed capacity to total installed power generation capacity for solar PV (left) and onshore wind (right).  

To understand how much of their potentials these countries have exploited, Table 4. summarizes 

the penetration of current (2018) installed capacity to installed capacity potential for solar PV and 

onshore wind. Even for these most advanced and aggressive countries on solar PV and onshore 

wind, much potential still remains, especially for solar PV. Japan (15%), Germany (12%) for solar 

PV and Germany (32%), India (20%), Spain (19%) for onshore wind mark a notable penetration 

level. 

Table 4.  

Penetration of current (2018) installed capacity to installed capacity potential, solar PV and onshore wind 

Country Global Australia Japan Germany China USA India France 



Solar PV 0.2% 0.0% 15.3% 11.6% 0.9% 0.4% 0.3% 3.0% 

Country Global Sweden Spain Germany China USA India France 

Onshore wind 0.9% 7.3% 18.8% 32.3% 7.4% 2.6% 19.8% 6.0% 
 

3.4. Export market 

 Solar PV and onshore wind potential is generally sufficient to cover current total final energy 

consumption per country. More than half of the 64 countries have an 𝑅 > 10. Notably, countries 

with 𝑅 < 1  are Japan, Germany, Norway, France, Finland, Indonesia, and Thailand. So these 

countries will be first facing a shortage of renewable energy on the path to zero emission. We 

show part of the spectrum of the R value in Fig. 4. 

Fig. 4. Spectrum (partial) of the R value 

In the full maturity scenario, significant structural imbalance between energy supply and 

consumption across countries will remain as like for fossil fuels. To get to full potentials of solar 

PV and onshore wind, a large export market relative to renewable energy production would need 

to emerge as 𝑅𝑒𝑥𝑝 is calculated at 0.57. So more than half of the electricity production would 

need to be stored and transported in some way. In addition, solar PV and onshore wind have a 

similar level of imbalance from the result. Top 5 export countries are identified as Australia, 

Algeria, Libya, Saudi Arabia and Mauritania. Top 5 import countries are identified as China, USA, 

India, Japan and Germany.  

 

4. Discussion 

4.1. Implications for land-use availability 

We find the current renewable energy development level is not apparently determined by 

economic development level, population density or land-cover feature of a country. In fact, top 5 

countries for largest installed capacity contribute for more than 70% of global installation in terms 

of both solar PV (China, Japan, USA, Germany, India) and onshore wind (China, USA, Germany, 

India, Spain), while these countries account for less than half of global energy consumption (IRENA, 

2019; IEA, 2017). The global development of renewable energy is to a large extent shaped by 

several leading countries. Many case studies retrospectively analyze the policy impact on the 

0.2 0.3 0.4 0.8 0.8 0.9 1.0 1.0 1.2 1.5 1.7 1.8 1.9 1.9

Japan Germany Norway France Finland Indonesia Thailand Sweden India Spain Turkey China Nigeria USA



deployment of renewable energy and find government policies (renewable energy targets, 

support schemes, etc.) have a huge influence on the growth of renewable energy. Taking two 

cases in our historical analysis as examples (see in Fig. 3.): 

- Spain witnessed a long-term stagnation of renewables since 2010. The stasis can well be 

explained as a result of government policy turnaround and damaging retroactive subsidy 

cuts in the same period.  

- Solar PV installation shoot up in Japan from 2013. The remarkable increase absolutely 

profited from the introduction of a very attractive Feed-in-Tariff (FiT) support scheme for 

solar PV from 2012 (tariff equivalent to about $360/MWh in 2012). 

From this analysis, we believe the development of renewable energy is still mainly driven by 

geopolitical factors. As a result, GDP per capita and population density do not provide at this stage 

of development meaningful insights to help us refine our land-use availability estimates. 

Looking at the historical analysis, solar PV new installations still do not show meaningful 

deceleration even in the most advanced countries. This is likely driven by the very sharp price 

reduction we’ve witnessed in solar PV in the last decade. As a result, we think historical analysis 

does not provide any meaningful insight to extrapolate long-term land-use availability. 

On the other hand, historical analysis shows that onshore wind is facing more constraints than 

solar PV and shows signs of deceleration. Based on our initial assumptions, the most advanced 

countries like Germany (32%), India (20%) and Spain (19%) haven’t been reaching half of their 

onshore wind potential. However, they are already showing clear signs of deceleration in terms 

of new installations. This suggests that land-use availability factor for onshore wind might be 

overestimated by a factor 2. This would imply a total land available for onshore wind reduced to 

2.4% of global land and a total potential reduced to 273 EJ/a. To support this finding, it is 

interesting to note that wind technology is already facing diminishing returns, illustrated by much 

smaller price decline in the last decade than solar PV. 

After modification on land-use availability for onshore wind, we refine our upper limit for solar 

PV and onshore wind energy potentials to 2483 EJ/a, requiring 5.1% of total land on earth.  

 

 



4.2. Impact of exports in a full renewable energy scenario 

Multiple studies (Jenkins et al., 2018; Sepulveda et al., 2018) underscore the importance of low-

carbon firm resources to achieve a deep decarbonization of power system which relies primarily 

on variable renewable energy resources, chiefly solar and wind. As challenges associated with the 

variability of solar and wind increase nonlinearly as the share of energy from these sources rises, 

low-carbon firm resources are irreplaceable to build a feasible and affordable path to zero carbon. 

Among those low-carbon firm resources such as hydropower, geothermal, biomass, nuclear, fossil 

fuels with carbon capture and storage, etc., hydrogen as a green firm source, can play a key role 

to pair with solar and wind. 

We stress the importance of hydrogen in another way that to address the significant structural 

imbalance between renewable energy supply and energy consumption, hydrogen could serve as 

an intermediary product in the global export market of renewable electricity. To get to the full 

potentials of solar PV and onshore wind, a large export market is identified in this study. Therefore, 

storage & transportation technology is crucially important to assure this export market. Cross-

border transmission infrastructure plus battery storage could be part of the solution. However, 

considering the intermittency and variability (short-period & long-period) of solar PV and onshore 

wind production, hydrogen is the most promising candidate. This indicates that considerable 

losses have to be deducted from raw potentials of renewable energy due to conversion efficiency 

of hydrogen and additional losses from storage. We consider an optimistic estimation of 50% on 

round trip efficiency of electricity to hydrogen to electricity for the export market of a size 57% 

relative to total electricity potentials. Therefore, as an important implication from this structural 

imbalance, renewable energy upper limits from the study will actually have to be cut down by 

28.5%. 

Taking all those factors into consideration, we further estimate that the upper limit for solar PV 

and onshore wind is around 1580 EJ/a and 195 EJ/a, 1775 EJ/a combined. Furthermore, in case 

large import economies are not capable or willing to make the proper investments in hydrogen 

infrastructures, the export market for renewable might be limited to cross-border grid 

interconnection. In this case, the overall potential will be further limited to almost only the local 

market of 1017 EJ/a. 



These estimates provide a more pessimistic but hopefully more realistic forecast than most of the 

previous studies. As comparatively biomass, geothermal and hydroelectricity are small 

contributors to the overall potential, we believe those findings would not change significantly by 

adding them into the mix. As the world is heading full speed into renewable energies, it’s 

important we maintain realistic expectation about the true potential of these energies. 

4.3. Timing to reach upper limit 

Even though our upper limit for solar PV and onshore wind energy potentials may appear 

generous to the current size of our global energy consumption, we need to realize how quickly 

this upper limit would be reached in a near future. Historical analysis of global energy 

consumption estimates an annual growth rate of 1.7% between 1990 and 2015 (IEA). If we 

maintain this growth for the future, and we assume a 15% electricity loss from production to 

consumption for the energy potential of 1775 EJ/a as we find, only by 78 years, the world will get 

stuck with energy shortage. Another few hundred of EJ coming from other renewable sources 

won’t fundamentally change the picture. So even we are heading full speed into renewables, if 

we don’t refrain from increasing energy consumption, we’ll reach the upper limit of renewables 

relatively soon, very likely in the early next century. 

 

5. Conclusion 

In this study, we have presented a country level assessment of global upper limits of renewable 

electricity potentials for two largest sources: solar PV (utility-scale and rooftop) and onshore wind. 

We identify a very large potential compared to current global energy consumption, in particular 

for utility-scale solar PV. With a focus on land-use availability, we find that on average, onshore 

wind installation currently has a larger penetration to its available land. Nevertheless, both are 

far from reaching their upper limits from the study. To address this land-use availability, we have 

tried to investigate a potential correlation between solar PV/onshore wind development and 

some important macro indicators and use historical analysis of most advanced countries as a 

guide. Our findings show that solar PV is still in exponential growth while onshore wind signals 

deceleration. We attempt to refine the land-use availability for onshore wind but think it’s 

probably too early to have any long-term extrapolation for solar PV. As we find no apparent 

influence of economic development, population density or land-cover feature on current level of 



renewable energy development, we believe at present, it is still largely driven by geopolitical 

factors. To get to full potentials, a relatively large export market is also identified for renewable 

electricity, as a result of a significant structural imbalance between the potential land available 

for renewable energy in a given country and its actual needs in terms of energy consumption. 

Energy loss from this export market is for the first time taken into account to refine the upper 

limits of renewable energy potentials. Taking all these factors into consideration, we present a 

more pessimistic than most of the previous studies but hopefully more realistic estimate, for solar 

PV (1580 EJ/a) and onshore wind (195 EJ/a), 1775 EJ/a in total, depending crucially on the 

available land – up to 5.1% of total land on earth. If we maintain the growth of our energy 

consumption, this upper limit will be reached very likely in the early next century. 
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