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Preface 

Both the models concerning the future climate evolution and its impacts, as well as the models 

assessing the costs and benefits associated with different mitigation pathways face a high degree 

of uncertainty. There is an urgent need to not only understand the costs and benefits associated 

with climate change but also the risks, uncertainties and co-effects related to different mitigation 

pathways as well as public acceptance (or lack of) of low-carbon (technology) options. The main 

aims and objectives of TRANSrisk therefore are to create a novel assessment framework for 

analysing costs and benefits of transition pathways that will integrate well-established approaches 

to modelling the costs of resilient, low-carbon pathways with a wider interdisciplinary approach 

including risk assessments. In addition TRANSrisk aims to design a decision support tool that should 

help policy makers to better understand uncertainties and risks and enable them to include risk 

assessments into more robust policy design.  
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Executive Summary 

The transition from fossil to renewable energy is an indispensable part of the agreement to limit 

climate change to 2 degrees Celsius compared to pre-industrial levels. It is well known that the 

penetration of renewable energy will generate positive impacts in terms of climate change 

mitigation, pollution control or energy dependence. However, the transition towards renewable 

energy can have significant impacts on the use of land. Bio- and solar energy are two forms of 

renewable energy that require significant horizontal land area in order to catch sunlight and could 

therefore compete directly with other land uses, such as agriculture or forestry. This competition 

can lead to direct or indirect land use change emissions and can reduce food security in areas that 

are already dependent on imported agricultural products. 

This report analyses the land use implications of renewable policies in three world regions: the 

European Union (EU), India, Japan and South-Korea. These regions have a relatively high 

population density, high or rapidly increasing energy demand, relatively few unused lands and 

serious renewable energy targets. Therefore, we can expect that land competition related to 

specific renewable energy pathways in these regions to have a significant impact in the near 

future. 

In order to measure these land use impacts, the Global Change Assessment Model (GCAM) is used. 

This integrated assessment model has been designed to capture the linkages between the energy, 

land and climate system, and is frequently used to evaluate the impacts of bio-energy. In order 

to consistently measure the land impacts for solar energy, a special module has been developed 

that assigns location-dependent land requirements to land-based solar energy systems. 

The results of this study show that if current renewable electricity targets would be completely 

met by solar- or bio-energy, land use change emissions per unit of electricity output could be as 

large as respectively 9% or 40% of the emissions of gas-fired electricity. Regional differences are 

big: while the land use impact of solar energy in India is only around 40% of the impact in the EU, 

Japan and South-Korea, the land use impact of bio-energy is about 30% higher in the EU than in 

India, Japan and South-Korea. A more realistic and economically optimal renewable electricity 

pathway in the EU would lead to 2.6% of the emissions from gas-fired electricity, while a specific 

policy to limit the contribution of one single renewable electricity technology to the EU electricity 

mix in order to increase energy security increases this impact to 8.9%. In India, such a realistic 

pathway would lead to 3.0% of the emissions from gas-fired electricity, while a policy that limits 

the installation of solar energy to wastelands reduces this impact to 1.3%. In Japan and South-

Korea, the impact of the realistic pathway is 7.6% of the emissions from gas-fired electricity, while 

the phase-out of nuclear energy would increase this impact to 10.3%. 

Agricultural self-sufficiency, which can be seen as an important indicator of food security in a 

region, slightly decreases by 1% in India to 5% in Japan and South-Korea if renewable electricity 

targets would be met by solar energy. This decrease is however more than offset by an increase 

in energy self-sufficiency, which can be seen as an important indicator for energy security and 
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increases from around 15% in the case of India, Japan and South-Korea to around 24% in the EU 

due to the replacement of imported fossil energy by domestically produced solar energy. In the 

case of bio-energy, the decrease of agricultural self-sufficiency can be as much as 17% in the EU, 

while in none of the regions this impact is offset by an increase in energy security, since at this 

scale of use, much of the bio-energy is actually imported. 

This analysis shows that the land use impacts should be taken into account in renewable energy 

policies, as certain decisions can lead severe land-use impacts. However, the impacts of solar- 

and bio-energy can be significantly decreased if produced in integrated systems, that produce 

energy and agricultural or forestry products in the same area. 
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1 EC SUMMARY REQUIREMENTS  

1.1 Changes with respect to the DoA 

No changes. 

1.2 Dissemination and uptake 

See Deliverable summary. 

1.3 Short Summary of results (<250 words) 

Renewable energy usually has a lower energy density than fossil energy, and its supply can 

therefore require significant amounts of land. This study examines the land use impacts of a 

renewable energy transition in the electricity sector of regions where land pressure is expected 

to play a role: the European Union, India, Japan and South-Korea. Using an Integrated Assessment 

Model that interlinks energy and the land use sectors, we were able to estimate land-use change 

emissions and food security impacts from different electricity system transition pathways. We 

found that the land use change emissions due to bio-energy and solar energy could lead to 

significant carbon emissions: 40 and 9 percent respectively of equivalent generation from gas-

fired electricity. Overall, land use change emissions will nullify 3 to 9 percent of the emission 

reductions achieved by balanced transitions of the electricity system towards renewable energy 

in the regions analysed.  

These transitions will also affect food security, but these impacts are more than offset by the 

improvements in energy security that is achieved by a transition towards renewable energy. The 

analysis also shows the implications of region-specific policies. For example, combining the 

European renewable energy target with a ‘diversified supply’ target to increase energy security 

significantly worsens the land use impacts, a ban of solar power in agricultural land in India only 

marginally decreases land-use pressures, whilst a nuclear phase-out in Japan and South-Korea 

marginally increases land-use pressures of a transition towards renewable electricity. 

1.4 Evidence of accomplishment 

This report. 
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2 INTRODUCTION 

The discussion on land competition between food and renewable energy purposes goes back 

several decades (Nonhebel 2003; Rao & Sastri 1987).  Energy sprawl has been identified as the 

major current source of land use change in the U.S. (Trainor et al, 2016). Several contributions 

found that this competitive element will inevitably lead to the conversion of cropland in order to 

produce a significant amount of bioenergy in developed countries (Calvert & Mabee, 2015 - 

Canada; Nonhebel, 2005 - global; Ovando & Caparrós, 2009 - EU). By contrast, this competitive 

element is usually expected to be negligible for solar energy due to its higher energy density and 

the possibility to integrate it in urban areas (Nonhebel 2005; Calvert & Mabee 2015; de Vries et 

al. 2007; Timilsina et al. 2012).  

The relevance of this competitive element is, however, strong as Searchinger et al. (2008), 

Fargione et al. (2008), Laborde (2011), Overmars et al. (2011) show in influential papers that the 

indirect land-use emissions due to the conversion of US and EU cropland for biofuel production are 

in some cases higher than the GHG emission savings achieved by replacing fossil fuels1. An 

important element in this is that cropland in developed regions has significantly higher yields than 

cropland in developing countries, so for every hectare of food production converted in the US, 

several hectares of land will be converted into cropland in developing countries. In developing 

regions, however, food crop yields are significantly smaller whilst  bioenergy yields in tropical 

regions are significantly higher (De Castro et al. 2013). Therefore, cropland conversion in 

developing countries has significantly smaller effects on land use change.  

Due to these land use change effects, Tilman et al. (2009) provide policies that could be applied 

in order to avoid the conversion of cropland in developing countries. Instead, only 

abandoned/degraded croplands should be selected for bioenergy purposes, which have lower 

average productivities (Field et al. 2008). Due to this indirect “terrestrial leakage” impact of 

converting cropland for energy purposes, geographically based literature on the potential of 

renewable energy usually exclude existing croplands (de Vries et al. 2007; Trieb et al. 2006; Mahtta 

et al. 2014) or only include “marginal cropland” with low yields (Calvert & Mabee 2015). 

Another potential consequence of using agricultural land for energy purposes is decreasing food 

security. For regions with limited land availability, any replacement of food production within the 

region means that yields must be increased or the same proportion of food has to be imported 

from other regions. Such a spatial decoupling of food production and consumption can contribute 

to food insecurity in the absence of mitigating measures (Fader et al. 2013). On the other hand, 

using domestic land to produce renewable energy can increase energy security when this energy 

replaces imported fossil fuels. Therefore, in the case of land-intensive renewable energy 

production, there is a trade-off between food and energy security (Johansson 2013). It must also 

                                            

1 Although this conclusion seems to depend a lot on the assumed/modelled displacement effects of process coproducts 
used as feed. The assumptions of Searchinger et al. (2008) are relatively pessimistic compared to other studies such 
as done by Tyner et al. (2010) and Hertel et al. (2010) which estimate land use change emissions to be up to 5 times 
lower (Berndes et al. 2015) 
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be noted that investment in modern bioenergy can have synergies as well as conflicts with food 

security, through stimulating innovation, promoting rural development, helping farmers to 

diversify income sources and in stabilising prices (Kline et al. 2017; Berndes & Fritsche 2016). The 

food vs. fuel conflict can thus also be transformed into a food AND fuel scenario where productivity 

investments are synergistic (Rosillo-Calle & Johnson 2010). 

 

Figure 1: Photo Voltaic panels installed in cropland in the United Kingdom 

Although the impacts of dedicated bioenergy crops on cropland conversion is now a well-known 

phenomenon, the conversion of cropland to “solarland” (e.g. land used to install PV (Photo Voltaic) 

or CSP (Concentrated Solar Power) installations, see Figure 1) is only a recent phenomenon. 

Although land use for solar energy was traditionally expected to be negligible, reviewing real-

world PV land sites reveals that initial assumptions on land input per energy output underestimate 

the real land use requirements by a factor of 5 to 10 (De Castro et al. 2013; Hernandez et al. 2014; 

Nguyen & Pearce 2010; Ong et al. 2013). Using a 2-3 times overestimated for use efficiency, 

Denholm & Margolis (2008) already find that the amount of rooftop space will not be enough to 

power all US energy with solar PV, while it has been estimated that it would only be possible to 

cover a small percentage of today’s urban areas with solar panels (<2%), assuming acceptable 

efficiency (La Gennusa et al. 2011; Sørensen 1999). Applying these smaller percentages, Capellán-

Pérez et al. (2017) find that only 8.8% of total electricity demand could be supplied by rooftop-

PV in the US, while for more densely populated countries such as Germany, the maximum potential 

share of rooftop-PV drops to 4.5%. We are starting to see an important shift from rooftop towards 
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ground-based solar installations in the real world (Fraunhofer Institute for Solar Energy Systems 

2016; Hernandez et al. 2014), either due to the limited availability of appropriate rooftop space 

in many regions, the higher efficiency of ground-based solar installations (Capellán-Pérez et al. 

2017) and/or policies promoting this development. 

There are, however, certain constraints for ground-based solar installations. One important 

constraint is land-sloping, which complicates the construction of solar installations. For this 

reason, Lopez et al. (2012) exclude land areas with an average slope of more than 3% from the 

solar land potential, Hernandez et al. (2015) exclude areas with more than 5% slope and 3% from 

the potential for respectively PV and CSP installations, while Deng et al. (2015) apply limits of 27% 

(PV) and 4% (CSP). On top of that, literature estimating the total solar potential generally excludes 

all ice, water, coast, cliffs, dune and rock areas as well as protected areas (see Figure 2 for an 

approximate global map of lands suitable for PV and CSP solar as estimated by Deng et al. - 2015).  

 

Figure 2: Land suitability for PV and CSP (Source: Deng et al. 2015) 

Although these restrictions exclude a large percentage of the total land, ground-based solar 

installations do still not necessarily need to be installed on (potential) cropland. It is often referred 

that desert land or scrublands, which are not suitable for any human purpose, should be used for 
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utility scale solar energy (Tsoutsos et al. 2005; Trieb et al. 2006; Lovich & Ennen 2011; Purohit et 

al. 2013). The DESERTEC project for example aims to build large quantities of CSP power in desert 

areas in order to export the electricity to areas with high demand (DESERTEC, 2003). Although it 

makes sense to build solar capacity in desert or scrubland areas, due to high solar irradiance and 

relative flatness of such areas, several constraints tend to limit these developments (Hernandez 

et al., 2015; 2016). In California for example, where a large share of the land consists of high-

irradiance scrublands, 36% of total solar capacity is installed in scrublands versus 30% in crop- and 

pasturelands (Hernandez et al., 2016), which shows that despite the availability of large amount 

of unused and high-irradiance scrubland, agricultural lands are often preferred over scrublands 

for installing solar capacity.  

Some of the constraints for solar power in deserted areas are biodiversity protection, land 

preparation costs, grid proximity, water availability and remoteness from inhabited places. Most 

of these issues bring significant extra costs and/or energy losses. For example, the need to build 

large electricity grid infrastructures can significantly increase the costs for solar plants and 

transporting electricity over large distances yields efficiency losses. Also, significant amounts of 

water are needed for both CSP (cooling) and PV (dust cleaning) technologies (Hernandez et al. 

2016; De Castro et al. 2013; Purohit et al. 2013). Air cooling/cleaning could replace the need for 

water but requires 7-9% of the electricity output for CSP plants (DoE 2009). Another important 

limitation for many deserted areas is the remoteness from inhabited places. Apart from the grid 

necessities, large amounts of people have to be relocated to areas that are currently not inhabited 

and experience harsh life conditions during the construction and maintenance of solar plants 

(IRENA 2013, p.42). Finally, if there are international borders between the solar production and 

consumption area, several geopolitical limitations play a role (Lilliestam & Ellenbeck 2011).  

Another discussed issue with solar energy is the intermittency of energy supply. PV systems only 

provide energy during daylight hours and significantly more in summer than in winter (depending 

on the geographical latitude), so back-up capacity is necessary to meet energy demand at non-

daylight hours.  There are generally two complementary solutions: 

- Having back-up capacity driven by fossil fuels, biomass and/or hydro, significantly limiting 

the potential share of solar energy in the energy mix.  

- Use energy storage techniques such as batteries or pumped hydropower in order to store 

solar energy during the day for consumption during the night. Suitable solutions for 

seasonal storage do, however, not exist yet. 

Calvert & Mabee (2015) take into account the limited potential share of solar power in the 

electricity mix in Canada and therefore conclude that, despite the higher energy density of solar 

PV, all “available” land should be dedicated to bioenergy crops instead of solar PV in order to 

provide a 100% renewable energy mix. Denholm & Margolis (2008) instead focus on storage 

technologies and mention that losses in energy storage systems require that an additional 20-23% 

PV capacity should be installed only to cover the intermittency of energy supply in a 100% solar 

energy mix for the US (this number will differ per region, depending on the seasonal variability of 

sun power). So, except in the case of fossil fuel based back-up capacity, solar energy will require 

a significant amount of extra land to overcome the intermittency problem. Although it is possible 
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to limit the intermittency problem with an optimal geographical interconnection of PV and wind 

infrastructure, Wagner (2014) shows that a substantive amount of surplus energy capacity has to 

be installed for a 100% wind and PV electricity mix. 

In some regions, there is an increased risk of land competition between agricultural and renewable 

energy purposes due to high population density and/or the absence of sufficient amount of desert- 

and dry scrublands. We have identified three regions where an increase in domestically produced 

solar energy and bioenergy might become an issue for land availability (See table 1 for background 

data on these countries): 

- EU-27: Given its intensive expansion of renewable energy capacity during the past 10 years, 

the issue of land use for solar capacity is important and there has already been controversy 

due to the rapid conversion of agricultural land to solar land in Italy (Squatrito et al., 

2014). Scrublands and grasslands within the EU are limited and many of them are 

protected. Population density is relatively high and, due to a long agricultural history, 

there is not a lot of unused land. On top of that, the environmental agenda of the EU is 

ambitious and there are high expectations for the continued expansion of renewable 

energy. 

 

- India: Given its very high and rapidly increasing population density, India is a region where 

the issue of land use for renewably energy could become an issue. Land in India is relatively 

scarce and around 50% is currently used for agricultural purposes. Although there are some 

scrub- and desert lands which are suitable for solar energy (Mahtta et al. 2014; Purohit et 

al. 2013), these are mostly concentrated in one part of the country. Being a country in 

development, electricity consumption per capita is currently very low, but is expected to 

increase at a very high rate. India has signed the Paris Agreement and promised to have a 

significant share of its electricity provided by renewable energy in the future. Given the 

high level of solar irradiation in India, solar energy is relatively cheap and there is an aim 

to install 20 GW of solar capacity by 2022 (MNRE, 2010). 

 

- Japan & South-Korea: Both Japan and South-Korea have a very high population density, 

while there are close to zero deserts and scrublands in both countries. Current electricity 

consumption per capita is very high in both countries and significant promises to mitigate 

climate change have been made. The 2011 nuclear disaster in Fukushima had a drastic 

impact on the public acceptance for nuclear energy in both Japan (Hong et al. 2013) and 

also in South-Korea (UNFCCC INDC Submission of South-Korea). This caused the nuclear 

share of Japanese electricity to be reduced from 25% in 2010 to 0% in 2014. On top of that, 

both countries depend heavily on imports of agricultural products and fossil fuels, while 

the lack of gas pipelines from natural gas suppliers forces them to import expensive LNG 

supplies. Due to this combination of reasons, Japan has seen an explosion of ground-based 

PV installations since 2011 onwards, increasing land prices for solar-suitable land plots 

(Hahn 2014).  
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Table 1: Relevant characteristics of target regions and the USA for comparison (current and projected 

data from GCAM reference scenario, following the settings as described in section 4.1) 

 
Population 

density 

(inhabitants 

per km2) 

Share of land 

Desert & 

Scrublands 

Share of land for 

agriculture (food 

& bio-energy 

crops) 

Agricultural self-

sufficiency 

(production / 

consumption) 

Per capita 

electricity 

use (GJ per 

capita) 

Energy self-

sufficiency [1] 

(production / 

consumption) 

Region: 2010 2050 2010 2050 2010 2050 2010 2050 2010 2050 2010 2050 

EU-27 128 119 4.0 % 3.7 % 25.8 % 26.6 % 111.8 % 119.2 % 23.9 36.1 43.5 % 44.5 % 

India 405 521 9.7 % 9.2 % 48.7 % 55.5 % 95.6 % 70.0 % 2.9 18.0 64.8 % 42.0 % 

Japan + South 
Korea 

429 399 2.1 % 1.9 % 10.6 % 14.2 % 55.3 % 56.8 % 33.0 42.8 9.8 % 21.0 % 

USA (for 
comparison) 

36 49 8.6 % 8.3 % 13.4 % 17.4 % 
 

 48.7 59.8   

[1] Nuclear energy is considered to be domestically produced for this statistic, despite the origin of the uranium 
inputs 
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3 OBJECTIVE  

The objective of this study is to analyse the impacts of increasing land-use competition due to 

renewable energy policies. Other studies, such as Nonhebel (2005), Denholm & Margolis (2008) 

and Capellán-Pérez et al. (2017), estimate the total land-use occupation due to renewable energy. 

Although the popularity of land use as an environmental indicator has increased in recent years, 

Fiala (2008) and van den Bergh & Grazi (2014) conclude that the land use footprint alone does not 

offer any meaningful information for public policy. This study therefore does not concentrate on 

the total land use for renewable energy, but on the direct and indirect impacts of the increased 

land competition it causes. Basically, we separate the impacts of increasing land competition in 

two parts: land use change emissions and the trade-off between food and energy security. We 

focus on three geographical areas: the EU-27, India, and Japan & South-Korea. An important 

contribution of the study is that it does not only measure the land-use impact of bio-energy, but 

also that of solar energy, which enables us to compare the impacts of land used for the installation 

of solar panels (PV) or concentrated solar power installations (CSP) with the impacts of growing 

bio-energy crops. 

Following Searchinger et al. (2008), Fargione et al. (2008), Laborde (2011), Overmars et al. (2011), 

this study tries to measure the impacts of renewable energy on land use change emissions. These 

can be direct due to the conversion of vegetation-rich areas, or indirect due to the conversion of 

croplands to bio-energy plantations or solar energy fields. Converting croplands to produce energy 

can trigger higher crop prices, and farmers around the world respond by clearing more forest and 

grassland to replace crops for feed and food (Searchinger et al. 2008). Like bio-energy plantations, 

solar fields require the land to be flat and empty, and can therefore not be combined with 

significant above-ground vegetation or food crops2.  

On top of that, we are able to identify another kind of emission leakage: intensive use of bio-

energy in one sector or one region causes the overall price of bioenergy to increase, due to which 

bio-energy demand in other sectors within the same region and in other regions will, in the absence 

of emission policies, be predominantly substituted by fossil energy. 

Aside from producing land use change emissions, converting croplands to produce bio-energy or 

solar energy moves food production away from the region and can potentially affect food security 

in the specific region by decreasing the agricultural self-sufficiency (either making it more 

dependent on agricultural imports or reducing food exports from the region). In exchange of that, 

if the produced energy replaces imported fossil fuels, energy security will increase by increasing 

the energy self-sufficiency of the region (Johansson 2013). This study will show that trade-off 

between food and energy security is related to different renewable energy scenarios. Both food 

security (Maxwell 1996) and energy security (Sovacool & Mukherjee 2011; Kruyt et al. 2009) are 

not straightforward concepts and therefore not easy to measure. For the purpose of this study, 

                                            

2 Land-based PV can be combined with food production for some shadow-tolerant crops, although practical applications 
of such a combination are very rare (Dupraz et al. 2011; Dinesh & Pearce 2016). 
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we will only focus on food and energy sovereignty, e.g. the level of food and energy self-sufficiency 

within the region. 

Finally, and in order to interact with regional policy debates, we introduce a specific alternative 

scenario for each region that might influence the results. These and the general scenarios will be 

explained in detail in section 4.2 and 4.3. 
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4 METHOD 

4.1 The model 

For the study, we use GCAM (Global Change Assessment Model) version 4.3, currently the most 

recent version3. The innovation of our analysis is in the solar-land module developed for the 

TRANSrisk project.4 This module introduces land competition between solar installations and other 

land uses. We also use a modification to the model to separate domestic from imported biomass 

energy, in order to control biomass imports. 

GCAM is a dynamic-recursive model with technology-rich representations of the economy, energy 

sector, land use and water linked to a climate model that can be used to explore climate change 

mitigation policies including carbon taxes, carbon trading, regulations and accelerated 

deployment of energy technology. Regional population and labour productivity growth assumptions 

drive the energy and land-use systems employing numerous technology options to produce, 

transform, and provide energy services as well as to produce agriculture and forest products, and 

to determine land use and land cover. Using a run period extending from 1990 – 2100 at 5 year 

intervals, GCAM has been used to explore the potential role of emerging energy supply 

technologies and the greenhouse gas consequences of specific policy measures or energy 

technology adoption such as carbon capture and storage, bioenergy, hydrogen systems, nuclear 

energy, renewable energy technology, or energy use technologies in buildings, industry and 

transportation sectors. GCAM is a Representative Concentration Pathway (RCP)-class model. This 

means it can be used to simulate scenarios, policies, and emission targets from various sources 

including those from the Intergovernmental Panel on Climate Change (IPCC). Output includes 

projections of future energy supply and demand and the resulting greenhouse gas emissions, 

radiative forcing and climate effects of 16 greenhouse gases, aerosols and short-lived species, 

contingent on assumptions about future population, economy, technology, and climate mitigation 

policy. 

In GCAM, the agriculture and land use module comprises of 283 subregions in terms of land use, 

based on a division of the extant agro-ecological zones (AEZs), which we derived from work 

performed for the GTAP project (Monfreda et al. 2009), within each of GCAM’s 32 global geo-

political regions. Within each of these 283 subregions, land is categorized into approximately a 

dozen types based on cover and use. Some of these types, such as tundra and desert, are not 

considered arable. Among arable land types, further divisions are made for lands historically in 

non-commercial uses such as forests and grasslands as well as commercial forestlands and 

croplands. Production of approximately twenty crops is currently modelled, with yields of each 

                                            

3 The model has been developed and is maintained by the Pacific Northwest National Laboratory. See 
http://jgcri.github.io/gcam-doc/toc.html for a detailed overview of the model 

4 The solar land module has been developed by the Basque Centre for Climate Change, BC3. 

http://jgcri.github.io/gcam-doc/toc.html
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specific to each of the 283 subregions. The model is designed to allow specification of different 

options for future crop management for each crop in each subregion. 

The overall structure of the energy system can be thought of as consisting of three main elements: 

energy resources, energy transformation, and final energy demands. It also tracks international 

trade in energy commodities. Consistent with the overall structure of GCAM, all the different 

elements of GCAM interact through market prices and physical flows. Technology choices are made 

based on prices using discrete choice methods (Train 2003; Clarke & Edmonds 1993). 

Solar energy is one of these technology choices. Solar energy is split between CSP, PV and rooftop-

PV. All these technologies are modelled to be intermittent, which means that an increasing 

amount of backup capacity is necessary if this output of this solar electricity surpasses 25% of the 

electricity mix. On top of that, the model includes CSP and PV storage technologies, where no 

backup is necessary, but which have significantly higher capital costs. 

There are several types of bioenergy resources in GCAM, including the following: traditional 

bioenergy production and use, bioenergy from residues and waste products, bioenergy from crops 

traditionally grown for food, and purpose-grown bioenergy crops. Traditional bioenergy consists 

of straw, dung, fuel wood and other energy forms that are utilized in an unrefined state in the 

traditional sector of an economy. Traditional bioenergy use, although significant in developing 

nations, is a relatively small component of global energy. Traditional biomass is modelled as 

becoming less economically competitive as regional income increases over the century. 

4.1.1 Model limitations for this study 

The goal of this study is to estimate the land-use impacts of realistic renewable energy scenarios 

in regions where land is relatively scarce. On top of realistic scenarios, and to stress the different 

scale of land-use impacts between renewable energy pathways, this study estimates the impacts 

of pathways focusing on a single source for renewable energy, such as biomass or solar. There are 

several limitations to the GCAM model for this goal. 

First, while the model does assign land requirements to first and third generation biomass 

production, the model does not assign land requirements to solar energy. As stated in the 

introduction, when solar panels are installed outside the built environment, it often competes for 

land with other uses such as agriculture or natural vegetation. For the purpose of this study, a 

special module was added to the model that assigns land to solar energy demand outside the built 

environment (see section 4.1.2 for a detailed explanation for this module). As solar energy can 

also be installed on wastelands that are not useful for any other purpose, section 4.1.4 explains 

how this possibility is included into the module. 

Second, there are some limitations in the way bio-energy is included within the model. First, bio-

energy is modelled as a global commodity, which means that bio-energy can be imported and 

exported to any region with equal transport costs per unit. In reality, bio-energy trade is not very 

common and certainly waste streams are normally used locally. Section 4.1.3 explains how this 
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assumption has been changed for the purpose of this study. Furthermore, the model does not make 

a difference between bio-energy for electricity and bio-energy for fuels, while in the real world, 

wood biomass is usually used to produce bio-electricity, whereas biofuels are usually produced 

using specific crops. This limitation has not been solved in this study. 

Finally, while the electricity market has seen some big changes between 2010 and 2015, the model 

is originally calibrated until 2010. This would strongly undermine the importance of solar energy 

in the electricity mix, and therefore the related land use impacts (see section 4.1.5 for the solution 

of this limitation). 

4.1.2 Solar land module 

In order to induce competition between land for solar energy and other land uses, we have 

constructed a solar land module for GCAM5. This land module is active from 2015 onwards, so 

every output of solar energy in the model will need a land input. The amount of land needed for 

every output of energy depends on the AEZ where it is installed. This “solar yield” of land depends 

on equation 1: 

𝜌𝑒
𝐴𝐸𝑍=𝐼𝐴𝐸𝑍∙𝑓1∙𝑓2∙𝑓3

𝐴𝐸𝑍
   equation (1) 

Here, the net solar power density per AEZ (𝜌𝑒) is estimated following the top-down approach from 

De Castro et al., (2013) and Smil (2015). The parameter I represents the annual average solar 

irradiance per AEZ (EJ/thousand km2) and the factors f1, f2 and f3 account for the losses related 

with the cell efficiency conversion, the averaged performance ratio over the life cycle of the PV 

power plant and the land-occupation ratio, respectively (See Capellán-Pérez et al. 2017 for more 

details). The land-occupation ratio (f3) also depends on the AEZ following equation 2: 

𝑓3
𝐴𝐸𝑍=𝐺𝑆𝑅∙𝑃𝐹𝐴𝐸𝑍   equation (2) 

Since the land-occupation ratio (f3) represents the actual land occupation of PV panels over the 

total land occupation of solar PV power plants, it depends both on the ratio between the total 

ground area required for PV array installation and the total area (Generator-to-system area, GSR) 

and the minimum ratio between the PV array and the total ground area required for PV array 

installation in order to avoid self-shading of solar panels (Packing factor, PF). We assume the GSR 

to be 0.7, which is in line with GIS-based observations of current solar installations (De Castro et 

al. 2013). 

                                            

5 See Appendix A for a detailed overview of this module 
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The packing factor again depends on the average latitude of each AEZ: the closer to the equator, 

the less space is needed between the different panels, so the higher the packing factor. The 

theoretical equation of PF dependent on the sun elevation, the sun azimuth and the tilt angle (see 

eq. 27 in Martín-Chivelet 2016), which can be simplified assuming that tilt coincides with the 

latitude (β= )ɲ and taking the conservative shading criterion of avoiding shading only at noon (sc1), 

the PF can be written as: 

𝑃𝐹𝐴𝐸𝑍(𝑠𝑐1)=𝑐𝑜𝑠 𝛽𝐴𝐸𝑍+
𝑠𝑖𝑛 𝛽𝐴𝐸𝑍

tan(66.55°−∅𝐴𝐸𝑍)
 

  equation (3) 

According to Ong et al. (2013), similar land use efficiency applies to PV and CSP power 

installations. Therefore, we apply the same solar land yield to PV and CSP technologies. However, 

if PV installations are connected to storage capacity, there will be a loss of electricity within the 

storage systems. Apart from significantly higher capital costs, this loss of electricity also yields a 

decreasing land use efficiency. Following Denholm & Margolis (2008), we assume a round-trip 

storage efficiency of 75% on existing technologies such as pumped hydroelectric storage or 

batteries, yielding a 25% lower land use efficiency. For CSP-storage technologies, this works 

differently as energy can be stored as steam before being transformed into electricity. To correct 

for the extra steam-capacity that is necessary to store the energy for a longer time, we assume a 

5% lower land use efficiency for CSP-storage technologies. 

Apart from land requirements, the solar power capacity per unit of output also depends on the 

solar radiation per AEZ. This dependence is generally modelled using the capacity factor. In order 

to model the AEZ-dependent capacity requirements, we adapted the capacity factor of PV in GCAM 

such that it depends on the average solar irradiance (parameter I) by AEZ. This will cause the 

model to allocate most solar capacity in AEZ regions with high solar irradiance due to energy 

technology competition. 

CSP technologies only use direct normal component of sunlight intensity and it is not realistically 

applicable in regions with low solar irradiance (Ummadisingu & Soni 2011). Therefore, we only 

allow CSP to enter the technology competition model in a few AEZ regions with high solar 

irradiance, such as southern Europe (southern Spain, Sicily, southern parts of Greece and parts of 

Bulgaria and Romania) and the north western part of India (mainly in the states of Rajasthan and 

Gujarat, following Mahtta et al. - 2014). We apply the same capacity factors for CSP in the EU and 

in India as is currently assumed in the GCAM model. We excluded CSP from Japan and South-Korea, 

due to climatic constraints.  

4.1.3 Bio-energy trade 

In the GCAM model, there is a global market for bio-energy with no difference in transport costs 

between locally produced bio-energy and imported bio-energy. Although it makes economic sense 

in various occasions to trade bio-energy resources over large distances due to large differences in 
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production costs, the transport costs are on average significantly higher (Hamelinck et al. 2005). 

In order to control the origin of biomass production and to represent the bio-energy market more 

realistically, we have separated domestic bio-energy production in the three focus markets (EU-

27, India, Japan + South-Korea). We assume that transport costs of imported bio-energy are twice 

as high as transport costs for domestically produced bio-energy6.  

This change is predominantly important for those scenarios where we focus on the land use impacts 

for scenarios concentrating on domestically produced bio-energy. 

4.1.4 Indian Wastelands 

By contrast to the EU, Japan and South-Korea and despite its high population density, India has 

plenty of wastelands. Wastelands are lands that are not used for human purposes, such as desert- 

and scrublands, degraded pasture and croplands, old mining grounds and various other land 

categories (ATLAS 2011). Installing solar power on wastelands avoids competition with agricultural 

land and therefore avoids significant land use impacts. By excluding lands with an average slope 

greater than 2.1% and lands with low solar irradiance, Mahtta et al. (2014) estimated the maximum 

amount of solar power capacity that could be installed on wastelands to be 6000 GW for PV and 

2500 GW for CSP. Using a 20% average capacity factor, this translates into 37.84 EJ per year and 

15.77 EJ per year of electricity of PV and CSP respectively.  

Although these lands are currently considered to be wastelands by the central government, some 

of these lands could potentially be turned into cropland or grazing land by, for example, chemical 

fertilisation. GCAM assumes that 10% of current grass- and scrublands could potentially overcome 

physical and bureaucratic limitations to be turned into commercial lands (cropland, grazing land 

or timber forest land). Since the purpose of this study is to measure the impacts on land 

competition, we respect the 10% rule and instead try to estimate the overlap between wastelands 

that could become commercial and wastelands that are suitable for solar power according to the 

restrictions made by Mahtta et al. (2014). We estimate that 13.4% of the solar power potential 

will be on lands that could also be turned into other commercial lands according to current GCAM 

assumptions. Since this 13.4% will already be included in the land competition module of GCAM, 

we modelled the remaining 86.6% of the solar power potential as an alternative “resource” that 

can host solar power capacity without entering into land use competitions. 

However, due to the limitations of solar capacity in desert- and scrublands, such as grid proximity, 

water availability and remoteness from inhabited places (see section 2), we assume that the 

construction and wiring costs of such installations (25% of total costs for large scale solar power 

projects in 2014 according to Hahn - 2014) could increase up to 100% in the most remote parts of 

these wastelands. On top of that, for CSP projects, the lack of cooling water could require air 

cooling, which consumes 7-9% of the produced electricity, while hybrid air/water cooling in the 

                                            

6 GCAM assumes a transport cost of 2.55$(2015) per GJ of biomass, which was changed to 2.10$(2015) for domestically 
produced biomass and 4.20$(2015) for imported biomass. 
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case of some water availability requires 5% of the produced electricity (DoE 2009). Therefore, the 

price of CSP in wasteland could increase by up to 9% of the installation costs due to water scarcity, 

and the maximum potential CSP output in wastelands drops by an average of 5% due to this limit. 

See table 2 for the total potential solar electricity in Indian wastelands and figure 2 for the extra 

costs per unit of output due to physical limits. 

Table 2: Potential solar capacity and electricity production in Indian wastelands according to Mahtta et 
al. (2014) 

PV CSP  

6,000 2,500 GW (Mahtta et al. 2014) 

37.84 15.77 max EJ (based on 20% average capacity factor) 

32.76 13.65 max EJ after wasteland correction (86.6%) 

32.76 12.97 max EJ after distracting air cooling inefficiency CSP 

 

 

 

 

Figure 3: additional costs of solar power in wastelands due to increasing construction costs and air 
cooling inefficiency costs 

Scrub- and grasslands that are potentially available for agricultural purposes are also the 

“wastelands” most attractive for solar development, as they suffer less constraints due to 

availability of cooling water. The model structure for solar power in Indian wastelands implies 

that wastelands will only be used for solar generation if land competition causes prices to rise to 

a level where they surpass the additional costs per EJ experienced in wastelands. This means that 

the wastelands that can be commercialised for agricultural uses (10% of scrub and grasslands) are 

often also the first to be converted into land for solar power, as the additional construction and 

air cooling costs do not apply for these regions. 

4.1.5 Model calibration 2015 

Version 4.3 of the GCAM model is calibrated until 2010. This means that by structure, the 

technological “preferences” of 2010 are remembered into the future. This has significant 
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implications for solar energy. The actual output of solar electricity in 2015 (IEA energy balances) 

is a lot higher than the modelled output in GCAM in 2015 (4 times higher in the EU and 10 times 

higher in Japan). This increased “preference” has obviously important implications for actual and 

future land use for solar power. Therefore, to take these developments into account, we have 

calibrated the electricity mix and total electricity consumption for the EU, India, Japan and South-

Korea for 2015 following the IEA energy balance database7. In order to also have a proper estimate 

about the allocation of solar power between residential and ground-based applications in the EU 

and in Japan, we used estimates from the Fraunhofer Institute for Solar Energy Systems (2016) 

and Hahn (2014) respectively. Preferences for all technologies are modelled to converge by 2050, 

such that the electricity mix will be purely based on cost optimality by the end of our projections. 

Nuclear power in Japan, which is absent in 2015 due to the Fukushima incident in 2011, is modelled 

to return step by step such that it represents 20% of Japanese electricity by 2030, as is projected 

in the Japanese INDC submission. 

4.2 Scenarios 

In order to measure the land use impacts of renewable energy scenarios, we run several scenarios 

allowing us to compare the impacts of different pathways in different regions. We concentrate 

solely on electricity, as this is a sector where both bio-energy and solar energy can be applied and 

thus compared. In order to demonstrate policy-relevant amount of renewable energy penetration, 

the real renewable electricity (including biomass, solar, wind, hydro and geothermal power) 

targets of every region are extracted for 2030, and the 2050 targets are based on an extrapolation 

of these policies that are consistent with overall Nationally Determined Contributions submitted 

to the UNFCCC for the Paris Agreement8. See table 3 for the assumed renewable electricity 

scenarios for every region. 

Subsequently, we run four different pathways for every region to reach their renewable electricity 

target: 

- Free mix: there will be a competitive process between different renewable energy 

technologies in order to reach the target at lowest costs. This scenario should represent 

the reality as much as possible, taking optimal side conditions as given. 

- Only non-land-intensive technologies: the target is reached using a combination of wind, 

geothermal and hydro power (and nuclear in the case of India)9.  

- Only domestic biomass: the target is reached with biomass technologies which only 

consume bio-energy supplied within the same region. Hydro power output stays constant 

as well.  

                                            

7 http://www.iea.org/statistics/ 
8 http://www4.unfccc.int/Submissions/INDC/Submission%20Pages/submissions.aspx 
9 In the case of non-storage technologies, backup power is provided by gas-power if necessary. 
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- Only solar energy: the target is reached using only solar technologies, including rooftop 

and land-based PV and CSP. Hydro power output stays constant as well. 

This structure allows us to compare the land use impacts of different pathways by comparing the 

non-land based technology scenario with all other scenarios. In order to make a fair comparison 

between the scenarios, we forced electricity output to be equal among all scenarios. Furthermore, 

the renewable electricity pathways are considered to be subsidy-driven, such that the level of the 

subsidy depends on the level of the target and the costs of the different renewable energy 

technologies that are allowed within the scenario.  

Table 3: Assumed renewable electricity targets for modelled regions 

Region: Target 2020 Target 2030 Target 2040 Target 2050 

EU-27 25 % 40 % [3] 60 % 80 % [7] 

India [1] 20 % 30 % [4] 42.5 % 60 % [7] 

Japan [2] 15 % 23 % [5] 40 % 50 % [7] 

South Korea [2] 10 % 21 % [6] 40 % 50 % [7] 

[1] India target includes nuclear power 

[2] Although we run Japan and South Korea as one case study, both countries have their own specific 
renewable energy targets 

[3] Translation of 27 % renewable energy target (EU INDC) to renewable electricity requirements 

[4] Translation of 40 % renewable power capacity target (India INDC) to approximate renewable power 
output 

[5] Based on Japan INDC 

[6] Based on current energy policies (Asia Pacific Energy Research Centre 2016) 

[7] Extrapolation of 2030 targets in line with Article 2 of the Paris Agreement 

4.3 Case studies 

In order to add some policy relevance to this study, we add a region-specific scenario for the “free 

mix” pathway, to see how region-specific policy decisions could impact the electricity mix, the 

land use impacts and the amount of extra subsidies it would involve. 

4.3.1 European Union: strength by diversification 

Currently, energy security is an important issue in Europe (Belkin & Morelli 2007) and without 

energy policies, dependence on imported energy is not expected to decrease (see Table 1). A 

transition towards renewable energy is expected to increase energy security as renewable energy 

is typically produced within the region’s borders, apart from imported bio-energy and cross-border 

projects such as DESERTEC (Lilliestam & Ellenbeck 2011). However, energy self-sufficiency is not 

the only factor determining energy security, as energy diversity is an important factor as well. 

Hence, switching from imported energy to a single source of domestically produced energy, might 
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result on switching one vulnerability for another one (Johansson 2013; Kruyt et al. 2009). 

Moreover, van de Ven & Fouquet (2017) concluded, based on 300 years of historical evidence, that 

an economy with a diverse energy mix from domestically produced sources is the least vulnerable 

to both supply and demand shocks on energy prices.  

Since the renewable electricity target of the EU (see Table 3) already ensures that nearly all 

electricity is produced domestically by 2050, this case study analyses a policy that prevents any 

particular renewable energy technology from supplying over 50% of the renewable energy target 

of the EU. Such a policy will guarantee the diversity of the energy mix and therefore increase 

energy security by decreasing the vulnerability of the EU economy to energy supply shocks. 

4.3.2  India: no energy where growing food 

With the advent of Jawaharlal Nehru National Solar Mission (JNNSM) in 2009 as a policy framework 

under the National Action Plan on Climate Change (NAPCC), it is clear that solar energy is supposed 

to play a large role in the renewable energy targets of India. At the same time, food security is an 

important issue in India (Godfray et al. 2010) and agricultural self-sufficiency is expected to drop 

strongly between now and 2050 (see Table 1). Mahtta et al. (2014) find, however, that significant 

amounts of solar power can be installed on wastelands (as identified by ATLAS, 2011), without 

competing with food production.  

This case study therefore analyses a scenario where all solar power in India must be produced on 

wastelands in order to prevent food security problems due to a declining agricultural self-

sufficiency from worsening. Section 4.1.4 explains in detail how we have included the possibility 

of installing solar power on wastelands in GCAM. 

4.3.3 Japan & South-Korea: Fukushima aftermath 

Whereas Japan had originally planned to increase energy security by expanding nuclear energy 

(National Policy Unit, 2012), the Fukushima nuclear accident in March 2011 has increased social 

and political reluctance to embrace nuclear power in Japan. Other options to increase energy 

security without nuclear power must therefore be considered (Hong et al. 2013; Hayashi & Hughes 

2013). The accident has also influenced the decision of South-Korea, which suffers similar energy 

security concerns than Japan, of reducing its 2029 nuclear energy target share from 41% to 23.4% 

due to public environmental and safety concerns (Asia Pacific Energy Research Centre 2016).  

Given these policy changes regarding nuclear power since the Fukushima accident, it seems that 

the consequential risks of a nuclear-based power supply has been considered unacceptable by 

many citizens and stakeholders in Japan and South-Korea. Therefore, this case study will analyse 

a scenario where nuclear energy will be phased out of the electricity mix. In Japan this implies 

that all nuclear installations will be directly dismantled after they were already shut down after 

the Fukushima disaster in 2011. In South-Korea this implies that the currently active nuclear 

installations will be dismantled at the end of their economic lifetime, and there will be no new 
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nuclear capacity built. The decline in electricity production due to this measure will be fully offset 

by an increase in renewable energy production. 
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5 RESULTS 

This section presents the results for the scenarios discussed in section 4.2, using the model settings 

as discussed in section 4.1, and interprets these results along with the objective discussed in 

section 3. Section 5.1 will go through the overall results of the scenarios, section 5.2 will look at 

the impacts of the different scenarios on land-use change emissions, section 5.3 at their impacts 

on agricultural self-sufficiency and the trade-off between agricultural and energy self-sufficiency. 

Finally, section 5.4 will go through the impacts that relevant region-specific policies can have on 

these results. 

5.1 Overview of results 

In order to improve the understanding of the impacts of the different scenarios in our study, we 

will show some general results in this section. Figure 4, Figure 5 and Figure 6 show the evolution 

of the electricity demand and the electricity mix in 2050 for each scenario respectively in the EU-

27, India and Japan together with South-Korea. As we can see, in a competitive mix of renewable 

energy, wind energy strongly dominates the renewable mix in the EU-27, while solar energy slightly 

dominates the mix in India. In Japan and South-Korea, the joint electricity mix looks more equally 

distributed, but in fact wind energy is dominating the renewable mix in Japan and solar energy in 

South-Korea. We also see that the Fukushima disaster had a significant impact on the electricity 

mix in the base year 2015: the output of nuclear electricity halved, being largely replaced by 

(predominantly imported) fossil fuels. 

 

 
 

Figure 4: Electricity demand evolution and renewables mix by 2050 in EU-27 in 4 RE scenarios 
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Figure 5: Electricity demand evolution and renewables mix by 2050 in India in 4 RE scenarios 

 

 

 

Figure 6: Electricity demand evolution and renewables mix by 2050 in Japan and South-Korea (added 
up together) in 4 RE scenarios 
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of a carbon price that taxes fossil energy, a considerable number of subsidies is necessary to force 
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needed depends strongly on the scenario, where a competitive mix will always ensure that the 

target is reached with the least amount of subsidies. Table 4 shows that the most expensive 
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scenario in every region is the bio-energy option, whereas the costs of the other scenarios vary 

strongly between the regions. 

Table 4 also shows the share of imports in bio-energy supply and the share of land that is used for 

agriculture, bio-energy and solar energy. This data is particularly helpful to interpret the results 

in the next two sections on the land use impacts of the modelled scenarios. For example, the 

import share of bio-energy changes per region and scenario partly explains why the scenario 

focusing on bio-energy has different land-use impacts in each region, while the share of land used 

for agriculture, bio-energy and solar energy gives more insight on how the land distribution 

changes as a result of renewable energy scenarios. 

Table 4: Various scenario characteristics to help to interpret core results 

Region / 
Scenario 

Total amount 
of policy 

subsidies in 
trillion 
$(2015) 

Policy 
subsidy in 

$(2015) per 
GJ of renew. 

electricity 

Import share 
of bio-energy 

Share of land 
dedicated to 
agriculture 

by 2050 

Share of land 
dedicated to 
bio-energy 

by 2050 

Share of land 
dedicated to 
solar energy 

by 2050 

EU-27:       

Competitive 
mix 

1.15 20.5 11.3% 22.3% 3.7% 0.1% 

Only Wind / 
Geoth. 

1.15 20.5 10.1% 22.7% 3.1% 0.0% 

Only Solar 2.20 39.2 10.4% 21.3% 3.1% 3.0% 

Only Bioenergy 2.23 39.6 29.8% 17.3% 13.9% 0.0% 

India:       

Competitive 
mix 

0.79 18.3 20.6% 52.3% 2.7% 0.8% 

Only Wind / 
Geoth. / Nucl. 

0.83 19.2 16.9% 53.1% 2.3% 0.0% 

Only Solar 0.88 20.4 17.1% 52.1% 2.2% 1.5% 

Only Bioenergy 1.65 38.2 57.4% 49.8% 6.9% 0.0% 

Japan +      
South-Korea: 

      

Competitive 
mix 

0.36 26.5 23.3% 8.3% 6.8% 1.5% 

Only Wind / 
Geoth. 

0.47 34.5 14.4% 9.3% 4.3% 0.1% 

Only Solar 0.47 33.8 15.0% 8.3% 4.2% 4.1% 

Only Bioenergy 0.55 39.8 62.1% 6.1% 15.1% 0.1% 

[1] The carbon intensity of replaced electricity varies by region and depends on the current electricity mix, the 
level of the renewable energy target and other region-specific parameters as programmed in GCAM. The 
replaced electricity over the period 2020-2050 had on average intensity of 13 kgC/GJ in EU-27, 25.4 kgC/GJ in 
India and 22 kgC/GJ in Japan and South-Korea. 
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5.2 Impacts on emissions: land-use and crowding out 

Using large amounts of land to produce renewable energy, as is necessary for purpose-grown 

biomass and to a lesser extend also for land-based solar energy, has severe consequential risks 

(negative impacts) for global land use. It can directly lead to land-use change emissions if natural 

land is converted in order to produce energy or indirectly if agricultural land is converted to 

produce energy, requiring land in another part of the planet to be converted into cropland in order 

to fulfil agricultural demand.  

Comparing the scenarios as presented in section 4.2, we can identify the land-use change 

emissions related to a transition towards renewables in the electricity sectors of the EU, India, 

Japan and South-Korea. Table 5 separately shows the domestic and foreign land-use change 

emissions due to the use of land-based renewable electricity. It puts these emissions in perspective 

by comparing them with the hypothetically avoided emissions (in the case of gas- or coal-fired 

electricity) and with the actually avoided average emissions per gigajoule (GJ) of renewable 

energy in the case of the renewable energy targets as proposed in section 4.2.   

Following these results, land use change due to solar energy production leads to around 2.3 kg  of 

carbon per GJ of electricity (9.1% of that of gas-fired electricity) in temperate climates such as in 

the EU, Japan and South-Korea, whereas it leads to less than 1 kg of carbon (3.7% of that of gas-

fired electricity) in the hotter regions of India. This difference is the result of a higher solar 

irradiance and less space needed between rows of solar panels in India, but also due to the lower 

agricultural yields, which reduce indirect land-use change emissions. Also, the share of solar 

energy from rooftops and wastelands, with no effects on land use change, is larger in India (9.3% 

of total solar energy supply) than in the EU (4.2%) and Japan and South Korea (5.5%). 

In comparison, using bio-energy to reach the renewable electricity targets leads to 7.5 to 10 kg of 

carbon per GJ of electricity, which is equal to 30 to 40% of the emissions from gas-fired electricity. 

The main reason why these emissions are higher in the EU compared to India, Japan and South-

Korea is that the supply of bio-energy in the EU predominantly comes from within the region itself, 

while the severe lack of suitable land requires India, Japan and South-Korea to import the majority 

of their bio-energy from other regions (see Table 4). This leads to higher costs due to 

transportation but the land impact of imported bio-energy is generally lower, since it is often 

produced on suitable lands with initially no or limited agricultural production.  

Finally, in a competitive renewable energy mix, the final impact on land is smaller due to the 

possibility of using wind, geothermal and nuclear (in the case of India) to reach the renewable 

energy target. However, this more realistic scenario shows that land use change emissions are a 

non-negligible co-effect of renewable energy production in relatively land-scarce regions, 

offsetting 3 to 9% of the total emission savings. 
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Table 5: Land use change emissions due to renewable electricity transition in EU-27, India, Japan & 
South-Korea 

 
Compared to the scenario where the target is reached using only non-land occupying 

technologies (wind, geothermal, nuclear) 

Region / 
Scenario 

Domestic 
Land Use 
Change 

emissions 
(kg/C per GJ) 

Foreign Land 
Use Change 
emissions 

(kg/C per GJ) 

Total Land 
Use Change 
emissions 

(kg/C per GJ) 

Relative to 
emissions 
from gas-

fired 
electricity [1] 

Relative to 
emissions 
from coal-

fired 
electricity [2] 

Relative to 
CO-intensity 
of replaced 

electricity [3] 

EU-27:       

Only Solar 2.34 -0.07 2.27 9.1% 3.4% 17.5% 

Only Bioenergy 7.08 2.99 10.07 40.3% 14.9% 77.8% 

Competitive 
mix 

0.65 0.00 0.65 2.6% 1.0% 5.0% 

India:       

Only Solar 0.59 0.34 0.94 3.7% 1.4% 3.7% 

Only Bioenergy -0.08 7.93 7.86 31.4% 11.6% 31.0% 

Competitive 
mix 

0.29 0.46 0.75 3.0% 1.1% 2.9% 

Japan +      
South-Korea: 

      

Only Solar 2.23 0.04 2.28 9.1% 3.4% 10.4% 

Only Bioenergy 4.32 3.24 7.55 30.2% 11.2% 34.3% 

Competitive 
mix 

1.89 0.02 1.91 7.6% 2.8% 8.7% 

[1] The carbon intensity of gas-fired electricity is assumed to be 25 kg/C per GJ, using a 56.5% all-round 
efficiency (based upon combined-cycle natural gas plants around 2015) 

[2] The carbon intensity of coal-fired electricity is assumed to be 67.5 kg/C per GJ, using a 40% all-round 
efficiency (based upon conventional coal plants around 2015) 

[3] The carbon intensity of replaced electricity varies by region and depends on the current electricity mix, the 
level of the renewable energy target and other region-specific parameters as programmed in GCAM. The 
replaced electricity over the period 2020-2050 had on average intensity of 13 kg/C per GJ in EU-27, 25.4 kg/C 
per GJ in India and 22 kg/C per GJ in Japan and South-Korea. 

Apart from land use change emissions, an increased use of land-intensive energy technologies in 

one sector in a specific region can lead to ‘crowding-out’ effects of bio-energy in other sectors 

within the same region or in other regions, by increasing the pressure on land resources and 

therefore the price of land-intensive renewable energy technologies. In the absence of a policy 

that sets a maximum for the total quantity of emissions, this crowding-out effect will inevitably 

lead to more emissions from fossil fuel consumption to replace the bio-energy in these other 

sectors or regions. 

Figure 7 shows that in the absence of emission policies in other sectors or regions, the impacts of 

these effects in a bio-energy scenario can be even larger than the impacts of land use change, 

certainly if a large share of the biomass is imported from other regions (as is the case in India, 
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Japan and South-Korea, see Reaching these targets for renewable energy penetration is not ‘free 

of charge’. In the absence of a carbon price that taxes fossil energy, a considerable number of 

subsidies is necessary to force renewable energy to substitute fossil energy out of the electricity 

mix. The amount of subsidy needed depends strongly on the scenario, where a competitive mix 

will always ensure that the target is reached with the least amount of subsidies. Table 4 shows 

that the most expensive scenario in every region is the bio-energy option, whereas the costs of 

the other scenarios vary strongly between the regions. 

Table 4 also shows the share of imports in bio-energy supply and the share of land that is used for 

agriculture, bio-energy and solar energy. This data is particularly helpful to interpret the results 

in the next two sections on the land use impacts of the modelled scenarios. For example, the 

import share of bio-energy changes per region and scenario partly explains why the scenario 

focusing on bio-energy has different land-use impacts in each region, while the share of land used 

for agriculture, bio-energy and solar energy gives more insight on how the land distribution 

changes as a result of renewable energy scenarios. 

Table 4). However, the impact of these effects depends strongly on the existence of emission 

policies in these other sectors or other regions. 

 

Figure 7: Leaking emissions from renewable electricity scenarios through land use change and crowding 
out of bio-energy compared to a scenario with only non-land occupying technologies (wind, geothermal, 
nuclear) in the case of no emission policies. 

5.3 Agricultural vs energy self-sufficiency 

Many global agricultural and energy policies are motivated by food and energy security 

respectively (Maxwell 1996; Johansson 2013). Given the fact that large quantities of land have 

been dedicated to agricultural production nowadays (see Table 1), land use intensive renewable 

energy production will inevitably affect agricultural production within the region. With unchanging 

agricultural demand, it will decrease agricultural self-sufficiency. Figure 8 shows that without the 
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penetration of land-intensive renewable energy in the electricity mix, agricultural self-sufficiency 

will stay equally high at around 120% in the EU-27, decrease from 90% to 70% in India and stay 

equally low around 60% in Japan and South-Korea. The figure also shows that land intensive 

renewable energy scenarios could lower agricultural self-sufficiency by up to 17%, dependent on 

the region and the mix of technologies. This can be particularly negative for regions in which 

agricultural self-sufficiency is already low (Japan & South-Korea) or already declining (India).  

Agricultural self-sufficiency is thus expected to decrease with a transition of the electricity mix 

towards renewable energies. However, due to the large dependence on imported fossil fuels of 

these three regions10, energy self-sufficiency actually increases in almost every scenario. Figure 9 

shows that the decline in agricultural self-sufficiency is more than offset by the large increase of 

energy self-sufficiency in most renewable energy scenarios.  

   

Figure 8: Development of agricultural self-sufficiency from 2015 to 2050 in four different scenarios 
for the electricity mix 

                                            

10 We have used the fossil fuel production projections from EIA (2017) for the projections of energy supply in the EU-27, 
India, Japan and South-Korea. 
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Figure 9: Energy and agricultural self-sufficiency compared to a scenario without renewable energy 
policies11 

5.4 Regional case study impacts 

In section 4.3 we discussed a specific case study policy for each of the 3 regions of this study. To 

summarise, these policies assume: 

- EU-27: a requirement of energy diversity in the renewable electricity target  

- India: prohibition of solar power installations on agricultural land 

- Japan + South-Korea: nuclear power phase-out due to the decline of public acceptability 

These specific policies have impacts on the electricity mix and the amount of subsidy necessary 

to reach the target, but also on land use change emissions and agricultural self-sufficiency. 

                                            

11 There will still be some renewable energy in the scenario without renewable energy policies, which explains why 
agricultural self-sufficiency actually increases if the renewable energy target is reached with technologies that do 
not need land inputs, such as wind, geothermal and nuclear. 
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Figure 10: Impact of case study policies on electricity mix in 2050 

Figure 10 shows the impact of each case study policy on the region’s electricity mix. Here we see 

that the electricity mix of the EU in 2050 has become more diversified, with wind energy making 

space for predominantly solar energy. We also see that the prohibition to install solar power on 

agricultural land in India slightly decreases investments in Indian solar power. Instead, it leads to 

an increase in investments in predominantly nuclear power. Finally, we see that the phase-out of 

nuclear energy in Japan and South-Korea12 requires more wind power, solar power and bio-energy 

power to enter into the electricity mix. The first column of Table 6 shows that either one of these 

case study policies increase the amount of subsidies necessary to achieve the renewable electricity 

target.  

Table 6: Impacts of region-specific case study policies on policy subsidies, land use change emissions 
and agricultural self-sufficiency 

  
Compared to the scenario where the target is reached using only non-

land occupying technologies (wind, geothermal, nuclear) 

Region / Scenario 

Policy subsidy 
in $(2015) 
per GJ of 
renew. 

electricity 

Land Use Change 
emissions from 

renewable 
electricity 

(kg/C per GJ) 

Relative to 
emissions from 

gas-fired 
electricity [1] 

Relative to CO-
intensity of 
replaced 

electricity [2] 

Change in 
Agricultural 

self-sufficiency 
by 2050 

EU-27:      

Competitive mix 20.5 0.65 2.6% 5.0% -1.15% 

Comp. mix + 
Energy diversity 

policy 
27.4 2.22 8.9% 17.1% -3.86% 

India:      

                                            

12 The remaining part of nuclear energy in the 2050 electricity mix exists of South-Korean installations reaching the end 
of their economic lifetime. 
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Competitive mix 18.3 0.75 3.0% 2.9% -1.07% 

Comp. mix + 
Wasteland policy 

19.7 0.34 1.3% 1.3% -0.65% 

Japan +       

South-Korea: 
     

Competitive mix 26.5 1.91 7.7% 8.7% -4.99% 

Comp. mix + 
Nuclear phase-out 

29.7 2.57 10.3% 11.7% -6.77% 

[1] The carbon intensity of gas-fired electricity is assumed to be 25 kg/C per GJ, using a 56.5% all-round 
efficiency (based upon combined-cycle natural gas plants around 2015) 

[2] The carbon intensity of replaced electricity varies by region and depends on the current electricity mix, 
the level of the renewable energy target and other region-specific parameters as programmed in GCAM. The 
replaced electricity over the period 2020-2050 had on average intensity of 13 kg/C per GJ in EU-27, 25.4 kg/C 
per GJ in India and 22 kg/C per GJ in Japan and South-Korea. 

The substantial increase of solar energy in the EU-27 electricity mix causes land use change 

emissions to increase significantly to around 2 kg of carbon per GJ of electricity, which is around 

9% of the emissions from gas-fired electricity. This increase also substantially lowers agricultural 

self-sufficiency. However, given the fact that food security is much less of an issue than energy 

security in the EU-27, a trade-off could make sense, allowing agricultural self-sufficiency to 

decrease (but staying comfortably above 100%, see Figure 8) in order to achieve a higher level of 

energy security through diversity of the electricity mix. The main concern is whether it is worth 

the significant increase in policy costs and land use change emissions. 

The prohibition to install solar power on agricultural lands in India forces investors to focus on 

either rooftops or wastelands, both increasing construction and wiring costs. This shift from 

cropland-based solar power to predominantly wasteland-based solar power and nuclear power 

decreases the land use impacts of renewable energy in India - which were already low relative to 

the EU-27, Japan and South-Korea - to the minimum. However, due to a slight increase in bio-

energy power, the overall impact of this policy on agricultural self-sufficiency is minimal.  

Finally, a nuclear phase-out policy in Japan and South-Korea leads to around 33% more land use 

change emissions from renewable electricity and a similar decrease in agricultural self-sufficiency 

due to a larger share of bio-energy and solar energy in the electricity mix. In the light of an effort 

to simultaneously mitigate climate change and increase energy security, it will be up to 

policymakers and other stakeholders in Japan and South-Korea whether these increased land-use 

impacts weigh up against the benefits of decreasing the consequential risks related to nuclear 

power. 
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6 CONCLUSIONS AND POLICY RECOMMENDATIONS 

The purpose of this study was to clarify the consequential land use risks of a transition to 

renewable energy, which is an indispensable element of the climate mitigation portfolio (IPCC, 

2014). Several studies have already estimated the land-use impacts of biofuels (Searchinger et al. 

2008; Laborde 2011; Fargione et al. 2008; Overmars et al. 2011), while others have estimated the 

land footprint of solar energy (Capellán-Pérez et al., 2017; Denholm & Margolis, 2008; Hernandez 

et al., 2016). However, so far no studies were found in which the direct and indirect land use 

impacts of a variety of different renewable energy transition pathways were compared.  

With the help of the integrated assessment model (GCAM), including a newly developed module 

that assigns the geographically-dependent land requirements for solar power, we were able to 

measure the impacts of different renewable transition pathways for the electricity sectors of the 

EU-27, India, Japan and South-Korea on both domestic and foreign land use change emissions, as 

well as their impact on agricultural self-sufficiency, an important indicator of food security. We 

found that land use change emissions from solar and bio-energy power could yield up to 9.1% and 

40.3% respectively of the emissions from gas-fired electricity, while land use change emissions 

from more realistic transition pathways for the electricity sector would represent 3 to 9% of the 

avoided fossil fuel emissions. It is therefore important to combine policies focusing on energy 

emissions with policies focusing on land-use emissions in order to minimise these collateral effects 

of renewable energy deployment (Calvin et al. 2014). We also found that the expansion of land-

intensive renewable energy use in the electricity sector will decrease agricultural self-sufficiency, 

but this decrease will be more than offset by an increase in energy self-sufficiency in most 

scenarios. 

Apart from these general results, we analysed the impacts that some region-specific renewable 

energy policies can have on the electricity mix, on land use and on policy costs. It turns out that 

an increase of energy diversity in the EU-27 in order to improve energy security comes at the 

expense of significant policy costs and land use change emissions, mainly due to the increase of 

solar power in the electricity mix. A prohibition on installing solar power on agricultural land in 

India brings the land use impacts of a renewable energy transition in India to the minimum, while 

it helps little to improve food security. The trade-off is slightly a higher policy cost and a partial 

substitution of solar power by nuclear power. Finally, phasing out nuclear power in Japan and 

South-Korea combined with an increase in the renewable energy target in order to maintain energy 

security comes at relatively low costs in terms of extra subsidy spending and land use change 

emissions. 

Our study was also bound to certain limitations. For example, in developing the solar land module, 

we were limited to the land-use module of GCAM, which did not enable us to exclude specific 

lands where solar power is unsuitable. Therefore, we have to explicitly assume that the lands that 

are used for solar power in the model are indeed suitable. Apart from that, we have taken the 

GCAM assumptions on electricity supply and costs as given, while they might not always be 

realistic. For example, the results presented in Figure 4 on the European electricity mix under 

free competition seem to reserve a very high share for wind power, while other studies tend to 
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give less weight to wind power (Spiecker & Weber 2014). Finally, the inability of the model to 

separate biomass resources for bio-electricity and biofuels could overestimate the land use 

impacts related to bio-energy, whereas the possibility to use the waste heat related with bio-

electricity production for industrial or residential purposes (Combined Heat- and Power) has been 

ignored as the focus of this study is on the electricity sector only. 

Given the outcomes of this study, policymakers should take land-use impacts into account when 

developing renewable energy policies. A dependence on large amounts of bio-energy comes with 

very significant impacts on land use change emissions and food security. Therefore, current 

climate policies that are based on large amounts of negative emissions in the future through the 

combination of biomass with carbon capture and storage (Anderson & Peters 2016), should also 

take these external effects related to land use change and food security into account. But also 

large scale solar power - traditionally seen as an energy source without significant trade-offs - 

does not come without land use impacts, although these impacts are not substantial in high 

irradiance latitudes such as in India.  

If policymakers cannot navigate around the use of substantial amounts of bio-energy and solar 

energy for achieving renewable energy targets and mitigating climate change, they are 

recommended to intervene with the supply of these types of energy instead of leaving it to the 

market. For example, bio-energy supply could be restricted to agricultural and municipal residues, 

sustainably harvested wood and bio-energy from systems integrated with agriculture and forestry 

production (Tilman et al. 2009; Berndes et al. 2015), whereas substantial efforts can be done to 

maximise solar energy production within the built environment (Hernandez et al., 2015) or to 

integrate solar energy with agriculture, also known as the agrivoltaic concept (Dupraz et al., 2011; 

Dinesh & Pearce, 2016). 
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8 APPENDIX A 

3.2: Solar land module (EU-15, EU-12, India, Japan, South-Korea) 

1. In Landnode AgroForestLand > AgroForest_NonPasture > CropLand, an extra LandLeaf was 

introduced for every AEZ, called SolarLand: 

o This LandLeaf is modelled as a new technology from 2015 onwards 

o We have maintained the “default-share” (according to Page the share of cropland 

that can be attributed to new technologies, in the reference only purpose-grown 

biomass). 

o This new LandLeaf competes following the GCAM LandNode tree, see figure 

below: 

 

Source: (Kyle et al. 2011) 

2. A new AgSupplySector has been added, called solarlandAEZx: 

o Separate AgSupplySector for every AEZ (note that normal crops have one 

supplysector that is produced in different AEZs) 

o EU-15 market (so no trade) with 0 original price and 0 “non-land variable costs”, 

assuming that these would be included in the PV technology costs. 

o “Yield” for every AgSupplySector, which correspond to the power density 

(EJ/thous*km2*year) per AEZi from the file “solar-power-density-GCAM-

Sept2015_for-Pralit.xlsx”. No change in yields over time for the moment (f1, f2 

and f3 are kept constant): 

𝜌𝑒
𝑖=𝐼𝑖∙𝑓1∙𝑓2∙𝑓3

𝑖
   equation (2) 

o Both solar irradiance (I) and the land occupation ratio (parameter f3) 

depend on the AEZ. The translation from average latitude per AEZ to land 

occupation ratio is explained in Appendix A. 
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3. Introduced new “global intermittent-technologies” for each AEZ in the EU-15 region 

(called PV_AEZx) 

o Identical inputs to original PV technology in GCAM (e.g. lifetime of 30 years, 

capital costs, etc.), except: 

Á “minicam-energy-input”, which is “solarlandAEZx” 

o PV use in calibration years is distributed over the different new AEZ technologies 

by a best attempt to match PV output per EU-15 country to the AEZs in GCAM (See 

appendix 1) 

Á Logit of sector for now put to 3, which means a moderate speed of PV 

convergence from initial allocation towards optimized allocation (by 

around 2050, the allocation is as if there was no calibration year input) 

Á No land-use input for these technologies in calibration years13  

o The shareweight of CSP is put to 0 for simplified modelling and interpretation. 

This means no new CSP installations will be built from 2015 onwards, but there 

will be electricity production until the end of lifetime of existent plants. 

4. Introduced new technologies in EU-15 solar subsector 

o For the AEZs that are existent in EU-15 

o Respecting the output of PV and CSP until 2010 

o For the capacity factor of the new PV_AEZ technologies: 

Á The capacity factor of current PV in EU-15 (0.1831, from the file 

“L223.StubTechCapFactor_elec.csv”) is assumed to be the average 

capacity factor of current PV installation. Following the same assumed AEZ 

distribution of PV in 2010 (see point 3, appendix 1), it can be calculated to 

which relative mix of AEZs this capacity factor applies to (it appeared to 

be close to AEZ10, a bit in the direction of AEZ9) 

Á The capacity factor of all the PV_AEZ technologies is based on the relative 

value of EJ/thous*km2*year compared to that of “average” AEZ allocation 

in 2010. This method is chosen to respect the estimations of GCAM on 

average global PV capacity factors. 

Hence, two impacts of solar irradiance differences are taken into account: 

- The impact on technology costs: more radiation means more electricity for same price. 

This part is covered by point 4. 

- The impact on land use: more radiation means less land necessary for the same amount 

of final delivered electricity. This part is covered by point 2. 

Equations 

1) Energy module: total cost of PV technology = capital cost + O&M + “fuel cost” 

o capital cost: from GCAM (dependent on CF), 

o O&M: from GCAM, 

o “fuel costs” = Land costs. 

                                            

13 This causes the model run to show a message between 2010 and 2015 saying that the global 
technology input of each AEZ technology has been changed. This has no consequences so the 
message can be ignored.  



 

 
 

 

D4.4.6 Land-use impacts from renewable energy policies Page 41 
 

2) AgLU module: After the competition of technologies to supply the final electricity 

demand, an amount of EJ are produced by PV. The eq. (1) based on the solar power 

density by AEZ indicates how much land is required, which allows to compute the land 

costs based on the scarcity of land (the non-land variable costs per unit of land are 

assumed here 0 since they are already included in the capital cost and O&M of the energy 

sector). 

Thus, both modules are dynamically linked. 

 

Land-occupation ratio 

If a power plant is closer to the equator then the panels will be able to be located more closely 

than in higher latitudes due to a decrease in shadowing. Figure  show the effect of the latitude on 

the packing factor (Martín-Chivelet 2016). For example, Spain (latitude = 40) has a theoretical 

packing factor of around 50% while for a latitude of 10 (i.e. south of India) the PF increases to 

90%. 

 

Figure A1 (Martín-Chivelet 2016): Packing factors found using two different types of fixed array tilt angles (optimum 

for a maximum yearly production and equal to latitude) and EeW horizontal single-axis tracking. A complete set of 

curves is shown for each of the two shading criteria. 

Definitions: 

¶ Packing factor (PF) refers to the ratio between the PV array and the total ground area 

required for PV array installation. 

¶ Generator–to-system area (GSR): is the ratio between the total ground area required for 

PV array installation and the total area. 
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¶ Land-occupation ratio (f3): is the actual land occupation of PV cells over the total land 

occupation of solar photovoltaic power plants. 

𝑓3=𝐺𝑆𝑅∙𝑃  

The theoretical equation of PF dependent on the sun elevation, the sun azimuth and the tilt angle 

(see eq. 27 in (Martín-Chivelet 2016)), which can be simplified assuming that tilt coincides with the 

latitude (β= )ɲ and taking the conservative shading criterion of avoiding shading only at noon (sc1), 

the PF can be written as: 

 

𝑃𝐹(𝑠𝑐1)=𝑐𝑜𝑠𝛽+
𝑠𝑖𝑛𝛽

tan(66.55°−∅)
  

and the Figure A2 is obtained (for latitude over 65º we could assume a constant in order to remain 

conservative): 

 

Figure A2: Replication of the dependence of PF from the latitude 

However, we still need to estimate the GSR in order to account for the total footprint of the plant. 

As (De Castro et al. 2013; Ong et al. 2013) show, the total land requirements of solar power plants are 

substantially higher than the requirements derived from optimal/theoretical analysis. Thus, we 

derive the GSR indirectly from the data of real f3: 
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Solar park (latitude) latitude f3 PF(latitude) GSR=f3/PF 

Finsterwalde 
(51.5°N) 51.5 

0.27 
0.28 0.95393318 

Sarnia (43°N) 43 0.23 0.44 0.5281046 

Olmedilla (40N°) 40 0.22 0.49 0.45154216 

Strasskirchen (49°N) 49 0.24 0.33 0.73018285 

Lieberose (52°N) 52 0.18 0.27 0.6573133 

Source: de Castro et al. (2013) 
 

  

   median 0.6573133 

   mean 0.66421522 

 

Since we cannot identify a relationship between the GSR and the latitude, we take the value 0.7 

which is close to the mean of the sample from (De Castro et al. 2013).  

Thus, for each AEZ region and country i in GCAM, the parameter f3 depending on the latitude  ɲ

can be written: 

𝑓3
𝑖(∅)=0.7∙𝑐𝑜𝑠∅+

𝑠𝑖𝑛∅

tan(66.55°−∅)
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9 APPENDIX B 

 
Figure B1: AEZs in GCAM: Europe 

 
Figure B2: Regions in GCAM: Europe 
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Figure B3: AEZs in GCAM: India 

 


