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Introduction 
This document provides additional descriptions and data by country supporting the 100% clean, 
renewable all-sector energy roadmaps described in the main paper. Our general objective in this 
document is to examine what a 100% wind, water, and solar (WWS) all-sector energy system in 
each of 139 countries can look like in 2050 and the costs and benefits of a “business-as-usual” 
(BAU) infrastructure compared with the WWS infrastructure. The spreadsheets containing all the 
derivations of the numbers for this analysis can be found in Delucchi et al. (2016). 
 
The topics covered in this document include the following: 
 
P3. Section S1. Defining low and high cost scenarios 
P3. Section S2. WWS technologies considered for each energy sector 
P4. Section S3. Reduction in load upon conversion to WWS 

P5. S3.1. End-use energy consumption by country, sector, and fuel in 2012 
P8. S3.2. Projected end-use energy consumption by country, sector, and fuel in 2050, BAU 
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P17. S3.3. Projected end-use energy consumption by country, sector, and fuel in 2050, WWS  
P24. S3.4. Summary of 2050 BAU and WWS loads for each of 139 countries 

P30. Section S4. Numbers of WWS generators, footprint areas, and spacing areas  
P38. Section S5. WWS resource availability and technical potential 

P38. S5.1. Onshore and Offshore Wind 
P49. S5.2. Rooftop and Utility-Scale Solar PV and CSP 
P88. S5.3. Geothermal 
P90. S5.4. Hydropower 
P92. S5.5. Tidal 
P94. S5.6. Wave 

P101. Section S6. Cost of BAU and WWS energy 
P102. S6.1. Levelized cost of electricity from IRENA and Lazard 
P105. S6.2. Levelized cost of electricity from other studies 
P106. S6.3. Levelized cost of transmission and distribution 
P116. S6.4. Transmission and distribution efficiency in the BAU scenario 
P119. S6.5. Transmission and distribution efficiency in the 100% WWS scenario 
P119. S6.6. Overall energy, health, and climate costs in the BAU versus WWS cases  

P125. Section S7. Cost of matching electrical power supply with demand 
P126. Section S8. Air pollution and global warming damage costs avoided by WWS 

P126. S8.1. Air pollution cost reductions due to WWS 
P133. S8.2. Global-warming damage costs avoided with 100% WWS in each country 

P143. Section S9. Impacts of WWS on jobs and earnings in the energy power sector 
P144. S9.1. Jobs created and changes in earnings in the 100% WWS scenario 
P153. S9.2. BAU jobs foregone (lost) in the 100% WWS scenario 
P167. S9.3. Net change in permanent, full-time jobs by country due to 100% WWS 

P167. Section S10. Timeline for transitioning and impacts on global temperatures 
P170. Section S11. Recommended first steps and possible policies 

P170. S11.1. Energy efficiency measures 
P170. S11.2. Energy supply measures 
P171. S11.3. Utility planning and incentive structures 
P171. S11.4. Transportation 
P172. S11.5. Industrial processes 

P172. Section S12. Summary 
P174. Appendices 

P174. Appendix S1. Projection of GDP per capita 
P176. Appendix S2. Annual social discount rate 
P177. Appendix S3. Urban population share 

P178. References 

Section S1. Defining “Low” and “High” Cost Scenarios 
In order to unify our presentation, we report costs and other results for two general cases: one 
based on low costs and high benefits (i.e., low net costs or high net benefits) for the 100% WWS 
scenario, and one based on the reverse, high costs and low benefits (i.e., high net costs or low net 
benefits) for the 100% WWS scenario. For ease of exposition we use the following 
abbreviations:  
 
LCHB = low cost, high benefits for 100% WWS 



 3 

HCLB = high cost, low benefits for 100% WWS 
 
For each case, all component costs and benefits summed to make the total have the same 
underlying explicit or implicit assumptions regarding the discount rate and other parameters. 
This means, for example, that in either case we do not add a cost estimate based on a low 
discount rate to a benefit estimate based on a high-discount rate. See the Supplemental 
Information of Jacobson et al. (2015a) for further discussion.  
 
Section S2. WWS Technologies Considered for each Energy Sector 
Quantifying end-use energy requirements and the numbers of WWS generators needed in 2050 
by country begins with 2012 energy use data in each energy sector of 139 countries for which 
data are available (Section S3.1). 2012 energy use in each sector of each country is projected to 
2050 in a business-as-usual (BAU) scenario (Section S3.2). The BAU projections account for 
increasing demand; modest shifts from coal to gas, biofuels, bioenergy, some WWS; and some 
end use energy efficiency improvements.  
 
All energy-consuming processes in each sector are then electrified, and the resulting end-use 
energy required for a fully electrified all-purpose energy infrastructure is estimated (Section 
S3.3). Some end-use electricity in each country is used to produce hydrogen for some long-
distance transportation. Modest additional end-use energy efficiency improvements are then 
applied. Finally, the remaining power demand is supplied by a set of WWS technologies, the mix 
of which varies by country with available resources and rooftop, land, and water areas. 
 
The WWS electricity generation technologies include wind, concentrated solar power (CSP), 
geothermal, solar PV, tidal, wave, and hydropower. These are existing technologies found to 
reduce health and climate impacts the most among several technologies while minimizing land 
and water use and other impacts (Jacobson, 2009).  
 
Vehicles for transportation include battery electric vehicles (BEVs) and BEV-hydrogen fuel cell 
vehicle (HFCV) hybrids, where the hydrogen is electrolytic (produced by passing electricity 
through water). BEVs with fast charging dominate 2- and 3-wheel vehicles, short- and long-
distance light-duty passenger vehicles and trucks, construction machines, agricultural equipment, 
short- and moderate-distance trains, short-distance boats and ships (e.g., ferries, speedboats), and 
aircraft traveling less than 1000 km. BEV-HFCV hybrids dominate medium- and heavy-duty 
trucks and long-distance trains, ships, and aircraft. Of all commercial aircraft flight distances 
traveled worldwide, 53.9% are short- haul (<3 hours in duration, with a mean distance of 783 
km) (Wilkerson et al., 2010). As such, approximately half the aircraft flights may be electrified 
with batteries. Whereas hydrogen fuel cells are already commercially available in passenger cars 
and buses, they are not in many other forms of transport. Their accelerated adoption together 
with batteries in aircraft and long-distance ships may require policy incentives and will require 
manufacturing and fueling infrastructure changes. 
 
In this study, ~7.0% of all 2050 WWS electricity (43.6% of the transportation load) is needed for 
producing, storing, and using hydrogen. None is used for stationary hydrogen fuel cells to 
generate electricity because of the relative inefficiency and cost of this process.  
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Air heating and cooling are accomplished with ground-, air-, or water-source electric heat 
pumps. Water heat is generated by heat pumps with an electric resistance element for low 
temperatures and/or solar hot water preheating. Cook stoves use electric induction technology. 
Dryers are all electric. 
 
Electric arc furnaces, induction furnaces, dielectric heaters, and some resistance heaters are used 
to power high-temperature industrial processes.  
 
The roadmaps assume the adoption of new energy-efficiency measures but exclude the use of 
nuclear power, coal with carbon capture, liquid or solid biofuels, or natural gas for the reasons 
described in the main text.  
 
This study calculates the numbers of generators of each type needed to power each country based 
on the 2050 power demand in the country after all sectors have been electrified but before 
considering grid reliability and neglecting energy imports and exports. However, results from a 
grid reliability study for the continental U.S. (Jacobson et al., 2015b) are used to estimate the 
additional electric power generators needed and some of the additional storage needed by 
country to ensure a reliable electric power grid. An estimate of the full storage needed will be 
provided in a separate study. 
 
For purposes of calculating the baseline number of energy generators needed in each country, we 
assume each country is energy self-sufficient thus can generate all its annually averaged end-use 
energy. In reality, energy exchanges among countries will occur in 2050 as they currently do 
because it will be more profitable for countries with higher-grade WWS resources to produce 
more power than they need for their own use and export the rest. As such, the real system cost 
will likely be less than that modeled here since the costs of, for example solar, are higher in low-
sunlight countries than in countries that might export solar electricity.  
 
Section S3. Reduction in Load upon Conversion to WWS 
Our main objective in this section is to estimate energy end-use in a 2050 100% WWS world 
relative to a 2050 reference BAU scenario. We proceed in three steps:  
 
S3.1) We start with estimates of actual end-use energy consumption, from the International 
Energy Agency (IEA), for each country in 2012.  
 
S3.2) We then estimate BAU end-use energy consumption in a future target year (2050) based 
primarily on the energy end-use projections by the Energy Information Administration (EIA) for 
16 regions of the world, assuming that the change in energy use for each country between 2012 
and the target year is the same as the EIA-projected change over the period for the region 
containing the country.  
 
S3.3) To estimate energy use in the future WWS scenario, relative to the future BAU scenario, 
we adjust the EIA/IEA-based BAU end-use energy estimates by differences between the BAU 
and the WWS scenarios due to  
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i) Changes in energy requirements resulting from electrification of end uses in the WWS 
scenario;  

ii) The absence in the WWS scenario of non-minor “energy sector own use” (ESOU), which is 
the energy used to process and transport non-WWS energy (mainly fossil-fuel);  

iii) Changes in the amount of capital-intensive energy infrastructure; and 
iv) Extra end-use energy efficiency measures in the WWS scenario beyond those assumed in the 

BAU scenario. 
 
Because our main objectives is to estimate energy consumption in the WWS scenario relative to 
consumption in the BAU scenario, we want to estimate energy consumption for all end-use 
categories (combinations of demand sectors [e.g., the residential sector] and fuel types [e.g., 
liquid fuels]) where consumption is likely to differ in the WWS vs. the BAU scenario. The 
energy-use categories in the original IEA data and EIA projections (see discussion below and 
Table S1) cover most but not all of the end uses that are likely to differ between the BAU and 
WWS scenarios (for example, ESOU is only partially covered in the IEA data and not covered at 
all in the EIA projections), so we adjust the IEA energy-data and EIA energy-projection 
categories as needed to have estimates of all energy end uses that are likely to differ between the 
WWS and the BAU scenarios.  
 
S3.1. End-Use energy Consumption by Country, Sector, and Fuel in 2012 
We start with the IEA’s World Energy Balances reports “final consumption,” in thousands of 
tons of oil-equivalent (KTOE), for the year 2012 by country, end-use sector, and fuel (IEA, 
2015c). The IEA’s energy balance framework shows for each country: 
 
Total final consumption (TFC) (end-use) = Total Primary Energy Supply (TPES) + 
Transformation Processes (TP).  
 
TPES is originally equal to production + imports – exports – energy for international aviation 
and marine bunkers. For each country, we add back in energy for international aviation and 
marine bunkers as described shortly. 
 
Transformation Processes (TP) include for example “energy industry own use;” transformation 
losses at electricity plants, combined heat-and-power (CHP) plants, and heat-only plants (these 
are negative values); and transformation-process output from electricity plants, CHP, and heat 
plants (these are positive values).  
  
TFC is then distributed to end-use sectors and fuel types as shown in Table S1. For the most part, 
our end-use sectors and end-use fuel types are based on the IEA’s categories.  
 
We make three adjustments to the original IEA data to make them suitable for our purposes:  
 
i) The IEA reports energy used for “international marine bunkers” and “international aviation 
bunkers” as negative TPES rather than as final consumption in the “transport” sector for each 
country. We want to include this international fuel use in our “transportation” sector for each 
country, so end-use energy in our transportation sector (in the “oil” fuel category) is equal to the 
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IEA’s reported transportation-sector energy use plus the IEA’s reported energy use for 
international marine and air transport.  
 
ii) The IEA estimates “energy industry own use”1 (EIOU) of fossil fuels but as mentioned above 
counts it as a negative transformation process and deducts it from primary TPES. Thus, EIOU is 
not in the industrial sector or any other final demand sector. (EIOU is the industry-sector part of 
our general category “energy-sector own use” [ESOU]). We include EIOU as a part of our 
industrial-sector end use, although as discussed later we project EIOU differently from the way 
we project the energy use in the rest of the industrial sector.  
 
As mentioned above, in the WWS scenario we deduct most EIOU. This gives rise to the 
question: given that the IEA excludes EIOU from final its final consumption estimates to begin 
with, why should we add it to industrial-sector consumption, only to subtract it later in the WWS 
scenario? There are four reasons. First, as just mentioned, we deduct most but not all EIOU: the 
portion of EIOU that pertains to non-energy fuels not replaceable by WWS is retained in the 
WWS scenario. We explicitly estimate this retained portion, as discussed later. Second, we think 
that for the purposes of estimating changes in end-use energy as a result of converting to WWS, 
it is most informative and natural to treat EIOU as end-use energy and show the benefit of 
reducing it in the WWS scenario. Third (and related to the second), EIOU as a fraction of total 
consumption is likely to increase as a result of increases in energy intensity (due for example to 
declining quality of crude oil) and a shift towards more energy-intensive products (such as 
refined petroleum). We account for this explicitly. Fourth, the IEA does not distinguish 
transportation-sector ESOU (e.g., liquid fuel used by tanker trucks distributing petroleum 
products), so in any case we have to estimate this separately, and deduct it in the WWS scenario. 
Given that, it makes more sense to distinguish EIOU (industrial-sector ESOU in our 
terminology) and provide an explicit, complete accounting of all ESOU.  
 
iii) The IEA reports “non-energy use”2 of fossil fuels but does not include it in the industrial 
sector or any other final demand sector. (“Non-energy use” refers to the use fossil fuels to make 
                                                
1 “Energy industry own use contains the primary and secondary energy consumed by transformation 
industries for heating, pumping, traction and lighting purposes... Included here are, for example, own use 
of energy in coal mines, own consumption in power plants (which includes net electricity consumed for 
pumped storage) and energy used for oil and gas extraction” (IEA, 2015b, p. 1.12). In its detailed 
documentation, the IEA (2015a) defines total energy industry own-use as the sum of own use for coal 
mines, oil and gas extraction, blast furnaces, gas works, gasification plants, coke ovens, patent fuel plants, 
peat/briquette plants, oil refineries, coal liquefaction plants, LNG plants, Gas-to-liquids plants, electricity 
and CHP plants, pumped hydro storage, the nuclear industry, charcoal production plants, non-specified 
energy sectors, and distribution losses. It thus appears that “own-use” for transport of fuels is not 
included. 

2 “Non-energy use covers those fuels that are used as raw materials in the different sectors and are not 
consumed as a fuel or transformed into another fuel. Non-energy use is shown separately in final 
consumption under the heading non-energy use. 

Note that for biofuels, only the amounts of biomass specifically used for energy purposes (a small part of 
the total) are included in the energy statistics. Therefore, the non-energy use of biomass is not taken into 
consideration and the quantities are null by definition” (IEA, 2015b, p. 1.13). 
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non-energy product, such as the use of crude oil to make asphalt.) We include as industrial-sector 
energy use the fraction of non-energy use of fossil fuels that potentially is replaceable by WWS 
energy. (The fraction of non-energy use of fossil fuels that is not replaceable by WWS energy 
remains the same in the WWS scenario and the BAU scenario, and hence is outside the scope of 
our analysis, which is concerned with energy.) We assume that only 10% of non-energy use of 
coal, oil, and natural gas can be replaced directly by WWS energy.  
 
Table S1 shows the relationships between our end-use sectors and end-use fuel types and those 
of the IEA.  
 
Table S1. End-use sectors and fuel types in our analysis, the IEA, and the EIA. 
 
A. End-use sectors. 
Our analysis IEA World Energy Balances EIA  IEO 
Residential Residential  Residential 
Commercial Commercial and public services Commercial 
Industrial Industry + non-energy usea + energy industry 

own use 
Industrial 

Transportation Transport, including world marine bunkers and 
world aviation bunkers 

Transportation 

Agriculture/forestry/fishing Agriculture/forestry + fishing Industrial 
other other, non-specified Industrial 
 
B. End-use fuel types. 
Our analysis IEA World Energy Balances EIA  IEO 
Oil Oil products + crude oil  Liquids 
Natural gas Natural gas Natural gas 
Coal Coal + peat + oil shale Coal 
Electricity Electricity Electricity 
Heat Heat N.S. (assume natural gas) 
Biofuels and waste Biofuels and waste Renewables 
Other renewables (excluding 
electricity, biofuels) 

Geothermal  +  solar/wind/otherb  Renewables 

Source: IEA (2015a), EIA (2016a). IEO = International Energy Outlook; n.s. = not specified. 
a 

The portion of non-energy use that is potentially replaceable by WWS. See the discussion in the text.  
b 

Final consumption of solar thermal and non-electricity-producing geothermal energy 
 
 



 8 

S3.2. Projected End-Use Energy Consumption by Country, Sector, and Fuel in 2050, BAU 
The EIA’s International Energy Outlook (IEO) projects end-use energy consumption by sector 
(residential, commercial, industrial, and transportation) and fuel (liquids, natural gas, coal, 
electricity, and renewables) for 16 world regions, through the year 2040 (EIA, 2016a). We start 
with the EIA’s “reference” case for our BAU scenario, and extend their projections to the year 
2075 using a 10-year moving linear extrapolation.3 The 16 world regions are 
 
•  United States 
•  Canada 
•  Mexico/Chile 
•  OECD Europe 
•  Japan 
•  South Korea 
•  Australia/New Zealand 
•  Russia 
•  Other Europe and Eurasia 
•  China 
•  India 
•  Other Asia 
•  Middle East 
•  Africa 
•  Brazil 
•  Other Central and South America 
 
In order to apply the EIA projections to the IEA’s base-year data, we line up the EIA’s energy 
sector and fuel categories with ours and IEA’s. The EIA has fewer fuel and sector categories 
than does the IEA: EIA does not have the fuel categories “heat” and “biofuels and waste” or the 
sectors “agricultural/fishing/forestry” and “other”. We handle these as follows:  
 
Heat. In the IEA’s Balances, “heat shows the disposition of heat produced for sale” (IEA, 2015b, 
p. 1.10), primarily by combined heat-and-power (CHP) plants and heat-only plants. The actual 
fuels used to produce this purchased heat are included as negative values, and the actual heat 
produced is included as a positive value, under “transformation processes” (TP).4 The heat 
                                                
3In most cases, the EIA’s model bases the start of its projections on the same IEA World Energy 
Balance data that we use.  
 
4In the IEA’s discussion of transformation and losses: “Heat plants refers to plants (including heat pumps 
and electric boilers) designed to produce heat only, which is sold to a third party under the provisions of 
a contract… Columns 1 through 8 show the use of primary and secondary fuels in a heating system that 
transmits and distributes heat from one or more energy sources to, among others, residential, industrial 
and commercial consumers, for space heating, cooking, hot water and industrial processes” (IEA, 2015b, 
pp. I.11-I.12). 

“Note that for autoproducer CHP plants, all fuel inputs to electricity production are taken into 
account, while only the part of fuel inputs to heat sold is shown. Fuel inputs for the production of 
heat consumed within the autoproducer's establishment are not included here but are included 
with figures for the final consumption of fuels in the appropriate consuming sector” (IEA, 2015b, 
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produced in TP is then distributed to different sectors of final consumption. (Thus, in the IEA 
data, heat is treated in the same way as is electricity.) This means that the end-use consumption 
of heat is not counted elsewhere as is end-use consumption in the EIA data, and so needs to be 
included in our projections of BAU end-use energy.  

The EIA does not have a separate end-use fuel category for “heat,” so we need a proxy. In the 
IEA’s Balances, CHP and heat-only plants use more NG than any other fuel (IEA, 2015a). 
Therefore, for the purpose of projecting future BAU energy use, we assume that X energy units 
of heat, as reported by the IEA, are effectively X energy units of natural gas end use, and apply 
the EIA’s projected change rates for NG use.  

 
Biofuels and waste. The IEA’s “Biofuels and waste” fuel category includes any bio-energy used 
for fuel purposes; amounts used for non-energy purposes are not included (IEA, 2015b, pp. 1.9-
1.10). The majority of biofuel use appears to be wood fuel used by households. For the purpose 
of projecting future BAU energy use, we assume that X energy units of “biofuel and waste”, as 
reported by the IEA, are X energy units of generic “renewable fuels,” and apply the EIA’s 
projected change rates for renewable fuels. 
 
Agricultural/fishing/forestry sector, and “other” sector. The EIA’s “industry” sector comprises 
the end uses in the IEA’s “agricultural/fishing/forestry” and “other” sectors, so we project energy 
use in these IEA sectors on the basis of the EIA’s projected change rates for the “industry” sector 
(Table S1). 
 
We then project future energy use by sector and fuel for each country on the basis of the EIA-
projected change in energy use for the region of which the country is a part. (The method is 
analogous to that used in Jacobson et al. (2015a) to project energy use for the 50 U.S. states.) 
The general method is  

  
Ei ,X ,C ,TY ,BAU = Ei ,X ,C ,BY ⋅

Ei '→i ,X '→X ,R:C∈R ,TY ,BAU

Ei '→i ,X '→X ,R:C∈R ,BY

 

where  
 

  Ei ,X ,C ,TY ,BAU = Use of fuel i in sector X of country C in target-year TY in the BAU scenario 

  Ei ,X ,C ,BY  = Use of fuel i in sector X of country C in the base-year BY scenario (IEA, 2015c; see 
discussion above) 

  Ei '→i ,X '→X ,R:C∈R ,TY ,BAU  = Use of EIA-fuel category i’ (mapped to IEA fuel category i, as discussed 
above) in EIA-sector X’ (mapped to EIA sector X, as discussed above) in region R 
(containing country C) in target-year TY in the BAU scenario (EIA, 2016a; see discussion 
above) 

                                                                                                                                                       
pp. I.11). 
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  Ei '→i ,X '→X ,R:C∈R ,BY  = Use of EIA-fuel category i’ (mapped to IEA fuel category i, as discussed 
above) in EIA-sector X’ (mapped to EIA sector X, as discussed above) in region R 
(containing country C) in base-year BY (EIA, 2016a; see discussion above) 

Subscripts 

  i = IEA fuel categories (discussed above) 
 i’ = EIA fuel categories (discussed above) 
 X = IEA energy sectors (discussed above) 
 X’ = EIA energy sectors (discussed above) 

C = country 
TY = Target year of the analysis 
BY = Base year of data 
WWS = 100% WWS scenario 
BAU = Business-as-usual scenario 

 
This general method applies to the residential sector, the commercial sector, the transportation 
sector, and the industrial sector apart from ESOU and non-energy use of fossil fuels. As 
discussed next, we treat ESOU and non-energy use of fossil fuels differently from energy use in 
the rest of the industrial sector.  
 
Projections of end-use energy consumption in the BAU industrial sector 
Energy use in the industrial sector in the BAU in the target year is the sum of energy use in the 
original IEA industrial sector, ESOU, and non-energy use of fossil fuels that is potentially 
replaceable by WWS. (For our purposes, non-energy use of fossil fuels that is not replaceable by 
WWS is not counted as energy use.) Formally,  
 

  Ei ,industrial ,C ,TY ,BAU = Ei ,industrial*,C ,TY ,BAU + ESOUi ,industrial ,C ,TY ,BAU + RFNE ,i ⋅ENE ,i ,industrial ,C ,TY ,BAU    

 
where 
  

  Ei ,industrial ,C ,TY ,BAU  = End use consumption of fuel i in the industrial sector of country C in year TY, 
in the BAU scenario 

  Ei ,industrial*,C ,TY ,BAU  = End use consumption of fuel i in the industrial sector of country C in year TY 
in the BAU, based on IEA estimates for its original industrial sector, which exclude 
ESOU and non-energy use of products i 

  ESOUi ,industrial ,C ,TY ,BAU  = Own-use of fuel i in the industrial sector of country C in year TY in the 
BAU 

  ENE ,i ,industrial ,C ,TY ,BAU  = Non-energy use of i in the industrial sector of country C in year TY in the 
BAU 

  RFNE ,i = The fraction of non-energy use of i that is potentially replaceable by WWS (we assume 
that 10% of non-energy use of oil, natural gas, coal, and biofuels, and 100% of non-
energy use of electricity, renewables and heat can be replaced by WWS) 

Subscript NE = non-energy use of fuel or product 
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Subscript E = energy use of fuel or product 
 

  E *i ,industrial ,C ,TY ,BAU  and   ENE ,i ,industrial ,C ,TY ,BAU  are estimated as described above, by multiplying IEA 
base-year estimates by EIA IEO projections of the change in energy use in the industrial sector 
between the base year and the target year (see the formula for   Ei ,X ,C ,TY ,BAU ).5 
 
Industrial ESOU in the target year is the product of reported ESOU in the base year and an all-
countries, all-fuels scalar that accounts for: i) changes in the quantity of fuels produced, ii) 
changes in the mix of fuel products (because some fuel products require more processing energy 
than others), and iii) changes in the industrial sector own-use energy intensity of fuel production:  
 

  ESOUi ,industrial ,C ,TY ,BAU = ESOUi ,industrial ,C ,BYIEA
⋅KESOU ,all−i(p),world ,TY/BY  

 

  

KESOU ,all−i(p),world ,TY/BY =

EINE ,i(p),industrial ,world ,TY ,BAU ⋅ENE ,i(p),all−X ,world ,TY ,BAU
i(p)
∑
+ EIE ,i(p),industrial ,world ,TY ,BAU ⋅EE ,i(p),all−X ,world ,TY ,BAU

i(p)
∑

ESOUall−i ,industrial ,world ,BYIEA

EE ,i(p),all−X ,world ,TY ,BAU = ETotal ,i(p),all−X ,world ,TY ,BAU −ENE ,i(p),all−X ,world ,TY ,BAU

 

 
where  
 

  ESOUi ,industrial ,C ,BYIEA
 = Own-use of fuel i in the industrial sector of country C in IEA base year BY 

(see IEA data discussed above) 

  KESOU ,all−i(p),world ,TY/BY  = Scalar for industrial ESOU in the target year vs. the base year, for all 
own-use fuels and countries 

  EINE ,i(p),industrial ,world ,TY ,BAU = The global-average industrial-sector energy intensity of producing NE 
product i(p) in year TY in the BAU scenario (BTU-own use/BTU-i) (discussed below) 

                                                
5Note that we apply the EIA’s projection of energy use for the entire industrial sector to the IEA’s estimate of 
energy use in the industrial sector excluding EIOU, which we are treating separately. This is a potential problem if 
the EIA estimates EIOU or any component of it separately, and if the projected rate of change in energy use for 
EIOU (or its component) is likely to be different from the projected rate of change for the entire industrial sector. 
The EIA’s industrial-sector model does not explicitly treat industrial-sector energy “own use” (EIOU). It does 
estimate changes in the energy intensity of production in different industries, based on exogenous trend and 
vintaging factors and endogenous effects of price on efficiency, but it does not estimate increases in energy intensity 
in fuel-producing industries due to shifts in fuel product mixes or decreasing quality of feedstocks (EIA, 2011b). 
Thus, it appears that we reasonably may apply the EIA’s projection of energy use for the entire industrial sector to 
the IEA’s industrial sector excluding EIOU.  
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  EIE ,i(p),industrial ,world ,TY ,BAU = The global-average industrial-sector energy intensity of producing E 
product i(p) (used for energy purposes) in year TY in the BAU (BTU-own use/BTU-i) 
(discussed below) 

  ENE ,i(p),all−X ,world ,TY ,BAU = Total all-sector, all-country (global) energy use of NE product i(p) in year 
TY in the BAU 

  EE ,i(p),all−X ,world ,TY ,BAU = Total all-sector, all-country (global) energy use of E product i(p) in year TY 
in the BAU 

  ETotal ,i(p),all−X ,world ,TY ,BAU = Total all-sector, all-country (global) energy use of i(p) for all purposes 
(energy and non-energy) in year TY in the BAU 

  ESOUall−i ,industrial ,world ,BYIEA
= Total industrial ESOU of all fuels in all countries IEA base year BY 

(see IEA data discussed above) 
Subscript i(p) refers to the production of fuel i, as distinguished from consumption or end-use of 

fuel i, which is designated just i (the actual fuel/product categories are the same for i and 
i(p)) 

 
Note that this calculation is circular, because the total quantity of energy used includes the total 
amount of own-use fuels, but as just noted the scalar that gives the total amount of own-use fuels 
depends on the total quantity of all fuels produced. This circularity is resolved satisfactorily by 
iterative calculations until trials and results converge.  
 
Note also that we could have applied the calculated energy intensities (by end-use fuel product 
category) to each country’s mix of end-use fuel products, but this would have resulted in 
unreasonable estimates of ESOU because in fact for many countries industrial ESOU is not 
related to that country’s mix of end-use fuel products. (We verified this by testing this method 
against the IEA-reported ESOU by country for 2012, and found that in many cases the estimated 
country ESOU was quite different from the reported ESOU.)  
 
Note that the energy-intensity term captures total industrial-sector own use energy – mainly 
energy for feedstock production (e.g., coal mining) and fuel processing (e.g., oil refining), but 
not including energy for transporting fuels – per energy unit of fuel i. That is, the numerator of 
the energy intensity term includes all own-use energy as defined for the IEA’s World Energy 
Balances, described above, but it does not include non-industrial sector “own use” – e.g., fuel 
used by trucks transporting fuels. We account separately for this transportation-sector ESOU.  
 
Finally, note that we use different notation to distinguish the production of fuel i (i(p)) from the 
consumption of fuel i.  
 
The energy intensity EI is equal to the intensity calculated for the IEA base year multiplied by an 
assumed annual rate of change through the target year: 
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EIE ,i(p),global ,TY ,BAU = EIE ,i(p),global ,BYIEA
⋅erEI ,E ,i( p)⋅ TY−BYIEA( )

EINE ,i(p),gloal ,TY ,BAU = EINE ,i(p),global ,BYIEA
⋅erEI ,NE ,i( p)⋅ TY−BYIEA( )

 

 

where  

 

  EINE ,i(p),global ,BYIEA
= The globally-average energy intensity of producing NE product i(p) in base-

year BY (BTU-own use/BTU-i(p)) (discussed below) 

  EIE ,i(p),global ,BYIEA
= The globally-average energy intensity of producing E product i(p) in base-year 

BY (BTU-own use/BTU-i(p)) (discussed below) 

  rEI ,NE ,i(p)  = The annual rate of change in the energy intensity of producing NE product i(p) (Table 
S2)  

  rEI ,E ,i(p)  = The annual rate of change in energy intensity of producing E product i(p) (Table S2) 
 
We assume that decreasing quality of crude oil and raw natural gas, along with increasingly 
stringent specifications for liquid fuels, will result in slight increases in the industrial-sector 
energy intensity of extracting and processing liquid fuels and natural gas. This appears to have 
been the case historically: the global all-product average energy intensity, estimated from the 
IEA data and shown in Figure S1, generally has increased over time, although since 2008 it has 
declined. The annual rates of change in the data of Figure S1 are  
 
1971 to 2013:  0.43%/yr 
1990 to 2013:  0.67%/yr 
2000 to 2013:  0.47%/yr 
2003 to 2013:  0.12%/yr 
2008 to 2013:  -0.70%/yr 
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Figure S1. Global-average EIOU energy intensity, 1971-2013. 

Source: IEA (2015c). The global-average intensity is equal to total EIOU reported by the IEA divided by total final 
consumption plus EIOU.  
 
Note, though, that the global all-product average intensity also reflects shifts in the product mix, 
probably towards more energy intensive products, whereas our parameters   rEI ,F ,i(p)  and   rEI ,NF ,i(p)  
represent the rate of change in the energy intensity of producing each fuel product i. In any 
event, consideration of the historical trend of Figure S1, along with our general knowledge of the 
energy intensity of producing different fuels (Delucchi et al., 2003) leads us to the assumptions 
of Table S2.  
 
 
Table S2. Assumed annual rate of change in energy intensity of producing different products. 

Fuel type   rEI ,NF ,i(p)    rEI ,F ,i(p)  

Oil  0.15% 0.20% 
Natural gas 0.10% 0.15% 
Coal 0.00% 0.00% 
Electricity  0.00% 0.00% 
Heat 0.00% 0.00% 
Renewables  0.00% 0.00% 
Bio Fuels and Waste  0.00% 0.00% 

 
The industrial-sector energy intensity to produce energy (E) or non-energy (NE) product i(p) in 
the base year is equal to the average intensity over all products multiplied by the intensity of 
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energy or non-energy product i(p) relative to the average the base year. We use this formulation 
because we can estimate the base-year sector-wide average intensity directly from the IEA data. 
Formally,  
 

  

EIE ,i(p),global ,BYIEA
= EIall−i(p),global ,BYIEA

⋅RE ,i(p),BYIEA

EINE ,i(p),global ,BYIEA
= EIall−i(p),global ,BYIEA

⋅RNE ,i(p),BYIEA

EIall−i(p),global ,BYIEA
=

ESOUall−i ,industrial ,world ,BYIEA

Eall−i ,TFC ,world ,BYIEA
+ ESOUall−i ,industrial ,world ,BYIEA

 

where  

  EIall−i(p),global ,BYIEA
= The average energy intensity of producing all products (E and NE), in the IEA 

data base year (BTU/BTU) 

  RE ,i(p),BYIEA
= The industrial ESOU energy-intensity of producing E product i(p), relative to the 

average intensity, in IEA base year BY (discussed below) 

  RNE ,i(p),BYIEA
= The industrial ESOU energy-intensity of producing NE product i(p), relative to the 

average intensity, in IEA base year BY (discussed below) 

  ESOUall−i ,industrial ,world ,BYIEA
= Industrial sector “own use” of all fuels i, worldwide, in IEA base year 

BY (IEA World Energy Balances) 

  Eall−i ,TFC ,world ,BYIEA
= Total final (all-sector) consumption of all fuels i worldwide in IEA base year 

BY (IEA World Energy Balances) 

The relative intensity parameters R must be specified such that the product of the relative 
intensity, the average intensity, and production, summed over all products, equals the actual 
reported industrial ESOU. To accomplish this, we specify R for all product categories except 
one, which we solve for using the equality constraint just described. The product categories for 
which we specify R are designated i(p’) and the solved-for product category is designated i(p*). 
We first develop our equality constraint,  
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ESOUall−i ,industrial ,world ,BY = ESOUNE ,i ,industrial ,world ,BY + ESOUE ,i ,industrial ,world ,BY =

EIall−i(p),global ,BYIEA
⋅RNE ,i(p),BYIEA

⋅ENE ,i(p),all−X ,world ,BY + EIall−i(p),global ,BYIEA
⋅RE ,i(p),BYIEA

⋅EE ,i(p),all−X ,world ,BY
⎡⎣ ⎤⎦

i(p)
∑

= EIall−i(p),global ,BYIEA
⋅ RNE ,i(p),BYIEA

⋅ENE ,i(p),all−X ,world ,BY + RE ,i(p),BYIEA
⋅EE ,i(p),all−X ,world ,BY

⎡⎣ ⎤⎦
i(p)
∑

 

Substituting for   ESOUall−i ,industrial ,world ,BY  gives

 

  

ESOUall−i ,industrial ,world ,BYIEA
=

ESOUall−i ,industrial ,world ,BYIEA

Eall−i ,TFC ,world ,BYIEA
+ ESOUall−i ,industrial ,world ,BYIEA

⋅ RNE ,i(p),BYIEA
⋅ENE ,i(p),all−X ,world ,BY + RE ,i(p),BYIEA

⋅EE ,i(p),all−X ,world ,BY
⎡⎣ ⎤⎦

i(p)
∑

  

Define 

  

EfrNE ,i(p),all−X ,industrial ,world ,BYIEA
≡

ENE ,i(p),all−X ,world ,BY

Eall−i ,TFC ,world ,BYIEA
+ESOUall−i ,industrial ,world ,BYIEA

EfrE ,i(p),all−X ,industrial ,world ,BYIEA
≡

EE ,i(p),all−X ,world ,BY

Eall−i ,TFC ,world ,BYIEA
+ESOUall−i ,industrial ,world ,BYIEA

  

Then we have  

  

ESOUall−i ,industrial ,world ,BYIEA
= ESOUall−i ,industrial ,world ,BYIEA

⋅

RNE ,i(p),BYIEA
⋅EfrNE ,i(p),all−X ,industrial ,world ,BYIEA

+ RE ,i(p),BYIEA
⋅EfrE ,i(p),all−X ,industrial ,world ,BYIEA

⎡⎣ ⎤⎦
i(p)
∑

  And finally, 

  
1 = RNE ,i(p),BYIEA

⋅EfrNE ,i(p),all−X ,industrial ,world ,BYIEA
+ RE ,i(p),BYIEA

⋅EfrE ,i(p),all−X ,industrial ,world ,BYIEA
⎡⎣ ⎤⎦

i(p)
∑   

Distinguishing between the specified categories i(p’) and the solved-for category i(p*), we have  
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1 = RE ,i(p*),BYIEA
⋅EfrE ,i(p*),all−X ,industrial ,world ,BYIEA

+

RNE ,i(p'),BYIEA
⋅EfrNE ,i(p'),all−X ,industrial ,world ,BYIEA

+ RE ,i(p'),BYIEA
⋅EfrE ,i(p'),all−X ,industrial ,world ,BYIEA

⎡⎣ ⎤⎦
i(p')
∑   

Our final solution for the category i(p*) is

 

  
RE ,i(p*),BYIEA

=
1− RNE ,i(p'),BYIEA

⋅EfrNE ,i(p'),all−X ,industrial ,world ,BYIEA
+ RE ,i(p'),BYIEA

⋅EfrE ,i(p'),all−X ,industrial ,world ,BYIEA
⎡⎣ ⎤⎦

i(p')
∑

EfrE ,i(p*),all−X ,industrial ,world ,BYIEA

 

We pick values for   RNE ,i(p'),BYIEA
 and   RE ,i(p'),BYIEA

 so that they and the resultant   RE ,i(p*),BYIEA
are 

consistent with our general knowledge of the relative energy intensity of producing different 
products (Table S3). Note that here we use global rather than country-specific values. 

Table S3. Assumed relative energy intensity of producing different products. 

Fuel type   RNE ,i(p'),BYIEA
   RE ,i(p'),BYIEA

 

Oil  0.40 1.22* 
Natural gas 0.30 1.10 
Coal 0.20 0.70 
Electricity  1.00 1.00 
Heat 0.40 0.50 
Renewables  0.40 1.00 
Bio Fuels and Waste  0.40 1.10 

Source: Based on Delucchi et al. (2003). * =   RF ,p*  
 
S3.3. Projected End-Use Energy Consumption by Country, Sector, and Fuel in 2050, WWS  
Energy use in the future WWS scenario is equal to energy use in the future BAU multiplied by 
an overall adjustment factor that accounts for the effects of electrification, the elimination of 
ESOU (energy-sector own-use), and extra energy efficiency measures.  
 
Formally,  
 

  Ei ,X ,C ,TY ,WWS = Ei ,X ,C ,TY ,BAU ⋅ AFi ,X ,C ,TY ,WWS/BAU  
 
where 
 

  Ei ,X ,C ,TY ,WWS  = Energy use in (the original BAU) fuel-type category i in sector X in country C in 
year TY in the WWS scenario  

  Ei ,X ,C ,TY ,BAU  = Projected end-use of fuel i in sector X in country C in year TY in the BAU scenario 
(discussed above) 
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  AFi ,X ,C ,TY ,WWS/BAU  = Adjustment factor for fuel-type category i in sector X in country C in year 
TY, for the WWS vs. the BAU scenario 

 
The overall adjustment factor accounts for the effects on energy use of: 
 

• Extra efficiency measures in the WWS scenario; 
• Elimination of energy use for processing and transporting non-WWS energy products in 

the BAU (energy-sector own-use);  
• The use of electricity or hydrogen rather than fossil fuels for combustion; considering 

effects upstream in the WWS system as well as end-use effects.  
 
Formally, 
 

  

AFi ,X ,C ,TY ,WWS/BAU = EFFi ,X ,C ,WWS/BAU ⋅ESOUFi ,X ,C ,TY ,WWS/BAU ⋅

ElFi ,X ,C ,WWS ⋅ElEeu ,i ,X ,WWS/BAU ⋅ElEup ,i ,X ,WWS + 1- ElFi ,X ,C ,WWS( ) ⋅ H2Eeu ,i ,X ,WWS/BAU ⋅ H2Eup ,i ,X ,WWS( )  

 
where  
 

  EFFi ,X ,C ,WWS/BAU  = The effect of extra end-use efficiency measures in the WWS scenario: the 
ratio of energy use after the measure to energy use before the measure, for fuel-type 
category i in end-use sector X in country C  

  ESOUFi ,X ,C ,TY ,WWS/BAU  = Factor to account for the elimination of (most) energy used for 
processing and transporting non-WWS energy products (mainly fossil fuels) in the BAU, 
for fuel-type i in sector X in country C in year TY 

  ElFi ,X ,C ,WWS  = Of end-use energy demand in fuel category i in sector X in country C in the BAU, 
the fraction that is met by direct use of electricity (as opposed to use of electrolytic 
hydrogen) in the WWS scenario 

  ElEeu ,i ,X ,WWS/BAU  = The ratio of end-use (eu) electrical energy in the WWS scenario to end-use 
fuel energy in the BAU scenario (holding energy services constant), for fuel category i in 
sector X (same for all countries and years) 

  ElEup ,i ,X ,WWS  
= Factor to account for any upstream (up) energy needed to produce the direct 

electricity used in fuel category i in sector X in the WWS scenario (same for all countries 
and years) 

  H2Eeu ,i ,X ,WWS/BAU  = The ratio of end-use (eu) hydrogen energy in the WWS scenario to end-use 
fuel energy in the BAU scenario (holding energy services constant), for fuel category i in 
sector X (same for all countries and years) 

  H2Eup ,i ,X ,WWS  
= Factor to account for any upstream (up) energy needed to produce the hydrogen 

used in fuel category i in sector X in the WWS scenario (same for all countries and years) 
  
Table S4 shows most of the key parameter values in the analysis, for all sectors.  
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Table S4. Parameter values in the calculation of WWS energy use relative to the BAU. 

Sector, fuel 

Extra efficiency 
measures 

  EFFi ,X ,C ,WWS/BAU
 

Electricity: 
fuel ratio 
(end use) 

  ElEeu ,i ,X ,WWS/BAU
 

Hydrogen : 
fuel ratio 
(end use) 

  H2Eeu ,i ,X ,WWS/BAU  

Electricity 
upstream factor 

  ElEup ,i ,X ,WWS  

Hydrogen 
upstream factor 

  H2Eup ,i ,X ,WWS  

Residential 
       Oil 0.84 0.82 1.43 1.00 1.00 

  Natural gas 0.81 0.82 1.43 1.00 1.00 
  Coal 0.00 0.82 1.43 1.00 1.00 
  Electricity 0.77 1.00 1.00 1.00 1.00 
  Heat 1.00 1.00 1.00 1.00 1.00 
  Renewables 0.87 0.82 1.43 1.00 1.00 
  Biofuels/waste 0.87 0.82 1.43 1.00 1.00 
Commercial 

       Oil 0.95 0.82 1.43 1.00 1.00 
  Natural gas 1.01 0.82 1.43 1.00 1.00 
  Coal 1.00 0.82 1.43 1.00 1.00 
  Electricity 0.78 1.00 1.00 1.00 1.00 
  Heat 1.00 1.00 1.00 1.00 1.00 
  Renewables 1.00 0.82 1.43 1.00 1.00 
  Biofuels/waste 1.00 0.82 1.43 1.00 1.00 
Industrial 

       Oil 0.98 0.82 1.43 1.00 1.00 
  Natural gas 0.98 0.82 1.43 1.00 1.00 
  Coal 0.97 0.82 1.43 1.00 1.00 
  Electricity 0.92 1.00 1.00 1.00 1.00 
  Heat 1.00 1.00 1.00 1.00 1.00 
  Renewables 1.14 0.82 1.43 1.00 1.00 
  Biofuels/waste 1.00 0.82 1.43 1.00 1.00 
Transportation      
  Oil 0.96 0.19 0.64 1.00 1.18 
  Natural gas 0.88 0.82 1.43 1.00 1.00 
  Coal 0.00 1.00 1.43 1.00 1.00 
  Electricity 1.07 1.00 1.00 1.00 1.00 
  Heat 1.00 1.00 1.00 1.00 1.00 
  Renewables 1.00 1.00 1.43 1.00 1.00 
  Biofuels/waste 1.00 1.00 1.43 1.00 1.00 
Agriculture/ 
forestry/fishing 

       Oil 1.00 0.82 1.43 1.00 1.00 
  Natural gas 1.00 0.82 1.43 1.00 1.00 
  Coal 1.00 0.82 1.43 1.00 1.00 
  Electricity 1.00 1.00 1.00 1.00 1.00 
  Heat 1.00 1.00 1.00 1.00 1.00 
  Renewables 1.00 0.82 1.43 1.00 1.00 
  Biofuels/waste 1.00 0.82 1.43 1.00 1.00 
Other 

       Oil 1.00 0.82 1.43 1.00 1.00 
  Natural gas 1.00 0.82 1.43 1.00 1.00 
  Coal 1.00 0.82 1.43 1.00 1.00 
  Electricity 1.00 1.00 1.00 1.00 1.00 
  Heat 1.00 1.00 1.00 1.00 1.00 
  Renewables 1.00 0.82 1.43 1.00 1.00 
  Biofuels/waste 1.00 0.82 1.43 1.00 1.00 
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Extra energy efficiency measures in the WWS scenario (parameter   EFFi ,X ,C ,WWS/BAU ) 
Our assumptions, shown in Table S4 are adapted from the analysis of Jacobson et al. (2015a) for 
the 50 U.S. states. See for comparison Table S4 from the Supplemental Information of Jacobson 
et al. (2015a). Although the extra-efficiency-measures parameter   EFFi ,X ,C ,WWS/BAU  can be 
specified to be different for different countries, we have assumed here the same values for all 
countries.  
 
Fraction of end-use energy demand met by electricity (parameter  ElFi ,X ,C ,WWS ) 
We assume that all energy end uses can be 100% directly electrified, except for some solar and 
geothermal low-temperature heat and some hydrogen produced from electricity in the 
transportation sector. Any end-use demand not directly electrified is met by electrolytic 
hydrogen (produced by WWS power). Although the electrification-fraction parameter 

  ElFi ,X ,C ,WWS  can be specified to be different for different countries, we have assumed here the 
same values for all countries.  
  
Ratio of WWS energy to BAU fuel use in end use, and WWS upstream factors (parameters 

  ElEeu ,i ,X ,WWS/BAU ,   H2Eeu ,i ,X ,WWS/BAU ,   ElEup ,i ,X ,WWS , and  H2Eup ,i ,X ,WWS ) 

The parameters   ElEeu ,i ,X ,WWS/BAU  and   H2Eeu ,i ,X ,WWS/BAU  express the end-use energy requirements 
of using electricity or hydrogen relative to the requirements of using BAU fuels, holding 
constant the service provided (e.g., heat for cooking or miles of travel). For example, in the case 
of heat for cooking, the parameter   ElEeu ,i ,X ,WWS/BAU  can be BTUs of electricity, measured at the 
meter, per unit of heat transferred to the cooking object, relative to BTUs of natural gas, 
measured at the meter, per unit of heat transferred to the cooking object. In the case of 
transportation, these parameters are BTU/mi for electric vehicles (EVs) relative to BTU/mi for 
gasoline internal-combustion-engine vehicles (ICEVs), where the BTUs for the EV are measured 
at the electricity meter, going into the EV charger, and BTUs for the ICEV are measured at the 
gasoline pump nozzle. For hydrogen fuel-cell vehicles (FCVs), the BTUs are measured at the 
hydrogen dispenser outlet, going into the vehicle.  
 
The values shown in Table S4 are adapted from Jacobson et al. (2015a). The values for hydrogen 
end-use (  H2Eeu ,i ,X ,WWS/BAU ) assume that electrolytic hydrogen is produced only for transportation 
and with an electrolyzer at the site of end-use and therefore start with the energy content of the 
input electricity (rather than the energy content of the output hydrogen). The upstream 
adjustment for hydrogen (  H2Eup ,i ,X ,WWS ) accounts for the electricity generated “upstream” for 
hydrogen compression or liquefaction.6  
 

                                                
6 Note that because the factors   H2Eeu ,i ,X and   H2Eup ,i ,X  are multiplicative it doesn’t matter whether we show one 

under “end use” and one under “upstream”, and then multiply them together, or multiply them together and show the 
result under “upstream.” We have chosen to classify and show them separately, even though the distinction between 
“upstream” and “end use” in this case is arbitrary, because it makes the individual assumptions explicit. 
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Elimination of energy-sector own-use: energy to process and transport BAU energy products 
other than wind, water, and solar power (parameter  ESOUFi ,X ,C ,TY ,WWS/BAU ) 
In the 100% WWS scenario, no end-use energy will be needed to produce and transport fossil-
fuels, nuclear energy, or bioenergy. For example, the 100% WWS scenario will eliminate energy 
used by petroleum refineries, natural-gas pipelines, and oil tankers. Here we estimate the 
adjustment-factor components that account for own-use energy in the industrial sector to produce 
fossil fuels, and own-use energy in the transport sector to transport fossil fuels.  
 
Own-use energy eliminated in the industrial sector (  ESOUFi ,industrial ,C ,TY ,WWS/BAU ) 
The BAU industrial sector uses energy to produce different kinds of fossil-fuel based products 
i(p) for energy (E) and non-energy (NE) purposes. This use of energy is referred to as “own use” 
in the industrial sector. As discussed above, the IEA reports total (all-purpose)  ESOUFindustrial  for 
each country. (The IEA also breaks out  ESOUFindustrial  by type of own-use fuel, but for our 
purposes in this section this breakout is not relevant.) In a WWS world, all of the products used 
for energy (E) purposes will be replaced by WWS energy, but only some (presumably small) 
fraction of the products used for NE purposes will be replaced by WWS energy. This means that 
in the WWS energy-use scenario, we must subtract all  ESOUFindustrial for E products, but only 
some fraction of the  ESOUFindustrial  for NE products. Designating the final amount of energy-
industry own-use to be subtracted as EIOU*, we have  
 

  
ESOUFi ,industrial ,C ,TY ,WWS/BAU =

Ei ,industrial ,C ,TY ,BAU − ESOU *i ,industrial ,C ,TY ,BAU

Ei ,industrial ,C ,TY ,BAU

= 1−
ESOU *i ,industrial ,C ,TY

Ei ,industrial ,C ,TY ,BAU  
where 
  

  ESOUFi ,industrial ,C ,TY ,WWS/BAU  = Factor to account for the elimination of (most) energy used in the 
industrial sector to process non-WWS energy products (mainly fossil fuels): the ratio of 
industrial-sector energy use of i in country C in year TY in the WWS scenario to 
industrial-sector energy use of i in country C in year TY in the BAU 

  Ei ,industrial ,C ,TY ,BAU  = Use of fuel i in the industrial sector of country C in year TY in the BAU 
(includes all industrial ESOU and all use of replaceable non-energy products as well as 
all other industrial-sector energy use) (estimated as described above) 

  ESOU *i ,industrial ,C ,TY ,BAU  = Industrial energy-sector own-use of i in country C in year TY in the 
BAU, to produce products that will be replaced by WWS power: all energy (E) products 
and the replaceable portion of non-energy (NE) products 

 
The industrial-sector own use,   ESOU *i ,industrial ,C ,TY ,BAU , is the product of the industrial-sector 
energy intensity of fuel production and total fuel production, for E and replaceable NE products:  
 

  

ESOU *i ,industrial ,C ,TY ,BAU = EINE ,i(p),industrial ,world ,TY ,BAU ⋅ENE ,i(p),all−X ,world ,TY ,BAU ⋅RFNE ,i(p)
i(p)
∑

+ EIE ,i(p),industrial ,world ,TY ,BAU ⋅EE ,i(p),all−X ,world ,TY ,BAU
i(p)
∑
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where all terms are defined and specified above in the subsection “Projections of end-use energy 
consumption in the BAU industrial sector.”  
 
Own-use energy eliminated in the transport sector (  ESOUFi ,transport ,C ,TY ,WWS/BAU ) 
As discussed next, a small but nontrivial amount of petroleum end-use in the transport sector is 
for shipment of coal and petroleum products. This “own use” will be eliminated in the 100% 
WWS scenario. As noted above, the IEA does not include transport-sector energy “own-use” in 
its estimates of EIOU, so we must estimate it ourselves.  
 
Table S5 shows ton-miles of movement of coal and petroleum products by truck, rail, water, and 
pipeline transport (2012 Commodity Flow Survey [CFS], U. S. Bureau of Transportation 
Statistics and U. S. Census Bureau, 2015). The CFS data indicate that in 2012 transport of coal 
and petroleum products accounted for 55% of ton-miles by rail, 24% of ton-miles by water, 8% 
of ton-miles by truck, and 95% of ton-miles by pipeline. (Note that the CFS excludes shipment 
of crude oil and natural gas, which if included would increase the fossil-fuel share of total ton-
miles by water and pipeline, but also excludes shipment of forestry and some agricultural 
commodities, which if included would decrease the fossil-fuel share of ton-miles by truck.) In 
the U. S. in 2012, medium and heavy trucks used 21.6% of all petroleum used in transport, 
freight ships used 3.3%, and freight rail used 1.9% (Davis et al., 2015). Combining these shares 
of transport petroleum use with the ton-mile shares from Table S5, we estimate that shipment of 
fossil fuels accounted for about 4% of all petroleum end use in the transport sector in the U. S. in 
2012.  
 
Table S5. Transport of fossil fuels by mode (ton-miles). 

Rail Ton-miles % of total 
All commodities 1,211,481 100.0% 
Coal 609,335 50.3% 
Petroleum products 19,682 1.6% 
Fuel oil 3,187 0.3% 
Other coal & oil 29,582 2.4% 
Coal+petroleum 661,786 54.6% 
Water Ton-miles % of total 
All commodities 192,866 100.0% 
Coal 1,075 0.6% 
Petroleum products 19,779 10.3% 
Fuel oil 8,888 4.6% 
Other coal & oil 16,884 8.8% 
Coal+petroleum 46,626 24.2% 
Truck Ton-miles % of total 
All commodities 1,247,717 100.0% 
Coal 9,848 0.8% 
Petroleum products 28,183 2.3% 
Fuel oil 20,530 1.6% 
Other coal & oil 47,539 3.8% 
Coal+petroleum 106,100 8.5% 
Pipeline Tons % of total 
All commodities 635,975 100.0% 
Coal 0 0.0% 
Petroleum products 342,839 53.9% 
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Fuel oil 233,424 36.7% 
Other coal & oil 29,950 4.7% 
Coal+petroleum 606,213 95.3% 

Source: U. S. Bureau of Transportation Statistics and U. S. Census Bureau (2015).  
 
Following the method established for own-use energy eliminated in the industrial sector, we have  

  
ESOUFi ,transport ,C ,TY ,WWS/BAU = 1−

ESOU *i ,transport ,C ,TY

Ei ,transport ,C ,TY ,BAU

 

 

  
ESOUFi ,transport ,C =

Ei ,X ,C − ESOU *i ,transport ,C

Ei ,transport ,C
= 1−

ESOU *i ,transport ,C

Ei ,transport ,C
   

 
where 
  

  ESOUFi ,transport ,C ,TY ,WWS/BAU  = Factor to account for the elimination of (most) energy used in the 
transport sector to transport non-WWS energy products (mainly fossil fuels): the ratio of 
transport-sector energy use of i in country C in year TY in the WWS scenario to transport-
sector energy use of i in country C in year TY in the BAU 

  Ei ,transport ,C ,TY ,BAU  = Use of fuel i in the transport sector of country C in year TY in the BAU 
(includes all transport ESOU and transport of replaceable non-energy products as well as 
all other transport-sector energy use) (estimated as described above) 

  ESOU *i ,transport ,C ,TY ,BAU  = Transport energy-sector own-use of i in country C in year TY in the 
BAU, to transport products that will be replaced by WWS power: all energy (E) products 
and the replaceable portion of non-energy (NE) products 

 
For simplicity we define:  

  

ESOU *i ,transport ,C

Ei ,transport ,C
≡ ESOUF *i ,transport ,C  

 
and hence  
 

  ESOUFi ,transport ,C = 1− ESOUF *i ,transport ,C  
 
where 
 

 = Of total use of fuel i in the transport sector in country C, the fraction that is 
used to transport fossil fuels, nuclear materials, and biofuels used for energy purposes.  

 
The Lifecycle Emissions Model (Delucchi et al., 2003) provides results that allow us to estimate 
ESOUF*.  
 

  ESOUF *liquids ,transport  = 0.02 

  ESOUF *i ,transport ,C
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  ESOUF *NG ,transport  = 0.75 

  ESOUF *El ,transport = 0.50 
 
(Note that in the accompanying spreadsheet, the quantity entered is ESOUF, not ESOUF*.) 
 
The EIA’s IEO projects freight ton-miles and ton-miles per BTU by mode (heavy trucks, other 
trucks, rail, domestic water, and international water), fuel (gasoline, diesel, LPG, coal, 
electricity, natural gas, and renewables), and region (EIA, 2011a). Demand for freight service is 
projected as a function of GDP, fuel price, and, in some cases, a trend factor representing 
exogenous effects of, for example, improvements in efficiency (EIA, 2011a). Shares of different 
fuels are held fixed at the base-year values. Base-year data in the model are from the IEA’s 
World Energy Balances.  
 
S3.4. Summary of BAU and WWS Loads for Each of 139 Countries 
Table S6 projects 139-country BAU and WWS end-use power demands to 2050. Table 1 of the 
main text summarizes results over all countries. End-use power is the power in delivered 
electricity or fuel (e.g., gasoline) that is actually used to provide services such as heating, 
cooling, lighting, and transportation. It excludes losses during the production and transmission of 
the electricity or fuel but includes industry self-energy-use for mining, transporting, and refining 
fossil fuels. All end uses that feasibly can be electrified use WWS electricity directly, but WWS 
electricity is also used to produce electrolytic hydrogen for some transportation. 
 
Table S6. 1st row of each country: estimated 2050 total annually-averaged end-use load (GW) and percent of the 
total load by sector if conventional fossil-fuel, nuclear, and biofuel use continue from today to 2050 under a BAU 
trajectory. 2nd row of each country: estimated 2050 total end-use load (GW) and percent of total load by sector if 
100% of BAU end-use all-purpose delivered load in 2050 is instead provided by WWS. The last column shows the 
percent reductions in total 2050 BAU load due to switching from BAU to WWS, including the effects of (a) energy 
use reduction due to the higher work to energy ratio of electricity over combustion, (b) eliminating energy use for 
the upstream mining, transporting, and/or refining of coal, oil, gas, biofuels, bioenergy, and uranium, and (c) policy-
driven increases in end-use efficiency beyond those in the BAU case. 

Country 

Scen-
ario 

2050 
Total 

end-use 
load 

(GW) 

Resid-
ential 

percent 
of total 
end-use 

load 

Com-
mercial 

per-
cent of 
total 

end-use 
load 

Indus-
trial 
per-

cent of 
total 
end-
use 
load 

Trans-
port 
per-

cent of 
total 
end-
use 
load 

Ag/For
/Fish-

ing 
per-

cent of 
total 
end-
use 
load 

Other 
percent 
of total 
end-use 

load 

(a) 
Percent 
change 
end-use 

load 
w/WWS 
due to 
higher 
work: 
energy 
ratio  

(b) 
Percent 
change 
end-use 

load 
w/WWS 
due to 

eliminat-
ing 

upstream 

(c) 
Percent 
change 
end-use 

load 
w/WWS 
due to 
effic-
iency 

beyond 
BAU 

Overall 
percent 
change 
in end-

use load 
with 

WWS 

Albania BAU 4.1 33.5 11.9 13.8 37.4 3.3 0.2      
  WWS 2.1 47.9 17.7 7.0 21.7 5.4 0.3 -28.94 -8.82 -9.77 -47.53 
Algeria BAU 144.4 15.1 0.0 20.8 59.5 0.3 4.2      
  WWS 53.8 28.3 0.0 24.2 36.6 0.8 10.0 -29.29 -26.79 -6.70 -62.77 
Angola BAU 29.8 43.6 7.1 13.2 35.9 0.1 0.1      
  WWS 15.1 61.9 10.9 5.3 21.6 0.1 0.1 -32.83 -9.28 -7.25 -49.35 
Argentina BAU 166.3 21.0 6.0 28.5 41.7 2.9 0.0      
  WWS 79.8 30.3 9.8 32.1 22.8 5.0 0.0 -24.34 -20.12 -7.56 -52.01 
Armenia BAU 4.9 37.1 7.9 11.9 33.2 0.3 9.6      
  WWS 2.4 52.5 12.6 4.5 13.3 0.6 16.5 -16.02 -24.10 -10.52 -50.64 
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Australia BAU 212.3 11.6 12.4 40.9 33.3 1.8 0.1      
  WWS 118.9 15.1 17.2 46.6 18.2 2.7 0.2 -26.25 -10.71 -7.04 -43.99 
Austria BAU 50.5 22.9 10.7 31.8 33.0 1.5 0.0      
  WWS 29.8 28.9 15.3 32.5 21.1 2.2 0.0 -21.22 -13.08 -6.70 -41.01 
Azerbaijan BAU 19.4 37.1 9.3 22.8 27.8 3.0 0.0      
  WWS 10.8 46.6 13.3 19.7 15.8 4.6 0.0 -26.11 -8.79 -9.41 -44.31 
Bahrain BAU 15.4 15.5 9.0 48.2 27.3 0.1 0.0      
  WWS 9.3 19.6 11.6 54.8 13.8 0.1 0.0 -23.32 -8.61 -7.83 -39.76 
Bangladesh BAU 70.9 36.7 2.1 24.8 31.7 4.5 0.2      
  WWS 37.7 49.2 3.1 27.7 12.4 7.1 0.5 -18.93 -19.41 -8.45 -46.79 
Belarus BAU 40.9 30.9 14.8 29.6 21.1 3.6 0.0      
  WWS 27.5 37.6 19.5 28.6 9.7 4.7 0.0 -17.07 -9.32 -6.34 -32.73 
Belgium BAU 68.2 20.8 12.8 29.8 35.1 1.4 0.1      
  WWS 37.6 26.2 18.5 31.3 21.7 2.1 0.2 -27.87 -9.85 -7.20 -44.92 
Benin BAU 9.0 37.0 10.3 2.0 50.8 0.0 0.0      
  WWS 3.9 60.6 19.1 -15.3 35.6 0.0 0.0 -40.11 -9.64 -6.67 -56.42 
Bolivia BAU 16.1 11.7 2.8 23.7 51.7 6.0 4.1      
  WWS 6.7 20.2 5.2 26.5 28.0 12.1 8.0 -27.23 -24.92 -5.91 -58.06 
Bosnia and  BAU 6.6 34.1 0.0 23.5 32.5 0.2 9.8      
Herzegovina  WWS 3.8 44.1 0.0 22.6 17.8 0.3 15.2 -25.79 -7.97 -9.21 -42.97 
Botswana BAU 5.9 21.9 5.4 21.9 44.0 1.5 5.4      
  WWS 3.0 31.4 8.3 22.4 26.4 2.7 8.8 -34.72 -7.94 -6.44 -49.10 
Brazil BAU 550.6 8.9 5.2 42.8 39.0 3.8 0.2      
  WWS 315.9 11.6 7.1 48.4 27.0 5.7 0.2 -27.06 -10.56 -5.00 -42.62 
Brunei  BAU 6.2 8.6 10.7 48.3 32.3 0.0 0.0      
Darussalam  WWS 3.5 11.7 14.9 55.8 17.7 0.0 0.0 -29.09 -9.03 -6.03 -44.15 
Bulgaria BAU 22.3 27.4 14.4 27.1 30.0 1.2 0.0      
  WWS 13.1 34.9 19.6 28.0 15.8 1.7 0.0 -21.30 -10.67 -9.38 -41.35 
Cambodia BAU 12.3 44.1 2.7 17.8 33.0 0.0 2.4      
  WWS 6.5 60.4 4.0 12.7 19.1 0.0 3.8 -31.18 -9.06 -7.18 -47.42 
Cameroon BAU 25.4 31.3 47.9 6.0 14.8 0.1 0.0      
  WWS 17.6 32.4 56.6 4.4 6.5 0.1 0.0 -22.86 -2.69 -5.21 -30.76 
Canada BAU 389.5 14.5 12.0 45.0 23.9 2.5 2.2      
  WWS 240.3 16.9 15.2 47.6 13.3 3.4 3.5 -21.55 -10.22 -6.55 -38.32 
Chile BAU 78.0 16.6 8.6 30.8 43.2 0.8 0.0      
  WWS 37.3 25.1 14.1 38.2 21.3 1.3 0.0 -22.87 -21.90 -7.44 -52.20 
China BAU 5404.1 19.2 3.5 47.4 26.5 1.4 2.0      
  WWS 3291.6 22.7 4.6 56.8 10.8 2.0 3.1 -15.63 -16.42 -7.04 -39.09 
Chinese Taipei BAU 167.1 10.9 8.5 45.6 31.4 0.9 2.8      
  WWS 99.8 13.7 11.1 52.3 17.0 1.4 4.6 -25.13 -8.47 -6.70 -40.30 
Colombia BAU 67.4 16.1 6.2 28.8 44.5 4.3 0.1      
  WWS 32.6 24.0 10.1 32.1 26.2 7.4 0.2 -32.06 -13.21 -6.36 -51.64 
Congo BAU 4.7 48.2 0.8 4.0 44.6 0.0 2.3      
  WWS 2.3 69.9 1.3 -2.6 27.5 0.0 3.9 -36.66 -6.06 -7.74 -50.46 
Congo, Dem. BAU 43.8 61.7 0.2 31.0 7.1 0.0 0.0      

Republic of WWS 28.3 68.4 0.2 28.0 3.4 0.0 0.0 -19.35 -8.31 -7.69 -35.35 
Costa Rica BAU 7.7 15.1 11.8 18.0 53.2 1.4 0.5      
  WWS 3.5 25.2 20.3 14.9 36.0 2.8 0.9 -38.19 -9.52 -7.13 -54.85 
Cote d'Ivoire BAU 16.2 57.2 12.7 9.9 18.5 1.5 0.0      
  WWS 10.2 65.2 16.2 7.6 9.0 2.0 0.0 -23.85 -4.09 -8.86 -36.81 
Croatia BAU 14.3 32.0 15.8 21.8 28.2 2.1 0.0      
  WWS 8.2 41.5 21.9 17.6 16.0 3.0 0.0 -24.86 -8.72 -9.08 -42.66 
Cuba BAU 11.7 21.6 6.0 52.2 12.5 2.0 5.7      
  WWS 7.7 24.3 7.0 52.1 6.9 2.6 7.0 -17.88 -8.96 -6.85 -33.69 
Cyprus BAU 4.2 19.6 16.9 6.3 55.5 1.3 0.5      
  WWS 1.8 33.2 29.9 -6.6 39.9 2.6 1.0 -38.41 -9.29 -8.47 -56.17 
Czech Republic BAU 43.4 25.2 13.7 34.2 24.1 1.9 0.9      
  WWS 27.6 28.1 17.7 35.0 15.3 2.5 1.4 -18.93 -9.52 -7.94 -36.39 
Denmark BAU 26.9 29.4 14.7 22.6 28.7 4.5 0.1      
  WWS 16.8 38.8 20.1 18.5 16.3 6.3 0.1 -22.86 -8.34 -6.45 -37.64 
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Dominican  BAU 12.6 19.9 7.1 20.6 50.9 1.5 0.0      
Republic  WWS 5.8 31.6 12.0 20.1 33.3 3.1 0.0 -36.65 -9.96 -7.16 -53.77 

Ecuador BAU 27.0 11.1 3.9 27.4 55.3 0.6 1.6      
  WWS 11.9 18.5 6.8 31.7 38.5 1.2 3.3 -40.54 -10.10 -5.43 -56.06 
Egypt BAU 214.4 17.1 6.4 27.0 44.5 3.7 1.2      
  WWS 102.3 26.7 10.4 29.9 24.2 6.7 2.1 -27.66 -17.27 -7.35 -52.28 
El Salvador BAU 5.4 22.7 3.4 22.0 50.0 0.2 1.7      
  WWS 2.5 35.6 5.7 21.9 32.8 0.5 3.5 -37.30 -9.65 -6.52 -53.47 
Eritrea BAU 1.1 71.1 8.5 3.4 17.0 0.0 0.0      
  WWS 0.7 80.6 10.7 0.5 8.2 0.0 0.0 -23.27 -3.13 -10.20 -36.61 
Estonia BAU 5.9 30.2 14.8 23.2 29.1 2.7 0.0      
  WWS 3.6 40.1 19.9 20.8 15.5 3.7 0.0 -23.38 -8.21 -7.03 -38.62 
Ethiopia BAU 71.4 86.8 1.9 3.4 7.1 0.4 0.5      
  WWS 48.7 91.1 2.3 2.4 3.2 0.4 0.6 -19.63 -1.42 -10.77 -31.82 
Finland BAU 43.4 23.5 14.2 41.6 17.3 2.5 0.9      
  WWS 29.9 27.8 17.2 41.6 9.2 3.2 1.0 -16.03 -8.30 -6.60 -30.93 
France BAU 267.2 28.6 17.5 20.9 29.8 2.3 0.9      
  WWS 158.0 35.0 23.5 16.7 20.1 3.3 1.4 -23.09 -9.10 -8.66 -40.85 
Gabon BAU 5.7 39.2 2.8 29.6 27.4 0.6 0.4      
  WWS 3.2 50.6 3.9 28.8 15.0 0.9 0.7 -28.03 -9.09 -6.87 -43.99 
Georgia BAU 6.4 41.8 8.5 17.6 28.6 3.2 0.5      
  WWS 3.6 52.6 11.9 13.4 16.5 4.8 0.7 -24.99 -8.67 -9.88 -43.54 
Germany BAU 379.2 25.9 16.6 29.7 27.7 0.0 0.1      
  WWS 226.3 31.0 22.4 29.6 16.9 0.0 0.1 -21.97 -10.33 -8.03 -40.33 
Ghana BAU 18.9 25.0 4.3 22.0 46.8 1.9 0.0      
  WWS 9.0 38.2 7.2 21.3 30.1 3.2 0.0 -36.60 -9.57 -6.34 -52.51 
Gibraltar BAU 6.0 0.0 0.0 0.1 99.6 0.0 0.3      
  WWS 1.3 0.0 0.1 -39.9 138.2 0.0 1.6 -63.13 -11.17 -3.72 -78.01 
Greece BAU 35.5 24.4 12.9 24.8 34.8 1.3 1.7      
  WWS 19.3 32.8 18.5 23.5 20.3 2.3 2.6 -27.81 -9.63 -8.33 -45.78 
Guatemala BAU 15.0 51.4 4.8 9.5 34.3 0.0 0.0      
  WWS 8.2 67.6 6.9 6.2 19.2 0.0 0.0 -31.22 -5.58 -8.62 -45.42 
Haiti BAU 4.4 70.8 2.2 7.3 19.7 0.0 0.0      
  WWS 2.5 89.5 3.1 -3.2 10.6 0.0 0.0 -25.80 -8.63 -8.94 -43.38 
Honduras BAU 8.1 36.5 5.3 23.2 33.0 0.0 2.0      
  WWS 4.3 49.6 7.8 20.6 18.9 0.0 3.1 -30.26 -9.06 -7.40 -46.72 
Hong Kong,  BAU 76.9 5.9 15.8 7.6 70.7 0.0 0.0      

China WWS 27.5 11.3 34.4 -6.1 60.3 0.0 0.1 -47.23 -9.81 -7.15 -64.19 
Hungary BAU 27.1 34.5 19.8 21.4 22.3 2.1 0.0      
  WWS 16.8 39.6 25.9 17.3 14.3 2.9 0.0 -20.83 -8.36 -8.78 -37.97 
Iceland BAU 4.5 16.5 13.6 47.1 15.2 7.4 0.3      
  WWS 3.4 20.4 16.2 48.3 6.5 8.3 0.3 -11.98 -6.89 -5.85 -24.73 
India BAU 1709.4 24.2 4.1 37.3 27.9 4.1 2.4      
  WWS 996.0 30.0 5.6 40.0 14.4 6.6 3.6 -24.59 -10.77 -6.37 -41.73 
Indonesia BAU 427.6 27.5 4.6 30.5 35.6 1.6 0.2      
  WWS 226.7 37.5 6.7 31.9 21.0 2.5 0.3 -31.23 -9.29 -6.46 -46.98 
Iran, Islamic  BAU 434.6 21.6 4.9 37.3 32.0 4.1 0.2      

Republic of WWS 231.4 27.9 7.3 42.1 15.4 6.9 0.4 -24.42 -15.55 -6.78 -46.75 
Iraq BAU 60.5 17.4 1.3 22.7 49.5 0.0 9.2      
  WWS 29.0 26.4 2.0 20.9 31.5 0.0 19.1 -36.52 -9.87 -5.69 -52.08 
Ireland BAU 16.9 25.9 14.9 22.4 34.8 2.0 0.0      
  WWS 8.7 31.5 22.8 21.0 21.4 3.4 0.0 -29.18 -8.93 -10.15 -48.26 
Israel BAU 27.3 22.1 14.7 21.7 28.7 0.9 12.0      
  WWS 15.9 28.0 19.5 18.7 15.0 1.5 17.2 -24.82 -8.41 -8.52 -41.75 
Italy BAU 240.8 25.8 13.5 25.7 33.3 1.7 0.1      
  WWS 134.9 32.3 19.2 25.5 20.4 2.5 0.1 -22.65 -13.44 -7.87 -43.96 
Jamaica BAU 4.1 9.5 9.6 30.8 47.5 2.4 0.1      
  WWS 2.0 14.8 15.7 34.9 30.3 4.2 0.2 -36.73 -9.81 -5.59 -52.13 
Japan BAU 411.8 16.8 24.6 33.2 24.3 0.8 0.2      
  WWS 250.8 20.1 32.0 32.6 13.9 1.1 0.3 -21.80 -9.52 -7.77 -39.09 
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Jordan BAU 14.7 21.4 7.3 21.5 44.0 3.2 2.7      
  WWS 7.4 31.7 11.3 19.5 26.7 6.3 4.4 -33.11 -9.18 -7.44 -49.73 
Kazakhstan BAU 114.1 13.2 4.9 69.0 9.6 0.9 2.4      
  WWS 81.1 13.7 6.0 71.6 4.6 1.2 2.9 -16.23 -7.68 -4.99 -28.90 
Kenya BAU 31.2 62.1 1.3 9.7 26.3 0.2 0.4      
  WWS 18.3 76.0 1.7 7.8 13.7 0.2 0.5 -28.03 -4.36 -9.01 -41.40 
Korea, Dem.  BAU 32.3 0.8 0.0 65.5 4.6 0.0 29.2      

People's Rep. WWS 24.2 0.8 0.0 64.2 1.9 0.0 33.2 -17.09 -5.72 -2.23 -25.04 
Korea,  BAU 326.8 11.9 17.4 41.0 27.5 1.6 0.6      

Republic of WWS 193.9 14.3 23.0 46.2 13.2 2.5 0.8 -21.17 -11.66 -7.82 -40.65 
Kosovo BAU 3.0 48.2 10.7 16.8 23.4 0.9 0.0      
  WWS 1.7 60.8 14.3 11.2 12.3 1.3 0.0 -21.98 -8.49 -11.52 -41.98 
Kuwait BAU 60.0 15.9 7.0 52.4 24.7 0.0 0.0      
  WWS 35.9 20.3 9.1 58.0 12.6 0.0 0.0 -24.56 -8.91 -6.73 -40.19 
Kyrgyzstan BAU 7.5 31.4 10.1 13.2 36.8 1.6 6.8      
  WWS 4.2 45.2 14.7 7.3 20.2 2.5 10.0 -27.57 -8.28 -8.51 -44.36 
Latvia BAU 8.8 34.2 19.1 14.8 29.6 2.2 0.0      
  WWS 5.3 45.9 26.5 8.4 16.0 3.1 0.0 -24.86 -8.33 -7.00 -40.19 
Lebanon BAU 11.3 28.6 6.3 14.5 44.7 0.0 5.8      
  WWS 5.6 42.3 9.8 8.9 27.4 0.0 11.6 -32.68 -9.00 -8.46 -50.14 
Libya BAU 36.0 9.3 6.1 14.7 59.6 1.0 9.4      
  WWS 15.7 15.6 10.7 8.2 41.6 2.4 21.4 -41.07 -9.80 -5.39 -56.26 
Lithuania BAU 11.8 29.6 14.5 25.4 29.2 1.2 0.0      
  WWS 7.1 39.1 20.2 23.2 15.8 1.7 0.0 -23.46 -8.82 -7.01 -39.29 
Luxembourg BAU 6.5 12.0 15.8 14.4 57.2 0.5 0.0      
  WWS 2.9 18.7 28.7 9.1 42.5 1.0 0.0 -39.31 -9.63 -6.32 -55.26 
Macedonia,  BAU 4.0 36.9 16.4 22.9 23.0 0.8 0.0      

Republic of WWS 2.4 46.7 21.4 19.2 11.7 1.1 0.0 -20.66 -8.31 -10.48 -39.46 
Malaysia BAU 158.0 8.0 11.1 40.2 39.0 1.7 0.0      
  WWS 83.9 11.3 16.2 47.8 22.1 2.6 0.0 -29.82 -10.84 -6.22 -46.88 
Malta BAU 3.6 6.8 7.0 2.2 83.8 0.2 0.1      
  WWS 1.1 17.1 18.2 -22.4 86.2 0.5 0.4 -54.13 -10.47 -5.57 -70.18 
Mexico BAU 326.4 13.0 5.3 39.7 38.6 2.7 0.8      
  WWS 173.2 18.0 7.8 46.7 21.6 4.3 1.5 -30.08 -11.14 -5.71 -46.94 
Moldova,  BAU 4.4 44.0 15.3 21.7 17.1 1.5 0.5      

Republic of WWS 2.8 50.9 20.4 17.5 8.5 1.9 0.8 -18.84 -8.21 -10.01 -37.06 
Mongolia BAU 9.0 19.5 6.1 35.7 26.3 2.2 10.3      
  WWS 5.8 21.1 9.5 38.6 14.2 2.9 13.8 -21.54 -7.35 -7.43 -36.32 
Montenegro BAU 1.5 48.6 1.4 19.2 30.0 0.4 0.5      
  WWS 0.8 64.0 2.1 16.3 16.4 0.5 0.7 -24.67 -8.55 -10.47 -43.68 
Morocco BAU 45.2 15.8 8.4 23.0 41.7 11.0 0.0      
  WWS 23.2 22.6 13.1 21.1 25.3 17.9 0.0 -33.15 -9.68 -5.90 -48.73 
Mozambique BAU 20.9 59.9 0.7 26.7 12.5 0.1 0.0      
  WWS 13.1 68.7 0.9 24.4 5.8 0.1 0.0 -19.87 -9.05 -8.48 -37.41 
Myanmar BAU 33.6 59.9 2.0 16.3 17.4 1.2 3.3      
  WWS 19.5 74.3 2.6 9.7 7.0 1.6 4.8 -19.61 -13.70 -8.76 -42.07 
Namibia BAU 4.6 4.1 0.1 11.4 47.5 17.2 19.7      
  WWS 2.4 5.6 0.1 2.2 28.0 27.3 36.7 -35.48 -10.08 -2.74 -48.31 
Nepal BAU 20.6 75.1 2.3 7.5 13.3 1.6 0.1      
  WWS 12.3 90.1 3.1 -2.3 6.9 2.2 0.2 -22.40 -8.27 -9.54 -40.21 
Netherlands BAU 114.7 16.6 14.7 28.8 35.6 4.3 0.0      
  WWS 63.3 21.0 21.6 29.4 21.3 6.7 0.0 -29.34 -9.25 -6.25 -44.84 
Netherlands  BAU 6.8 0.9 0.0 29.8 68.6 0.0 0.7      

Antilles WWS 2.5 1.7 0.0 40.6 55.9 0.0 1.8 -48.41 -10.76 -3.40 -62.57 
New Zealand BAU 31.1 11.6 13.5 35.9 34.0 4.7 0.3      
  WWS 17.6 15.4 18.6 39.6 18.5 7.4 0.5 -27.71 -8.94 -6.91 -43.56 
Nicaragua BAU 4.0 36.5 11.0 15.4 35.3 1.8 0.0      
  WWS 2.1 50.6 16.4 9.3 20.6 3.0 0.1 -30.94 -9.16 -7.71 -47.82 
Nigeria BAU 260.2 64.0 4.1 17.2 12.4 0.0 2.3      
  WWS 159.3 75.0 5.4 10.3 6.2 0.0 3.1 -22.09 -8.49 -8.22 -38.80 
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Norway BAU 46.4 18.5 14.0 44.6 20.0 2.6 0.3      
  WWS 29.7 22.1 17.4 46.6 10.1 3.5 0.3 -16.94 -10.71 -8.45 -36.10 
Oman BAU 54.6 6.9 4.0 64.6 21.9 0.1 2.5      
  WWS 33.5 8.6 5.1 71.9 10.9 0.2 3.3 -25.20 -9.15 -4.29 -38.64 
Pakistan BAU 206.0 36.8 3.4 24.4 34.3 0.9 0.1      
  WWS 103.2 52.4 5.4 24.4 15.8 1.8 0.2 -22.95 -18.95 -8.01 -49.91 
Panama BAU 15.5 7.6 7.2 10.1 74.9 0.2 0.0      
  WWS 5.2 16.6 16.6 -1.2 67.6 0.4 0.0 -50.34 -10.33 -5.52 -66.19 
Paraguay BAU 8.7 25.8 8.1 23.2 42.9 0.0 0.0      
  WWS 4.5 37.1 12.3 22.1 28.5 0.0 0.0 -32.52 -9.16 -7.23 -48.91 
Peru BAU 40.8 14.5 5.8 27.9 50.0 1.8 0.0      
  WWS 18.9 22.9 9.8 32.5 31.5 3.3 0.0 -30.77 -16.60 -6.28 -53.65 
Philippines BAU 76.8 19.1 12.7 24.8 42.3 1.1 0.0      
  WWS 39.6 27.4 19.1 24.8 26.8 1.9 0.0 -32.14 -9.12 -7.23 -48.49 
Poland BAU 119.5 27.7 13.7 29.1 25.4 4.2 0.0      
  WWS 68.9 28.7 19.2 30.7 15.3 6.0 0.0 -20.10 -10.46 -11.75 -42.32 
Portugal BAU 29.6 16.9 14.2 32.1 34.8 2.0 0.1      
  WWS 16.8 21.9 19.7 34.2 21.1 3.0 0.1 -26.72 -9.44 -7.26 -43.42 
Qatar BAU 68.6 5.1 1.8 71.1 19.6 0.0 2.4      
  WWS 43.5 6.1 2.3 78.4 9.4 0.0 3.8 -23.84 -9.10 -3.67 -36.61 
Romania BAU 50.7 36.3 9.8 29.9 22.0 1.3 0.7      
  WWS 31.4 43.5 13.0 28.6 12.3 1.8 0.9 -21.85 -8.50 -7.69 -38.04 
Russian  BAU 725.5 24.2 8.5 40.3 25.4 1.6 0.0      

Federation WWS 473.3 31.1 11.0 44.9 10.7 2.3 0.0 -13.74 -14.98 -6.04 -34.76 
Saudi Arabia BAU 337.5 13.5 6.7 46.8 32.7 0.3 0.0      
  WWS 187.6 18.5 9.3 53.6 18.0 0.5 0.1 -28.90 -9.24 -6.29 -44.42 
Senegal BAU 7.9 36.6 5.0 14.9 42.5 0.3 0.7      
  WWS 3.8 54.5 8.0 8.8 26.8 0.5 1.4 -34.98 -9.07 -7.49 -51.54 
Serbia BAU 18.9 43.2 12.1 24.1 19.3 1.3 0.0      
  WWS 11.8 51.8 15.6 21.0 9.9 1.7 0.0 -18.45 -8.04 -10.97 -37.46 
Singapore BAU 203.2 1.2 3.6 10.5 84.7 0.0 0.1      
  WWS 61.6 3.0 9.1 0.0 87.6 0.0 0.2 -54.63 -10.78 -4.30 -69.71 
Slovak Republic BAU 22.1 17.2 12.6 36.2 33.0 0.9 0.0      
  WWS 12.4 23.2 18.4 41.5 15.5 1.4 0.0 -16.85 -20.04 -7.08 -43.97 
Slovenia BAU 8.1 25.9 12.0 24.9 35.4 1.3 0.4      
  WWS 4.6 34.2 17.0 24.6 21.8 1.9 0.6 -27.22 -8.94 -7.69 -43.85 
South Africa BAU 246.8 15.6 6.9 42.6 30.4 2.2 2.4      
  WWS 142.4 17.6 9.4 49.3 16.8 3.3 3.5 -26.68 -8.19 -7.43 -42.30 
Spain BAU 168.9 17.0 13.1 29.9 37.1 2.3 0.6      
  WWS 93.2 22.2 18.6 30.3 24.3 3.5 1.0 -27.54 -10.05 -7.24 -44.83 
Sri Lanka BAU 26.9 32.0 5.2 22.3 38.9 0.0 1.6      
  WWS 13.7 45.5 8.1 20.5 23.3 0.0 2.6 -33.28 -9.22 -6.63 -49.14 
Sudan BAU 27.6 30.9 14.7 14.5 38.4 0.9 0.7      
  WWS 14.1 43.9 23.2 7.3 22.9 1.5 1.1 -33.33 -9.31 -6.32 -48.96 
Sweden BAU 60.1 24.0 16.0 32.2 26.8 1.0 0.0      
  WWS 39.2 30.8 20.3 31.1 16.5 1.4 0.0 -18.26 -9.27 -7.26 -34.79 
Switzerland BAU 36.0 27.1 18.7 18.0 35.0 0.6 0.6      
  WWS 20.5 34.5 26.1 13.0 24.5 0.9 0.9 -24.83 -10.14 -8.20 -43.17 
Syrian Arab  BAU 24.7 21.7 4.8 31.9 35.6 3.5 2.5      

Republic WWS 13.5 29.7 6.8 33.8 19.9 5.2 4.5 -28.90 -9.31 -7.21 -45.42 
Tajikistan BAU 3.5 24.3 7.3 20.6 8.7 11.9 27.1      
  WWS 2.6 25.6 7.7 16.1 3.6 16.3 30.6 -10.28 -8.21 -8.55 -27.05 
Tanzania, United  BAU 44.3 55.9 0.9 19.6 13.7 5.9 4.0      
 WWS 27.2 65.1 1.2 13.6 6.8 7.9 5.3 -22.71 -8.52 -7.26 -38.48 
Republic of BAU 282.3 9.7 8.9 36.5 41.3 3.5 0.1      

Thailand WWS 143.4 14.1 13.7 43.8 22.6 5.6 0.2 -26.50 -16.57 -6.13 -49.20 
Togo BAU 5.0 50.1 10.3 4.0 35.4 0.0 0.3      
  WWS 2.5 70.9 16.5 -9.2 21.3 0.0 0.6 -32.47 -9.09 -7.65 -49.21 
Trinidad and  BAU 19.4 4.8 1.2 73.9 20.0 0.0 0.0      

Tobago WWS 12.2 5.6 1.5 83.2 9.7 0.0 0.0 -24.78 -8.66 -3.51 -36.95 
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Tunisia BAU 42.5 10.8 5.2 16.7 64.7 2.7 0.0      
  WWS 13.8 24.2 12.5 17.7 38.5 7.1 0.0 -23.71 -36.28 -7.56 -67.55 
Turkey BAU 140.6 26.4 13.7 33.9 21.4 4.6 0.0      
  WWS 82.2 27.1 18.6 36.8 10.9 6.6 0.0 -21.39 -9.58 -10.55 -41.51 
Turkmenistan BAU 40.5 2.1 40.9 21.8 20.1 0.8 14.4      
  WWS 25.3 2.5 54.4 15.7 7.0 1.3 19.1 -18.30 -17.19 -2.05 -37.54 
Ukraine BAU 148.8 39.6 9.5 31.0 18.0 1.9 0.0      
  WWS 96.3 45.2 12.7 30.8 8.6 2.6 0.0 -15.86 -10.54 -8.86 -35.27 
United Arab  BAU 196.8 6.3 5.1 51.6 35.3 0.0 1.7      

Emirates WWS 108.0 8.7 7.2 61.3 19.7 0.0 3.1 -31.17 -9.35 -4.63 -45.16 
United Kingdom BAU 251.6 29.2 14.0 25.2 30.3 0.5 0.7      
  WWS 140.4 36.1 20.1 23.6 18.4 0.8 1.0 -26.55 -8.86 -8.78 -44.20 
United States of  BAU 2360.6 14.6 14.7 31.8 36.6 1.4 0.9      

America WWS 1291.4 19.3 21.5 33.9 21.6 2.2 1.6 -27.58 -10.93 -6.78 -45.29 
Uruguay BAU 8.6 18.4 10.0 26.0 41.4 4.0 0.2      
  WWS 4.4 26.5 15.1 26.0 25.4 6.6 0.3 -32.28 -9.31 -6.84 -48.43 
Uzbekistan BAU 73.5 49.2 10.5 21.3 10.6 3.3 5.0      
  WWS 45.7 52.9 13.9 16.2 4.1 4.9 7.9 -15.85 -12.10 -9.88 -37.83 
Venezuela BAU 131.0 7.8 5.2 52.0 34.9 0.1 0.0      
  WWS 71.6 10.5 7.4 62.3 19.6 0.1 0.0 -30.82 -9.64 -4.90 -45.36 
Vietnam BAU 131.1 28.0 4.5 38.7 27.5 1.2 0.0      
  WWS 75.5 34.4 6.1 43.1 14.6 1.8 0.0 -26.23 -8.32 -7.88 -42.43 
Yemen BAU 10.4 19.1 3.4 24.3 46.3 3.8 3.1      
  WWS 5.0 28.9 5.5 23.4 29.5 6.5 6.1 -36.45 -9.77 -5.93 -52.15 
Zambia BAU 17.0 57.1 1.9 32.3 7.4 0.8 0.5      
  WWS 11.2 62.7 2.3 29.8 3.5 1.1 0.6 -17.32 -8.30 -8.63 -34.26 
Zimbabwe BAU 23.0 53.5 5.8 13.2 12.6 13.5 1.5      
  WWS 14.5 61.1 7.3 5.9 6.0 17.7 2.0 -20.86 -8.07 -8.00 -36.93 
All countries BAU 20,604 20.40 8.08 37.30 31.00 1.87 1.34      
  WWS 11,840 25.71 11.21 42.05 16.04 2.85 2.15 -23.00 -12.65 -6.89 -42.54 

BAU values are extrapolated from IEA (2015c) data for 2012 to 2050 as described in Section S3.2. Briefly, EIA’s 
International Energy Outlook (IEO) projects energy use by end-use sector, fuel, and world region out to 2040 (EIA, 
2015). This is extended to 2075 using a ten-year moving linear extrapolation. EIA sectors and fuels are then mapped 
to IEA sectors and fuels, and each country’s 2012 energy consumption by sector and fuel is scaled by the ratio of 
EIA’s 2050/2012 energy consumption by sector and fuel for each region. The transportation load includes, among 
other loads, energy produced in each country for international transportation and shipping. 2050 WWS values are 
estimated from 2050 BAU values assuming electrification of end-uses and effects of additional energy-efficiency 
measures.  
 
In 2012, the 139-country all-purpose, end-use load was ~12.1 TW. Of this, 2.37 TW (19.6%) 
was electricity demand. Under the BAU trajectory, all-purpose end-use load may grow to 20.6 
TW in 2050 (Table S6). Conversion to WWS by 2050 reduces the 139-country load by ~42.5%, 
to 11.8 TW (Table S6), with the greatest percentage reduction in transportation.  
 
While electricity use increases with WWS, conventional fuel use decreases to zero. The increase 
in electric energy is much less than the decrease in energy in the gas, liquid, and solid fuels that 
the electricity replaces, for three major reasons:  
 
(a) The higher energy-to-work conversion efficiency of electricity used for heating, heat pumps, 
and electric motors than of fossil fuel equivalents and the higher energy-to-work conversion 
efficiency of electrolytic hydrogen used for hydrogen fuel cells than of liquid fuels used for 
transportation (Table S4). 
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(b) The elimination of energy needed to mine, transport, and refine coal, oil, gas, biofuels, 
bioenergy, and uranium; 
 
(c) Modest additional policy-driven energy efficiency measures beyond those in the BAU case.  
 
These three factors decrease 139-country-averaged demand ~23.0%, 12.6%, and 6.9%, 
respectively. Thus, electrification of all energy sectors reduces demand 42.5%. This result 
implies that WWS not only replaces fossil-fuel electricity directly but is also an energy 
efficiency measure, reducing demand.  
 
The percent decreases in load upon conversion to WWS in Table S6 are greater in some 
countries than in others. The reason is that the transportation-energy share of total energy is 
greater in some countries than in others. This trend is shown in Table S6, where countries with a 
higher fraction of load in the transportation sector exhibit a greater reduction in power demand. 
 
Section S4. Numbers of WWS Generators, Footprint Areas, and Spacing Areas 
Table S7 summarizes the number of WWS power plants or devices needed to power the sum of 
all 139 countries in 2050 for all purposes assuming the end use power requirements in Table S6 
and the percent mixes of end-use power generation by country in Table S8. Table S7 accounts 
for power losses during energy transmission and distribution, generator maintenance, and 
competition among wind turbines for limited kinetic energy (array losses).  
 
Table S7. Number, capacity, footprint area, and spacing area of WWS power plants or devices needed to provide 
total annually averaged end-use all-purpose load over all 139 countries examined. Derivations for individual 
countries are in Delucchi et al. (2016). 

 
 
 
Energy Technology 

Rated 
power 

one 
plant 

or 
device 
(MW) 

aPercent 
of 2050 

all-
purpose 

load 
met by 
plant/de

vice 

Name-plate 
capacity, 
existing 
plus new 
plants or 
devices 
(GW) 

Percent 
name-
plate 

capacity 
already 
installed 

2015 

Number of 
new plants 
or devices 
needed for 

139 
countries 

bPercent of 
139-country 
land or roof 

area for 
footprint of 
new plants 
or devices 

Percent of 
139-

country 
area for 

spacing of 
new plants 
or devices 

Annual average power        
Onshore wind 5 23.50 8,330 5.04 1,580,000 0.00002 0.9240 
Offshore wind 5 13.60 4,690 0.26 935,000 0.00001 0.5460 
Wave device 0.75 0.58 307 0.00 410,000 0.00018 0.0086 
Geothermal plant 100 0.67 96 13.05 839 0.00023 0.0000 
Hydropower plant c 1300 4.00 1,060 100.00 0 0.00000 0.0000 
Tidal turbine 1 0.06 31 1.79 30,100 0.00001 0.00009 
Res. roof PV 0.005 14.90 9,280 0.76 1,840,000,000 0.04030 0.0000 
Com/gov roof PV d  0.1 11.60 7,590 1.16 75,000,000 0.03280 0.0000 
Solar PV plant d 50 21.40 12,630 0.53 251,000 0.12800 0.0000 
Utility CSP plant d 100 9.72 2,150 0.23 21,000 0.05270 0.0000 
Total for average power   100 46,200 3.76 1,920,000,000 0.255 1.480 
New land average powere           0.181 0.924 
For peaking/storage         
Additional CSP f 100 5.83 1,292 0.00 12,900 0.032 0.000 
Solar thermal f 50   4,640 8.98 84,400 0.005 0.000 
Geothermal heat f 50   70 100.00 0 0.000 0.000 
Total peaking/storage  5 6,000 8.11 97,300 0.037 0.000 
Total all     52,159 4.26 1,920,000,000 0.291 1.480 
Total new lande       0.218 0.924 
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Annual average power is annual average energy divided by the number of hours per year. The total number of each 
device is the sum among all countries. The number of devices in each country is the end-use load in 2050 in each 
country to be supplied by WWS (Table S6) multiplied by the fraction of load satisfied by each WWS device in each 
country (Table S8) and divided by the annual power output from each device. The annual output by device equals 
the rated power in the first column (same for all countries) multiplied by the country-specific annual capacity factor 
of the device, diminished by transmission, distribution, maintenance, and array losses. The capacity factors, given in 
Delucchi et al. (2016), before transmission, distribution, and maintenance losses for onshore and offshore wind 
turbines at 100-m hub height in 2050, are calculated country by country from global model simulations of winds and 
wind power (Figure S3) that account for competition among wind turbines for available kinetic energy based on the 
approximate number of turbines needed per country as determined iteratively from Tables S7 and S8. Wind array 
losses due to competition among turbines for the same energy are calculated here to be ~8.5%. Footprint and 
spacing areas are calculated in Delucchi et al. (2016). Footprint is the area on the top surface of soil covered by an 
energy technology, thus does not include underground structures. 
aTotal end-use power demand in 2050 with 100% WWS is from Table S6. 
bTotal land area for each country is given in Delucchi et al. (2016). 139-country land area is 119,651,632 km2. The 

world land area is 510,072,000 km2. 
cThe average capacity factors of hydropower plants are assumed to increase from their current values to 50%. 
dThe solar PV panels used for this calculation are Sun Power E20 panels. For footprint calculations alone, the CSP 

mirror sizes are set to those at Ivanpah. CSP is assumed to have storage with a maximum charge to discharge 
rate (storage size to generator size ratio) of 2.62:1 (Jacobson et al., 2015b). The capacity factors used for 
residential PV, commercial/government rooftop PV, utility scale PV, and CSP are calculated as discussed in 
Section S5.2. For utility solar PV plants, “spacing” between panels is included in the plant footprint area. 

eThe footprint area requiring new land equals the sum of the footprint areas for new onshore wind, geothermal, 
hydropower, and utility solar PV. Offshore wind, wave and tidal generators are in water and thus do not require 
new land. Similarly, rooftop solar PV does not use new land because the rooftops already exist. Only onshore 
wind requires new land for spacing area. Spacing area is for onshore and offshore wind is calculated as 44D2, 
where D=rotor diameter. The 5-MW Senvion (RePower) turbine is assumed here, where D=126 m. The other 
energy sources either are in water or on rooftops, or do not use new land for spacing. Note that the spacing area 
for onshore wind can be used for multiple purposes, such as open space, agriculture, grazing, etc. 

fThe installed capacities for peaking power/storage are estimated from Jacobson et al. (2015b). Additional CSP is 
CSP plus storage needed beyond that for annual power generation to firm the grid across all countries. 
Additional solar thermal and geothermal are used for direct heat or heat storage in underground rocks. Other 
types of storage are also used in Jacobson et al. (2015b). 

 
Rooftop PV in Table S7 is divided into residential (5-kW systems on average) and 
commercial/government (100-kW systems on average). Rooftop PV can be placed on existing 
rooftops or on elevated canopies above parking lots, highways, and structures without taking up 
additional undeveloped land. Table S22 (Section S5.2) summarizes projected 2050 rooftop areas 
by country usable for solar PV on residential and commercial/government buildings, carports, 
garages, parking structures, and parking lot canopies. The rooftop areas in Table S22 are used to 
calculate potential rooftop generation, which in turn limits the penetration of PV on residential 
and commercial/government buildings in Table S8.  
 
Utility-scale PV power plants are sized, on average, relatively small (50 MW) to allow optimal 
placement in available locations. While utility-scale PV can operate in any country because it 
can take advantage of both direct and diffuse solar radiation, CSP is assumed to be viable only in 
countries with significant direct solar radiation, and its penetration in each country is limited to 
less than its technical potential. Whereas, the fraction of total power generation that is utility PV 
in Table S8 may appear high for some countries (e.g., 29.3% in Denmark), the PV in that case 
requires only 0.8% of Denmark’s land area. Given that PV is 20% efficient, whereas 
photosynthesis is only 1% efficient at converting sunlight to energy, farmers will benefit 
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financially by putting utility PV on their farmland rather than crops for biofuels. In the case of 
Japan, 77% of all end-use energy for all sectors is proposed to come from utility PV. Whereas, 
that PV requires 3.4% of the country’s land area, some or much of that PV can be placed 
offshore, over lakes, and over farmland. In the case of the Netherlands, 39% of all end-use 
energy is proposed to come from utility PV. That represents 6.4% of the country’s land area, but 
again some of that PV can be placed offshore. 
 
Onshore wind is available to some extent in every country but assumed to be viable in high 
penetrations primarily in countries with good wind resources (Section S5.1). 
 
Offshore wind is assumed to be limited to the 108 out of 139 countries with either ocean or lake 
coastline. Of these, the technical potential (Section S5.1) was determined for 73 countries based 
on data from Arent et al. (2012) as the potential installed capacity in coastal areas of less than 60 
m depth with a capacity factor of at least 34% in the annual average. The potential installed 
capacities offshore of, for example, Australia, New Zealand, Vietnam, and Norway in depths less 
than 60 m from that study are ~2,100 GW, 153 GW, 476 GW, and 169 GW, respectively. The 
present roadmaps propose to use only 2.3%, 4.4%, 8.0%, and 8.1% of these potentials, 
respectively. For the remaining 35 countries, including several with mean annual capacity factors 
less than 34%, a technical potential is estimated as a simple function of an assumed wind power 
density and coastline length.	
  
 
In all except three countries (Gibraltar, Hong Kong, and Singapore), the roadmaps here propose 
offshore wind installed capacities less than the offshore wind technical potential in depths less 
than 60 m. For the three remaining countries, the proposed installed capacities can be met only 
with floating offshore turbines. Whereas, most offshore wind today is confined to shallow water 
with depths less than 60 m, floating wind farms are being planned for deep water off the coasts 
of Aberdeen, Scotland (50 MW); Fukushima, Japan (~ 400 MW); and Oahu, Hawaii (400 MW). 
We anticipate that this technology will expand further over the next 10 years and certainly by 
2050.  
 
Some optimization studies (e.g., Elliston et al., 2016, for Australia) suggest that electricity can be 
obtained at low cost from primarily onshore wind and solar, without the need for offshore wind. 
This may be correct for present-day electricity demand in Australia.  However, our study 
examines the situation when all energy is converted to electricity so that more generation is 
needed. Whereas, it may still be possible and less expensive to exclude offshore wind in many 
countries including Australia, we believe there are many viable scenarios in which it is included, 
particularly in countries where the resources in shallow water are significant, because the cost of 
offshore wind is dropping rapidly. 
 
Wind and solar are the only two sources of electric power with sufficient resource to power the 
world independently on their own. Averaged over the 139 countries, wind (~37.1%) and solar 
(57.6%) are the largest generators of annually averaged end-use electric power under these plans. 
Thus the ratio of solar to wind end-use power is 1.55:1. Of the total solar end-use annually-
averaged power, 16.9% is CSP. 
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Under the roadmaps, the 2050 nameplate capacity of hydropower in each country is assumed to 
be exactly the same as in 2015. However, existing dams in most countries are assumed to run 
more efficiently for producing peaking power, thus the capacity factor of dams is assumed to 
increase (Section S5.4). The percent generation by hydro in Table S8 is the percent generation of 
all energy converted to electricity in 2050, thus it is much lower than the percent generation of 
electricity today, since electricity represents only about one-fifth of all energy today. 
 
Geothermal, tidal, and wave energy expansions are limited in each country by their technical 
potentials (Sections S5.3 and S5.5).  
 
Table S7 indicates that 4.26% of the summed nameplate capacity required for a 100% WWS 
system for 2050 all-purpose, annually averaged power over the 139 countries was already 
installed as of the end of 2015. Figure S2 shows that the countries closest to 100% 2050 all-
purpose WWS installations as of the end of 2015 are Tajikistan (76.0%), Paraguay (58.9%), 
Norway (35.8%), Sweden (20.7%), Costa Rica (19.1%), Switzerland (19.0%), Georgia (18.7%), 
Montenegro (18.4%), and Iceland (17.3%). China (5.8%) ranks 39th and the United States (4.2%) 
ranks 52nd. The high penetrations in Tajikistan, Paraguay, and several other countries are due to 
their significant hydroelectric power capacity already installed plus their ability to obtain higher 
capacity factors from the same facilities without building more dams. 
 
Figure S2. Countries ranked in order of how close they are at the end of 2015 to reaching 100% WWS power for all 
energy sectors (electricity, transportation, heating/cooling, industry, agriculture/forestry/fishing) in 2050. The first 
number is existing plus new nameplate capacity needed in 2050 (GW); percentages are of 2050 WWS total installed 
capacity (summed over all WWS technologies) needed that was already installed as of the end of 2015. The 139-
country existing plus new installed capacity needed is 52.16 TW; of this, 4.26% is already installed. 
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Table S7 also lists needed installed capacities of 1) additional CSP with storage, 2) solar thermal 
collectors, and 3) existing geothermal for heat. These collectors are needed to provide electricity 
or heat that is stored and used later to provide peaking power and to account for power losses 
into and out of such storage (Section S7). 
 
Table S8. Percent of the annually averaged 2050 country-specific all-purpose end-use load (not installed capacity) 
in Table S6 in a WWS world that we propose to meet with the given electric power generator. All rows add up to 
100%. 

Country On-
shore 
wind 

Offshore 
wind 

Wave Geo-
thermal 

Hydro-
electric 

Tidal Res 
PV 

Com/ 
gov PV 

Utility 
PV 

CSP 

Albania 18.71 0.31 0.00 0.00 30.84 0.10 12.76 24.31 4.68 8.29 
Algeria 32.64 0.02 0.07 0.00 0.17 0.01 21.98 24.97 8.16 11.97 
Angola 24.14 1.38 5.74 0.00 2.27 0.04 16.99 32.37 6.04 11.03 
Argentina 19.10 15.92 0.00 1.02 5.14 0.02 21.43 21.34 4.77 11.26 
Armenia 19.17 0.00 0.00 0.81 22.41 0.00 18.79 13.88 15.72 9.21 
Australia 20.07 16.73 5.79 0.28 3.13 0.10 13.73 11.17 18.11 10.88 
Austria 44.67 0.00 0.00 0.00 12.44 0.00 7.93 6.36 28.33 0.25 
Azerbaijan 14.95 0.00 0.00 0.00 4.46 0.00 21.42 22.87 24.83 11.46 
Bahrain 0.38 16.89 0.00 0.00 0.00 0.02 3.70 1.74 65.28 12.00 
Bangladesh 5.77 5.80 0.50 0.00 0.26 0.08 27.81 7.81 40.06 11.90 
Belarus 64.55 0.00 0.00 0.03 0.06 0.00 3.83 3.41 16.14 11.99 
Belgium 4.80 17.80 0.00 0.00 0.15 0.00 1.43 1.27 74.56 0.00 
Benin 22.63 18.86 0.85 0.00 0.01 0.03 25.39 14.69 5.66 11.89 
Bolivia 22.33 0.00 0.00 15.34 3.34 0.00 15.03 28.63 5.58 9.76 
Bosnia and Herzegovina 20.12 4.32 0.00 0.00 25.15 0.01 16.21 19.54 5.67 8.98 
Botswana 27.46 0.00 0.00 0.00 0.00 0.00 18.48 35.20 6.86 12.00 
Brazil 17.24 14.37 0.89 0.00 13.03 0.01 19.34 20.48 4.31 10.33 
Brunei Darussalam 1.04 21.11 1.24 0.00 0.00 0.04 18.85 8.25 37.62 11.85 
Bulgaria 44.14 10.34 0.00 0.00 7.80 0.02 13.34 13.33 11.04 0.00 
Cambodia 15.02 12.51 0.00 0.00 8.81 0.04 16.85 32.09 3.75 10.94 
Cameroon 16.52 0.92 0.69 0.00 1.91 0.01 25.79 12.01 30.46 11.69 
Canada 27.49 22.90 2.24 1.65 14.51 0.18 5.30 9.09 6.87 9.77 
Chile 18.70 15.59 5.28 3.65 8.22 0.06 20.22 13.67 4.68 9.93 
China 24.08 11.77 0.03 0.05 4.13 0.01 14.08 9.14 25.23 11.49 
Chinese Taipei 2.08 21.73 0.14 28.64 0.98 0.01 10.83 5.09 30.51 0.00 
Colombia 13.70 11.42 0.81 0.00 15.68 0.34 15.37 29.28 3.43 9.98 
Congo 17.81 14.85 1.59 0.00 3.20 0.05 19.98 38.07 4.45 0.00 
Congo, Dem. Republic  38.00 0.54 0.04 0.00 4.11 0.00 25.87 10.44 9.50 11.50 
Costa Rica 5.70 1.23 2.88 28.23 23.63 0.15 8.34 15.88 8.55 5.41 
Cote d'Ivoire 18.42 15.41 1.18 0.00 2.39 0.03 20.75 25.56 4.70 11.57 
Croatia 9.73 0.00 0.00 0.00 10.20 0.18 15.38 12.01 41.75 10.75 
Cuba 15.41 12.84 5.97 0.00 0.36 0.13 17.29 32.93 3.85 11.22 
Cyprus 8.33 16.67 1.70 0.00 0.00 0.19 22.44 22.21 16.68 11.77 
Czech Republic 41.64 0.00 0.00 0.00 1.76 0.00 6.17 5.89 44.54 0.00 
Denmark 26.51 37.29 1.08 0.00 0.02 0.10 3.66 1.92 29.43 0.00 
Dominican Republic 8.13 12.76 0.00 9.50 4.21 0.09 17.18 26.76 11.01 10.34 
Ecuador 21.69 2.27 5.10 0.27 8.56 0.46 15.82 30.14 5.42 10.27 
Egypt 30.28 0.24 0.00 0.00 1.23 0.01 20.51 28.32 7.57 11.85 
El Salvador 9.14 7.62 2.32 33.46 8.64 0.08 10.25 19.53 2.29 6.66 
Eritrea 16.31 13.59 0.00 0.00 0.00 1.00 18.29 34.85 4.08 11.88 
Estonia 43.85 36.54 0.00 0.00 0.10 0.28 4.83 3.43 10.96 0.00 
Ethiopia 39.58 0.00 0.00 2.47 2.05 0.00 26.64 7.90 9.90 11.46 
Finland 43.58 36.31 0.00 0.00 5.05 0.02 2.86 1.29 10.89 0.00 
France 31.12 25.94 0.49 0.02 5.25 0.14 9.57 8.40 7.78 11.29 
Gabon 17.19 14.32 5.86 0.00 2.20 0.12 19.28 36.73 4.30 0.00 
Georgia 14.96 12.47 0.00 0.00 33.71 0.06 16.79 18.27 3.74 0.00 
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Germany 22.08 22.95 0.07 0.01 0.92 0.00 5.49 5.76 42.72 0.00 
Ghana 17.78 14.81 1.37 0.00 6.98 0.03 19.94 23.65 4.44 11.00 
Gibraltar 0.00 98.10 0.18 0.00 0.00 0.02 0.10 0.05 0.00 1.55 
Greece 35.20 3.52 2.74 2.00 6.66 0.13 16.06 14.27 8.80 10.62 
Guatemala 17.33 2.82 1.10 22.14 5.39 0.03 13.18 25.11 4.33 8.56 
Haiti 10.79 10.61 0.00 0.00 0.91 0.21 26.00 12.72 26.89 11.87 
Honduras 13.90 11.58 2.85 9.55 5.02 0.08 15.59 28.06 3.47 9.90 
Hong Kong, China 0.00 98.17 0.15 0.00 0.00 0.01 1.15 0.52 0.00 0.00 
Hungary 11.55 0.00 0.00 1.79 0.15 0.00 12.36 10.82 63.33 0.00 
Iceland 22.04 18.37 2.93 22.66 28.09 0.39 0.00 0.00 5.51 0.00 
India 34.73 2.67 0.05 0.02 2.09 0.02 24.92 14.89 8.88 11.74 
Indonesia 12.25 12.88 3.71 3.45 1.03 0.03 17.33 31.25 7.06 11.01 
Iran, Islamic Republic  21.85 9.49 0.00 0.00 1.91 0.00 18.17 11.04 25.77 11.77 
Iraq 26.02 0.67 0.00 0.00 3.28 0.00 17.87 34.05 6.51 11.61 
Ireland 36.74 30.62 5.92 0.00 1.22 0.06 12.93 3.31 9.19 0.00 
Israel 6.84 12.60 0.00 0.00 0.02 0.01 17.48 9.03 42.02 12.00 
Italy 25.15 1.13 0.22 0.61 4.85 0.01 16.38 5.72 34.62 11.32 
Jamaica 6.36 16.49 0.00 0.00 0.47 0.20 22.20 23.99 18.37 11.92 
Japan 1.74 7.02 0.74 0.49 4.14 0.20 5.52 3.35 76.79 0.00 
Jordan 30.79 1.37 0.00 0.00 0.07 0.01 21.46 26.61 7.70 11.99 
Kazakhstan 45.75 0.00 0.00 0.00 1.30 0.00 16.62 13.04 11.44 11.84 
Kenya 23.14 6.28 0.49 7.42 1.86 0.01 18.96 25.23 5.78 10.83 
Korea, Dem. People's Rep. 52.42 13.50 0.00 0.00 8.43 0.83 9.59 1.93 13.10 0.21 
Korea, Republic of 3.15 11.56 0.00 0.00 0.43 0.12 5.62 3.47 63.73 11.93 
Kosovo 24.21 0.00 0.00 35.94 0.90 0.00 16.47 8.52 6.38 7.58 
Kuwait 1.19 11.68 0.00 0.00 0.00 0.01 2.70 1.58 70.85 12.00 
Kyrgyzstan 24.97 0.00 0.00 0.00 29.14 0.00 16.81 14.34 6.24 8.50 
Latvia 35.88 29.90 0.00 0.00 14.01 0.06 6.98 4.21 8.97 0.00 
Lebanon 2.74 24.57 0.00 0.00 1.82 0.03 16.29 8.66 34.11 11.78 
Libya 29.10 3.02 0.00 0.00 0.00 0.04 21.21 27.36 7.27 12.00 
Lithuania 38.22 31.85 0.00 0.00 0.76 0.01 10.24 9.36 9.55 0.00 
Luxembourg 3.86 0.00 0.00 0.00 0.56 0.00 1.35 1.42 92.82 0.00 
Macedonia, Republic of 15.38 0.00 0.00 0.00 12.03 0.00 24.22 18.76 29.61 0.00 
Malaysia 2.47 18.54 0.18 0.00 2.99 0.01 24.96 13.88 25.34 11.62 
Malta 1.36 0.00 0.75 0.00 0.00 0.17 4.54 2.24 79.04 11.89 
Mexico 19.16 15.97 0.71 2.20 2.94 0.01 21.49 21.44 4.79 11.30 
Moldova, Republic of 58.40 0.00 0.00 0.00 1.15 0.00 18.70 7.14 14.60 0.00 
Mongolia 34.44 0.00 0.00 0.00 0.00 0.00 23.18 21.77 8.61 12.00 
Montenegro 12.97 10.81 0.00 0.00 33.31 0.22 14.55 16.91 3.24 7.98 
Morocco 16.24 13.53 2.07 0.00 2.53 0.03 18.22 31.87 4.06 11.44 
Mozambique 19.92 16.60 4.29 0.00 7.08 1.59 22.35 12.74 4.98 10.44 
Myanmar 15.37 12.81 0.64 0.00 5.87 0.18 17.24 32.84 3.84 11.20 
Namibia 21.33 3.43 5.60 0.00 6.47 0.25 16.20 30.87 5.33 10.52 
Nepal 16.07 0.00 0.00 0.00 2.23 0.00 28.63 4.25 37.09 11.73 
Netherlands 5.73 41.32 0.00 0.00 0.03 0.00 1.07 0.81 39.04 12.00 
Netherlands Antilles 0.71 6.71 0.00 0.00 0.00 0.09 2.90 1.27 76.33 11.99 
New Zealand 19.04 15.86 4.61 9.29 13.55 0.25 13.85 10.11 4.76 8.68 
Nicaragua 12.45 10.37 4.82 16.90 2.54 0.19 13.96 26.59 3.11 9.07 
Nigeria 6.31 0.00 0.14 0.00 0.59 0.00 22.24 23.80 35.00 11.91 
Norway 22.90 19.08 3.32 0.00 44.47 0.26 3.63 0.61 5.73 0.00 
Oman 47.44 3.52 0.63 0.00 0.00 0.02 15.27 9.33 11.86 11.92 
Pakistan 19.14 8.42 0.19 0.00 2.83 0.00 24.77 14.56 18.45 11.64 
Panama 17.02 6.18 5.11 0.00 14.06 0.84 14.78 28.16 4.26 9.60 
Paraguay 6.48 0.00 0.00 0.00 76.41 0.00 4.36 8.30 1.62 2.83 
Peru 21.50 0.00 5.00 6.28 10.37 0.04 14.47 27.56 5.37 9.40 
Philippines 7.66 11.54 0.59 11.22 3.86 0.27 15.53 29.59 9.65 10.09 
Poland 42.62 23.38 0.00 0.13 0.37 0.00 8.64 14.19 10.66 0.00 
Portugal 18.45 15.37 4.18 0.48 12.03 0.65 20.69 13.61 4.61 9.92 
Qatar 0.32 11.82 0.00 0.00 0.00 0.01 1.30 0.74 73.82 12.00 
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Romania 32.73 27.28 0.00 0.26 9.41 0.01 15.54 6.60 8.18 0.00 
Russian Federation 39.13 32.61 0.25 0.08 4.62 0.02 5.55 5.86 9.78 2.12 
Saudi Arabia 41.77 0.00 0.00 0.00 0.00 0.00 22.26 13.52 10.44 12.00 
Senegal 17.16 14.30 1.56 0.00 0.00 0.07 19.25 31.56 4.29 11.80 
Serbia 10.41 0.00 0.00 0.00 8.11 0.00 15.93 15.40 50.13 0.00 
Singapore 0.00 92.93 0.00 5.49 0.00 0.00 1.22 0.35 0.00 0.00 
Slovak Republic 61.78 0.00 0.00 0.00 6.05 0.00 10.12 6.60 15.44 0.00 
Slovenia 43.31 7.70 0.00 1.81 13.05 0.01 11.95 11.33 10.83 0.00 
South Africa 42.00 6.17 3.19 0.00 0.22 0.01 17.22 9.11 10.50 11.59 
Spain 33.49 13.55 1.47 0.04 6.29 0.23 17.18 8.34 8.37 11.04 
Sri Lanka 15.55 12.95 1.38 0.00 5.19 0.04 17.44 32.36 3.89 11.21 
Sudan 15.38 12.82 0.00 0.00 6.61 0.03 17.25 32.86 3.85 11.20 
Sweden 36.42 30.35 0.00 0.00 18.69 0.06 3.70 1.67 9.11 0.00 
Switzerland 20.70 0.00 0.00 0.00 30.49 0.00 11.27 9.25 28.18 0.11 
Syrian Arab Republic 17.57 10.70 0.00 0.00 4.81 0.01 17.59 33.50 4.39 11.42 
Tajikistan 3.26 0.00 0.00 0.00 88.11 0.00 2.20 4.18 0.82 1.43 
Tanzania, United Republic 33.10 5.42 0.60 0.00 0.85 0.37 25.20 14.38 8.28 11.78 
Thailand 3.24 16.27 0.00 0.07 1.13 0.01 25.68 13.55 28.18 11.85 
Togo 19.84 17.99 0.66 0.00 1.19 0.03 26.77 9.87 11.88 11.77 
Trinidad and Tobago 0.27 29.05 0.30 0.00 0.00 0.02 12.24 2.85 43.31 11.96 
Tunisia 21.76 18.14 0.00 0.00 0.21 0.03 24.41 18.04 5.44 11.97 
Turkey 26.66 0.06 0.00 0.67 12.93 0.02 17.98 24.66 6.66 10.37 
Turkmenistan 49.92 0.00 0.00 0.00 0.00 0.00 15.50 10.10 12.48 12.00 
Ukraine 41.47 34.55 0.00 0.00 2.55 0.01 7.32 3.73 10.37 0.00 
United Arab Emirates 7.01 11.88 0.00 0.00 0.00 0.01 4.21 2.40 62.50 12.00 
United Kingdom 13.13 35.57 2.49 0.00 0.54 1.80 3.50 2.76 40.22 0.00 
United States of America 21.32 17.09 1.08 0.41 2.80 0.01 14.48 11.79 19.53 11.48 
Uruguay 16.36 13.63 1.45 0.00 15.82 0.08 18.35 20.31 4.09 9.92 
Uzbekistan 29.45 0.00 0.00 0.00 1.75 0.00 26.33 11.23 19.45 11.79 
Venezuela 20.98 17.49 0.10 0.00 8.98 0.01 23.54 12.75 5.25 10.91 
Vietnam 0.88 16.25 0.69 0.00 8.93 0.01 21.88 17.01 23.50 10.84 
Yemen 5.71 12.83 5.06 1.35 0.00 0.11 17.28 32.91 13.54 11.22 
Zambia 24.70 0.00 0.00 0.67 9.37 0.00 16.62 31.66 6.17 10.79 
Zimbabwe 41.17 0.00 0.00 0.00 2.26 0.00 27.71 6.82 10.29 11.73 
World average 23.52 13.62 0.58 0.67 4.00 0.06 14.89 11.58 21.36 9.72 

 
Footprint area is the physical area on the top surface of the ground or water needed for each 
energy device. Spacing area is the area between some devices, such as wind, tidal, and wave 
turbines, needed to minimize interference of the wake of one turbine with downwind turbines. 
 
Only onshore wind, geothermal, additional hydropower (none of which is proposed here), utility 
PV plants, and CSP plants require new footprint on land. Rooftop PV does not take up new land. 
The footprint required for onshore wind is trivial. Table S7 indicates that the total new land 
footprint required for the plans, averaged over the 139 countries is ~0.22% of the land area of the 
countries, almost all for utility PV and CSP plants. This does not account for the decrease in 
footprint from eliminating the current energy infrastructure, which includes the footprint for 
mining, transporting, and refining fossil fuels and uranium and for growing, transporting, and 
refining biofuels and bioenergy.  
 
The only spacing over land needed for the WWS system is between onshore wind turbines and 
requires ~0.92% of the 139-country land area. Because the footprint on the ground of wind is so 
small (Table S7), the spacing area between turbines can be used for multiple purposes, such as 
open space, agriculture, grazing, etc. 
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For several reasons, the footprint and spacing areas of additional transmission lines is neglected 
here. Transmission systems have virtually no footprint on the ground because transmission 
towers are four metal supports connected to small foundations, allowing grass to grow under the 
towers. Further, the rights-of-way under transmission lines can typically accommodate many 
uses; more than can the rights-of-way under gas and oil pipelines and other conventional 
infrastructure that new transmission lines will replace. Finally, in the WWS roadmaps, as much 
additional transmission capacity as possible will be placed along existing pathways but with 
enhanced lines.  
 
Section S5. WWS Resource Availability and Technical Potential 
This section evaluates the raw resource availability and technical potential in each of the 139 
countries for each energy technology  
 
S5.1. Onshore and Offshore Wind 
Raw Resources. Figure S3 shows three-dimensional computer model estimates, derived for this 
study, of the world annually averaged wind speed and capacity factor at the 100-m hub height 
above the topographical surface of a modern 5-MW wind turbine. The figure also compares 
near-surface modeled wind speeds with QuikSCAT data over the oceans, suggesting model 
predictions and data are similar at that height and giving confidence in the 100-m values. 
 
Locations of strong onshore wind resources include the Great Plains of the U.S. and Canada, the 
Sahara desert, the Gobi desert, much of Australia, the south of Argentina, South Africa, and 
northern Europe among other locations. Strong offshore wind resources occur off the east and 
west coasts of North America, over the Great Lakes, the North Sea, the west coast of Europe and 
the east coast of Asia, offshore of Peru and Argentina, Australia, South Africa, India, Saudi 
Arabia, and west Africa.  
 
Figure S3. (a) QuikSCAT 10-m above ground level (AGL) wind speed at 1.5o x 1.5o resolution (JPL, 2010), (b) 
GATOR-GCMOM (Jacobson, 2007; 2010a,b; Ten Hoeve et al., 2012) 4-year-average modeled annual 15-m AGL 
wind speed at 2.5o W-E x 2.0o S-N resolution, (c) Same as (b) but at 100 m AGL, (d) Same as (c) but showing 
capacity factors assuming a Senvion (RePower) 5 MW turbine with 126-m rotor diameter. In all cases, wind speeds 
are determined before accounting for competition among wind turbines for the same kinetic energy. 
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c) Annual wind speed (m/s) 100 m AGL (global: 8.9; land: 7.9; sea: 9.3)
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Technical and Economic Potential. Our estimates of the nameplate capacity of onshore and 
offshore wind to be installed in each country (Tables S7 and S8) are limited by the country’s 
power demand and the wind’s technical potential capacity, as described next. 
 
Technical potential of onshore wind 
The technical potential capacity of onshore wind is set equal to the areal power density of 
onshore wind systems multiplied by the lesser of: i) the maximum allowable land area for wind 
power, and ii) the total onshore land area with a wind resource that can provide what we 
designate as the minimum acceptable capacity factor, where the capacity factor and the areal 
power density are a function of the hub height of the turbines. We also assume that the technical 
potential is at least as great as either some multiple of the capacity actually installed in a base 
year BY, or some fixed minimum capacity. Formally, 
 
 

  

CTP ,ONW ,h ,C ,TY = max
CONW ,C ,BY ⋅MTP ,ONW ,Cmin,ONW ,

CAD ,ONW ,h ⋅min LAmax,ONW ,C ,TY ,LACFONW ,h≥CFONW ,min ,C
⎡
⎣

⎤
⎦

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

CAD ,ONW ,h =
CAPONW ,h

SAONW ,h

 

 
where 
 
subscript h = Hub height of wind turbine (m) (a variable in our analysis; here, we 

assume h=100 m) 

  CTP ,ONW ,h ,C ,TY  = Total technical potential (TP) capacity of onshore wind power with a hub 

height of h in country C in year TY (MW) 

  CONW ,C ,BY  = Capacity of onshore wind installed in country C  in year BY (use year 2015 

data) 

  MTP ,ONW  = Multiplier on capacity installed as of year BY (we assume 3.0) 

  Cmin,ONW ,  = The minimum onshore wind capacity in any country (we assume 100 MW) 

  CAD ,ONW ,h = The capacity of onshore wind systems, as areal power density, for a hub 

height of h  (MW/km2) 



 40 

  LAmax,ONW ,C ,TY  = The maximum allowable land area devoted to onshore wind power in 

country C in year TY (km2) (see discussion below) 

  
LACFONW ,h≥CFONW ,min ,C  = The total onshore area of country C with a wind resource that can 

provide at least the minimum wind capacity factor given a hub height of h 

(  CFONW ,h ≥ CFONW ,min ) (km2) (see discussion below) 

  CAPONW ,h  = The rated capacity of an individual offshore wind turbine, with a hub 

height of h (5 MW here)  

  SAONW ,h  = The average spacing area per onshore wind turbine with a hub height of h 

(0.70 km2 for the turbine assumed here) 

  CFONW ,h  = The wind capacity factor given a hub height of h 

  CFONW ,min  = The minimum capacity factor for qualifying the resource as potentially 

“technically” available (see discussion below) 

 
Wind turbine spacing affects not only the capacity factor of installed turbines, but also land 
acquisition cost and social opposition (Enevoldsen and Sovacool, 2016). Thus, it is important to 
ensure that the spacing distances chosen for the 2050 WWS scenario is reasonable. A recent 
study analyzed the spacing of more than 1,000 operating wind turbines of different size covering 
44 onshore and offshore wind farms worldwide (Enevoldsen and Valentine, 2016). The study 
found a median spacing of 4.2 times the rotor diameter, which corresponds to A = 4.2D x 4.2D 
=0.28 km2 per 5-MW Senvion (RePower) turbine, where D=turbine rotor diameter (126 m). This 
compares to a spacing area of 4D x 11D = 0.70 km2 assumed for the turbines proposed here. 
Thus, our estimate is conservative compared with data. In other words, a large buildout of wind 
turbines may in reality take up less space than proposed here. Real wind turbine spacing has 
decreased over time, due to improved technologies (Enevoldsen and Valentine, 2016).  
 
Maximum allowable land area devoted to wind power. We assume that there is a limit to the 
amount of land that a country will devote to wind power development. We estimate this limit as 
a function of population density and non-urban population share, relative to reference points, 
with the assumption that the greater the population density and the urban population share, the 
smaller the maximum percentage of land area that can be devoted to wind power:  
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LAmax,ONW ,C ,TY = LA%max,ONW ,C ,TY ⋅LAC

LA%max,ONW ,C ,TY = min LA%max,ONW ,upper ,max

LA%max,ONW ,lower ,
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where  
 

  LA%max,ONW ,C ,TY  = The maximum allowable percent of land area for onshore wind in country C 
in year TY  

  LA%max,ONW ,upper  = The upper bound on the maximum allowable percentage (discussed below) 

  LA%max,ONW ,lower  = The lower bound on the maximum allowable percentage (discussed below) 

  LA%max,ONW ,ref  = The reference value maximum allowable percent of land area for onshore wind 
(discussed below) 

  PDC ,TY  = Population density of country C in year TY (persons/km2) (discussed elsewhere) 

 PDref = Reference population density (persons/km2) (discussed below) 

  URB%C ,TY  = The urban population share of country C in year TY (%) (see Appendix S3) 

  URB%ref = The reference urban population share (discussed below) 

 LAC  = Land area of country C (km2) (discussed elsewhere) 
 κ 1  = Exponent relating change in population density to change in the maximum allowable land 

percentage (discussed below) 
 κ 2  = Exponent relating change in non-urban population share to change in the maximum 

allowable land percentage (discussed below) 
 
We use the non-urban share, rather than the urban share, because the function behaves more 
desirably when the non-urban share goes to zero than when the urban share goes to 100%. We 
set upper and lower bounds on the maximum allowable land percentage to keep it within 
reasonable bounds; in particular, without a lower bound the formula would evaluate to LA% = 0 
for countries with zero rural population, and this doesn’t seem reasonable. We believe that 
bounds of 0.5% and 15% are reasonable.  
 
We set the reference values to what we think are reasonable for the U.S. for ca. 2015: 6.5% 
maximum land area with U. S. population density and urban shares for 2015. Our investigation 
of the behavior of the function with different values of the exponents suggests that the most 
reasonable range of results is obtained with  κ 1  = -0.30 and  κ 2  = 0.50. For example, these 
exponent values result in   LA%max,ONW ,C ,TY  = 0.5% for a country a population density of 3000 
persons/km2 and an urban population share of 95%, and   LA%max,ONW ,C ,TY = 12.6% for a country a 
population density of 15 persons/km2 and an urban population share of 50% 
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Minimum qualifying capacity factor   CFONW ,min . If the technical potential capacity is defined 
without regard to economics, then any wind resource can provide technical potential – even, for 
example, if the resource is so poor that it results in a wind turbine operating at capacity for only 
one hour a year. However, it does not seem reasonable to count towards technical potential wind 
resources that provide capacity factors so low as to render wind power uneconomical under any 
conceivable circumstances, anywhere, at any time. Therefore, we count towards the technical 
potential capacity only those resources that might conceivably be exploited economically. 
Accordingly, we define the minimum qualifying capacity factor   CFwind ,min  as the capacity factor 
below which no wind resource ever will be exploited, anywhere, and hence as the lower-bound 
capacity factor for determining the technical potential. We believe that a reasonable value for 

  CFwind ,min  is just below 10%. (We pick a value just below 10% in order to capture a very small 
fraction of the wind resource in the lowest resource class.) 
 
Total onshore area with minimum acceptable potential resource. This parameter is the sum of the 
areas in each capacity-factor class above the minimum, using the midpoint of each capacity 
factor class. The areas by capacity-factor class, for a turbine of height h, are based on the NREL 
estimates of land areas with wind resources of different capacity-factor classes at 50 m above the 
ground (corresponding to a 50-m turbine-hub height), with the midpoints of the NREL capacity-
factor classes adjusted to account for the effects of (hub) heights greater than 50 m. Formally,  
 

  

LACFONW ,h≥CFONW ,min ,C = LACFjmid ,ONW ,h ,C
jmid≥CFONW ,min

jmid≤CFONW ,max

∑

LACFjmid ,ONW ,h ,C = LA
CFjmid ,ONW ,50 →CFjmid ,ONW ,h( ),C

CFjmid ,ONW ,h =
PPD ,ONW ,jmid ,h

CPD ,ONW ,h

 

  

CFjmid ,ONW ,50 =
PPD ,ONW ,jmid ,50

CPD ,ONW ,50

CFjmid ,ONW ,h = CFjmid ,wind ,50 ⋅

PPD ,ONW ,jmid ,h

CPD ,ONW ,h

PPD ,ONW ,jmid ,50

CPD ,ONW ,50

= CFjmid ,ONW ,50 ⋅
CPD ,ONW ,50

CPD ,ONW ,h
⋅

PPD ,ONW ,jmid ,h

PPD ,ONW ,jmid ,50

 

where 
 

  
LACFjmid ,ONW ,h ,C = Onshore area of country C with a wind resource corresponding to capacity-factor 

class midpoint   CFjmid ,ONW ,h  at a height of h m (km2) 
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LACFjmid ,ONW ,50 ,C = Onshore area of country C with a wind resource corresponding to capacity-factor 

class midpoint   CFjmid ,ONW ,50  at a height of 50 m (km2) (NREL, 2012c) 

  
CFjmid ,ONW ,50 → CFjmid ,ONW ,h( )  = The capacity-factor midpoints at 50 m height mapped to the 

capacity-factor midpoints at h m height 

  CFONW ,max  = The maximum capacity-factor class for wind (based on the adjusted maximum 
capacity-factor class in the NREL estimates) 

  CFjmid ,ONW ,h = The midpoint of capacity-factor class j, for a height of h m 

  CFjmid ,ONW ,50  
= The midpoint of capacity-factor class j, for a height of 50 m 

  PPD ,ONW ,jmid ,h = The average annual power production, as areal power density, for onshore wind, at 

capacity-factor-class midpoint  jmid , for a height of h (MW/km2) 

  PPD ,ONW ,jmid ,50 = The average annual power production, as areal power density, for onshore wind, 

at capacity-factor-class midpoint  jmid , for a height of 50 m (MW/km2) 

  CPD ,ONW ,h = The rated capacity of an onshore wind turbine per unit ground area (areal power 

density) for a turbine of hub-height of h (MW/km2) (=5 MW /0.70 km2 = 7.16 MW/km2 
here, where h=100 m) 

  CPD ,ONW ,h = The rated capacity of an onshore wind turbine per unit ground area (areal power 

density) for a turbine of hub-height 50 m (assumed to be 6.0 MW/km2) 
Subscript j = Capacity-factor classes in the original NREL estimates (5% increments from 0 to 

over 45%: 0-5%, 5-10%, 10-15%...35-40%, 40-45%, 45%+) 
 
Generally the minimum acceptable wind capacity factor falls between two capacity-factor-class 
midpoints (i.e., the minimum is almost never exactly equal to one of the class midpoints). In 
these cases, rather than count only wind power above the upper bracketing midpoint, we give a 
partial weight to the lower bracketing capacity-factor-class midpoint, where the weight is equal 
to: 
 

 
  

CFjmid −upper ,ONW ,h − CFONW ,min

CFjmid −upper ,ONW ,h − CFjmid −lower ,ONW ,h
  

 
and   CFjmid −upper ,ONW ,h  is the capacity-factor -class midpoint immediately above  CFONW ,min , and 

  CFjmid −lower ,ONW ,h  is the wave-power-class midpoint immediately below.  
 

The ratio
  

PPD ,ONW ,jmid ,h

PPD ,ONW ,jmid ,50
. The published NREL data for 

  
LACFjmid ,ONW ,50 ,C  show land area by capacity-

factor-class increments for a hub height of 50 m. Now, for any given area   
LAWCFjmid ,50 ,C , if the 

assumed hub height were increased to h, then generally the wind speed and hence wind power 
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would increase. Therefore, we adjust the NREL capacity-factor classes from their 50m-height 
basis to our h-height basis. (Note that this matters only because we have assumed some nonzero 
value of   CFONW ,min : increasing   CFjmid ,ONW ,50  to   CFjmid ,ONW ,h  increases the land area above the 

threshold   CFONW ,min .)  
 

We define the ratio 
  

PPD ,ONW ,jmid ,h

PPD ,ONW ,jmid ,50
≡ AFCFjmid

,ONW ,h/CFjmid
,ONW ,50 . We assume that there is a maximum 

adjustment factor based on the change in power output with height, and a minimum adjustment 
factor of 1.00 (no adjustment). We assume that the adjustment factor decreases logistically with 
increasing capacity factor, because in areas with very high wind speeds (and hence high capacity 
factors) at 50 m, there is less of an increase in wind speed from 50 m to 100 m based on a 
logarithmic or power-law wind speed profile. Formally,  
 

  

AFCFjmid
,ONW ,h/CFjmid

,ONW ,50 = AFlower ,h/50 +
AFupper ,h/50 − AFlower ,h/50

1+ ek⋅ CFONW −CFONW ,ref( ) ⋅
AFupper ,h/50 − AFref ,h/50

AFref ,h/50 − AFlower ,h/50

⎛

⎝
⎜

⎞

⎠
⎟

 

  
AFref ,h/50 = 1+ k1⋅ AFupper ,h/50 − AFlower ,h/50( )  

 
where 
 

  AFlower ,h/50 = The lower bound of the adjustment factor (1.00) 

  AFupper ,h/50  = The upper bound of the adjustment factor (see discussion below) 

  AFref ,h/50  = The adjustment factor at the reference wind capacity factor  

  CFONW ,ref = The reference wind capacity factor (0.325) 

 CFONW  = The wind capacity factor  
k = Exponent that determines steepness of decline from upper to lower limit (30; higher values 

make steeper declines) 
k1 = Reference adjustment factor as a fraction of difference between upper and lower adjustment 

factors (0.541) 
 
The upper bound of the adjustment factor is assumed to be slightly above the increase in power 
resulting from increasing the turbine height from 50 m to h, where the power varies with the 
cube of the change in wind speed, 
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AFupper ,h/50 = k2 ⋅
VONW ,h

VONW ,50

⎛

⎝⎜
⎞

⎠⎟

3

VONW ,h

VONW ,50
= h

50
⎛
⎝⎜

⎞
⎠⎟

1
7

 

 
where 
 
k2 = Upscaling factor (1.04) 

  VONW ,h  = Wind speed at height h (m/sec) 

  VONW ,50  = Wind speed at height 50 m (m/sec) 
h = Height of turbine (we assume 100 m) 
 
The parameter values shown above result in the logistic relationship shown in Figure S4.  
 
Figure S4. The land-area adjustment factor due to increased height, as a function of the wind capacity factor class. 
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Technical potential for offshore wind 
We use the National Renewable Energy Laboratory (NREL) estimates of technical potential 
offshore wind capacity by country (Arent et al., 2012), for offshore areas less than 60 meters 
deep and with a wind resource providing at least a 34% capacity factor. For countries not 
covered in NREL’s analysis, we estimate the technical potential as the product of the areal power 
density for offshore wind systems and the coastal area suitable for wind power development,  
 

  

CTP ,OFFW ,C = CAD ,OFFW ⋅OAC ⋅SfrOFFW

CAD ,OFFW =
CAPOFFW

SAOFFW

OAC = CLC ⋅CLKOFFW ⋅ ODmax − ODmin( )

 

 
where 
 

  CTP ,OFFW ,C = Total technical potential (TP) capacity of offshore wind power in country C (MW) 

  CAD ,OFFW = The areal power density of offshore wind systems (MW/km2) 

 OAC = The total offshore area of country C available for offshore wind farms (km2)  

 SfrOFFW  = The fraction of available offshore area technically suitable for offshore wind 
development (5%; same for all countries) 

 CAPOFFW  = The rated capacity of an individual offshore wind turbine (5 MW) 

 SAOFFW = The average spacing area per offshore wind turbine (0.70 km2) 

 CLC  = The reported length of coastline of country C (km) (CIA, 2016a)  

 CLC   CLKOFFW  = The coastline convolution correction factor for offshore wind; equal to the 
ratio of the coastline length at approximately a 1 km resolution to the reported coastline 
length (same for all countries; see discussion below) 

  ODmax  = Maximum distance from shore for wind turbines, reflecting economic and siting 
considerations (km; same for all countries; see discussion below) 

  ODmin  = Minimum distance from shore for wind turbines, reflecting visual/esthetic 
considerations (km; same for all countries; see discussion below) 

 
Coastline convolution correction factor for offshore wind. Because no coastline is perfectly 
straight at all scales (levels of resolution), the length of a coastline depends on the scale or level 
of resolution of the measurement. The smaller the scale, the longer the measured coastline: a 
measurement taken every cm will count the contours of rocks along the shore; a measurement 
taken every 100 km will result in straight lines cutting across large-scale features such as bays 
and peninsulas. 
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Because offshore wind turbines will be placed on the order of 0.5 to 1.0 km apart, the relevant 
coast-side length of the available offshore area should be measured at about a 1.0 km scale. It 
appears to us that the data source we use, the CIA’s World Factbook (CIA, 2016a), takes 
measurements at close to this scale. We assume a correction factor of 70%.  
 
Maximum and minimum distance from shore. The ocean coastal area suitable for offshore wind 
depends mainly on the distance from shore of shallow enough water, although floating turbines 
are now being commercialized. GWEC (2014) states, “at present, in Europe the average offshore 
wind turbine size is 3.7 MW, average water depth 22.4 meters and average distance from shore 
32.9 km“ (p. 53). NREL (Arent et al., 2012) assumes a minimum distance from shore of 5 
nautical miles (9.26 km), and a maximum of 50 to 100 nautical miles (92.6 to 185.2 km). The 
minimum is meant to keep the turbines far enough offshore so that they are not really noticeable 
from shore; the maximum is based mainly on the need to minimize costs associated with 
installation in deeper waters.  

With these considerations, we assume a minimum distance of 10 km and a maximum of 100 km.  

As a check on the plausibility of our method, we applied it to estimate the technical potential for 
the countries covered in NREL’s (Arent et al., 2012) analysis. Many of our estimates for 
particular countries differ considerably from NREL’s, but because some of our estimates are 
higher while some or lower than NREL’s, our estimated total potential for all countries is very 
close to NREL’s. In any case, the technical potential estimated by this method for the countries 
not included in the NREL analysis is only 4% of the total potential estimated by NREL.  
 
Results. Only 16.8% of the onshore technical potential and 32.6% of the near-shore offshore 
technical potential are proposed for use in 2050. Table S7 indicates that the 2050 WWS 
roadmaps require ~0.92% of the 139-country onshore land area and 0.55% of the 139-country 
onshore-equivalent land area that is sited offshore for wind-turbine spacing to power 37.1% of 
all-purpose annually averaged 139-country power in 2015.  
 
As of the end of 2015, 5.04% of the proposed 8.33 TW of 2050 onshore wind nameplate capacity 
and 0.26% of the 4.69 TW of offshore wind capacity among the 139 countries had been installed. 
Figure S5 indicates that China, the United States, and Germany have installed the greatest 
capacity of onshore wind, whereas the United Kingdom, Germany, and Denmark have installed 
the most offshore wind to date. 
 
Figure S5. Installed onshore and offshore wind power by country as of the end of 2015 from GWEC (2016) and 
EWEA (2016). 



 48 

 



 49 

 
 
S5.2. Rooftop and Utility-Scale PV and CSP 
 
Resources 
Figure S6 shows annually averaged modeled solar irradiance worldwide accounting for sun 
angles, day/night, and clouds. The best solar resources are broadly between 40 oN and 40 oS. The 
new land area in 2050 required for non-rooftop solar under the roadmaps here is equivalent to 
~0.22% of the 139-country land area (Table S7).  
 
Figure S6. Modeled annually averaged downward direct plus diffuse solar irradiance at the ground (kWh/m2/day) 
worldwide. The model used is GATOR-GCMOM (Jacobson, 2007; 2010a,b; Ten Hoeve et al., 2012), which 
simulates clouds, aerosols gases, weather, radiation fields, and variations in surface albedo over time. The model is 
run with horizontal resolution of 2.5o W-E x 2.0o S-N.  

 
 
Technical potential of rooftop PV  
In this section, we estimate the technical-economic potential and installed capacity of solar PV 
on the rooftops of residential buildings, residential parking structures, 
commercial/institutional/government buildings, and industrial/manufacturing facilities. In some 
instances we report results in two aggregated categories, residential and commercial, where 
residential includes residential parking rooftops and commercial includes 
manufacturing/industrial rooftops. Generally, we build from estimates of floor space to estimates 
of rooftop area and ultimately to the useable fraction of technical potential capacity.  
 
Installed capacity 
The estimated installed capacity of rooftop solar in the target year is equal to the technical 
potential multiplied by the fraction of the technical potential that we estimate is used:  
 

  CI ,PVroof ,C ,TY = CTP ,PVroof ,C ,TY ⋅UfrPVroof ,C ,TY  
 
where  

Annual down solar irradiance at ground (kWh/m2/d) (global: 4.4; land: 4.3; sea: 4.5)
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  CI ,PVroof ,C ,TY  
= Total installed capacity of rooftop solar power in country C in target year TY 

(MW) 

  CTP ,PVroof ,C ,TY  
= Total technical-potential capacity of rooftop solar power in country C in target 

year TY (MW) 

  UfrPVroof ,C ,TY  = The fraction of technically suitable rooftop actually used for PVs in country C in 
target year TY 

 
Technical potential 
The technical potential is the product of the PV areal power density, the total rooftop area, the 
fraction of rooftop area that is technically suitable for PVs.  
 
Formally, 
 

  
CTP ,PVroof ,C ,TY = PAD ,PVmod,TY ⋅RAC ,TY ⋅SfrPVroof ,C  
 
where 
 

  PAD ,PVmod,TY = The areal power density of PV modules in target year TY (MW/km2) (discussed 
below) 

  SfrPVroof ,C  = The fraction of rooftop area technically suitable for rooftop PV in country C 
(discussed below) 

  RAC ,TY  = The total rooftop area of country C in target year TY (km2) (discussed below)  
 
Areal power density of PV system 
For all PV systems (commercial, residential, and utility-scale), in all countries, the base-year 
(2015) panel is a SunPower E20-327, which has a dc nameplate rating of 327W for a panel of 
1.046m by 1.558m (SunPower, 2016), giving PAD,PVmod,2015 = 201 W/m2 in 2015. We assume that 
the panel efficiency and hence PAD,PV (power output at constant panel size) increases at 
0.5%/year, based in part on estimates in the NREL (2012b).  
 
Total rooftop area in each country 
The total rooftop area for residential buildings, commercial/institutional/government buildings, 
and industrial/manufacturing buildings is the product of the floor area per capita, the population, 
an overhang multiplier, and a pitch (slope) multiplier, divided by the average number of stories,  
 

  
RAC ,TY =

FACC ,TY ⋅ PC ,TY ⋅OHC ,TY ⋅SLC

SBC ,TY ⋅106
 

  
SBC ,TY ≡

FAC ,TY

CAC ,TY
 

 
where  
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  FACC ,TY  = Floor area per capita in country C in target year TY (m2/capita)  
PC ,TY  = The population in country C in year TY (see Appendix S3)  

  OHC ,TY  = The overhang multiplier covered parking-area roofs in country C in year TY 

 SLC  = Slope multiplier for pitched roofs in country C (assumed to be the same for all years) 

  SBC ,TY  = The average number of stories per building in country C in year Y  

  FAC ,TY  = The total (all-stories) floor area in country C in year TY (m2) 

  CAC ,TY = The upper ceiling area in country C in year TY (essentially the flat underside of the 
roof, excluding any overhang) (m2) 

 
The method to estimate the rooftop area of residential parking is slightly different, and is 
presented later.  
 
Floor area per capita (FAC) for residential and commercial buildings 
For residential buildings (not including residential parking) and 
commercial/institutional/government buildings (not including industrial/manufacturing 
facilities), the total floor area per capita (FAC) for each country in year TY (  FACC ,TY ) is 
calculated as a function of GDP per capita (divided by 1000), population density, and urban 
population percentage in a prior year, on the assumption that floor area per capita is related to 
construction activity in prior years. The function is calibrated to base-year estimates of FAC for 
several European countries and the United States, and is constrained to above minimum and 
below maximum values.  
 
For countries for which we have reported base-year data on FAC (Table S9), we calculate 

  FACC ,TY  by scaling the base-year data (Table S9) by the ratio of estimated target-year to base-
year FAC; otherwise, we use estimated target-year FAC directly. Formally,  
 
If we have base-year data on FAC for country C, then  
 

  
FACC ,TY = FAC *C ,BY ⋅

FÂCC ,TY

FÂCC ,BY

⋅ FACcorrection  

 
Otherwise,  
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FACC ,TY = FÂCC ,TY ⋅FACcorrection

FÂCC ,TY = min FACmax,TY ,max

FACmin,TY ,β1⋅
GDPCC ,TY−LBD

1000
⎛

⎝⎜
⎞

⎠⎟

δ 1

+ β2 ⋅
GDPCC ,TY−LBD

1000
⎛
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⎞

⎠⎟

δ 2

+

β3 ⋅
GDPCC ,TY−LBD

1000
⎛

⎝⎜
⎞

⎠⎟

δ 3

+ β4 ⋅PDC ,TY−LBD

δ 4 +

β5 ⋅PDC ,TY−LBD

δ 5 + β6 ⋅URB%C ,TY−LBD

δ 6 + β7

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

PDC ,TY =
PC ,TY

LAC

 

 
where 
 

  FÂCC ,TY = Estimated floor area per capita in country C in target year TY (m2/capita) (discussed 
below) 

  FAC *C ,BY  = Reported base-year data on floor-area per capita (Table S9)  

 FACcorrection  = Factor to correct for omissions in the reported base-year data (discussed below) 

  

GDPCC ,TY−LBD

1000
= GDP per capita in country C in year TY-L , divided by 1000 (constant year-2013 

international dollars, PPP basis; see section “Projection of GDP per capita”) 

  PDC ,TY−LBD
= The population density of country C in year TY-L  

 LAC = The total onshore area of country C (km2) (World Bank, 2016b; except values for 
Gibraltar, Taiwan (Chinese Taipei), and Netherlands Antilles from Wikipedia, 2016d) 

  URB%C ,TY−LBD
= The percentage of the population in urban areas in country C in year TY-L (see 

Appendix S3) 

 LBD  = The effective (average) lag between the target year and the year of the economic and 
demographic conditions that determine building characteristics in the target year 
(discussed below) 

 β1...β7  and  δ1...δ 6  are estimated parameters (discussed below; Table S10) 

  FACmin,TY = The minimum floor space per capita in year TY (m2/capita), linearly interpolated 
based on the following assumed points:  

2010 2060 
 7.0 10.5 Residential 

1.2 1.8 Service (commercial/institutional/government) 
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  FACmax,TY  = The maximum floor space per capita in year TY (m2/capita), linearly interpolated 
based on the following assumed points:  

2010 2050 
 65.0 81.3 Residential 

35.0 43.8 Service (commercial/institutional/government) 
 
Table S9. Residential and commercial floor space per capita in selected countries. 

Country m2  floorspace/capita Year Source 
 Residential Commercial   
Austria 40.96 13.71 2008 Entranze 
Belgium 35.28 9.74 2008 Entranze 
Bulgaria 25.87 8.37 2008 Entranze 
Cyprus 48.80 9.74 2008 Entranze 
Czech Republic 29.68 8.51 2008 Entranze 
Denmark 54.36 22.38 2008 Entranze 
Estonia 27.87 8.96 2008 Entranze 
Finland 37.53 20.11 2008 Entranze 
France 38.77 14.19 2008 Entranze 
Germany 39.39 13.47 2008 Entranze 
Greece 28.77 12.48 2008 Entranze 
Hungary 30.22 9.84 2008 Entranze 
Ireland 41.75 9.77 2008 Entranze 
Italy 42.92 6.93 2008 Entranze 
Latvia 28.00 7.60 2008 Entranze 
Lithuania 30.90 9.25 2008 Entranze 
Luxembourg 33.77 10.03 2008 Entranze 
Malta 32.82 9.68 2008 Entranze 
Netherlands 38.45 17.97 2008 Entranze 
Poland 24.70 10.11 2008 Entranze 
Portugal 38.59 9.67 2008 Entranze 
Romania 21.23 2.76 2008 Entranze 
Slovak Republic 24.51 7.05 2008 Entranze 
Slovenia 29.91 13.54 2008 Entranze 
Spain 33.97 7.58 2008 Entranze 
Sweden 41.75 16.48 2008 Entranze 
United Kingdom 31.35 11.99 2008 Entranze 
United States 68.88 25.95 2009/12 EIA 2009 RECS, 2012 CBECS 
Serbia 22.28 7.43 2008 Entranze 
Croatia 25.44 7.26 2008 Entranze 

Sources: Entranze = Entranze, 2015; RECS = EIA 2009 Residential Energy Consumption Survey (RECS; EIA, 
2013a); CBECS = 2012 Commercial Buildings Energy Consumption Survey (CBECS; EIA, 2016d). The Entranze 
data are reported for the residential and the non-residential “service” sectors, with the latter including “office 
buildings, hospitals, schools and universities, hotels and restaurants, buildings in wholesale and retail trade” (Sebi et 
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al., 2013, p. 11). This is consistent with the EIA’s CBECS “commercial” sector and with our 
“commercial/institutional/government” sector. The FAC estimate for the residential sector in Israel is based on our 
review of the literature. The FAC estimate for the commercial sector in Israel is our assumption.  
 
The effective lag  LBD  accounts for the fact that the relevant characteristics (such as floor space) 
of buildings in any year Y presumably were determined by economic and demographic variables 
(such as GDP per capita) in years prior to Y, mainly because most buildings existing in year Y 
were built many years prior to Y. If building characteristics were determined by the economic 
and demographic conditions at the time the buildings were built, then  LBD is approximately the 
average age of buildings. This presumably is the maximum reasonable value of  LBD . However, 
builders are aware that buildings exist  
 
The effective lag  LBD  accounts for the fact that the relevant characteristics (such as floor space) 
of buildings in any year Y presumably were determined by economic and demographic variables 
(such as GDP per capita) in years prior to Y, mainly because most buildings existing in year Y 
were built many years prior to Y. If building characteristics were determined by the economic 
and demographic conditions at the time the buildings were built, then  LBD is approximately the 
average age of buildings. This presumably is the maximum reasonable value of  LBD . However, 
builders are aware that buildings exist for many years and hence ought to accommodate future 
needs, and thus in some fashion probably build in anticipation of future economic and 
demographic conditions. If builders have good foresight and do long-range planning with no 
“discounting,” then they build in anticipation of the conditions when the building is roughly at its 
average age, which results in  LBD being about zero (the minimum value, of course). 
 
An analysis of the distribution of building ages from the EIA’s Commercial Buildings Energy 
Consumption Survey (CBECS), (EIA, 2016d) and Residential Energy Consumption Survey 
(RECS) (EIA, 2013a) suggests that floor-space weighted average age is about 32 years for 
commercial buildings and 36 years for residential buildings. (Note that the EIA’s definition of 
“commercial” includes institutional and government buildings.) If we exclude the oldest 
buildings (60+ years for commercial, 55+ years for residential) on the grounds that buildings 
today are not built for as long a life, then the average age is 27 commercial buildings an d 28 for 
residential. Thus, in the U. S.,  LBD  can range from 0 to about 30 years. Without further analysis, 
we assume a mid-range value of 15 years for  LBD . This means, for example, that the average 
building in the year 2050 was built in about 2020 on the basis of conditions anticipated for the 
year 2035.  
 
The reported base-year residential data of Table S9 from Entranze (2016) include only the 
conditioned or living area of permanently occupied dwellings; they do not include areas of 
vacant homes, second homes, or spaces such as shared hallways in multi-family dwellings (Sebi 
et al., 2013; country reports from Entranze, 2016). However, these areas are relevant to our 
analysis because they have roof area that is available for PVs. We assume that this area is 2% of 
the uncorrected estimated floor space in all countries for which we use the Entranze data. 
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We assume that the reported service (commercial/institutional/government) area data do not 
include covered (or potentially coverable) parking areas not underneath floorspace that is 
included in the reported data. We assume that this area is 5% of the uncorrected estimated floor 
space in all countries.  
 
The residential data of Table S9 also presumably do not include areas of residential garages, so 
we estimate this separately.  
 
Table S10. Parameters in the estimation of FAC. 

 
 δ1   δ 2   δ 3   δ 4   δ 5   δ 6   β1   β 2   β3   β 4   β5   β6   β7  

  FÂCres ,C ,Y  1.279 1.378 0.000 0.287 0.000 0.010 1.517 -0.851 25.469 -1.802 -1.567 0.799 -0.193 

  FÂCcom ,C ,Y  1.618 1.547 1.471 0.126 0.094 0.146 0.786 -2.435 1.950 4.299 -11.900 5.835 2.266 

res. = residential; com = commercial; n.a. = not applicable.  
 
The parameters  β1...β7  and  δ1...δ 6 are estimated by using a genetic algorithm to find the best 
(error-minimizing) fit of the polynomial to base-year data on FAC, GDPC, PD, and URB%, for 
several European countries. Table S9 shows the base-year (2008) FAC data; the other base-year 
data (GDPC, PD, and URB%) are estimated as described elsewhere in this documentation. We 
assume that the “service” category in Tables S9 is the same as our “commercial” category. Table 
S10 shows the fitted parameters  β1...β7  and  δ1...δ 6 . These parameters, along with the 
minimum and maximum constraints, give reasonable results for years from 2005 to 2075.  
 
Floor area per capita (FAC) for manufacturing/industrial buildings 
For manufacturing/industrial buildings, FAC is calculated as function of GDPC, PD, URB% and 
a reference value of FAC for the U. S., 
 

  
FACind ,C ,TY = FACind ,US ,RYind

⋅min
FACind ,C ,TY

FACind ,US ,RYind max

,GDPCC ,Y ⋅ PDC ,Y ⋅URB%C ,Y

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

 

 
where 
 

  FACind ,C ,TY  = Floor area per capita in the industrial sector in country C in year TY (m2/capita) 

  FACind ,US ,RYind
 =   FACind ,C ,TY  = Floor area per capita in the industrial sector in the U. S. in 

reference year RY ind  (m2/capita) (discussed below) 

  

FACind ,C ,TY

FACind ,US ,RYind max

= The maximum value of the ratio of FAC for country C in year TY to FAC for 

the U. S. in year RY (assume 2.5) 

  GDPCC ,Y  = Adjusted relative GDP per capita in country C, for Y  

  PDC ,Y  = Adjusted relative population density in country C, for Y  
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  URB%C ,Y  = Adjusted relative urban population share in country C, for Y  
 
The GDPC, PD, and URB% parameters are a nonlinear function of the parameter for each 
country relative to that for the U. S., where the exponent (or elasticity) is itself a function of the 
relative parameter:  
 

GDPCC ,Y = GDPC '
C ,Y

ε1⋅GDPC 'C ,Y
α1

                             PDC ,Y = PD '
C ,Y

ε2 ⋅PD 'C ,Y
α2

URB%C ,Y =URB%'
C ,Y

ε3⋅URB%'C ,Y
α3

 

 
 
 
 
 
 
 
where  

 
GDPC '

C ,Y
 = GDP per capita in country C relative to the U. S., for Y  

PD '
C ,Y

 = Population density in country C relative to the U. S., for Y  

URB%'
C ,Y

 = Urban population share in country C relative to the U. S., for Y  

Y  = Estimate based on year TY − Lind  for country C and year RY ind−Lind  for the U. S.  

Y  ε1,ε2,ε3,α1,α 2,α 3  = Exponents (Table S11) 
TY = Target year of the analysis 
RY ind  = Year of reference value of floorspace per capita in the industrial sector 
RY ind  Lind  = The effective (average) lag between the target or reference year and the year of the 

economic and demographic conditions that determine industrial-building characteristics 
in the target or reference year (discussed below) 

RY ind  Lind  GDPCC ,Y , PDC ,Y , and URB%C ,Y  are discussed in the Appendices S1..S3 
 
The EIA’s Manufacturing Energy Consumption Survey (MECS) reports 11,000 billion square 
feet of total enclosed floors pace at manufacturing facilities in the U. S. in 2010 (EIA, 2013b). 
We use this value to calculate   FACind ,US ,RYind

for the U. S. for 2010. About half of the square 
footage is in the food, chemicals, plastics, fabricated-metals, and transportation-equipment 
industries.  
 
As discussed above in the estimation of FAC for residential and non-industrial commercial 
buildings, the effective lag L accounts for the fact that the relevant characteristics (such as floor 
space) of buildings in any year Y presumably were determined by economic and demographic 
variables (such as GDP per capita) in years prior to Y, mainly because most buildings existing in 

GDPCC ,Y =
GDPCC ,TY −Lind

GDPCUS ,RYind−Lind

                                   PDC ,Y =
PDC ,TY −Lind

PDUS ,RYind−Lind

URB%C ,Y =
URB%C ,TY −Lind

URB%US ,RYind−Lind
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year Y were built many years prior to Y. On the assumption that industrial buildings generally are 
older than commercial buildings, we assume that Lind  is 20 years, which is larger than  LBD .  
 
Table S11. Estimation of the floors pace of industrial buildings. 

 
α  ε  

Comment 

1. GDPC -0.48 0.2 

Makes  GDPCC ,Y  much more sensitive to decreases in GDPC '
C ,Y

 than to 

increases; as GDPC '
C ,Y

 approaches highest values, GDPCC ,Y  is only ~1.15, 

but as GDPC '
C ,Y

 approaches lowest values, GDPCC ,Y  is close to zero.  

2. PD 0.34 -0.09 
Makes  PDC ,Y  much more sensitive to increases in PD '

C ,Y
 than to decreases; 

as PD '
C ,Y

approaches highest values, PDC ,Y  approaches zero, but as PD '
C ,Y

 

approaches zero, PDC ,Y  increases to only ~1.10. 

3. URB% 5.00 -0.80 

Makes  URB%C ,Y  much more sensitive to increases in URB%'
C ,Y

 than to 

decreases; as URB%'
C ,Y

 approaches 100%, URB%C ,Y  drops below 0.5, but 

as URB%'
C ,Y

 approaches 0%, URB%C ,Y  actually returns to 1.00 

 
 
Overhang multiplier (OH) 
The overhang multiplier accounts for the fact that roofs typically overhang the floor area below. 
Assuming that the overhang distance does not increase in proportion to floor area, then the 
multiplier decreases with increasing floor area. Table S12 shows the overhang multiplier for four 
different building sizes and six roof overhangs. Table S12 shows that the overhang multiplier can 
range from 1.01 for large industrial buildings with small overhangs, to 1.5 for small houses with 
large overhangs.  
 
Here we assume a simple nonlinear relationship between the multiplier, upper-ceiling-are per 
capita, and latitude, around a reference values,  
 

  

OHC ,TY = max OHmin ,min OHmax ,OHref ⋅
CACC ,TY

CACref

⎛

⎝
⎜

⎞
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⎟

ϕ1

⋅
LATave ,C

LATOH ,ave ,ref
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⎟
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CACC ,TY =

FACC ,TY

SBC ,TY
 

where 
 

  OHmin = the minimum overhang multiplier  

  OHmax = the minimum overhang multiplier  
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 OHref = the reference overhang multiplier  

 CACref  = the reference upper ceiling area per capita (m2/capita) (the calculated 139-country 
average)  

  CACC ,TY  = the upper ceiling area per capita in country C in year TY (essentially the flat 

underside of the roof, excluding any overhang) (m2/capita) 

  LATOH ,ave ,ref = the reference average latitude for the overhang-multiplier estimate  

  LATave ,C  = the average latitude of country C (degrees)   

 ϕ1  = exponent relating changes in ceiling area to changes in overhang 

 ϕ2  = exponent relating changes in latitude to changes in overhang 
 
All parameter values are discussed in Table S13. With these assumptions, the overhang 
multiplier OH averages 1.17 for residential buildings, 1.27 for residential parking, 1.05 for 
commercial/institutional/government buildings, and 1.02 for industrial/manufacturing buildings.  
 
Table S12. Overhang multiplier as a function of building size and overhang. 

Type of building Ceiling 
area 

Feet of overhang 

 
0.50 1.00 1.50 2.00 2.50 3.00 

Small residential building 750 1.08 1.16 1.24 1.33 1.42 1.51 

Residential buildings, U. S.  1,499 1.06 1.11 1.17 1.23 1.29 1.35 

Commercial buildings, U. S.  10,004 1.02 1.04 1.06 1.09 1.11 1.13 

Industrial buildings, U. S. 31,996 1.01 1.02 1.04 1.05 1.06 1.07 

Residential buildings, world  1,050 1.07 1.13 1.21 1.28 1.35 1.43 

Commercial buildings, world  7,003 1.03 1.05 1.08 1.10 1.13 1.16 

Industrial buildings, world 22,397 1.01 1.03 1.04 1.06 1.07 1.09 
Ceiling area is the “upper ceiling area” as estimated in this section. Average upper ceiling area per building in the U. 
S. is calculated using U. S. EIA data on number of buildings and total square footage, as reported in the EIA’s 
RECS, CBECS, and MECS, and our estimates of number stories, as described elsewhere in this SI. On the basis of 
our estimates here, we assume that world-average building areas are 70% of U. S. values. Commercial buildings 
include institutional and government buildings. We assume that buildings are rectangles with one side twice the 
other.  
 
Multiplier for sloped roofs (SL) 
The slope multiplier accounts for the fact that for pitched roofs, the roof area exceeds the floor 
area, as a function of the slope angle. The slope multiplier is calculated as a function of the 
percentage of roofs that are pitched (or sloped; as opposed to almost flat) and the average slope:  
 

  
SLC = 1−SL%C +

SL%C

cos SLθC⎡⎣ ⎤⎦
 

 
where  
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  SL%C  = the percentage of pitched (sloped) roofs in country C  

 SLθC  = the average slope of pitched roofs in country C (degrees) 
 
These parameters are estimated as a function of the country latitude, with fewer flat roofs and 
greater slope with increasing latitude, on the assumptions the further from the equator, the 
greater average snowfall and the consequent need for steeper roofs for shedding snow. Formally,  
 

  

SL%C = min SL%max ,max SL%min ,SL%ref ⋅
LATave ,C

LATSL ,ave ,ref
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SLθC = min SLθmax ,max SLθmin ,SLθref ⋅
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where 
 

  SL%max = The maximum percentage of sloped roofs in a country  

  SL%min  = The minimum percentage of sloped roofs in a country  

  SL%ref  = The percentage of sloped roofs at the reference latitude  

  LATSL ,ave ,ref = The reference average latitude for the slope-multiplier estimate (assume 38 degrees) 

  SLθmax  = The maximum average slope of pitched roofs in a country  

  SLθmin  = The minimum average slope of pitched roofs in a country  

 SLθref  = The average of slope of pitched roofs at the reference latitude  

 ∂1  = Exponent relating changes in latitude to changes in percentage of sloped roofs 
 ∂2  = Exponent relating changes in latitude to changes in slope angle 
 
Table S14 provides all parameter values, which are used for all 139 countries. With these 
assumptions, the slope correction factor SL varies from 1.0 to 1.16 with an average of 1.08 for 
residential, 1.00 - 1.08 [1.04 avg.] for residential parking, 1.00 - 1.04 [1.02] for 
commercial/institutional/government, and 1.00 - 1.02 [1.01] for industrial/manufacturing. 
 
Stories per building (SB) 
The average number of stories per commercial/ institutional/government building in country C in 
year Y,   SBcom ,C ,TY , is estimated as a function of GDP per capita, population density, urban 
percentage, with respect to reference values, fit to synthetic data. Formally,  
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SBcom ,C ,TY = min SBmax,com ,max

SBmin,com ,β1+ SBcom ,Cref ,RY ⋅
GDPCC ,Y−LBD

GDPCCref ,RY−LBD
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SBcom ,Cref ,RY = SB *com ,Cref ,RY −β1
 

 
where 
 

  SBmax,com = the maximum allowable value of SB in the commercial sector (30 stories per building) 

  SBmin,com = the minimum allowable value of SB in the commercial sector (1.02 stories per 
building) 

  SBcom ,Cref ,RY  = the part of the reference SB that varies with GDPC, PD, and URB%  
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  UfrPVroof ,ref , and assuming that the structural-quality adjustment (  STRUCTPVroof ,C ,TY ) = 1.0. The 
results for the chosen value of the exponent are highlighted.  
 
Table S19 shows the structural-quality adjustment  STRUCTPVroof ,C ,TY  as a function of the GDP-

per-capita exponent  γ PV  and the GDP per capita. The results for the chosen value of the 
exponent are highlighted. 
 
Adjustment for roof area reserved for fire access (  FIREPVroof ,C ,TY I) 

We assume that most countries developing rooftop PV systems require (or will require) that a 
portion of the roof not be covered with PVs to allow access for firefighters. We assume that this 
reserved roof area is not captured by the parameter Sfr, the fraction of rooftop area technically 
suitable for PVs, or by the base-case usability fraction   UfrPVroof ,ref .  
 
 




