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The uses of fos sil fu els cause not only the re sources ex haus tion but also the
en vi ron men tal prob lems such as global warm ing.  The pur poses of this
study are to eval u ate paths to ward sus tain able en ergy sys tems and roles of
each re new able. In or der to re al ize the pur poses, the au thors de vel oped the
global land use and en ergy model that fig ured the global en ergy sup ply sys -
tems in the fu ture con sid er ing the cost minimization.
Us ing the model, the au thors con ducted a sim u la tion in C30R sce nario,
which is a kind of strict CO2 emis sion limit sce nar ios and re duced CO2

emis sions by 30% com pared with Kyoto pro to col for ever sce nario, and ob -
tained the fol low ing re sults. In C30R sce nario bioenergy will sup ply 33% of
all the pri mary en ergy con sump tion. How ever, wind and pho to vol taic will
sup ply 1.8% and 1.4% of all the pri mary en ergy con sump tion, re spec tively,
be cause of the lim its of power grid sta bil ity. The re sults im ply that the strict
lim its of CO2 emis sions are not suf fi cient to achieve the com plete re new able
en ergy sys tems.  In or der to use wind and pho to vol taic as ma jor en ergy re -
sources, we need not only to re duce the plant costs but also to de velop un -
con ven tional re new able tech nol o gies.
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Introduction

The uses of fos sil fu els cause not only the re sources ex haus tion but also en vi ron -
men tal prob lems such as global warm ing. Be fore the fos sil fu els are ex hausted or the CO2

emis sions of the fos sil fu els cause the cat a strophic cli mate change, we need to de velop
the new en ergy sys tems that are fos sil-fuel-free. In this study, the au thors eval u ate the
path to ward the sus tain able en ergy sys tems.

In the past re searches, re new able en ergy sce nar ios were pub lished [1-3]. How -
ever, any re searches that con sid ered sys tem atic anal y sis of land use com pe ti tions and
bioenergy sup ply po ten tial and con straint of power grid sta bil ity con cern ing in ter mit tent
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renewables such as pho to vol taic and wind power and that eval u ated the path to ward sus -
tain able en ergy sys tems us ing an optimization model are not known.

In or der to dis cover the path to ward the sus tain able en ergy sys tems, the au thors
de vel oped the global land use and en ergy model (GLUE) [4, 5]. The model fig ures the
global en ergy sup ply sys tems in clud ing over all en ergy re sources in clud ing fos sil fu els
and renewables and over all en ergy con ver sion tech nol o gies, and min i mizes the en ergy
sys tem costs in the world. 

In this study, the au thors con ducted a sim u la tion us ing the model of GLUE and
cal cu lated a re new able-in ten sive sce nario. Then, the au thors dis cussed the role and the
limit of the cur rent re new able tech nol o gies and how to solve the limit in or der to re al ize
the com plete re new able energy systems.
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Figure 1. Structure of the model



Outline of the model

The world is di vided into 11 re gions (tab. 
1). The model cal cu lates the op ti mal en ergy
sys tems in clud ing bioen ergy sys tems from
2000 to 2050 at ev ery ten year us ing Lin ear
Pro gram ming (LP) tech nique. The ob jec tive
func tion of the model is the sum ma tion of the 
en ergy sys tem costs.

The model con sists of two parts: an en -
ergy sys tems part and a land use part. The en -
ergy sys tems part is based on a global en ergy
sys tems model named New Earth 21 (NE21)
[6] and the land use part is base on a global
land use and en ergy model (GLUE-11) (fig.
1) [4]. The land use part cov ers a wide range
of land uses and bio mass flow in clud ing food 
chains, ma te rial re cy cling, and dis charge of
bio mass res i dues. Those two parts are con -
nected through com mon vari ables con cern -
ing bioenergy sup ply po ten tial. The num ber
of con strains is about 4,300 in the en ergy
sys tems part and is 2,100 in the land use part.

The au thors pre pared data for GLUE us ing pub li ca tions of FAO [7], IPCC [8],
World Bank [9], DOE [10], and so on.  For ex am ple, the au thors cal cu lated the data of
power gen er a tion costs of pho to vol taic and wind power based on the lit er a ture [10] (fig.
2). The de tails of the data set are ex plained in the ref er ence [4, 5]. 
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Table 1. Regions in the model

No. Re gions

1 North America

2 Western Europe

3 Japan

4 Oceania

5 Centrally Planned Asia

6 Middle East and North Africa

7 Sub-Sahara Africa

8 Latin America

9 Former USSR & Eastern Europe

10 Southeast Asia

11 South Asia

Figure 2. The assumption of
power generation costs of
photovoltaic and wind power
The authors calculated the data of
power generation costs of photo
voltaic and wind power based on
the literature [10]. The costs of
photovoltaic are the costs in the
United State (where the incident
light was assumed at 1,800
kWh/m2/year). The costs of wind
power are the reference costs
(where the average wind speed
was assumed at 5.8 m/s) and were
assumed to increase following
degradation in the average wind
speed [5]



CO2 emission scenario

It was as sumed that the fi nal en ergy de mand would in crease fol low ing IPCC
SRES-B2 sce nario [8]. In or der to sat isfy the de mand, the model se lects pri mary en ergy
re sources and en ergy con ver sion tech nol o gies.

The au thors as sumed a CO2 emis sion sce nario named C30R that is a kind of sce -
nar ios that will im pose the se vere con straints of CO2 emis sions in and af ter 2020 (fig. 3).
In C30R, the au thors as sumed that the CO2 emis sions in and af ter 2020 would be by 30%
less than those in 1990 in the de vel oped re gions, and those in and af ter 2020 would be by
30% less than those in the same point of time in a case with out CO2 emis sion con straint in 
the de vel op ing re gions. The au thors as sumed that the trade of CO2 emis sion rights would
be al lowed among all the re gions in the world.

Simulation results

Us ing the model of GLUE and the CO2 emis sion sce nario of C30R, the au thors
con ducted a sim u la tion and ob tained the fol low ing re sults.

In C30R sce nario, bioenergy re sources will be used on a large scale by 2050
(figs. 4 and 5). Most of prac ti cal sup ply po ten tial of bio mass res i dues will be used by
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Figure 3. CO2 emission scenarios in FREE and C30R
FREE means no CO2 emission constraint scenario. In C30R, the CO2 emissions in and
after 2020 will be by 30% less than those in 1990 in the developed regions, and those in
and after 2020 will be by 30% less than those in the same point of time in a case without
CO2 emission constraint in the developing regions



2050; all the sup ply po ten tial of en ergy crops pro duced on sur plus ar a ble lands will be
used by 2050; two-thirds of all for est re sources in the world will be used to sup ply ma te -
rial wood and fuelwood by 2050. It means that two-thirds of the for est will be con verted
into the man age ment for est where the for est may lose bio-di ver sity. For ref er ence, the
nat u ral for est area is at around 9/10 of all the for est and the man age ment for est is at
around 1/10 in the world cur rently.

Us ing those bioenergy re sources in clud ing bioenergy res i dues, en ergy crops,
and fuelwood, bioenergy will be come at 33% of all the pri mary en ergy con sump tion in
the world in 2050. How ever the con sump tion of wind and pho to vol taic will be at 1.8%
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Figure 4.  Primary energy consumption in the world in C30R scenario (in EJ/year)

Figure 5. Primary energy consumption in the world in C30R scenario (in
percent)



and 1.4% of all the pri mary en ergy con sump tion in 2050, re spec tively (figs. 4 and 5).
Thought bioenergy is stock en ergy and can sup ply en ergy fol low ing en ergy de mands,
wind and pho to vol taic are in ter mit tent and the in stalled ca pac i ties of them are lim ited due 
to keep the sta bil ity of the elec tric ity power grids. The up per limit of the in stalled ca pac -
ity of the sum of wind and pho to vol taic was as sumed at 5% of the whole power de mand
in the day time; the up per limit of the in stalled ca pac ity of wind was as sumed at 5% of the
whole power de mand at night [11]. On the other hand, the con sump tion of fos sil fu els
will de crease be tween 2040 and 2050, since the costs of fos sil fu els be come dis ad van ta -
geous rel a tively com pared with renewables due to an in crease in min ing costs of fos sils
and a de crease in re new able costs.
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Figure 6. Primary energy consumption in each region in C30R scenario (in EJ/year)

Figure 7. Primary energy consumption in each region in C30R scenario (in percent)



Con cern ing the re gional re sults, Oceania, Sub-Sa hara Af rica, and Latin Amer -
ica, where the pop u la tion den si ties are low and the bioenergy re sources are plenty, will
con sume renewables over two-thirds of all the pri mary en ergy con sump tion (figs. 6 and
7).

Conclusions

The uses of fos sil fu els cause not only the re sources ex haus tion but also the en vi -
ron men tal prob lems such as global warm ing.  There fore, the world looks for the paths to -
ward the sus tain able en ergy sys tems based on re new able en ergy.  How ever, renewables
are lim ited by the sup ply po ten tials and the un sta ble out puts of pho to vol taic and wind.

The pur poses of this study are to eval u ate paths to ward sus tain able en ergy sys -
tems and roles of each re new able. In or der to re al ize the pur poses, the au thors de vel oped
the global land use and en ergy model (GLUE) that fig ured the global en ergy sup ply sys -
tems in the fu ture con sid er ing the cost minimization. The model in cludes over all en ergy
re sources in clud ing fos sil fu els and renewables and over all en ergy con ver sion tech nol o -
gies in clud ing power generation, gasifier, and liquefaction.

Us ing the model, the au thors con ducted a sim u la tion in C30R sce nario, which is
a kind of strict CO2 emis sion limit sce nar ios and re duced CO2 emis sions by 30% com -
pared with Kyoto pro to col for ever sce nario, and ob tained the fol low ing re sults.

In C30R sce nario bioenergy will sup ply 33% of all the pri mary en ergy con -
sump tion. How ever, wind and pho to vol taic will sup ply 1.8% and 1.4% of all the pri mary
en ergy con sump tion, re spec tively, be cause of the lim its of power grid sta bil ity.

Oceania, Sub-Sa hara Af rica, and Latin Amer ica, where the pop u la tion den si ties
will be low and the bioenergy re sources will be plenty, will con sume renewables over
two-thirds of all the pri mary en ergy con sump tion in 2050. Bioenergy re sources will be
one of the most im por tant renewables es pe cially in Oceania, Sub-Sa hara Af rica, and
Latin Amer ica, but bioenergy re sources will reach the up per lim its of the sup ply po ten -
tial.

The re sults im ply that the strict lim its of CO2 emis sions are not suf fi cient to
achieve the com plete re new able en ergy sys tems. In or der to use wind and pho to vol taic as
ma jor en ergy re sources, we need not only to re duce the plant costs but also to de velop un -
con ven tional tech nol o gies such as pho to vol taic sys tem di rectly con nected with bat tery or 
elec trol y sis sys tems that can avoid the prob lem of the power grid sta bil ity.

The au thors plan to eval u ate the per fect re new able en ergy sys tems in the world
con sid er ing the un con ven tional re new able en ergy sys tems.
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