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Abstract

Solar power generation, especially space solar power, is one of the most promising alternative tech-
nologies for reducing CO2 emissions. However its potential is not obvious, because the launching of 
satellites consumes rocket fuel, and because solar panel production also involves energy consumption. 

  For this paper we calculated CO2 emissions through the life cycle of a Solar Power Satellite (SPS), 
which comprises production of rocket fuel, solar panels, construction of Rectenna (power receiving 
antenna), satellite and all equipment listed in the NASA/DOE Reference System. The calculation 
also includes indirect CO2 emissions estimated from 1990 Japanese Input-Output Tables broken down 
into 405 sectors. 

  The baseline scenario shows that CO2 emissions from SPS per unit of energy generated, at 20g 
CO2 per kWh, is almost the same as from nuclear power systems at 22g CO2 per kWh, and much 
less than LNG-fired power generation at 631g CO2 per kWh, and coal-fired energy at 1,225g CO2 
per kWh. Furthermore, the SPS-Breeder scenario (in which installed Solar Power Satellites supply 
electricity for producing further SPS units) shows significant improvement in CO2 emissions at only 
11g per kWh. 

  In spite of Japan's high dependence on nuclear power (which currently provides 32 % of the total 
electricity supplied), electricity causes one fourth of Japan's total CO2 emissions. This paper suggests 
that the SPS is the most effective alternative technology for further CO2 reduction in electric power 
generation. 
  Key words: Solar Power Satellite (SPS), NASA/DOE Reference System, Life Cycle Assessment 
(LCA), CO2 emissions, alternative technology, power generation.
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1 Introduction

The 21st century faces the problems of fossil fuel resource depletion and increasing CO2 production. In 
recent years, understanding of the "Greenhouse Effect" has raised questions as to what should be done 
to reduce CO2 production, as concerns technological innovation, electricity generation, automobiles, 
housing and other areas. However, much of this comprises no more than treatment of symptoms, raising 
the question whether there may not be a more fundamental solution to the problem. 

  In most countries, among the various domestic and industrial activities, the activity that produces 
the greatest CO2 emission is electricity generation. For example, although Japan's use of nuclear power 
is relatively high, electricity generation represents some 25% of the 1.2 billion tons of CO2 released 
annually, and the amount is growing. Furthermore, the use of Life Cycle Assessment (LCA) shows that 
many systems that directly release only small amounts of CO2 also depend largely on electricity. For 
example, electric vehicles do not release CO2 during operation, but they depend on electricity generation 
and therefore add to the CO2 emission. Consequently if the electricity is generated mainly from coal 
burning, electric cars will release large amounts of CO2. In view of this, an electricity generation system 
that has a low dependence on fossil fuels, releases small quantities of CO2 and causes only a small 
environmental emission is highly desirable for the 21st century. 

  From this viewpoint we estimate the CO2 emission of one candidate for electricity generation in the 
future, Solar Power Satellites (SPS). These satellites must of course be launched using rockets, and the 
production of their photo-voltaic panels also uses large quantities of energy. In addition the rectenna, the 
microwave power receiving and rectifying antenna on Earth , contains large amounts of cement and steel, 
which cause the release of large amounts of CO2 in their production. Consequently the objective of this 
analysis is to discover how SPS's CO2 releases compare with electricity generation from liquefied natural 
gas (LNG) or nuclear power. In this paper we analyze a rather old system design, the "SPS Reference 
System" published by the US Department of Energy (DOE) and NASA in 1978[2]. Recently NASA has 
published new SPS designs and proposed new means of launching it1. However, although these seem 
more advanced, we start by analyzing the basic SPS system represented by the DOE/NASA Reference 
System. In the following we first of all give a broad overview of the SPS system, and of the method used 
to calculate its CO2 emission. In the next section we describe the SPS-Breeder, and in the conclusion we 
report the main results.

  *This paper summarizes Yoshioka et al. [20][21]. We would like to thank Mikio Suga (Tokai University ), Makoto 
Nagatomo (The Institute of Space and Astronautical Science), Hideo Matsuoka (Teikyo Heisei University), Tetsushi Shibata (Ministry of Health and Welfare) for giving us technical information on the SPS system. We also express special thanks to 
Nobuyuki Kaya (Kobe University) for providing Figure 1 and helpful comments . We are solely responsible for any errors. 

  tinstitute of Economic Research , Hitotsubashi University,Japan 
  $Department of Environmental Policy, Azabu University,Japan 

  § Keio Economic Observatory, Keio University, Japan   '
See Science Applications International Corporation et al.[16]
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Concept of SPS

Electricity generation using photo-voltaic cells is receiving increasing attention as a means of electricity 
generation that produces neither CO2, NOx nor SOx pollution as do systems using fossil fuel burning, nor 
radiation like nuclear power systems. However, because solar energy generation is impossible at night and 
of poor efficiency during cloudy weather, stable electricity generation is difficult. However, if solar panels 
are launched into space they can produce power continuously, independent of the weather and of the 
day-and-night cycle. The Solar Power Satellite (SPS) concept involves a satellite carrying photo-voltaic 
panels in geo-stationary orbit (GEO) to generate electricity, and transmitting this power to the Earth's 
surface. 
  The concept of SPS was first published in 1968 by Peter Glaser, and in 1978 the US Department of 
Energy (DOE) and NASA published a "Reference System" referred to here as the DOE/NASA Reference 
System. Although the Reference System was published some 20 years ago, no other equally detailed 
system has been proposed since then, and so it remains the representative plan of a future SPS system. 
Consequently, in this paper we investigate the CO2 emission of the DOE/NASA SPS "Reference System". 

  Figure 1 shows the SPS concept, Table 1 the main assumptions, and Table 2 the components of the 
SPS system. The satellite is shown in the upper part of Figure 1 : it has a rectangular structure 10 km 
long by 5 km wide and 300 meters deep. It carries photo-voltaic panels over its surface, and transmits the 
power generated using high frequency microwaves from the 1 km diameter antenna shown at the front 
edge of the satellite in the Figure. The lower half shows the rectenna on the Earth , which receives and 
rectifies the microwave beam from a satellite; it is elliptical, 13 km by 10 km. Each satellite-rectenna pair 
has an output of 5 GW, and the DOE/NASA Reference System comprised 60 such pairs. These would 
have an annual output of 2,628 billion kWh.

Table 1: Basic assumptions about SPS based DOE/NASA Reference System
Power output per satellite 
Number of satellites 
Number of hours of power supply/day 
Number of days of power supply/year 
Total energy supplied/year

    5 GW 

    60 units 

    24 hours 

   365 days 

2628000 GWh

Table 2: List of components of SPS system

< Space Transportation >

1 

2 

3 

4

Heavy Lift Launch Vehicle (HLLV) 
Personnel Launch Vehicle (PLV) 
Cargo Orbital Transfer Vehicle (COTV) 
Personnel Orbital Transfer Vehicle (POTV)

< Space Bases >

5 

6

Low Earth Orbit Base (LEO Base) 
Geostationary Orbit Construction Base (GEO Construction Base)

< Solar Power Satellite >

7 

8

Satellite 

Photo-voltaic Cells

< Other Components > 
9. Rectenna (Microwave Power Receiving and Rectifying Antenna) 

10. Propellants

3 Estimating the CO2 Emission from SPS

The CO2 emission from constructing and 

mental Input-Output Tables, which have
operating the SPS system is estimated 

been constructed and published by the
using 1990 Environ-
`Research Group for
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Figure 1: SPS concept

Environmental Issues' in KEO(Keio Economic Observatory)[11]. 
is given by:

Environmental Input-Output analysis

                           CO2 = C (I - A)-1 fk 

             where, 
             COk : C02 emission of kth SPS component (in production process) 

               C : C02 emission coefficient (diagonal) 
               I : identity matrix 

               A : input coefficients matrix with 405 sectors 
               f k : final demand vector of kth SPS components 

  In addition, we need to know the detailed C02 repercussion effects, so we calculate the following: 

                     CO2 = Cfk + Cxk'1 + Cxk'2 + Cxk'3 + .. . 
                       = Cfk + CAfk + CA2fk + CA3fk + 

                          C(I+A+A2+A3+•••)fk 
                       = C (I - Ay ' fk 

  Cfk is called the direct effect, Cxk'1 is the first indirect effect, Cxk'2 is the second indirect effect, 
and Cxk'3 is the third indirect effect, and so on. Repeating this calculation several times, the direct and
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indirect effects converge to (I-A)-'f". In this way the total CO2 emission produced by the SPS system 
can be estimated. 

  As a result, major data problems are how to construct the final demand of the kth SPS component, 
and we approach this as follows. Initially, the quantities of materials used in the kth component are given 
by DOE/NASA[2][3] and re-classified to match the Japanese I-O classification. In the next, the materials 
required for the kth component are converted to monetary units by using unit price in the 10-digit code 
table of Input-Output tables2. For products for which no unit price are given in the I-O tables, figures 
were taken from trade statistics. Finally, as the materials converted to monetary units are evaluated in 
producer's price, so they are converted to purchaser's price unit by using the trade margin and domestic 
transport margin in the I-O table3.

4 Overview of the CO2 Emission

In this section we describe the main results of the estimate of the overall CO2 emission from constructing 
and operating the SPS system. Table 3 shows that the CO2 released by the SPS system would be some 
1.58 billion tons, which is about 25 % more than the 1.2 billion tons of CO2 released by Japan during 
1990. Notably, the quantity released by the rockets used to launch the SPS satellites is relatively low. 
The major components are the CO2 released in producing the photo-voltaic panels , which is some 60 % of 
the total, and that from the rectenna which is some 30 % of the total . The CO2 released by maintenance 
is not included, however, since data is not available:if the maintenance ratio of the satellite and rectenna 
is 1 % per year, the overall CO2 emission would increase by some 30 %.

Table 3: CO2 released by DOE/NASA SPS "Reference System" 

          _ units: 10 thousand tons of__C02 ) 
           Space Transportation 

         1 HLLV 412 

         2 PLV 12 

         3 COTV 9576 

         4 POTV 4 

           Space Bases

5 LEO Base 

6 GEO Construction Base 

Solar Power Satellite 

7 Satellite Structure 

8 Photo-voltaic Cells 

Other Components 

9 Rectenna 

10 Propellants

5 

19

1424 

90393

38688 

17473

of 60 SPS units

Total 158007

  Then, we assume the case that Japan's all electric power are supplied only from SPS system. As 
showed in Table 1, 60 SPS units would have an annual output of 2,628 billion kWh, or some 3.5 times 
the electricity produced in Japan in 1995. Consequently only 18 such SPS satellites would be needed to 
supply Japan. If all Japan's electricity was supplied by 18 SPS units, the number of rectennas would 
also be reduced proportionately. The number of LEO and GEO bases needed would be halved to one 
each, and the remaining CO2 releases would be reduced to 18/60 of the quantities shown in Table 3. The 
result is shown in Table 4, the total CO2 emission being reduced to 470 million tons. 

  Table 8 shows a series of repercussion effects of CO2 emission of the SPS system by sectors. Sectors 
having a high share of total CO2 emission of SPS are electric power, sheet glass and safety glass, and self-
power generation, and the summed share of electricity-related sectors (electric power sector and self-power 
generation) represent half the total, although the SPS system requires large amounts of various materials. 

  210-digit code table includes prices of 5000 commodities
. 
  3See

, in addition, Appendix.1.

4



Table 4: CO2 released by SPS system of 18 SPS units scaled to supply Japan 
             (units: 10 thousand tons of C02) 

          Space Transportation
1 HLLV 

2 PLV 

3 COTV 

4 POTV 

Space Bases 

5 LEO Base 

6 GEO Construction Base 

Solar Power Satellite 

7 Satellite Structure 

8 Photo-voltaic Cells 

Other Components 

9 Rectenna 

10 Propellants

124 

4 

2873 

1

3 

9

 427 

27118

11606 

5242

Total 47407

Table 5: 3 highest ranking sectors of CO2 emission of SPS components

HLLV t -c02 PLV

 1st Electric power 

2nd Aluminium 

 3rd Self-Power generation 

total

t -C02 COTV
    Electric power 

      Aluminium 

Self-Power generation

   267 Electric power 

  197.4 Self-Power generation 

  194.7 Road freight transport 

 1239.4 Tg ----

t -C02
1184 

875 

863

5498

171 

81 

65

732

POTV    t -C02
  1st Aluminium 

  2nd Electric power 

_3rd Self-Power generation 
 total

LEO Base t -C02
-- -- --- - --- 

- -

 GEO Construction Base t -C02
150 

97 

96

      Aluminium 

    Electric power 

Self-Power generation

2662 

2214 

1878
521

           Aluminium 

         Electric power 

     Self-Power generation

8720 

7712 

6337

10790 37332

Satellite t -C02 Photo-voltaic Cells

         Electric power 

Sheet glass and safety glass 

     Self-Power generation

boot-CO2 Rectenna
1st Electric power 

2nd Self-Power generation 

3rd Pig iron

21188 

11798 

6992

7540 

1634 

920

Electric power 

    Pig iron 

Coal products

1000t-CO2

1823 

875 

584
total 94942
*Aluminium sector include regenerated aluminium

.

14232 6448

Then, Table 5 shows the 3 highest ranking sectors of CO2 emission of SPS components respectively . Each 
component requires different kinds of materials directly , but CO2 emission is mainly induced by electrical 
power generation in almost SPS components.

5 Simulation of SPS Construction

In the preceding section, we calculated the CO2 load of SPS on the basis of the DOE/NASA "Reference 
System". It seems reasonable to conclude that the SPS system in construction induces large amounts 
of CO2 directly and indirectly. However, our results assume that 60 SPS units (or 18 SPS units) are 
constructed at a time, so we don't take the time span of construction and electricity supply of SPS into 
account. 

  In this section we consider the SPS-Breeder scenario in which installed SPS units supply electricity 
for producing further SPS units, and analyze its CO2 load. In contrast to this scenario, we call the case 
in the preceding section the `Baseline scenario'. 

  The concept of SPS-Breeder is shown in Figure 2, and the assumptions of the SPS-Breeder scenario
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are as follows: 4

1. A pair of SPS and rectenna is built during one time period, and 18 pairs are built in all (which 
  covers total Japanese electricity supply as of 1995). 

2. Space transportation systems, space construction bases, and one SPS-rectenna pair are all built in 
  the 1st period.

3. SPS components constructed in the 1st period use only power from existing electricity generation 

  systems.

4. In the tth period, all t - 1 SPS units are still operating. (t = 2, 3, ..., N; N = 18) 

5. An SPS unit built during the tth period utilizes electricity from the SPS unit built in the t - lth 
  period, and it utilizes electricity from existing electricity supply facilities only if the SPS electricity 

  supply is insufficient.

The left part of Table 7 summarizes the CO2 load calculated based on the SPS-Breeder scenario. In the 
1st period the SPS system begins to be constructed and there is no power supply from SPS. So all of 
the space transportation systems, space bases, and the 1st SPS-rectenna pair are built using only power 
supply from existing power supply facilities (276.9 hundred million kWh). In the 2nd period, a 2nd SPS 
is built using electricity from both the 1st SPS unit and existing electricity facilities; however, the result 
of our simulation shows that a 2nd SPS does not need electricity from existing power supply facilities, and 
so it is constructed using only electricity from the 1st SPS unit. In the 3rd and later periods, construction 
of the SPS system does not need electricity from existing generation facilities. As a result, it is clear that 
the SPS system can be constructed using only power supplied from SPS units after the 2nd period. 

  Let us now look at "Surplus electricity and imputed CO2 emission of SPS" in Table 7. In the case 
of the SPS-Breeder scenario, surplus electricity arises after the 2nd period, which is shown in the third 
column from the right in the Table. Figures in the second column from the right in the Table (i.e. in 
(d) column) are CO2 emissions from surplus electricity evaluated per unit of CO2 of existing electric 
generation systems. In other words, 30.2 hundred million CO2-ton would be released if the same amount 
of electricity was produced by existing electricity supply facilities. As the SPS system hardly produces 
any CO2 at all in operation, we obtain a negative 'net effect' by subtracting (d) from (b). This result is 
an `imputation'; however it indicates that the SPS-Breeder has a net -2.8 billion ton effect in total.

6 Comparison of relative CO2 emission

Lastly, we compare CO2 emissions of the SPS system with different electricity generation systems. If we 
assume a lifetime of 30 years for the SPS-Baseline scenario, the annual CO2 emission then becomes (1580 
/ 30) = 52.67 million tons/year. SPS produces 2,628 billion kWh/year, consequently the CO2 output 
per kWh can be estimated as:

             52, 670(billion g/year) / 2, 628(billion KWh/year) = 20g/kWh . 

In addition, we can calculate CO2 emissions of the SPS-Breeder scenario. We make the same assumption 
of lifetime as in the baseline scenario. The annual CO2 emission then becomes (268 / 30) = 8.9 million 
tons/year. 18 SPS units produce 788 billion kWh totally, consequently the CO2 output per kWh can be 
estimated as:

               89,32(billion g/year) / 788(billion KWh) = 11g/kWh. 

  Table 6 compares the CO2 emission per kWh of electrical energy produced by SPS-Baseline, SPS-B
reeder scenario, fossil fuels and nuclear power, based on earlier work of the Reseach Group for Environ-

mental Issues in KEO [11].

4For the calculation
, see Appendix 2.
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Figure 2: concept of SPS-Breeder scenario
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Table 6: Comparison of relative CO2 emission of different electricity generation systems 

                                       (units: g CO2 /kWh)
Generating system Operations Construction Total
SPS-Baseline 
SPS-Breeder 
Coal 
Oil 
Liquefied Natural Gas (LNG) 
Nuclear power

0 

0 

1222 

844 

629 

 19

20 

11 

3 

2 

2 

3

20 

11

1225 

846 

631 

 22

The Table shows that the SPS-Baseline would release slightly less CO2 / kWh than nuclear power 
generation. Furthermore, SPS-Breeder system shows further significant improvement in CO2 emissions 
at only 11 g per kWh, which is half that in the baseline scenario. The CO2 release from the operations of 
fossil fuel generation systems is mainly that released at the station from burning of fuel, whereas the CO2 released by nuclear plant operations is mainly from the use of energy to produce nuclear fuel. However, 
the CO2 released in distributing the electricity generated is not included in the SPS figures (since the 
data is not available) but is included for the other systems. Consequently it is necessary to allow for this 
in using the results shown in the Table6.

7 Conclusions

In this paper we have analyzed the CO2 emission likely to be produced by a system of Solar Power 
Satellites in as much detail as possible, based on the DOE/NASA Reference System. Based on this 
analysis, in order to satisfy Japan's present electricity supply, some 18 SPSs of 5 GW output would be 
needed, which we have estimated would release some 470 million tons of CO2. Japan currently releases 
some 1.2 billion tons of CO2 per year, so it is clear that a large amount of CO2 is released when the SPS 
system is constructed. However, the overall CO2 output is of the same order as nuclear power stations at 
20 kg per kWh. This is about 1/60 of the output of coal-fired power stations, and 1/30 of the CO2 output 
of LNG-fired power stations. Furthermore, the SPS-Breeder scenario shows significant improvement in 
CO2 emissions at only 11g per kWh. Of course SPS is a future technological system, and potential 
problems concerning various parts and components remain to be resolved, but our result suggests that th

e SPS is one of the most effective alternative technology for further CO2 reduction in electric power 
generation. 
  One of the ways to solve Earth-wide environmental problems is to generate electric power in environ-
mentally clean ways. The SPS system may give us the opportunity to solve this problem and to initiative 
the escape from a 'closed-Earth' industrial-economic system.
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A Appendix. 1

The production of each SPS component involves both production and assembly of commodities, both of which use 
electrical energy. The problem was to calculate the CO2 released in processing the required materials, production 
of commodities, and goods and services used in the assembly of the SPS components. This information was not 
included in the DOE/NASA SPS Reference System study, and so other sources were necessary. 

   Fortunately, a detailed activity of photo-voltaic Cells is reported in Uchiyama[18], we calculate its CO2 
emission based on the paper. 

   As to Space Transportation vehicles, taking HLLV as a example we calculate the CO2 emission in the following 
procedure; 
   One way to estimate CO2 emission from processing is to use the the "aerospace vehicle" sector of Input-
Output tables. This sector of the I-O tables includes various vehicles, including passenger aircraft, military 
aircraft, rockets and components, and so it is not identical to the HLLV. However the assumption was made that 
the ratio between the CO2 released in the production of aerospace vehicles and the CO2 released in the production 
of the materials used in them is the same ratio as for the HLLV. A detailed description of this calculation is as 
follows; we assume input vector of aerospace sector is f1. Induced production xl and induced CO2 emission C1 
by the sector are calculated by following; 

                                    x1 = [I -

                                               C1 = e' xl 

                      where,
I 

A 

e 

fl 

Xl 

Cl

In the elements of xl, figures of 6 s 
refactories sector, Hot rolled steel, 
Reference system remain, the othe                                                                                          using g 
f2; 

                                       C2=e' [I-A]-1•f2 

   The term" Raw Material Ratio" is defined by; 

             Cl _ CO2 emission from total process «                                                          Raw Material Rati o             C2 CO2 emission form production of raw materials 
   The " Raw Material Ratio "calculated for aerospace vehicles in the I-O tables is 2.5, and so this figure can be 

also used for the HLLV. The CO2 emission from producing the raw materials for a single HLLV was estimated as 
5498.3 tons based DOE/NASA Reference report . Consequently the total CO2 released in the production of the 
HLLV is (5498.3 x 2.5) = 13745.75 tons, or some 14,000 tons per vehicle. 

   The same calculation was used for the other space transportation vehicles.

identity matrix 
input coefficients matrix 

 CO2 emission coefficient 
 input vector of aerospace sector 

production vector induced by aerospace sector 
CO2 emission induced by aerospace sector 

ectors such as Plastic products sector, Sheet glass and safety glass sector, Clay Al
uminiuim sector, and Other non-ferrous metals sector listed in NASA/DOE 

r 

 sectors are made to be zero. We call this vector f2 and calculate again

B Appendix. 2

In the simulation of SPS-Breeder scenario we divide the Electric power sector into existing electric power sector 

and SPS in the environmental I-O Table. Figure 3 shows new Environmental I-O Tabulations .

A11, A12, A21j A22 

        fR' fS

 fo 
x1 
  x2 

zl , z2

e 

a

input coefficient matrix divided as indicated in Figure 3 
commodity vectors of rectenna(R) and SPS Photo - voltaic Cells(S) 
constructed step by step during N period 
commodity vector of SPS component constructed at a time (ex. Spase Base) 
vector of induced production excluded electric power generation 
induced production in electric sector 
productions induced by existing electric power generationg system, 
and by SPS respectively 
CO2 emission coefficient (CO2 emission per production) 
vector of share of elctric power supply

5For detailed arguments for tabulation , see Yoshioka and Suga[19]
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                     existing electric power generating system 

sectors excluded electric power generation \ SPS final demand

sectors excluded 
electric power

electric power 
sector

A11

A21

value added sector

Cot

A12

LIII

X1

e i

A22

production

ffR fS fo

LI

X1

x2

zl z2

emission factor

Figure 3: Outline of environmental I-0 table for the SPS -Breeder scenario

   Let us now explain the a method of calculation. If SPS components are constructed by using only electric 
power from existing electric power generation system, X1 and x2 induced by f (f R, fS, fo) are obtained by 
solving following vector-valued function:

And CO2

              A11X1 + A12z + f = 
                  A21X1 + A22z = 
                               zl 

                              z2 

emission are calculated by:

X1 

X2

axe where,a
(1)

                              Xl 
                           C02= ( e ) zl 

                                                             Z2 

In the next step SPS activity is divided by N. In the 1st period, space transportation systems, space construction 
bases and 1/N pair of SPS Photo-voltaic Cells and Rectenna begin to be constructed . In this case f= i (f' + 

N f S) -+- f o and a vector of share of electric pawer a are a=(1 0)'. 
  In the 2nd period, if total electric energy from SPS system is SkWh/year and f is given by N (f' + fS) , 

X,, X2, and CO2 are calculated by:

As the same way, in the 

calculated by:

                 Z2 
            zi + z2 

A11X1 + A1zz + f 
   A21X1 + A22z

tth(t = 3, ..., N)

= S/N 
   X2 

= X1 

= x2

CO2 = ( e

period, X1, X2i and CO2

                     (2) 

    z2 

emission induced by f = N ( f R + 1S) are
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  By calculating equation (3) 
we obtain the total CO2 emissio

              22 = (t - 1)S/N 
              z1 + z2 = x2 

 A11X1 + A12z + f = X1 
    A21 X1 + A22 z = x2 
                    X1 

            CO2 = ( e ) zl 
                                       Z2 

from t = 3 to N continuously and summing up the 

n in SPS-Breeder scenario.
C02 emission step

(3)

by step,
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