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Sumimary The objecti

ve of this work is to modet relationship between invested research and development (R&D) resources and the

attained level of R&D. In order to promote R&D efficiently under the restriction of R&D resources, it is very important (o optimeze the

allocation of R&D resources to each R&D activity. For the optimiza
must be given. The relationship consists of relationship between invested

tion, relationship between invested R&D resources and their effects

R&D resources and the attained level of R&D and relationship

betwesn the attained level of the R&I} and the diffusion level of the objective technology in the R&D. The mode! proposed here is based

on logistic
which goal is energy efficiency improvement is focused on. R&

snnd the attzined level of R&D. On modeling, annual R&ED expenditur

urve, which is known as a lesrning curve. The validity of this assumption is confirmed by examples of R&D. In this paper, R&D
I3 expenditure and energy efficiency are chosen as the indices of R&D resources
e for photoveltaic (PV) cells in the Sunshine Project of Japan, annual

conversion efficiency and the theoretical conversion efficiency of PV celis are invesugaied. Two paramelers of the logistic curve are

estimated by applying regressive analysis to the both annual data. They are not o
s in the Sunshine Project of Japan and estimated conversion efficiency

R&D expenditire for PV cells and conversion efficiency of PV ce

btained in long term, but relationship between cumulative

based on the proposed model are almost the same in the year 1984 10 1993. The proposed mode] shows the increments of energy efficiency
per R&D expenditure in PV cells, that is. technological progress in PV cells from the view point of conversion efficiency. This means
logistic curve is appropriate as a model of technological progress in technologies without any special breakthroughs.

1, INTRODULTION

Acceleration of research and development (R&D) for energy
techniologies which have large effects on carbon dioxide emission
ceduction should be effective to abating global warming. But any
allocations of R&D resources withowt optimization from the view
point of global warming mitigation is meanmngless. Not only in
global warming mitigation, but also in attammmg of ol R&D
targess, optimization is very important for allocating R&ID resources.

i we can estimate relationship between invested R&D resources
and their effects, we can maximize effects of R&D activities and
make R&D activities more efficient by optimizing allocation of
R&D resources, which are allocated to each R&D activity at each
iime period under restrictions of upper and lower bounds.

Optimization problems of R&D activity could he classified nto
two calegories based on their formulation. One is formulated so
that arnounts of resources which are allocated each R&D sctivity
will be decided. In this case, afl R&D activities are assumed to
have opportunities Lo be allocated R&D resources depending on
their effects.

The other is formulated so that R&D activities, to which R&D
resources are allocated, are chosen. In this case, the chosen R&D
sciivities afe given enough R&D resources, if they are necessary.
But the rest of the R&D activities are given nothing.

in this paper, formulation is based on the former one. At first,
global warming is assumed (o be abic (o mitipated by energy
efficiency improvement. An efficient promotion of R&D which
aim is energy efficiency improvement is treated as an allocation

problem of R&D resources. Then a basic framework of the
allocation problem 18 given and formutated. By the formulation,
relationship berween invested R&D resources and their effects 15
proved to be impertant to estimate. An estimating method for the
relationship is, therefore, proposed.

Secondly, relaticnship between amount of invested R&D resources
and an altained level of the R&D target is estimated based on actual
data. In this paper, photovoltaic cells are focused on as an example
of energy technologies. By using the proposed method, relationship
between R&D expenditure and conversion efficiency 1s estimated.
On the estimation, a hypothesis that relationship between invested
R&D resources and its results fit to logistic curve and validity of
the proposed method for estimating parameters of logistic curves
are proved.

7. FRAMEWORK OF THE ALLOCATION PROBLEM

2.1 Hypothesis in the Allecation Problem

Let us define an allocation problem of R&D resources. R&D
resources usually melude stafls, budgets and facilities, which are
necessary for attaining goals of R&D activities. But only budgets
are considered in this paper. R&D activity, to which R&D
sesources are allocated, means supposed R&D projects. Each
supposed R&D project corresponds (0 an energy conversion
technology and its target is only energy efficiency improvement. The
R&D resources are allocated under the four conditions as follows.

(1) The R&D resources are allocated in order to maximize stfects
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of all R&D activities on global warming mitigation during all time
periods.

(27 A total amount of allocable R&D resources are constant
through all R&D activities during all time periods.

(3 A total amount of allocable R&D resources through all R&D
activities are in a certain range at each ime period.

{43 An amount of allocable R&D resources are m a certain range
in each R&D activity at each time period.

Effects on global warming, on which effects on global warming
mitigation are hased, are considered as follows. Once carbon
dioxide is emitied, shility of warming maintains throughout all
time periods. Based on this assumption, if carbon dioxide ermssion
is reduced by energy efficiency improvement at a certain time
period, effects of carbon diowide emission reduction on global
warming mitigation will continue after the time peniod,

The effects on cerbon dioxide emission reduction or global
warming miligation are depend on not only a level of energy
efficiency improvement in each energy technology, but also depend
an an amount of energy flows, that is, introducing level of each
energy lechnology, which is correspond to each RE&DD activify.

2.2 Formulation of the Allocation Problem

Let us formulate the allocation problem of R&D resources by

linear programming.
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where,

%y, - amounts of R&D resources which are allocated w0 R&D
activity 1 at time period k,

7, : lower bound for amounts of R&D resources which are
allocated 1o R&D activity | at time period k,

R, : upper bound. for amounis of R&D resources which are

(L
allocated to R&D activity 1 at time peniod k,

R, . upper bound for emounts of R&ID resources which are
allocated to all R&D activities at time period k,

R upper bound for smounts of R&D resources which are
allocated to all R&D activities during all time periods,

7, - energy efficiency of technology 1, which is correspond to
R&DD activity |, at time period k,

7 o - theoretical energy efliciency of technology i,

C,;  energy savings for technology { in energy source | at ime
period k,

g cwbon dioxide ernission cosfficient of energy souree j,

() function which gives effects of invested R&D resources on
global warming mitigation,

gf*.+,* 1 functions which give energy efficiency improvement of
technology 4,

Sg : Fossil fuel equivalent energy input for technology 1 in energy
souree j at time perod i

Rased on the definition of effects on global warming mitigation,
R&D resources are allecsted to R&D activities which ean
contribuie to global warming mitigation from earlier time penod,
if they can reduce same amount of carbon dioxide emissions
during all tme periods. The proposed formulation of the allocation
problem means, therefore, R&D resources are allocated to
efficient R&D activites from the view point of technological
maturity, which is defined by present and theorstical energy
efficiency, and introducing level of each technology.

3. EFFECTS OF R&D RESOURCES

3.1 Assuwmpiion by Logistic Curves

To selve the allocanon problem, g+ ., } and 5, must be given
concretely. In this paper, g{-,-, "), which represents relationship
between amount of invesied R&D resources and 1ts effects on
energy efficiency of a techoology, 15 assumed 0 be given by a
logistic curve, which is known ss a learning owve [t is
represenied by (9),

v=F/ {1exn- o - %)) )

where,

% : Surnmation of mvested R&D resources, which is a function of
time,

y 1 Attained level of R&D target, e.g. energy efficiency.

o Starting point parameler.

3 1 Starting velocity parameter.

K . Final atizined level of R&D target, e.g. theoretical enrgy
elficiency.

3.2 Blethod for Estimating Pavameters of Logistic Curve
g{*,*,») can be given by estimating parameters, o, § and K by

using data conearming R&D expenditure of each R&D activity and
energy efficiency of each technology by & following proposed
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method.

step 1 Estimate parameter K based on theoretical efficiency of

each technology.

step 2 Give initial and final energy efficiency of each technology
during time periods when summation of R&D expenditure can be
obtained.

step 3 Estimate parameter o by inputting the initial energy
efficiency and the surnmation of R&D expenditure, zero to ™.
Then estimate parameter B by inputting the final energy
efficiency, the summation of R&D expenditure and the estimated
parameter o o (9}

If energy efficiency and the summation of R&D expenditure are

obiained ir: cach time period, such as annual dats, the parameters

« nd § could be estimatexd by regressive anatysis based on (10).

at+tBx=-mE/y-1} {10}
4. Results of Case Study

4.1 R&D Expenditure and Conversion Efficiency of
Photovoltaic Cells

In the fmvestigation Report of Energy Researches (in Japanese),
which is one of the official statistics investigated by the Japanese
government (Agency of General Affairs), R&D expenditure and
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number of enpaged resesrchers are included concerning encrgy
technology R&D in almest of all universities, governmental research
institutes and private companies, But the statistics classify energy
technology R&D into only 25 categories as shown m Table 1.
Photovoltaics is, therefore, not separated from other solar energy
R&D, such as solar thermal power generation and utilization.

Table 1 25 Categories of Energy Technology R&D
inthe fnvestigarion Report of Energy Researches.

Petroleum, Natural Gas, Coal,
Qther Fossil Energy

Fossii Energy

Renewable Energy | Geothermal, Solar, Ocean, Wind,
Biomass, Cther Reniewable Energy

Nuclear Power Generation,

Muclesr Resctor Multipurpose Utilization,
Nuclear Fuel Cycle, Nuclear Fusion,
Other Nuclear Energy, Nuclear Ship,
Radio Active Rays Utilization,

Radio Active Rays Safety

Nuclear Energy

Energy Conservation] Industrial Field,
Residential and Commercial Field,
Transportation Fieid,
Electric Power Conversion

and Electric Power Storage,
Hydrogen, Other Energy Conservalion

{Others

| -
& Solar Energy in Japan

r

;L 7 Splar Energy in the Sunshine
‘ Project of Japan
|

BY pPhotovaltaics in the Sunshine
Project of Japan

Fig. 1 Annusi R&D Expenditure for Solar Energy and Photovoliaics.
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Fig. 2 Annua] Comulative R&D Expendiiure for Selar Energy and Photovoitaics,
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Fig. 3 Annual Top Conversion Etficiencies of Photovoltaic Calls.
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Fig. 5 Actual and Esumated Conversion Efficiencies of Photovoltaic Celis.



The other official statistics of R&D expenditure investigated by
the Japanese government {Agency of Industrial Science and
Technology) separate photovoltaies from solar thermal energy. But
it covers oniy the Sunshine Project, which is the Japanese national
R&D projest of advanced energy technologies started from the
year 1974. The R&D expenditure is not separated for single
crystalline silicon, polycrystailine silicon and amorphous silicon.

Figure | shows annual R&D expenditure of solar energy and
photovoltaies according to the both two statistics.

Figure 2 shows annual cumulative R&ED expenditure of solar energy
and photovoltaics according to the both two statistics.

=
2,

Figure 3 shows annual top conversion efficiencies of 100 ¢
polyerystatiine silicon and amorphous silicon photovoltaic ce

the Sunshine Project.

Table 2 shows theoretical conversion efficiency of singlecrystailine
silicen, polycrystalline silicon and amorphous silicon photoveltaic
cetls.

Table 2 Theoretical Conversion Efficiency of Photovoltaic Cells.

Theoreticat Conversion Efficiency (%)

Singlecrystailine Silicon 28-29
Polycrystatine Silicon 20
Amorphous Silicon 15

4.2 Relationship between cumulative R&D expenditure and
conversion efficiency in photovoltaic cells

Based on the theoretical conversion efficiencies of polycrystalline
silicon snd amorphous silicon photovoltaie cells, the annusl
cumulative R&D expenditure of photovoliaic cells and the annual
top conversion efficiencies of polyerystalline silicon and amorphous
silicon photovoltaic cells in the Sunshine Project, parameters o
and B for polverysialline silicon and amorphous silicon
photovoliaic cells are calculated by regressive analysis in (10).
Figure 4 shows (10) of both polycrystalline silicon and amorphous
silicon photovoltaic cells. For the restriction of available data,
annual cumulative R&D expenditure cannot scparale mto
polycrystalline silicon and amerphous silicon photovoltaic cells.

From Figure 4, regressive lines of both polyerystalline silicon and
amorphous silicon photovoltaic cells are obtained. Estimated
parameters K, & and {5 of the logistc curves (%) are shown m Table
3.

Based on the parameters shown in Table 3, relationship between
the cumulative R&D expenditure and the conversion efficiency of
polyerystalline silicon and amorphous photovoliaic cells are given

as shown in Figure 5. In this case, the R&D expenditure is used for
not only energy efficiency improvement, but also other goals of
R&D, And the conversion efficiency of polycrystalline silicon and
amorphous silicon photovoltaic ceils are improved simultaneously
by spending the R&D expenditure.

The annual top conversion efficiencies of photovoltaie cells are
obtained from the year 1984 to 1993, They are not for long time
periods, but estimated and observed conversion efficiency of
polycrystailine siicon and amorphous silicon photovoltaic cells
are identical with each other in these time periods.

Table 3 Estimated Parameters of the Logistic Curves.

K% « 8 {l/million yen)
Polycrystaliine Silicon 20 011 -0.000022
Amorphous Silicon 15 054 -0.000021

8, Conclusions

In this paper, R&D concerning photovoltaic cells is focused on
and the relationship between R&D expenditure and energy
efficiency is estimated by using actual data. The results show that
relation ship between R&D resources and their effects could be
assumed by the logistic curves and the proposed estimating
method for perameters of logistic curves are eppropriate.

The proposed model shows increments of energy cfficiency for
R&D expenditure, that is, technological progress in photovoltaic
cells from the view point of conversion efficiency. This means the
logistic curves sre appropriate as a technological progress model
of technologies withowt any special breakthwoughs, such as
photovoltaic cells.

Concerning estimation of relationship between R&D resources
and their effects, the author intended to apply the proposed method
10 many kinds of technologies, such as fuel cell and other general

technologizs,
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