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Abstract. Climate targets in Paris Agreement closely depends on the deployment of renewables, particular
for solar photovoltaic (PV) technology, which also plays formidable role in achieving China’s Intended

Nationally Determined Contributions (INDC) goals in 2030. On this basis, we conduct a multi-model
comparison study to examine the diffusion laws of PV solar technology across countries, and provide

feasible deployment forecasting plans for China. The considered models in this work includes classical Bass,
Logistic and Gompertz; and 10 countries with top PV cumulative capacity are involved, i.e., France,
Germany, Italy, Spain, the UK, Australia, China, India, Japan and the US. Our results depict that China

gains remarkable advantage in PV solar technology innovation; the PV market has a great potential to grow,
with the projected annual growth rate to be 30~40% annually in the coming 5 years. Further, several policy
recommendations are yielded for China’s long-term development of PV solar industry.

1 Background

The increasingly severe global warming and local air and
air fog and haze have produced an urgent demand for
clean electricity, which provides a good opportunity for
the development of renewable energy technology such as
photovoltaic solar energy. Based on this, China has
promised to achieve the peak of carbon emissions by
2030 in the Paris agreement and the dual target of
increasing the proportion of non fossil energy to the
primary energy demand (TPED) to about 20%.
Obviously, the final realization of these goals is
inseparable from the scale development of photovoltaic
technology.

The natural resources of solar radiation in China are
very good. The radiation resources of the Qinghai Tibet
Plateau, the northern Gansu, the east of Xinjiang and the
central and Western Inner Mongolia are particularly
abundant, and the annual total radiation of the Qinghai
Tibet Plateau is up to 1800 kw*h/m? ([1-2]). In recent
years, under the severe international greenhouse gas
emission reduction situation and the dual incentive of
domestic  energy  structure  adjustment, China's
photovoltaic  industry has been unprecedented
development. Since 2015, China has a total of 43.53
billion watts of cumulative installed capacity in the
world, by 2016, this value has increased to 78.7 billion
watts, and the cumulative increase in the past 5 years has
been nearly 20 times ([3]).

The potential of solar energy market development in
our country is expected to rise steadily in the future.
With the great potential of solar energy resources and the
signal of good policy. However, the trend of policy and
the accurate prediction of the potential of market
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development are still the key factors affecting the
development path of medium and long term technology
([4D.

Compared with other countries, what is the law of the
diffusion path of photovoltaic power technology in our
country, what is the technological innovation ability of
the solar industry in our country, what is the pace of its
future growth and the way to spread it, and how to set up
an effective policy system so as to ensure the medium
and long-term sustainable health of solar photovoltaic
technology in China. These problems are related to the
strategic choice of sustainable development of solar
energy industry in China, the cultivation of photovoltaic
power technology innovation ability, and the orderly
promotion of the clean transformation of energy supply
([5D- In view of this situation, this paper has carried on
the trans regional comparison, the analysis, the forecast.

2 Model and method

This paper first makes use of the parameter estimation of
standard Bass model to compare the technical innovation
([6]) with imitation capability of the major power
countries in the world. Secondly, it compares and
analyses the medium and short term pretesting of China's
extensive power technology diffusion through the Bass
model (BM), the Gompertz model (GM) and the Logistic
model (LM).

2.1 Standard Bass model
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figures. Since its development in 1969, the Bass model
has become a standard model to study the diffusion of
product and technology innovation ([7-8]). Definitions in
similar literature ([9]). Given f{#) as the probability of
using a technical product(this paper refers to solar

photovoltaic technology) at ¢ time. F'(¢) = '[ f(t)dt is

the cumulative probability of adoption at the end of ¢
time. The Bass model can be expressed as:

SO =1A=F@®)p+qF ) M

It is assumed that the market potential of technology
is m, and the number of technology used at ¢ time is £.

Then the cumulative amount of K is K (¢) = jk (t)dt at

t time. Based on this, the upper form can be transformed
into:
dK (¢
RO m-k)p+ LK) @
dt m

Among them, p is the innovation coefficient of
technological diffusion process, and ¢ is the imitation
coefficient, representing the innovation ability and

imitation level of technological development respectively.

Generally speaking, the cumulative diffusion curve of
the Bass model is approximately S type, while the

specific line curvature depends on the parameters p and q.

For the high innovation technology (p>¢), the model will
present a convex curve similar to exponential growth,
that is, the diffusion rate is maximum at the beginning,
and then decreases. On the contrary, for the highly
imitated technology innovation ( p<<q ), the

technology diffusion path presents a classic "S type".
Therefore, the technology diffusion path under the Bass
model can only be in between them. Generally speaking,
the technological or product innovation diffusion
processes belong to second types, that is, the imitative
coefficient is far higher than the innovation coefficient.
This also explains why the innovative diffusion curves of
real observation are mostly "S" model or approximate
"S" model. Especially for the Bass model, we can get the
closed form solution of the system (2).

—(p+q)t
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2.2 Logistic model

The Logistic model originated from population
prediction. Griliches ([10]) first used this model to
discuss the adoption of American Hybrid Maize
innovation, and then it developed into a representative
model for the study of innovation diffusion ([11-12]).

The parameter 7 is defined as the intrinsic growth rate of
new technology or products. K and m denote cumulative
usage and maximum potential respectively. Logistic
model can be expressed as:
@ =rK( _E) “4)
dt m
The closed form solution of first order differential
equation system (4) is obtained from the theory of
ordinary differential equations.

K(t)=K—"

—rt (5)
1+ce
Actually, through variable displacement, logistic
model (4) can be deformed as:
dK(t)

—dt__ K ©
m—K m

It is pointed out that the potential adopter number (m-
K) is positively related to the adopter K multiplied by the
coefficient r/m. If the decision of the potential adopter is
also positively related to the effect value of the adopter,
the system (6) can be understood as the network
externality, that is, the utility of a certain adopter will
increase with the increase of the technical adoption of
other relevant adopters. There is also a scale effect on the
demand side ([12]).

2.3 Gompertz model

The idea of the Gompertz model was first proposed by
the British life insurance expert B. Gompertz in 1820 to
predict population growth, and the American scholar R.
Prescott was first applied to market prediction in 1922.
Then, Chow ([13]) uses the model to analyze American
computer needs and compares the predicted results with
the standard Logistic model, providing an empirical
evidence for the application of the Gompertz model in
the field of technology diffusion ([14]).

Specifically, giving the definition of the intrinsic
growth rate of product or technological innovation r. The
definition of K and M is the same as above, the
Gompertz model can be characterized by the following
systems:

KO _ g™ 7)
dt X

Since the equation (7) is a separable first order
differential equation, the analytic solution is obtained:

K({t)=me™" (3)

Among them, ¢ = In(m/K) , Ko is the amount of use

of technology in the initial period.
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Fig. 1. Photovoltaic power installed capacity of major solar energy developing countries in the world

3 Data and parameter estimation

To analyze the overall development level of photovoltaic
technology in China, This paper aims to compare the
main solar power development capacity of the world’s
solar photovoltaic power installed capacity (annual
installed capacity and cumulative installed capacity).
Data came from {BP world energy statistics 2016) of
BP. Data description as shown in picture 1.

Model estimation is one of the most important parts
of model application., For Bass model, the most
commonly used method is least squares (OLS), This
method is simple and easy to use, but it is prone to
generate wrong signals and the stability of estimation
results is also poor ([16]). Maximum likelihood
estimation (MLE) is superior to OLS in terms of
accuracy and stability, But there is a problem that
underestimates the standard deviation. The estimation
results of nonlinear least squares (NLS) are better than
those of the former two, Therefore, it has become the
main valuation technology adopted in this paper. To
facilitate parameter estimation, we first differentiate the
Bass model (2),

AK () = p(m—K(t)) +%K(t)(m —K(t)
The formulation AK (¢) = K(¢t+1)— K(¢) is New

loader capacity,

4 empirical analysis

4.1 Transnational
technology diffusion

analysis of photovoltaic

The comparison of the innovation and imitation level of
PV power technology diffusion in different countries is
shown in Table 1. As a whole, the imitating coefficient is
greater than the innovation coefficient of Bass model,
this shows that the innovation level of PV power
technology is far below the level of imitation, no matter
for the leading technology countries in Europe and
America, or the lagging Asian countries. Therefore, the
development of global solar technology is analogous to
other technologies such as wind power. From a national
point of view, Germany and the United States are the
country with the highest level of photovoltaic technology
innovation, in fact, the two countries are also the ranks of
the countries with the highest accumulative installed
capacity, Its installed capacity in 2016 was 41275 and
40300 MW, Obviously, As a pioneer of the development
of photovoltaic solar technology, the two countries have
accumulated rich  experience in  technological
development over the past 20 years, providing a solid
foundation for the in-depth innovation and large-scale
imitation of photovoltaic technology. Although the large-
scale development phase of China's solar photovoltaic
technology began late, it was not until 2010 that it was
among the top 10 in the world, but the advantages of
China's technology are very obvious, From the estimated
results of Table 1, China's technological innovation level
is lower than the advanced countries such as the United
States and Germany, but it is close to the developed
countries such as France and Canada. It is far higher than
the developing countries in India, as well as Spain and
Italy, In particular, the proliferation of PV technology in
China is relatively low, only 0.594, not only far below
Spain and Italy, but also lower than the advanced
technology of the United States and Germany. Therefore,
as the largest PV power supplier in the world, its strong
development momentum is largely due to the continuous
improvement of technological innovation level.
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Table 1. Cross country comparison between technical innovation and imitation level of photovoltaic power

p q m R’ RMSE

China 1.33E-06 0.5940 511463 0.9966 1142.665
Germany 5.04E-05 0.7156 45501 0.9988 577.649
US.A 1.36E-05 0.4896 170492 0.9981 464.949
France 8.67E-06 0.7694 7916 0.9933 202.357
Britain 1.23E-07 0.9045 14921 0.9965 194.879
Spain 2.65E-09 1.4399 5451 0.9822 321.259
Italy 1.18E-08 1.8869 19313 0.9982 355.197
Australia 8.40E-06 0.7241 5799 0.9967 101.059
Canada 6.07E-06 0.7078 3238 0.9980 38.332
Japan 6.34E-06 0.6403 66119 0.9956 979.186
India 8.69E-07 0.5355 218094 0.9961 140.075

. . . o . and Logistic model (LM), are used to predict and analyze
4.2 Chinese Diffusion prediction of photovoltaic the capacity of photovoltaic solar power installed
power technology capacity in China. The prediction results are shown in

Three representative technology diffusion methods, such figures 2 and 3.

as standard Bass model (BM), Gompertz model (GM)
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Fig. 3. Cross model predictions of new installed capacity of PV power in China
Figure 2 shows that the prediction result of Bass Gompertz model is more conservative, while the
model is the most optimistic, and the result of prediction value of Logistic model is in the middle.
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This conclusion can also be seen more clearly from the
prediction results of new installed capacity (Figure 3).
In particular, the conservative GM prediction results,
the next 5 years the new installed will show a steady
growth, while the BM and LM valuation, diffusion of
new installed is showing a significant "hump type". In
the past 5 years (2011-2016 years), the cumulative
installed capacity of China has increased from 3 billion
550 million watts to 78 billion 70 million watts, an
annual increase of 85.54%, and the growth rate of the
next 5 years (2016-2021 years) will slow down
significantly. The results of the one point three models
are consistent. Specifically, Under the estimation of
BM, LM and GM, the average annual growth rate of
PV installed capacity in China in the next 5 years will

decrease to 38.66%, 36.15% and 29.07%. This means
that even according to the most optimistic Bass model
results, the annual average annual growth rate of
photovoltaic power accumulation in China is also
lower than 40% in the next 5 years. By 2021, the total
capacity of photovoltaic power installed will be less
than 400 billion watts. According to the fitting of
historical observation points, Bass model, Gompertz
model and Logistic model are applicable to the
prediction of photovoltaic power technology diffusion
in China, but the prediction accuracy of different
models, namely, the average relative percentage error
(MAPE), the mean absolute error (MAE) and the
median error (MdAPE) are different. The results are
shown in Table 2.

Table 2 Comparison of prediction accuracy of each model

MAE MAPE MdAAPE

BM 717.245 0.874 0.664

LM 708.840 0.809 0.632

GM 699.853 0.673 0.992

accuracy TN |— —

: _ T+N x X —X.| .
Calculation Z, I ‘ _Zl o Xi MED/{|= Hi=T+1,---,T+o
X
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Note: the MED in the table is a median function.

Generally speaking, the fitting degree of three
prediction models to our PV power technology
diffusion trajectory is better, and the average relative
percentage error is less than 1, The overall prediction
accuracy of the Logistic model is the highest, and the
standard Bass model is not the best choice. There is a
significant difference between the results of the
selection of wind power forecast models in China and
some European and American countries ([13-16]).

5 Policy suggestion

Compared with the advanced countries such as the
United States and Germany, the future direction of our
efforts should be focused on several aspects: first, to
continue to deepen the reform of the power system, to
realize the separation of power supply and distribution,
and to introduce strong independent power regulators,
which is widely regarded as the California, Dezhou and
New York regions of the United States. The main
reasons for the strong development of photovoltaic
power technology are: two, to strengthen the
construction of remote distribution network and
transmission network, to make full use of the
coordination function of the power grid at all levels, to
excavate the ability of conventional power peak
adjustment and to increase the flexibility of the power
grid operation, to maximize the proportion of
renewable energy sources such as photovoltaic, and
three, to formulate and implement the power purchase
method, Do not formulate a detailed and executable
classified electricity price sale process, encourage both
buyers and buyers to sign long-term contracts and

ensure stable and reasonable returns of investors. This
is an effective measure to further promote distributed
generation mode and reduce "light abandoning rate";
four, continue to carry out long-term protective tariff
measures to accelerate green electricity certificates.
The establishment of the system of easy system (power
quota system), in particular, should not directly cancel
the subsidies for photovoltaic power online before the
completion of the transaction system and scale
implementation. Finally, the role of the government,
industry association and mass media at all levels to
guide the investment in the research and development
of the photovoltaic technology is fully played.

6 Conclusion

Using the installed capacity data and Bass model of the
most widely developed countries in the world. This
paper first makes a cross regional comparison and
analysis on the innovation and imitation level of
China's photovoltaic power technology diffusion, and
then introduces a representative Logistic model and
Gompertz model to predict the development of
photovoltaic solar technology in the next 5 years in
China. Resesrch found: First of all, the level of
innovation in photovoltaic power technology is far less
than the level of imitation. That is, the market diffusion
path of global photovoltaic power technology is
dominated by imitation effect. Secondly, despite the
late development of photovoltaic power technology in
China, the advantages of technology development are
more obvious, its innovation level is not only
significantly higher than that of Spain, Italy and other
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countries, but also gradually narrowed the gap with the
advanced countries such as Germany and the United
States. Finally, the results of the cross model forecast
show that the peak of the installed capacity of the new
photovoltaic power has not yet arrived, the cumulative
installed capacity in the next 5 years will still maintain
the growth rate of 30~40%, and the total installed
capacity is expected to close to 400 billion watts by

2021.
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