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Abstract

China’'s photovoltaic (PV) based electricity genagatapacity is obviously lagging
behind the world level, although its manufacturaagpacity of PV cells and modules
has remained ahead worldwide since 2006. The Ghigesernment is the major
investor contributing to PV-based installed genegatcapacity in China. A trial
subsidy policy has been implemented by the Chirggseernment since 2007 to
encourage the participation of enterprise investmdn terms of Chinese
government's goals on installed PV-based generaapgcity in 2010 and 2020, the
historical data shows a sluggish development trevidch raises doubts about the
viability of the government's goals. A system dyi@rmmodel was built to study the
problem and used to design and test policy optiongncreasing installed PV-based
generating capacity in China. It was found thak lat funds and inactive enterprise
investment are the major reasons for the sluggisfolding of China's installed
PV-based generating capacity. Several policy sugyess are developed
correspondingly, one of which is to increase P\ttitm so as to solve the funds
constraints, another of which is to raise up thiesgly granted to the enterprises to
catalyze enterprise investment to accelerate thielolement of PV-based generating

capacity in China.

Key words: photovoltaic (PV) electricity generating capacity, Photovoltaic (PV)
manufacturing industry, subsidy policy, generating cost, system

dynamics
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1 Introduction

Exploration of renewable energy has been put oragfemda in China from the
perspective of both economic development and enmental protection (Zheng &
Liu, 2005). The unprecedented economic growth i&Mnas claimed huge energy
consumption. However, conventional energy resounck$inally be exhausted in the
long run, which would then hold back economic depeient. On the other hand,
with the coal-dominance energy structure in Chpwlutant emission and discharge
exert much pressure to the ecological environment.

To achieve the sustainable development for energy environment, Solar
photovoltaic (PV) has attracted increasing attentio recent years as a technology
capable of delivering sustainable electricity siggobhnd releasing the burden of fossil
fuels on the environment (Tim Jackson and Mark &]i\2000). Compared with
conventional power generation technology, PV selectricity is a method to produce
electricity without moving parts, emissions or meand all this by converting
abundant sunlight without practical limitations (Wied Hoffmann, 2006).

There has been an explosion in global PV market,that has boosted China's
PV manufacturing industry in recent years, but thet domestic installation of PV-
generated electricity (PVG). China possesses abzmanufacturing capacity of PV
cells and modules (PVM) which has remained ahead worldwide since 2006. It
ranked the biggest solar cells manufacture in tbddwvith 1.78GWp output in 2008,
accounting for 26% of the world's total (Zhang, 2D0However, the drastic
development of PVM in China is mainly driven by tbeersea demand instead of
domestic market demand. Among all the PV cellsrandules output in China, more
than 90% are exported abroad. In other words, th@edtic application of PV
products is obviously lagging behind its manufaotr In 2008, the PVG in China
was 40MWp, accounting for only 2.43% in the woitat and 2.25% of its output.

! To be simplified, the abbreviation of PVG will beed to stand for installed PV generated elegyricit
capacity and PVM is for manufacturing capacity ¥féells and modules in the paper.



China’s PVG has been suffering a sluggish developnsnce its initial
application in 1970s. Last decade witnessed aivelgthigh progress, but the growth
rate is still slow.

China has favorable conditions in utilizing soldwofovoltaic technology. More
than 2/3 of China's territory is covered by abundatar energy; with annual quantity
radiation reaches 60 hundred million joule/sq.me Bolar energy absorbed by the
earth's surface amounts to 1.7 trillion tons ohgdéad coal, especially in the area like
the northwest part, Tibet and Yunnan etc. (ChiRasewable Energy Report, 2006)

Photovoltaic cells in China were successfully agplto the launch of DF2
satellite in 1971. The first land application whs havigation light at Tianjin harbor
in 1973. In the 1980s, the rudiments of the PV stduappeared in China with quite

low annual output at expensive price.

Table 1-1 Annual output of PV cells and annual PVGn Chin from 1976-2008 (KWp )

Year 1976| 1980 198% 1990 1995 2000 2002 2004 2005 006 2 2007 2008
Annual

0.5 8 70 500/ 1550 3300 100Q0 500p0 200000 369500 869BY | 1780000
Output
Annual

0.5 8 70 500/ 1550 3300 20300 100p0 5000 10P00 2000040000
PVG

Source: China's PV industry Report 2006-20D@ta of 2007 and 2008 is from Energy Industry
Research Center

Table 1-1 illustrates the annual manufacturing outf PV cells and PVG in
China from 1976 to 2008. Although both of the anru#put and PVG have been
growing steadily after 1995, annual PVG is obvigukslgging behind the output.
Compared with the development rate of global PW& disparity is still wider.
We can see in Figure 1-1 that the global PVG has lseveloping with the average
annual growth rate 42% in the last 12 yeas. In 20808 global annual output of PV
cells has reached 6.85 Gwp and cumulative PVG % Gwp (Energy Industry
Research Center, 2009).
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Figure 1-1. Annual growth rate of global PVG
Source: China's PV industry Development Report 20@ifa of 2007 and 2008 is from Energy
Industry Research Center

In September 2007, the State plans for medium ang-term development of
renewable energy announced that the ratio of rellewenergy consumption to the
whole energy consumption should be increased frameotly 8% to 15% in 2020.
High priorities have been given to hydropower, pawer, wind power and solar PV
power. The estimated total investment reacheslBnriCNY. It also set the targets for
each system. With respect to the solar PV, theetasgmulative installed capacity is
300MW in 2010 and 1800MW in 2020, which only occup$8% and 1% of the
world respectively, even when implemented succdggiV Industry, 2007).

The focus for this paper is to model the sluggisfolding of China's PVG over
time and test subsidy incentive policy options &acelerating the development of
domestic PV-based electricity generating capag#sticularly in light with the
government’s energy goals.

The rest of the paper is organized as follows. Maj@blems regarding PVG
development are elaborated in the following sectibhen relevant research on
similar problems are reviewed at section 3. Sectbnllustrates the dynamic
hypothesis including Causal Loop Diagram (CLD) &btock & Flow Diagram (SFD).
Model validation is then exhibited in section 3]daed by policy test and discussion
in section 6. The paper concludes with a summadyfature work. System dynamics

concepts and terminology can be found in the apgendhe end of the paper.



2. Defining the Problem dynamically

The dynamic problem to be addressed in this paptre sluggish development
of PVG in China from 1995 to 2008 and it's possitlend compared with the
relatively high government's goals in the year 280 2020.

We can see from Table 1-1 that both annual PV ceitput and PVG in China
were suffering slow development before 1995. From late 1990s, China's annual
PVG started the gradual development with the anmmaWwth rate around 20%
Although so, the PV systems used in China's domesdirket is far below the world
average growth level in the corresponding periaduie 1-1).

Because of the discrete data we got so far in Chefre 1995, plus the
insignificant development of PV systems in use flvea take the time horizon from
the year 1995 to 2008 as the focus in this resedmdble 2-1 shows the annual and
cumulative PVG in China from 1995 to 2008.

Table 2-1 Annual and cumulative PVG in China from 295-2008 (KWp)
Year 1995 | 1996 | 1997 1998 1999 2000 200 200 2003 20p4 005 2| 2006 2007 2008

Cumulative | 6630 8800/ 1110 13300 16300 19000 247085000 | 55000| 65000 7000 80000 100000  140Q00

Annual 1550 | 2200 2300 2200 3000 330(r 570D 20300 00a0] 10000 | 5000 10009 20000 40000

Source: New Materials Report, April, 2006; dat®6f08 is from Analysis Report of PV subsidy
(2009-03-27)

Figure 2-1 is derived directly from Table 2-1, whimakes the tendencies of
changing easier to read. The reference mode inwthale time horizon appears
exponential - like, but the growth rate is stillrydow - thus producing a sluggish

growth.

! Itis calculated by reference to Table 1-1.
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Figure 2-1. Annual and cumulative PVG in China

Based on the Plan of National Solar PV Developni#@®6-2000) compiled by

the Power Ministry the goal for PVG in China was 66MWp in 2000 andNa@dp in

2020. The goal was revised in the State Plans fadiMn and Long-term

Development of Renewable Energy in 2007, where 308@Mis planned to be

achieved in 2010 and a new goal for 2020 is 1800MWgure 2-2 portrays the

development of government goals on China's PV dgpimom 1995 to 2020.
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Figure 2-2. Government’s goals on PVG in China

Source: (State Plans on PV, 2007)

Let's assume that the PV installed capacity willediep along with its historical
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trend and forecast the volumes in 2010 and 2028irople curve-fitting. Figure 2-2
shows the difference between government’s goalstlaadorecasted values. We can
see the gap between the goals and the forecadigesv8esides, the Action Plan of
New Energy is going to be introduced by the Natidf@ergy Bureau, which might
expand the development scale of PV installed capatiChina to 100000MWp in
2020, five times bigger than the original goal (N&ng, 2009).

—m®—historical data with forecasted values
—e—historical data with government’ s goals on PVG
2,000,000
1,800,000 [
V] 1,600,000 [
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SR (- N I (G N T T
F P L DS D
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Figure 2-3. Comparison between government’s goalsd forecasted values of PVG in
China

From the above compare, we can deduce that thelativeuPVG in China will
be much lower than the government’s goals in 20208e unfolding of PVG is with
its original growth rate. The focus for this resdais firstly to build the basic
structure to find out the reasons for the sluggistielopment of PVG in China from
1995 to 2008 in terms of the current operating mam. Then the model is used to
forecast the future development trend of PVG to0208der the trial subsidy policy
and see the viability of the government’s goaldidy@ptions are designed and tested

for increasing PVG in China in the coming decade.

3. Literature review

There has been much research addressing the P\émsskes. In terms of the
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factors that accelerate PV market, relevant liteest can be divided into three
categories: methodologies used in the study of Parket diffusion, factors that
determine the cost of PV system, and subsidy @gslicr programs implemented in
different countries. The following parts will besglayed according to the above

sequence.

3.1 Methodologies used in studying PV market diffuen

The wide use of PV generating system is still sifitfancy in China. Research
on PV market development remains the level of ¢gtale analysis and uptrend
forecasting. Zhang (2007) analyzes the currenustaf China's PV industry and
forecasts the PV market share from 2010 to 205@er&ePV industry reports (2006,
2007, 2008) deduce the possible PV market sizéhtonext decades both worldwide
and China. All these research address the desiRWI& in the future, but lack
quantitative analysis and practical measures. AljhoChen (2008) explored the
effect of enterprise strategy on the performande\bsystem using value chain theory,
it is only from theoretical and qualitative persipee.

With respect to the international research on fieisl, modeling and empirical
study are the major methods. Fayssal (1989) preseptobabilistic approach based
on Markov Chain Theory to model stand-alone PV posystem and predict their
long-term service performance. Stijin etc. (2008)lertake an empirical study of the
solar photovoltaic (PV) industry using evolution&gonomic concepts. They identify
the innovation and selection forces that drivedhanges in the solar PV industry. A
guantitative analysis using diversity indexes isfgrened at four levels of the solar
PV industry: countries, technologies, applicatiamsl companies. Paul D. Maycock
(1994) obtained the forecasting of international otpkioltaic markets and
developments to 2010.

Though the above research uses quantitative methodpredicting the
development of PV market, what is shown to us édpecific future or a blueprint,

which is static and discrete. PV market itself ic@anplex and dynamic system,
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certain internal mechanism is driving its unfoldiwwgich needs to study. That's why

we are going to use system dynamics in this rekearc

3.2 Factors that determine the cost in the field dPV system

The global PV market nearly quadrupled from 1995 2@00 due to a
combination of technical improvements and suppertpolicies (Maycock, 2001).
Several close observers of the PV industry argae dhvirtuous circle of increased
demand, expanding production facilities, improvedf@rmance and falling costs are
pushing PVs ever closer towards convergence withnstraam grid-connected
electricity sources (Jackson etc., 2000). Still emgive by comparison with
conventional generation technologies, grid-conred®/ applications have been
slower to emerge both internationally and integnafo, it is necessary to find out
factors that determine the cost.

Paul (1997) concluded that: significant cost remunct several new thin film
plants are being built with greatly reduced costsyernment subsidized volume
orders for PV in grid-connected houses; environalehenefits for PV are being
applied in Europe and Japan permitting “early aelgit to enter the market;
government and commercial acceptance of PV buildimggrated products. The
combination of these forces lead to the “accelefatearket mode could start in 2000.

SEMI PV Group (2009) takes that future cost reaunsiwill come from process
cost reductions, including economics of scale, madte automation, and improved
cell efficiency, involving cell structure and pr@seand materials innovation. It also
forecasted the future cost reduction trend undesdltonsiderations (Figure 3-1).

Turkenburg (2000) forecasted that given the opmaraes for further
technological improvement and market expansionctis of PV systems could fall
to some targets. If these cost targets are mepd®er would become economical in
a much wider range of applications. (Geller, 2003)

All the above research can be concluded that tdogpoimprovement and

economics of scale are the main forces in drivimg ¢ost reduction in PV system.
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Just as Schaeffer et al. (2004) projected, forelagale PV, 46% of the cost reduction
comes from scale and 31% from efficiency improvetsien

Because the aim of this paper is to design sulsitigies, which mainly relates
to cost, and we are not going to address the ptmatusector of PV products. What
we suppose to do is to find out reasonable empiresearch and applied the cost

decline trend into the model.

Future Cost Reductions

'Y il
Sy Wil Corme froom:
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Ayt crnathar
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Figure 3-1: The estimated cost reduction of PV sysin
Source: (SEMI PV Group, 2009)

Madonald and Schrattenlolzer (2001) argue thatfost products and services,
it is the accumulation of experience that leadsdst reduction. Therefore, learning
curves can be contributed to interpret the costire¢rend. Zheng and Liu (2005)
studied the linear relation of bottom prices aratriéng rates and estimate the learing
rate of China's PV system is between 22%-34%. Thewready much estimation
from international scholars. IEA's estimated leagnrate is 21% in EU countries.
Madonald and Schrattenlolzer (2001) postulated tiet post-volatility period
corresponds to the stability stage of the IEA/BC@del, a learning rate of 17%
would be more appropriate in long-term energy n&del

Clayton Handleman (2005) also concluded that irelatively stable market,
average wholesale PV module costs will drop 17%efary doubling of cumulative

production. Harmon's estimated PV industry learnmate is 20%; Maycock and

14



Wakefield estimated the learning rate in the US2R%, and both of their
achievements are under the assumption that themmmi price is zero (Zheng and
Liu, 2005). Nemet (2006) used empirical data toytafe a cost model and gauged
the plausibility of future cost targets by diffetestenarios (Figure 3-2). Because of
the existed learning curve rule, we can tell thélipuand government that they can
accelerate cost reduction by stimulating demand.

The average cost of PV system is relatively theesathover the world, so the

learning curve rule also suits China.

10 i
— Cost model ($1.00}
— - = =Fast ExpCurve 5
% 10’ == Slow ExpCurve 1
Y | '$1.00 target ‘
a- "wﬁ"-\ E
E "'-_“-_ !
@ 1 |
S 10 1
16:%

1980 2000 2020 2040 2060

Figure 3-2: Scenarios comparing cost model, experiee curves, and $1.00/W target
price (Nemet, 2006)

3.3 Subsidy policies or programs implemented in diérent countries

Along with the rising prices for conventionaleegy and a major concern on
environmental climate problems, great attentionldesen given to PV by governments
of all countries, especially developed countriesridties of policy incentives
implemented by the governments contribute to tls¢ d@velopment of PVG. China
can learn from these subsidy policies or programmprove its domestic PVG.

In terms of the necessity of subsidies on PV inguSanden (2005) takes that
infant technologies, such as solar photovoltaic )(P&e normally inferior to

entrenched technologies with respect to cost antbrpeance. It is a Catch-22
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situation since the diffusion on larger market tatuld be needed to reduce cost is
hindered by the high cost. Therefore a conventigodity option is to subsidize PV
to increase sales, which would increase experianceinduce investments in larger
factories, which in turn would drive down costs dhe subsidies needed.

A market support program is likely to create nolyogconomic virtuous circles
that reduce costs, but also institutional virtuousles that work for the survival and
expansion of the program itself. The current groeftthe PV market is dependent on
subsidy programs, mainly in Japan and Germany.

Liu (2009) sums up the three main subsidy pattenpdemented currently in the
world: setting the on-grid price, construction aj subsidy and the combination of
both.

The first pattern is to design the on-grid price thg government, which has
driven the PV market in Germany and Spain deveppapidly. Renewable Energies
Sources Act (EEG in German) mandates that ownePVogéquipment, such as solar
systems, be paid a "feed-in tariff" for solar eyetftat is sold into the public grid. The
tariff remains the same for 20 years, thus makingrofitable for homeowners,
businesses, and other institutions to own solarelsaand add to the share of
renewable energies in Germany's power grid (SERDS2.

The EEG calls for the "feed-in tariff" to fall eyeyear, to encourage the industry
to find efficiencies and cost reductions. The refed EEG, recently approved by both
houses of Germany's legislature, has set the anedattion at between eight and ten
percent in 2009 and 2010 and nine percent annfaalB011 and onwards.

The other pattern is like what Japan is doing te giubsidy to the construction
of PV projects directly. The Science &Technologyli®oin Japan planed to invest
180 billion US dollars in the following 5 yearstoost up its global competitiveness.
A major part of the money has been used to suli®dgrojects.

The US combines these two patterns by giving thallgdRV system construction
subsidy or designing on-grid price; those big P\étesns can be applied certain
on-grid price. The initial on-grid price is $0.38riKWh, which keeps for 5 years and
decreases year by year (Jie, 2009).
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China's development of PVG is mainly the actiorthef government. During the
6th Five-year Plan (1981-1985) and the 7th Five-yelan (1986-1990), Chinese
government have been the major investor to sus@development of PV industry,
where enterprise investment only accounted for a@6%6 of the total. The main
supported programs started from 2002 by the forgtate Planning Commission for
the government to invest PV market in rural arddse promulgated of Renewable
Energy Promotion Law in early 2006, gives PV thenily development area in the
national energy strategy (Huang, 2007).

Because of the sluggish development of PVG in Ghhegovernment started to
provide subsidy incentives to enterprises to acatdethe PVG. According to the
experience of developed countries, the large appdic of PV is stimulated by
instituting on-grid PV price. The attempt becamtvacin China after 2006 when the
government started to give construction subsidgrti@rprise investment on PVG at a
fixed subsidy percentage, currently is 60%. Anddbaerated electricity is planed to
connect to the state grid by negotiated prices H trial policy, which is used by the
government to see the reaction of enterprises. vHfidity of the policy should be
subject to the test of practice.

From the above review of relative literatures, @@ conclude that there is rare
guantitative research on the development of ChiR¥&. So we introduce a system
dynamics model to analyze this issue, which witirads the dynamic problem. Cost
reduction trend in PV is recognized globally withchinology improvement and
economies of scale. We will take the cost redudtiend in the model to see its effect
on the average installation cost. Subsidy policdk also be tested in the policy

analysis section.

4. Dynamic hypothesis and model description

The main pattern in the reference mode appearsnexpial-like, but with the

very slow growth rate, thus it is sluggish growththe development of China's PVG
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from 1995 to 2008. It is obvious that there exipteblematic gap between the
government's goals and the extrapolated trend(kigure 2-3). A system dynamics
model will be built to represent the hypothesis floe historical pattern and then
project to see the gap between the model's expéetiavior and the government's
goals.

A diagram showing the interaction among subsysteifiustrated in Figure 4-1.
The model can be divided into four sectors. Capaniinstruction sector links the
external factors — government’s goals and the malelbbudget source sector by using
available investment in constructing capacity. Tastor together with the cost sector
decides the budget sector. Available funds are frmensurcharge of total electricity
demand. Total electricity demand is from externattdrs, GDP and electricity
intensity. The diagram shows us the conceptualdraonk of the model.

Causal loop diagrams will be displayed to show feexlback processes, which
might account for the problematic behavior at Feg@r2. After illustrating model
boundaries and assumptions, model structures \willskown by stock and flow

diagrams with the same logic as the subsystem atimgModel formulation follows

thereafter.
Budget sourcesectol Cost secto
-PV fraction -average cost per unit
-available funds for PV of capacity )
-government investment -average installation
cost
A
A\ 4

. Budget sectol .
Electricity demand -subsidy percentage ggr?s%?lljtgtion sector
?sefrt(?ﬁarge of bills -desired order rate -capacity installed
-total electricity -indicated budget -capacity on Or?e{
demand _ onstruction star

real GDF Government’s goal

Electricity intensity

Figure 4-1. Subsystem diagram
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4.1 Causal loop diagram

The development of domestic PVG is charaatdriby the accumulation of
Capacity Installetl Firstly let's look at the process of how Capaditgtalled is
accumulated.

Reinforcing feedback loop R1: Improving Capacity Installed by cost
reduction
Figure 4-2 shows a simple loop which reflects thecpss. The lower the avg

installation cost, the more Capacity Installed Wwél constructed.

construction time

N

CAPAC|:|—Y+ CAPACITY ON
INSTALLED ORDER
+
average cost per uni of R1
capacty installed construction start

+ , +
avg installation ‘avaiable
cost investment

Figure 4-2. Causal loop diagram: Reinforcing feedbek loop R1

Because the unit cost of newly installed cayasi much lower than ever, the
newly adding capacity can dilutes the the averagsallation cost. Assuming
available investment stays constant, lower aveailadion cost will produce higher
construction start, which will eventually increaSapacity Installed, say Capacity on
Order. Thus the reinforcing loop R1 will drive thgstem growth exponentially.

Reinforcing feedback loop R2: Cost reduction inaasing enterprise

profitability

! Capacity Installed is also used to stand for IksiaPV-based electricity generating capacity. PVG
and Capacity Installed are used interchangealilyempaper.
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In fact, available investment is not constant #f which comes from
government investment and enterprise investmertdthfan feedback loop R2 is added
to the reinforcing loop R1 in Figure 4-3, which eaffs the amount of enterprise

investment. Government investment will be discusseah.

construction time

CAPAGITY + CAPACITY ON
INSTALLED ORDER

+

average cost per unit of
capactty installed

+
construction start

. avg installation cost_/
avg operating +

hours
fe: i i R2 available
ife time + +  Subsidy percentage
\{ » investment

avg generating cost thermal .
with subsidy generating cost

+ enterprise

. expected profitability + investment

of new investment
government
investment

Figure 4-3. Causal loop diagram: reinforcing feedbek loop R1 and R2

As discussed before, the government instead ofpiges has been the major
investor of China's PVG. Enterprise investment waviously a small percentage of
the total. We just assume that enterprises weri@n breakeven point, so there was
no intention to expand investment. Avg generatiogt avith subsidy is converted
from avg installation cost by considering avg ofietahours, life time of installed
capacity and subsidy percentage. Subsidy percerdagpt by the decision makers to
cover part of the PV installation cost and incre&seprofitability of enterprises.

Compared with the thermal generating cost, whichieseas the on-grid PV price
at present (Currently, the on-grid PV price is determined in large scale, only
negotiated price is handled case by case. Butast lhe state grid can buy PV

generated electricity as the same price as thenddeglectricity. That's why we use
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thermal generating cost here.). Under a certaigrahprice, lower avg generating
cost with subsidy leads to higher profitability, iain will improve enterprise
investment. The reinforcing feedback loop R2 furtdaves up Capacity Installed
together with the feedback loop R1. That's also ofethe reasons why the
government has the intention to encourage enterprigstment.

Counteracting feedback loop C1: Cost reduction cting short desired

budget
construction time
CApAcn_—Y‘/_\CAPACITY ON
INSTALLED ORDER
A
average cost per unit of
capacity installed
- construction start
avg installation cost A
4 + + avalable
investment
avg generating cost 4
with subsidy +
+
des order rate - +
+
government
indicated budget N investment

+ +
DESIRED BUDGET,

AVAILABLE
FUNDS FOR PV

Figure 4-4. Causal loop diagram: Counteracting fedohck loop C1

With the above logic, Capacity Installed widdp on growing without any limit,
which is obviously not the truth. Available investim will be one of the constraint.
Total sustainable funds are collected from totateicity demand, which is used to
support the development of renewable energy, imetudwind, bio-fuels, etc.
Available Funds For PV is a fraction of the totadaunt. Desired Budget is supposed
to be the decision makers' perception, which isigdf by the change of indicated
budget. Indicated budget is the money needed ltogilthe desired order rate under
the certain installation cost. At this stage, wstjassume the desired order rate is

constant.
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As we discussed before, average installation cestdecreasing with the
increasing of Capacity Installed, but the mitigatagtrage cost will also shrink the
amount of indicated budget. At the same time, [ResBudget is decreasing as well,
which means it needs lower government investmerividg from Available Funds
For PV. The less available investment, the lesstcoction start occurs, which will
reduce Capacity Installed in return. Thus the cexatting loop C1 (Figure 4-4) limits
the growth of reinforcing loop R1 and R2. Anothesgibility is that available funds
for PV might be a constraint which limits governmavestment when available fund
is less then desired budget. At that time, goventrmeestment will be determined by
available funds instead of desired budget.

Counteracting feedback loop C2: Capacity gap adjustent

construction time

CAPACITY * CAPACITY ON
INSTALLED ORDER
A
c2
capaci Y,
pacity gap
+
+ construction start
des PV capacity )
+
avaiable
government goal on + investment
PV capacity + 4 R R +

+

des order rate

+ Lt

indicated budget government
+ investment

\;DESIREL/ b\+
BUDGE
AVAILABLE
FUNDS FOR PV

Figure 4-5. Causal loop diagram: Counteracting fedohck loop C2

In the previous discussion, we assume that deendl rate is constant. Now we
start to address what determines desired ordenrdte system.

The bigger the gap is, the higher desired ordee &mid finally the more
government investment will be available. With iraged Capacity Installed, capacity

gap will be reduced in return, where there is nednt® order as much as before. The
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same decline goes to desired order rate, so ittibaies the counteracting loop C2
(Figure 4-5). It will push the system approachihg goal gradually by adjusting the

gap. Because there are significant delays in thp, It may cause oscillations.

construction time

CAPACITY + CAPACITY ON
INSTALLED ORDER
A
c2 i R1
- average cost per unit of
capacity gap + capacity installed
+
+ \ construction start
des PV capaci avg installation cosi_/ )
avg operating,
+ hours
I ), 3 R2 .
ffe time pg}lggnqgge ir:/\gmit
government goal on \\ + '/ thermal
PV capaciy 1+ A = i ‘ +
avg generating cost generating cos
des order rate with subsidy | enterprise
+ s expected profiabity e oI
of new investment
indicated budget government

investment
+

+

+
DESIRED BUDGET,

AVAILABLE
FUNDS FOR PV

Figure 4-6. Causal loop diagram: reinforcing feedbek loop R1, R2 and counteracting
loop C1, C2

We add the counteracting feedback loop C2 to tleeipus discussed loops to
form the picture at Figure 4-6. But is the desioeder rate determined only by that
capacity gap adjustment? Actually, when the goveminstarts to close the capacity
gap, not only the functioning capacity, but alse tapacity depreciation is taken into
consideration. So there will be another loop awddas well.

Reinforcing feedback loop R2 and counteracting fedshck loop C3:

Capacity depreciation added to desired order rate
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construction time

CAPACITY *+ CAPACITY ON
INSTALLED ORDER

+

+

capacity

depreciationrate R3 construction start

+

avaiable
+ investment

+4+ - +
+

des order rate

+

indicated budget government
, investment

\LDESREL/ \+

BUDG
AVAILABLE
FUNDS FOR PV

Figure 4-7. Causal loop diagram: reinforcing feedbek loop R3 and counteracting loop C3

We can see from Figure 4-7 that the more Céapé#cstalled is cumulated, the
more deprecation occurs, which adds up desired oatie. The multiplication of avg
installation cost and desired order rate consstutdicated budget. It goes to Desired
Budget with an information delay. More budget igaed when there is more desired
order rate. Construction start will be increasedemithere is more available
investment. And finally Capacity Installed will improved. Thus, it constitutes the
positive feedback loop R3, which drives the sysggawth.

At the same time, there is another counteractieglidack loop C3, which will
slow down the growth of loop R3. With the higherp@eity Installed, the more
depreciation occurs, which will also excavate Cépdastalled. This counteracting

feedback loop itself will drain Capacity Installedhen there are no other active loops.
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construction time

CAPACH-—Y + CAPACITY ON
INSTALLED ORDER

+

Cc2 R1

average cost per unit of
capacity instaled

capacity \{ /
depreciation rate  R3 construction start

Vs
des PV capad avg instalation COsL_/ )\

avg operating
+ hours

capacity gap

R2 avaiable

\, .
o ome pgpggrl]?gge investment
government goal o ™~ + '/ thermal
PV capaci tdt DA - } +
pacity -avg generating cost generating cost +

des order rate with subsidy enterprise

+ .
+ Investment

S expected profitability

+ + X
of new investment

indicated budget government
4 investment

\L N
DESIRED BUDGET,

AVAILABLE
FUNDS FOR PV

Figure 4-8. Causal loop diagram: reinforcing feedbek loop R1, R2,R3 and counteracting

loop C1, C2,C3

Figure 4-8 shows the structure of adding reinfagdoop R3 and counteracting
loop C3 to the picture at Figure 4-7. Now we cahayeelatively clear outlook that
desired order rate is the sum of capacity deplieciand capacity gap adjustment.

As we know, government provides subsidy to encaiggerprises investing on
PV power station. The total amount of enterpriseestment is determined by
profitability and government investment.

Counteracting feedback loop C4: decreased governmemvestment reduces
enterprise investment

We can see from Figure 4-9 that enterprise investnvaries to the same
direction with government investment. Under certpmofitability, the higher the
government investment, the higher enterprise imvest is achieved, which will
increase construction start. The improved Capdogtalled will drive down average
cost, which reduces government investment and @igerinvestment in return. Thus

it is the effect of counteracting feedback loop C4.
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construction time

CAPACITY + CAPACITY ON
INSTALLED ORDER

+

average cost per unit of
capacity installed

- construction start

avg installation cost A\

available
investment

+
+

+ enterprise
des order rate - + investment

+ Cay

indicated budget governmerit
+ 4+ Investme Qt
DESIRED BUDGET,

AVAILABLE
FUNDS FOR PV

Figure 4-9. Causal loop diagram: counteracting fedaack loop C4

Counteracting feedback loop C5: capacity adjustmenthrough enterprise
investment
Besides the cost factor, enterprise investmentisig affected by capacity gap

adjustment. Counteracting feedback loop C5 illussgrahe process (Figure 4-10).

construction time
CAPACH—'Y + CAPACITY ON
INSTALLED ORDER
A
f +
capacity gap
+
+ construction start
des PV capacity \
+
avaiable
government goal on + investment
PV capacity + 4 _ +4,
des order rate N enterprise
+ investment
+
indicated budget
cs government
+ DESIRED +_ investment.
BUDGET—— 7
AVAILABLE

FUNDS FOR PV

Figure 4-10. Causal loop diagram: counteracting fedback loop C5
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When desired order rate is increasing by adjusting gap, it adds up
government investment and enterprise investment wadl, which enhance
construction start. The improved Capacity Instaledl reduce the capacity gap,
which lowers desired order rate again. With lesdgeti and government investment,
enterprise investment will be decreasing as well.

Reinforcing feedback loop R4: capacity depreciatiomdding up enterprise

investment

construction time

CAPACITY + CAPACITY ON

INSTALLED ORDER

A

+
capaci +
* depregatbrtyn rate construction start
+
+
available
+ investment

+ - +
+ +

des order rate enterprise

+ investment
+

indicated budget
government
+ DESIRED + investment
S, 4

BUDGET
AVAILABLE

FUNDS FOR PV

Figure 4-11. Causal loop diagram: reinforcing fegback loop R4

Because capacity depreciation also affects degrddr rate, it has the same
effect to enterprise investment. The more depreciatate, the more enterprise
investment is needed in terms of the higher desirddr rate.

Figure 4-11 shows another reinforcing feedback |84 which indicates that
capacity depreciation adds up des order rate amdrgment investment. The same
increase goes to enterprise investment. Both ahtbentribute to the increase of
Capacity Installed, which will also increase th@meiation rate. Thus the reinforcing
feedback loop R4 drives Capacity Installed growing.

We add loop C4, C5 and R4 to the picture in FigiBeand show those loops in

27



Figure 4-12. Now we have four reinforcing feedbdeotps and five counteracting

feedback loops here.

construction time

CAPACITY + CAPACITY ON
INSTALLED ORDER
- +
° R1
average cost per unit of

capacmy gap capacity installed

capacity \\+ /
depreciation rate R3 construction start

avg installation cost-_/ )\

des PV capad
avy operating
hours
bsid R2 i
life time pgycesr%tgge _ avaultablent
overnment goalo ~ '/ thermal nvestme
g A . 7

PV capacty -avg generating cost generating cost +
des order rate with sub5|dy | enterprise
+ + expected profitabiity to Tvestment
of new investment
indicated budget C4

\L c5
governme

DESIRED BUDGET ' investment,,

AVAILABLE
FUNDS FOR PV

Figure 4-12. Causal loop diagram: adding loop C4, £and R4

So far, we all assume that Available funds for B\tonstant. In reality, it is
driven by total electricity demand. By recruitingarcharge from the total electricity
bill, the money is accumulated to form the fundsrder to support the renewable
energy generation. Total electricity demand wiltrease with the real GDP growth
multiplied by electricity intensity.

We can assume that there could be another exoggrusiisve feedback loop
driving GDP, which is marked as loop R5 (Figure 3}-1We can deduce that the
exponential growth in GDP must be driven by a pesiteedback loop. Exponential
growth in GDP causes exponential growth in totaktlcity demand, which finally
contributes to exponential growth in Available Faridr PV. It might be another force

to contribute to the growth of Capacity Installed.
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+ 101al sustanan
AVAILABLE _
funds per year

FUNDS FOR PV
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+
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demand \ R5

real GDP

electricity intensity

Figure 4-13. Causal diagram: Exogenous feedback Ipd&R5

Now we get the whole picture of the system we aiagyto model (Figure 4-14).
Besides the above discussion, there are many isgnif delays existed in the
counteracting loops. One of the big delays is contbn delay, where Capacity on
order accumulates the capacity which has beeredtémit not installed. The other
delay is the time it takes when the governmentgees the gap to the adjustment of
gap. There are other information delays lying ia #djustment of funds, cost and
budget.

The counteracting loop C2 and C5 are always dri@agacity Installed to catch
up with the development of desired capacity, thal gd the system. These two
counteracting loops might be the major forces wldohtribute to the goal-seeking
behaviour. Other reinforcing feedback loops like R2 and R3 may drive the system
an exponential growth trend. While counteractingpl€€1 and C4 might result in the
constrain of money and limit the growth of thosegs. It might be the reason of
sluggish adjustment as mentioned in the problentatimviour. Because of the delays
existed in the loops, the corrective actions wdhstantly overshoots its goal, or
reverses, then undershoots, and so on. Thus, sherdd be some oscillations in the

system besides the growth.
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capacity \{ /
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government goal o A ~a + / thermal .
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Figure 4-14. Major causal loop diagram

As government's goals of PV capacity are taken exogs as well, which
directly determine the trend of desired PV capaaiig will push Capacity Installed
exhibit the same behavior as itself. As we canfisea the data of government's goals,
it shows exponential growth pattern. And the gdahe government does have great
effect to the installed capacity according to thetdmical data, referring the sharp
increase of annual installed capacity in the y&¥i22and 2006 in figure 2-1. They
were just the time when the government set thesgoal PV system and started

several programs then.
4.2 Major Model Assumptions and boundaries

Several assumptions are adopted for this particntatel.

Major model assumptions:

1) The output of PV cells and modules China is atlequacy to fill up with the
demand of PC capacity.

2) Only PV system in use is addressed without takiroduction sector in China
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into consideration.

3) The specific application fields of PV system ao¢ distinguished. In another
words, PV capacity installed serves as the indicatd®V market development, no
matter they are used for on-grid or off-grid getiera

4) Total cost per unit of capacity is assumed eroge by using the learning
curve theory and the industry data. Taking the ifpecase in China into
consideration, average generation cost is detednbye average cost per unit of
capacity which varies with the development of ilsthcapacity.

5) Subsidy percentage is assumed constant at 6 24107. It was a newly
adopted trial policy from 2007 when the Chinesea$tey department reviewed its
solar program with the introduction of a new séa&f subsidy program, which will be
granted for both urban BIPV applications and footokoltaic building systems in
rural and remote areas (AHK, 2009).

6) The construction of PV power station is investeainly by the government
and enterprises investment only accounts for al2®@¥ before 2006. With the
introduction of incentive policy, the percentage esfterprise investment might be
largely increased due to bigger profitability.

7) Total electricity demand is resting with real BBnd electricity intensity.

Model boundaries:

A model boundary chart is used to communicate thenbary of the model and
represent its causal structure. It summarizes tiopes of the model by listing and
classifying key variables into three categoriese 8& following chart for details
(Figure 4-15).

GDP growth rate and electricity intensity are aféelcby many factors which are
beyond the boundary of this study. Government gmaPV capacity is set by the
corresponding government sectors in China. Subpelgentage is relative stable

according to the programs implemented and thegstment.
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Endogenous

-Capacity Installed
-Capacity on Order
-Average installation
Cost

-Desired Budget
-Available Funds for

Exogenous

-Electricity intensity
growth rate

-GDP growth rate
-Government goal or
PV capacity
-Subsidy percentage

Excluded

-PV cells production
-Types of PV
application

-Energy substitution

PV -PV fraction
-Construction start -thermal generating
-Desired PV capacity cost

Figure 4-15. Boundary chart of the system under sty

With respected to the variables that out of boupd@¥ cells production is left
aside from the model because it is assumed biggméo meet the PV market
diffusion, which is exactly the same case in rgal@urrently what the government
has been doing is to give subsidy to the constroabf PV generation system. The
amount of subsidy needed is roughly estimated leygbvernment to compensate
about 60% of the generating cost. Because the nsajbsidy programs in China
belong to construction subsidy, it has nothing tovdth the specific types of PV
application. PV generation is already with highopty in energy area in China which
substitution may not be so quickly. That's why @yesubstitution in this case is

excluded.

4.3 Stock & Flow Diagram

Stock and flow diagram will be discussed facheandividual sector in the model,
capacity construction sector, subsidy needed sestbsidy source sector, electricity

demand sector, and cost sector.
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4.3.1 Capacity construction sector

construction time

Capacty o Capacity Q‘FX:’ N,
: Order \FA - Installed capaciy
/ construction start capacity installation

rate depreciation rate

Available fife time

investment avg installation avg generatipg cost/ delayed capaciy
cost with subsidy avg operating g depreciation rate
hours
enterprise efiect of expected _ subsidy percentage
investmen®— proftabity on enterpriseq— €Xpected profal \
nvestment of new investment desired PV
indicated budgea_/des order rate capacity
overnment effect of expected thermal
; iment PTOMADMy onenterprise - generafing cost adjustment time government's goals
nvestmen investment table VG

Figure 4-16. Stock and Flow Diagram: Capacity constiction sector

Two stocks exist at the top part of Figure 4-16p&aty Installed is equivalent to
an accumulation of generators which is conceptedlias a stock here with Kilowatt
at its unit. Capacity Installed here means the c@paas been finished and ready to
generate electricity, like functioning capacity. paeity Installed is built up by
capacity installation rate and depreciated by d@patepreciation rate at the same
time. We have the hypothesis that decision malaks the depreciated capacity into
consideration when deciding desired order rate.

Because it takes time to install capacity, all ttepacity being started is
accumulated into Capacity on Order. Constructi@mt 36 assumed to be determined
by available investment and avg installation cedgtjch will be discussed in the
followed sectors.

When the goals on PV capacity are set by the govent, decision makers are
assumed to compare the installed capacity withdixgired one and calculate the
discrepancy. Adjustment time represents how quiddgision makers try to correct
the shortfall. If decision makers seek to corréet shortfall quickly, the adjustment
time would be small and vice versa. Desired ordsde,rtogether with average
installation cost and subsidy percentage deternmdiated budget, which will be

discussed later. Construction will start to bukid tapacity when available investment
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is decided. Equations for each variable will belaixed later.
4.3.2 Budget sector

Figure 4-17 shows the stock and flow diagram ofdeticector. Desired budget
is determined by the change of indicated budgeticlhwhs desired order rate

multiplied by avg installation cost and subsidygeerttage.

avg installation

cost
\ subsidy percentage

indicated budgele des order rate

Desired Budge! budget change

Time to change
budget

Figure 4-17. Stock and Flow Diagram: Budget sector

Subsidy percentage is a constant value which isbgethe government to
compensate the high cost of PVG and encourage peisrinvestment. It is the
decision made by decision makers on how much thiggedto spend to subsidy PVG.

Avg installation cost will be discussed at costsec

4.4.4 Budget source sector

In order to support the development of renewalrlergy, the government
started to establish the Sustainable Funds whidassurcharge collected by the
government from total electricity demand. Currertthg surcharge rate is average
0.002 CNY/KWp. It can also be changed if the decisinakers want to increase the
total amount of the funds.

PV fraction is a percentage of total sustainabled$ucollected into Available

funds for PV. Because there are several suppddsfiey using the total sustainable
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funds. PV is only one of them. Currently the frantis around 25%, which means
25% of total sustainable funds will be availalbédom the funds for PV. Utilization
of funds is the same as government investment wisictetermined in the capacity

construction sector.

- z Available Funds fgr
VAN
utiization PV funds collecteqe———PYV fraction

total sustainable

surcharge rate—» funds per year

Figure 4-18. Stock and Flow Diagram: Budget sourcgector

4.3.4 Electricity demand sector

Total electricity demand varies with real GDP ameceicity intensity (Figure
4-19). For the unit consistency, there is a comve(billion convertor) for total
electricity demand. By using the individual growtite of GDP and intensity, it is
easy to simulate the value of real GDP and eleftriictensity. Electricity intensity is
electricity demand per real GDP which can be a @ropay in forecasting the

electricity demand.

Total electricityq—— Bilion convertor

demand
Z Real GDP Electricity
= GDP c®ange | e intensity [ 2% o
A\ g \_Egjtchange

GDP growth rate intensity growth
rate
GDP growth rate

electricity intensi
time series y ty

time series

Figure 4-19. Stock and Flow Diagram: Electricity denand sector
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4.3.5 Cost sector

As we discussed before, total cost per undaplacity is assumed by the learning

curve theory which has taken consideration with té@hnology improvement and

scale economy. Figure 4-20 shows us the cost oggarted into the model.
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Figure 4-20. Cost data
Source: (PV industry, 2007 and Nemet, 2006)

Each unit of capacity is built up; the assaatost will be delivered along with

the accumulation. The same goes to the depreciaficapacity. So the avg cost per

unit of Capacity Installed will be the average unitallation cost in the year so far.

Figure 4-21 shows us the stock and flow diagranttfercost sector.

total cost per unit of new coston X g cost
A Installed o
capacily time series cost order rate Order cost installation cost depreciation
rate rate
7 7
_ avg cost per unt of avg cost per uni of
total cost per unit of capaicty on order capaicty installed
new capacty construction time
Capacity '+
Installed o
construction start Order capacity instalaf capacty
/V depreciation rate

lfe: time:
avg generating cost—
Wih subsidy - <—_ag operating
hours

Avaiable avg instalatiol
investment cost

Figure 4-21. Stock and Flow Diagram: Cost sector
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4.4 Model Formulation

The model will be formulated in the same sequerscdisplayed in stock and

flow diagram sections.

4.4.1 Capacity construction sector

construction time

(——t——p Capacity(_\ Capacity ;‘FXZVQ
) Order &= Instalkd capaciy
construction start capacity installation P
rate deprematn)n rate
Avaiable Ilfe tlme
investment avg instatlatbn » 2V generating co delayed capacity
Ccos with subsidy avg operating depreciation rate
hours
enterpnse effect of expected . subs;dy percentage
investmen®— proftabiity on enterprisee— €XPected profia
investment of new investment desired PV
indicated budgea—/des order rate capacmy
qovernment effect of expected thermal
] profitability on enterprise generating cost adj ustn‘ent time overnments oals
nvestment investment table J g onPVG g
Table 4-1 Equations for Capacity construction secto
Variable Equation Units
1 | Adjustmenttime | =1 Year
2 | Available = government investment + enterprise investment bt
investment
3 | Avg generating Cost sector
cost with subsidy
4 | Avg installation| Cost sector
cost
5 | Avg operating| = 1200 Hours/year
hours
6 | Capacity on = INTEG (+construction start-capacity installatiate) Kw
Order INIT= initial capacity on order
7 | Capacity = INTEG (+capacity installation rate-capac|tKw
Installed depreciation rate)
INIT= initial Capacity Installed
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8 | Capacity = Capacity on Order/construction time Kwi/year
installation rate

9 | Capacity = Capacity Installed/life time Kwi/year
depreciation rate

10 | Construction start = Available investment/avgtatiation cost Kw/year

11 | Construction time =1.5 year

12 | Delayed = SMOOTH(capacity depreciation rate, 1) Kw/year
depreciation rate

13 | Des order rate = gap/AT+ delayed capacity deplieciaate Kw/year

14 | Desired PV = government's goals on PV capacity Kw
capacity

15 | effect of expected = effect of expected profitability on enterpriseestment, Dmnl
profit on | table(expected profitability of new investment)
enterprise
investment

16 | effect of expected = Dmnl
profit on | [(-1,0)-(1,5)],(-1,0),(-0.504587,0.372807),(-0.22220.6
enterprise 57895),(-0.0152905,1.11842),(0.149847,1.95175Y}@81
investment table | 47,1.92982),(0.155963,1.99561),(0.327217,2.9166.5),

41284,3.79386),(0.749235,4.40789),(1,4.73684)

17 | expected = (thermal generating cost-avg generating cost w@mnl
profitability  of | subsidy)/thermal generating cost
new investment

18 | Enterprise = |IF THEN ELSE (Time<2006, governmepCNY/year
investment investment*0.25,government investment*0.25*effedt | o

expected profitability on enterprise investment)
19 | Gap = desired PV capacity-Capacity Installed Kw
20 | Government's = Government's goals on PVG timieséime) Kw

38




goals on PVG

21 | Government = min(Desired Budget,Available Funds for PV) CNYdye
investment

22 | Indicated budget| Budget sector

23 | Life time =20 year

24 | Subsidy Budget sector
percentage

25 | Thermal = thermail generating cost table(Time) CNY/(Kw*
generating cost hours)

Table 4-1 shows the equations for the capamtystruction sector. Here in the

equations, some values for the parameters are astinor from the result of field

research. For example, construction time is talsemnsaverage value. It takes 0.5to 1

year to build a small solar PV power station inafutistrict and. The construction

time will be 1.5 to 2 years for a bigger one. Aistetage in the model, an average

value, 1.5 years are applied and will be testethenmodel validation section. Life

time is according to the field research with the fdWer station in Neimeng, China.

4.4.2 Budget sector

avg installation

cost
\ subsidy percentage

indicated budgele des order rate

Desired Budge budget change

Time to change
budget

Table 4-2 Equations for budget sector

Variable

Equation

Units

Avg installation| Capacity construction sector
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cost

2 Budget change =(indicated budget-Desired BudgetgTito change CNY/yearly
budget ear

3 Des order rate Capacity construction sector

4 Desired budget =INTEG (+budget change) CNY/Year

INIT=initial desired budget

5 Indicated budget| = des order rate*avg installatiost CNY/year

6 subsidy =0.6 Dmnl
percentage

7 Time to change =1 year
budget

Equations for budget sector are shown in Table #H&re are some estimated
values for the parameters here as well. Subsidyepéage is set by the government to
compensate the cost of construction investment iantease the profitability of
enterprise investment. The policy was announcehényear 2006 and government
started to implement it then. Before the specifibssdy policy is introduced, almost
all investment on PVG was by the government. Thaipuata we got so far is that
the government plans to spend 2.6 billion CNY inOR0 (National PV Plan,
1996-2000). Another program implemented in 2006est#&o invest 2.8 billion CNY
on the construction of PVG.

Time to change budget is estimated because thermgoeat will adjust the
budget every year by looking at the spending in pievious year. The same
estimation applied to other parameters as timehtmge funds and time to change

cost. All of these estimated parameters will béetsn the next section.
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4.4.3 Budget source sector

- v Available Funds fgr
L PV .
utiization funds colectede——PV fraction

total sustainable

surcharge rate——»- funds per year

Table 4-3 Equations for budget source sector

Variable Equation Units
1 Available funds| = INTEG(funds collected-utilization) CNY
for PV INIT=equi available funds for PV
2 Funds collected = total sustainable funds per{pdafraction CNYlyear
3 PV fraction =0.25 Dmnl
4 Surcharge rate =0.002 CNY/(Kw
*hours)
5 Total sustainable =Total electricity demand*surcharge rate CNY/Ye
funds per year
6 Utilization = government investment CNYlyed

4.4.4 Electricity demand sector

Total electricityq——— Bilion convertor

demand
= Real GDP Electricity <
I GDP G e > intensity [ - o

\ & \_E?? change

GDP growth rate intensity growth
rate
GDP growth rate electricity intensity
time series time series
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Table 4-4 Equations for electricity demand sector

Variable Equation Units

Billion convertor | = 1e+009 Dmnl/billion

Electricity = INTEG (+intensity change) (Kw*hours)/

intensity INIT=initial electricity intensity CNY

GDP change = Real GDP*GDP growth rate Billion*CNY
lyearlyear

GDP growth rate| = electricity intensity time ss(iTime) %lyear

GDP growth rate =[(1995,0)-(2020,1)],(1995,0.11447),(1996,0.10538%/year
time series ),(1997,0.100529),(1998,0.101125),(1999,0.0808%981
),(2000,0.096024),(2001,0.0923283),(2002,0.099669
9),(2003,0.106595),(2004,0.107016),(2005,0.107252

),(2006,0.120555),(2007,0.114),(2008,0.098)

Intensity change | = Electricity intensity*intenysgrowth rate (Kw*hours)/

CNYlyear

Intensity growth| =[(1995,-0.2)-(2100,0.4)],(1995,-0.0255153),(1996,%/year
rate time series | 0.0487537),(1997,-0.0329965),(1998,-0.0635566),(1
999,-0.0178041),(2000,0.0130022),(2001,-0.0076058
9),(2002,0.0130764),(2003,0.0396902),(2004,0.0898
172),(2005,0.0256788),(2006,0.026757),(2007,-0{13

5284),(2008,-0.00802499),(2020,0)

Real GDP = INTEG (+GDP change) Billion*CNY

INIT=initial real GDP lyear

Total electricity| =real GDP *electricity intensity*Billion convertor | (Kw*hours)/

demand Year
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4.4.5 Cost sector

capacity installed

total cost per unit of new Coston X g Codt
capac'rt{/)time series cost order rate Order cost instaleton Instaled | cost gepreciation
rate rate
A e |
) avg cost per untt of avg cost per unit of
total cost per unit of capaicty on order capaicty installed
new capacty ? construction time
Capacity(_\ / > Capacity K
construction start Order capacEy nstalati Instaled capaciy
ral /V depreciation rate
Avaiable ag Ezt;"atb\> avg generating cosé— fe tie
mestment wih subsidy ~¥~ avg operating
hours
Table 4-5 Equations for cost sector
Variable Equation Units
Avg cost per unit of
= Cost on Order/Capacity on Order CNY/K
capacity on order
Avg cost per unit of
= Cost Installed/Capacity Installed CNY/Ky

Avg generating cos

with subsidy

t= IF THEN ELSE(Time<=2006, avg installatig
cost/life time/avg working hours, avg installati
cost*(1-subsidy percentage)/life time/avg worki

hours)

rCNY/(Kw

prihours)

ng

Avg installation cost

= avg cost per unit of dapainstalled

CNY/Kw

Cost installation rate

capacity installation rate*avg cost per unit

nY

capacity on order

of
CNYlyear

Cost  depreciation = avg cost per unit of capacity installed*capagity
CNY/Kw
rate depreciation rate
= INTEG(+cost order rate-cost installation rate)
Cost on order CNY
INIT=8e+007
= INTEG(+cost installation rate-cost depreciation
Cost installed rate) CNY
INIT=8e+008
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Total cost per unit of = total cost per unit of new capacity time
9 CNY/Kw
new capacity series(Time)

=[(1995,0)-(2020,80000)],(1995,66000),(1996,62700
),(1997,59565),(1998,56586.8),(1999,53757.4),(2p00
,51069.5),(2001,48516.1),(2002,46090.3),(2003,437
Total cost per unit of 85.8),(2004,41596.5),(2005,39516.6),(2006,37540.8)
10 | new capacity time ,(2007,35663.8),(2008,33880.6),(2009,32190),(2010,
series 30577.2),(2011,29048.4),(2012,27595.9),(2013,2621
6.1),(2014,24905.3),(2015,23660.1),(2016,22477/1),(
2017,21353.2),(2018,20285.6),(2019,19271.3),(2020

,18310),(2040,8000),(2050,8000)

5 Model validations

This section presents model validations. The pwprismodel validation is to
develop justifiable confidence in the model.

Firstly structure and behavior tests in differerad®l sectors will be conducted
to ensure that the individual model sector repreduthe behavior predicted by the
corresponding hypothesis. Then, a series of exti@ndition tests will be applied to
the entire model. After that, behavior reproductiests will analyze the behavior of
the model for the time between 1995 and 2008 aegtssible gap generated under
the current policy. These tests examine whethentbdel is capable of reproducing
the reference mode in this case. The last parhisf gector is sensitivity tests to
investigate how the model behavior reacts to chengparameter values.

Before the testing, the model will be initializeal équilibrium. Submitting the
model to step increase and decrease in paramdtessvallows identifying the range

of behavior mode that the model generate.
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5.1 Structure and behavior test

The entire model is divided into two individual sas (submodel sector | and
submodel sector Il) in order to ensure each parthef model is reflecting the

reasonable behavior.

5.1.1 Submodel | structure and behavior test

As the hypotheses we made in the last secttmp R1, R2 might drive the
system exponential growth and loop C1, C3, C4 litsigrowth. In order to test the
hypothesis, firstly, submodel sector | (includingdp R1, R2 and Loop C1, C3, C4) is
initialized to equilibrium and stars simulatingthre year 1995. Structure and behavior
tests will start by subjecting the model a 10% stepease in desired order rate from
the year 1998 (in this case, the original desinetbiorate is exogenous and equals to
its equilibrium value 3300, and then it is incrahse 3630). The base run result is
shown in Figure 5-1 (in order to show the behaviearly, we run the model to the
year 2035).

The figure illustrates the behavior of Capacitytétied in this submodel | is like
an S-shape growth. Initially when the system isckbd, Capacity Installed increases
quickly, which drives down avg installation costthaccelerates construction start
through the reinforcing loop R1. (Theoreticallyethower installation cost brings
higher enterprise profitability, which should cobtite to construction start through
the reinforcing loop R2. But here in the test, thedel is in equilibrium, the table
function effect of profitability on enterprise irstenent is set to 1, which means there
would be no any effect to enterprise investmentnewdh very high profitability.
Loop R2 does not work in this case.) However, ttewh of Capacity Installed will
be slowed down because the decreased installat&iratso reduces indicated budget
and available investment, finally the model stakidi to a new state under the effect

of counteracting loop C1 and C4. Thus, it produbesS-shape behavior.
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80,000
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Time (Year)

Capacity Installed : base run Kw

Figure5-1. Base run for submodel | structure and bleavior test

In order to test that the behavior is produced hy ¢orresponding structure,
firstly all the other loops are cut by setting anstant indicated budget (3.33e+007)
from the year 1998, which means there is no effetiveen avg installation cost and
indicated budget. Then government investment aher@nise investment are constant
as well. There is only one operating loop, reinfogcloop R1. We can see from
Figure 5-2 that the system shows exponential growthich means loop R1

contributes to the rapid growth of installed capaci

Capacity Installed

2M

15M

1M

500,000

0

1995 1999 2003 2007 2011 2015 2019 2023 2027 2031 2035
Time (Year)

Capacity Installed : with only Rx Kw
Capacity Installed : base run Kw
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Figure 5-2. Submodel | Structure and Behavior TestWith and without all other loops except

for loop R1

Counteracting feedback loop C4 is cut by settimgrastant enterprise investment
(6.666M). The active feedback loops are loop R1@adWe can see from Figure 5-3
that Capacity Installed behaves like an exponegtiavth trend, but the growth rate
is less than that when there is only loop R1 activieich means loop C1 limits the

growth of the system.

Capacity Installed

200,000

165,000

130,000

95,000

60,000
1995 1999 2003 2007 2011 2015 2019 2023 2027 2031 2035
Time (Year)

Capacity Installed : with loop R1 and C% Kw
Capacity Installed : base run Kw

Figure 5-3. Submodel | Structure and Behavior TestWith and without loop R1 and C1

Figure 5-4 shows the behavior when loop R1 is gusdtting avg installation
cost constant at its initial value 12121, which icates construction start is
determined by the change of available investmenaildble investment varies with
enterprise investment and government investmenichandre driven by loop C4 and
loop C1 respectively. Compared with the base nustabilizes in a lower level, which

means that reinforcing loop R1 is the major forcdriving the system growth.
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Capacity Installed

80,000

75,000

70,000

65,000

60,000

1995 1999 2003 2007 2011 2015 2019 2023 2027 2031 2035
Time (Year)

Capacity Installed : without loop Rt Kw
Capacity Installed : base run Kw

Figure 5-5. Submodel | Structure and Behavior TestWith and without loop R1

Figure 5-6 shows the behavior when counteractieglidack loop C3 is cut by
setting a constant depreciation rate (3300). Itakeh like an exponential growth
initially and a slightly trend of goal seeking inetend, which means loop C3 is the

major force limiting the growth of the system.

Capacity Installed

100,000

90,000

80,000

70,000

60,000

1995 1999 2003 2007 2011 2015 2019 2023 2027 2031 2035
Time (Year)

Capacity Installed : without loop C3 Kw
Capacity Installed : base run Kw

Figure 5-6. Submodel | Structure and Behavior TestWith and without loop C3

We can conclude from the above submodel | strucntebehavior tests that the
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reinforcing feedback loop R1 and R2 contribute noeaponential growth and other
counteracting feedback loops limit the growth ant/ed the system an S-shape

behavior.

5.1.2 Submodel Il structure and behavior test

We take the hypothesis that counteracting loop 6@ @5 contribute to the
goal-seeking behavior, which drive the system aggng the government's goals on
PVG. In this part, submodel Il (including Loop R34, C2, C3 and C5) is initialized
to equilibrium and stars to simulate in the yea®3.%tructure and behavior tests will
start by subjecting the model a 10% step decreag@vernment's goals on PVG in
the year 1998. The base run result is shown inr€igu4ll (in order to show the
behavior clearly, the model is run to the year 2035

The figure illustrates the behavior of Capacitytéfied in this submodel Il. As
government's goals on PV increase, capacity gapleaged, more desired order rate
iIs needed to fill up the gap. The increased Dedmadiyet brings more government
and enterprise investment. Then Capacity Instalhedeases as the result of more
construction start. The more Capacity Installe@ mhore depreciation rate occurs,
which increases desired order rate as well. Desoeter rate will affect both
government investment and enterprise investmerdugir loop R3, R4, which
accelerate the increasing trend of Capacity Iredallhat's why the system shows a
rapid increasing trend initially. With the increagiof Capacity Installed , capacity
gap shrinks gradually, the counteracting loops tairs growth to act swiftly as the
goal is approached. There are significant timeydela the counteracting loops. Time
delays lead to the possibility that the state ef $fistem will overshoot and oscillate
around the goal. These feedback loops contributehéo S-shape growth with

overshoot. (Figure 5-11).
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Figure 5-11. Base Run for Submodel Il Structure andBehavior Test

In order to see the behavior of loop C2 and C5,r&aove depreciation rate
from desired order rate from the year 1998, whidans loop R3 and R4 have been
cut then. Figure 5-12 shows the behavior when twdp C2 and C5 operate. We can
see that Capacity Installed shows almost the saisieafe growth with oscillations
and finally has the trend of stabilization at a éowevel. It indicates that the
counteracting loops are the major force in drivilhg system approaching its goal by
the capacity gap adjustment process. Because of di#lays existed in the
counteracting loops, the state of the system shmwesshoot and oscillate. We can
also see from figure 5-12 that there is steady staior when depreciation rate is not
considered to desired order rate. The goal will hetachieved then. That also
indicates the necessarity to take depreciationinébeconsideration when deciding the

equation of desired order rate.
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Capacity Installed : without loop R3, R4 Kw
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Figure 5-12. Submodel Il Structure and Behavior Tets With and without loop R3 and R4

The above structure and behavior tests validatee of the hypothesis put
forward in the previous section. The major courtteng feedback loops C2 and C5
drive the state of the system approaching the eakegoal. It also can be deduced that
the trend of the external goal will have great @ffen the system. In this case,
government's goals show exponential growth trenttjchv means one of the
characteristic behavior - exponential growth maytte result of it. Counteracting
feedback loops C1 and C4 will limit the growth a@her reinforcing loops because of
the available funds constrain, which also givearse hints that money constrain will
be an important factor determining the developmehtPVG in reality. So the
incentive of enterprise investment may be a effectvay for the PVG improvement

in China.

5.2 Extreme condition test:

A "good" model will generate the right behavior fbe right reasons. This is true
not only under ordinary model conditions, but alsaler extreme conditions. Extreme
condition test consists of running the model undetious extreme conditions that

may not or rarely happen in reality, so as to itigage whether the model behavior is
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reasonable under such situations.
In order to conduct the extreme condition test,ahttre model is initiallized in
equilibrium and starts simulate from 1995 to 20Bigure 5-13 shows the base run

behavior.
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Capacity Installed : base run Kw

Figure 5-13. Base run for extreme Condition Test

If there is no electricity demand, what will happém the system? Total
sustainable funds are collected from surcharge le€tricity bills. When total
electricity demand goes to zero, there should bemomey flowed to the funds.
Available funds for PV should be zero as well. Eherould be no government and
enterprise investment contributing to construcstart. In order to test the hypothesis,
we assume that total electricity demand goes to rem the year 1998 and see the
behavior of installed capacity.

When there is no available investment, there wooléhflow in the system, what
only happens should be the depreciation of theiagisapacity. From the diagram in
Figure 5-14 we can see that construction start ¢megro from the year 1998 when

there is no money available then.

52



construction start
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5,000
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Time (Year)

construction start : no available investment Kw/Year
construction start : base run Kw/Year

Figure 5-14. Extreme Condition Test: construction fart: no investment available

The decrease of capacity installation rate is sowddenly as construction start

because the existed Capacity on Order needs tcelnerd to Capacity Installed

through the 1.5 years construction time (Figuréh-1

capacity installation rate

8,000

6,000

4,000

2,000

0

1995 1999 2003 2007 2011 2015 2019 2023 2027 2031 2035
Time (Year)

capacity installation rate : no available investmert Kw/Year
capacity installation rate : base run Kw/Year

Figure 5-15. Extreme Condition Test: capacity instiation rate: no investment available
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Figure 5-16. Extreme Condition Test: Capacity Instded: no investment available

Capacity Installed starts an exponential decay wtegracity installation rate
decreases to zero, where there is no inflow to Cigpbstalled and only depreciation

occurs since then (Figure 5-16).
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Figure 5-17. Extreme Condition Test: Capacity Instded: life time=2e10

Another extreme condition test is done by assunaingery long life time of
installed capacity (life time=2e+10). There will be depreciation as the life time is
extremely long and Capacity Installed should bedase rapidly. But from figure
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5-17 we can see that Capacity Installed does isereatially, it then stabilizes even

there is no depreciation rate. Figure 5-18 tellsha¢ desired order rate goes to zero
around the year of 2000, which leads to the zerstraction start in 2005. Because
the real installed capacity is bigger than desaapglacity and there is no depreciation,

capacity gap becomes negative and no desired @tdels needed any more.

des order rate construction start

10,000 10,000
7,500 7,500
5,000 5,000
2,500 2,500

0 0

1995 1999 2003 2007 2011 2015 2019 2023 2027 2031 2035 1995 1999 2003 2007 2011 2015 2019 2023 2027 2031 2035

Time (Year) Time (Year)

des order rate : ife time=2e16 Kw/Year construction start : life time=2e16 Kw/Year
des order rate : base run Kw/Year construction start : base rum Kw/Year

Figure 5-17. Extreme Condition Test: construction fart and des order rate: life time=2e10

The above results of structure and behavids #&sd extreme condition tests give
us confidence in the model itself. We can say that model shows reasonable

behavior under specific structures and extremeitiond.

5.3 Reference mode replication test

In this section, all initial values and exogesalata are applied in the model. By
running the model, the behavior of variables oéirest will be shown and compared
with the reference mode.

As shown in Figure 5-18, the simulated valu¢hef model can roughly replicate
the reference mode, especially the growth tren@apacity Installed from 1995 to

2008.
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Figure 5-18. Reference mode replication test: Capdyg Installed

In order to compare the government's goals witifdhecasted values before we
design the model, we just assumed it is with aalingrowth trend of government's
goal from 2010 to 2020 in depicting the referenaeden(as shown in Figure 2-3 in
session 2). But the PV capacity may not developalily in reality, an exponential
growth trend might be more realistic. So we assamexponential growth rate for the
government's goals as the desired capacity in theehand it serves as the goal of the
system. Then we start to simulate the model froenyar 2009 to 2020 under the
current trial subsidy policy and see the gap betwd#e government's goals and
simulated values. Figure 5-19 portrays the resultamparision. The gap after the
year 2009 is obviously, which verifies the suppog@tbility of government's goals as

stated in the reference mode.
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Figure 5-19. Reference mode replication test: Capdyg Installed with desired PV capacity

5.4 Parameter sensitivity tests

The model has passed structure and behavior tedtexreme condition tests,
which means the logic of the model is reasonabtketl@ equations are robust enough.
Then reference mode replication test shows us tlelemdoes replicate the
characteristic behavior.

This section will test the sensitivity of the pakters with highly uncertain data
or with estimated values. These parameters aellist Table 5-1. Some of them are
policy parameters in the model and can be conttoblg decision makers, the

government in this case.

Tabel 5-1 List of parameters for sensitivity testiig

Parameters Estimated values Policy parameters
Adjustment time \ \
Construction time \

Subsidy percentage \ \
Time to change budget \ \
Life time \
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PV fraction v v

Surcharge rate \ \

Here for sensitivity analysis, the whole modelndialized to equilibrium and
starts simulating in the year 1995. The model éntbubjected to a 10% step increase

in government goals in the year 1998. The baseeasult is shown in Figure 5-20.
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Figure 5-20. Base run for sensitivity tests

The results of sensitivity testing are displayedemnms of confidence bounds. A
graph is generated showing confidence bounds feraitput variables Capacity
Installed and des order rate when the value shase randomly varied around its

normal value.

5.4.1 Sensitivity test I: Adjustment time

Adjustment time is estimated according to the gowent’'s reactions on the
current development of PV market in China. We asstimt the government looks at
the function capacity each year and compare it Wighcurrent goal. We are not sure
about the exact value. Firstly we analyze the imhpéawariations in the value of this

parameter by setting the range of adjustment thora 0.5 years to 2.5 years.
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Figure 5-21. Sensitivity test: adjustment time=0.525

Figure 5-21 shows the reaction

of Capacitydihett and construction start to a

variation of the parameter value from 0.5 to 2.&rgeVariation leads to an increased

variation range but not to a variation

in the betapattern. As shown in the above

figures, both of these two variables are numegcadinsitive to adjustment time.

5.4.2 Sensitivity test Il: Subsidy percentage

Subsidy percentage is also a policy parameteransyfstem as discussed in the

SFD formulation part.

subsidy percentage-
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Figure 5-22. Sensitivity test: subsidy percentage=D~0.9

Subsidy percentage determines enterprise profitaki reality, which will

affect enterprise investment. The model should Hseen sensitive to the change of

subsidy percentage intuitively. As shown in FigGr82, the variation of parameters

does not lead to any change in the behavior patBwth of these two variables are
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not numerically sensitive to the change of subgieicentage from 0.1 to 0.9.

5.4.3 Sensitivity test Ill: Construction time

Construction time is the time needed in constrgcanPV power station. The
value the this parameter we assumed in the modebigears, which is according to
the average construction time for both big and kfdlpower stations. Now we will
run sensitivity test to see if the model is sewmsitop this parameter. Figure 5-23 shows
the reaction of Capacity Installed and constructtart to a variation of construction

time from 0.5 to 2.5 years.

.construction time .construction time:

base run for sensitivity te base run for sensitivity te
s0% 75960 95l 100yl s0% 75960 959l 100yl
Capacity Installed construction start
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75,000 //‘~\\\r <
70,000 /

65,000 2,000

6,000

4,000

60,000 Q
1995 2005 2015 2025 2035 1995 2005 2015 2025 2035

Time (Year) Time (Year)

Figure 5-23. Sensitivity test: construction time=&~2.5

We can see that Capacity Installed is not veryigeado the big change range of
construction time, which means the uncertain vabti€onstruction time does not

affect the credibility of the model.

5.4.4 Sensitivity test IV: PV fraction

PV fraction is also a policy parameter in the elodrigure 5-24 indicates that
Capacity Installed and construction start are se@esto the change of PV fraction
from 0.1 to 0.5. Because PV fraction in realityhmw the government allocates its
sustainable funds and the fraction on PV has nehlabhanged for years, that's why

we are confident for the value of PV fraction ugethe model.
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Figure 5-24. Sensitivity test: PV fraction=0.1~0.5

5.4.5 Sensitivity test V: Life time

Life time is set as 20 years in the model, whiclhnsaverage value in different
size of PV stations according to the field resealtlorder to test the model's reaction
to this parameter, we run the sensitivity test iwng life time a variation range from

15 to 25. Figure 5-25 shows the behavior underghinsitivity test.

life ime life ime
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80,000 8,000

75,000 6,000

70,000 4,000

65,000 2,000

60,000 0
1995 2005 2015 2025 2035 1995 2005 2015 2025 2035

Time (Year) Time (Year)

Figure 5-25. Sensitivity test: life time=15~25

We can see from Figure 5-25 that there is quitellsofenge in Capacity
Installed under the comparatively big range of gjeaaf life time, which means that
the model is not much sensitive to life time anel dstimated value of life time does

not affect the model too much.

5.4.6 Sensitivity test V: Time to change budget

Time to change budget is estimated as 1 year, whiglns that the government
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will decide and adjust the desired budget every.y@ansitivity test is run by change

the time from 0.5 to 2.5 years to see the reaaifdhe model.

time to change budget time to change budget
base run for sensitivity test base run for sensitivity test

50%  75% 95%[ I 10094l 50%  75% 95% Il 1009

Capacity Installed construction start

80,000 8,000

75,000 6,000

70,000 4,000

65,000 2,000

60,000 4}

1995 2005 2015 2025 2035 1995 2005 2015 2025 2035
Time (Year) Time (Year)

Figure 5-26. Sensitivity test: time to change bud¢e0.5~2.5
Figure 5-26 tells us that the behaviour of variald&interest has no any changes
when time to change budget is given a big variatasrge, which means the model is

not sensitive to the change of time to change budge
5.4.7 Sensitivity test V: Surcharge rate

Surcharge rate will affect the total sustainablediiper year and also the money
collected into available funds for PV, it's charsjp@uld have big impact on Capacity
Installed. Figure 5-27 indicates the big changgeant the model when surcharge rate
has the variation from 0.001 to 0.003. We can &ay both of the two variables of
interest are numerically sensitive to surcharge.rdthey reveal behavior mode

sensitivity. As surcharge rate is set by the govenmt, we are sure about its value so

far.
surcharge rate surcharge rate
50% 759600 95% [ 10000 50% 75960 95% [ 10000
Capacity Installed Available Funds for P
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Time (Year) Time (Year)

Figure 5-27. Sensitivity test : surcharge rate=0.06-0.003
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5.5 Conclusion of sensitivity test

Most of variables with estimated values have rnpdifect on the behavior of
the model by running the sensitivity test. The ntode most sensitive to the
parameters like adjustment time, surcharge ratePahfraction.

There are some policy parameters, which the seitgitests can give us some
hints on policy testing. The model is not sensitisewo of the policy parameters,
subsidy percentage and time to change budget iileaqum. Because the effect table
in the model is set to 1 when the model is in eélguilm, which means table function
does not operate even with any change of profitgbilhat explains why the model is
not sensitive to the policy parameter subsidy paege. So sensitivity tests will be
run again when the model is not in equilibriumhe policy test and discussion part.

Besides the estimated value of time to change ludgecharge rate and subsidy
percentage are also under the control of the govenh Surcharge rate is from public
data and subsidy percentage is confirmed with #wlynissued subsidy policy in
China. The Chinese Ministry of Finance introduca@rim measures for subsidies for
“solar photovoltaic building applications” in ChinA fixed subsidy has been granted
for both urban BIPV and remote areas (AHK, 200he Tixed subsidy is around 60%
of the average generating cost. So we are configdightthe value of these parameters
in the model so far. Sensitivity tests will alsoro@ in policy analysis section to see
the sensitivity of policies.

In terms of the other two policy parameters, adpestt time and PV fraction, the
model is sensitive to their changes. Adjustmentetiraflects how aggressive the
government is to make decisions. We assume thagdkernment make decisions
once per year to fill up the gap and plan Desinediglet. PV fraction is determined by
the government according to the current state (#&/ 2007). The estimated value in
the model is also realistic. We can test the eficy of this policy in the policy

discussion section.
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6. Policy test and discussion

Policy test and discussion in this section willldal the hints raised from the
above sensitivity tests and discuss the possidieypparameters in how to increase

China’'s PVG in the period of the state plan.
6.1 Policy test and discussion

I. Surcharge rate

Surcharge rate is a policy parameter that the misdeénsitive to according to
the discussion in the sensitivity test part. Thenef it is recommended that the
government could increase this parameter.

In terms of the simulation, the government canerétie surcharge rate to 0.0025

from 2009 to achieve the goals in 2020 as showvkigare 6-1.

Capacity Installed

2M

1.5M

1M

500,000

(0]

2009 2011 2013 2015 2017 2019
Time (Year)

Capacity Installed : policy test + Kw
desired PV capacity : policy test Kw

Figure 6-1. Policy test I: surcharge rate=0.002+sp€0.0005, 2009)

However, there will be some obstacles to the implatation of this policy, the
main of which comes from the heavy electricity gty users, such as the steel
companies, chemical companies etc. An increaseO8flOCNY for each Kilowatt of

electricity can mean a loss of tens of milliong<GNY each year for these companies.
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Therefore, the first one to oppose to this polioyld be them.

Another obstacle comes from all the other ordireegtricity consumers. Due to
the policy of Coal-Electricity Tariff Automatic Méanism that has been adopted
twice in the past 5 years, the price of electrigitChina has been increased by 0.0536
CNY, which is almost 10 percent of the average tal@ty price in China and is
obviously a big increase. On the other hand, tmegpita GDP of China, in reference
to the World Bank, was 2460 US dollars in 2008, eaniked 104 in the world, which
was largely out of step with China’s GDP, whichkedh the &' and just followed the
US and Japan (Juangiong Li, 2006). Therefore, are imagine the difficulty of
implementing this policy of improving surchargeesatvhich is against the will of
more than 1.3 Billion people in China.

The last obstacle lies in the government itselg thuthe pressure from CPI. As
mentioned above, the price of electricity has heereased by nearly 10% in the last
few years due to the coal-electricity tariff polickctually, according to this tariff
policy, the Chinese people would have been suljecanother increase in the
electricity price last year. However, the governindid not let that happen, because
they know very well that electricity industry is inature a public welfare
establishment. An increase in electricity pricegrevery small, can bring up the price
increase of a series of goods, thus the CPI in@Wwiould go up and threaten the goal
that government designed for it. This was why tlevegnment did not allow
electricity price to increase in 2008. Therefore, @an say that pressure from CPI is
also an obstacle to improve the surcharge ratéinaC

To sum up, although an increase in the surchatgecoalld be an effective policy
to increase PVG in China, there are obstacles ftbnee perspectives: high
electricity-consuming industries, ordinary peophel ahe government itself for the
sake of social welfare. Especially in the timesmairldwide economic crisis, and in
the presence of already 10 percent increase itrielecprice, it might be difficult to
improve the surcharge rate in China.

There might be one possible solution to educaté lio¢ enterprises and the
people in China about the importance of developiNgcapacity in China, so that the
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obstacles to implementing the policy from them d&sn eliminated. Actually, the
development of PVG in Japan is a good example iefvtlay. However, it might not
be very realistic to do so in China. Therefores #tould be possible in the future, but

there is a long way to go.

[I. Subsidy percentage

Although the model is not sensitive to subsidy petage as discussed before,
we are sure it is necessary to run the sensittegy again when the model is not in
equilibrium. Because the model is in equilibriumeamtconducting the sensitivity tests
in section 5, which means the table function inriedel is set to 1. No matter how
big the subsidy percentage is, it won't affectghaditability and enterprise investment
won't change at all. That's the reason why the inedw®t sensitive to the change of
subsidy percentage. While the real values arematthe model, say the model is not
in equilibrium, the table function will operate thand subsidy percentage will have
effect on profitability. Figure 6-2 shows the rasol sensitivity test, which justifies
that the model is quite sensitive to the changesuisidy percentage. Subsidy
percentage is an effective policy parameter toease the profitability of enterprise

investment.

subsidypercentage
50% 75% 95% ] 100l

Capacity Installed

4 M
3 M
- /
1M /
/ ]
(¢}
1995 2001 2008 2014 2020

Time (Year)

Figure 6-2. Sensitivity test (not in equilibrium): subsidy percentage=0.1~0.9
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Therefore, it is recommended that the governmenmtease the subsidy
percentage so as to improve the profitability degorises to encourage investment.

In fact, this is also a feasible policy which thevgrnment has been trying to
implement in China. In the past few decades, theegonent has been giving little
subsidy to the enterprises, which led to its re@loce of investing in PVG. Those
enterprises that invested in PVG were actuallyniprove their corporate image,
rather than for the sake of earning money. In otherds, solar PV capacity turned
into image project for these enterprises, which ensadmpossible for the PVG to
really thrive in China.

However, the government established a newly tradicp to grant a fixed 60
percent of cost of each Kilowatt of PVG to entesps from 2007. It is believed by
some experts in PV field that this policy could dféective in terms of encouraging
enterprise investment. However, according to tesearch, 60% subsidy percentage is
still not enough to accomplish the goals in 2018 8020, as shown in Figure 6-3
(Here we use policy test II-1 to indicate the caotrgolicy, say keeping 60% subsidy

policy constant to 2020).
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Figure 6-3. Policy test II-1: subsidy percentage=6.

In order to reach the government’s goals of PV@0&0, the government has to

increase the subsidy percentage to 70% from 200&ding to the model (Figure 6-6)
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(We labeled this policy option as policy test I)l-Zherefore, it is recommended that
the government can increase the subsidy percemag@% from the year 2009. We
can see in Figure 6-4 that the goal in 2020 isea@d, although it still doesn't access
to the goal in 2010. Because the new policy startsperate from the year 2009, it

may not be easy to change the sluggish developmeentsoon.
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Capacity Installed : policy test II-2 Kw
desired PV capacity : policy test II-2 Kw

Figure 6-4. Policy test 1I-2: subsidy percentage=6+step(0.1, 2009)

However, by looking at the good examples of coestrwhere the solar PV
capacity has been well developed, we can find loatt these countries, for instance,
Germany and Japan, granted a very big sum of spksidPV capacity in the
beginning. Then as the PVG developed in their ams)tthe cost of PVG gradually
reduced year by year. Then what these countriewadsito reduce the subsidy step by
step, till they did not need to give any subsidytfe development of its PV capacity.
Therefore, it is recommended that China learn ftbese countries in this subsidy
policy.

Following this mode, it is found that the Chineseernment could granted 80%
subsidy for the construction of PV capacity from020to 2013, then reduce the
subsidy to 65% from 2013 to 2017, and 50% from 2@17020. From the year 2020,
the government does not need to grant subsidydadP¥G in China, as shown in

Figure 6-5 (this policy option is called policy téis3).
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Figure 6-5. Policy test 11-3: subsidy percentage=8(2009-2013), 0.65(2013-2017),
0.5(2017-2020)

In conclusion, it is recommended that the goverrtmeorease the subsidy
percentage from 60 percent to 70 percent, in cmmexccomplish the government’s
goals of PVG in the coming decade. In referencéhéoexperience of some countries
where solar PV is well developed, the Chinese gowent can adopt a “gradually
decreasing” subsidy policy, which is to grant 8Q@nt 2009 to 2013, 65% from 2013
to 2017, 50% from 2017 to 2020 and finally no langeants any subsidy, because by

then the cost of solar PV capacity is low enoughtfoself development.

lll. PV fraction

As discussed in the sensitivity test part, the rhaglsensitive to PV fraction.
Due to the fact that PV fraction is in the contoblthe policy makers in China, as
mentioned before, it is justifiable to arrive a¢ ttonclusion that PV fraction could be
an effective policy parameter to improve PVG in2hiAs PV fraction is increased,
more funds out of the total sustainable funds b&lspent on PV construction, thus
there will be more Capacity Installed. Thereforeraise up the PV fraction in China
could be an effective way out.

Actually, it is not new to come up with the polityincrease PV fraction so as to
solve the problem of PVG dilemma in China. Many exxp have called on the
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government to allocate more money to PVG in Chinaesyears ago (Fu, 2007). The
difference is that they did not work out quantitatimethods to support the
suggestions.

The simulation results shown in Figure 6.6 indicttat achievement of the

government's goal in 2020 requires a PV fractiaset to 0.30 than 0.25.
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Figure 6-6. Policy test Ill: PV fraction=0.25+step(.06, 2009)

If the policy is feasible, why till now no big imprement has been witnessed in
the PV fraction in China? According to the analysissome stockjobbers (Wang &
Zheng, 2007), the fact is that the PVG in Chin&ethto win over wind energy, which
is also a form of sustainable energy, in termstsfprospect in the eyes of the
government. In other words, the unit cost of P\Veolaslectricity is much higher than
wind-driven electricity, which is about 2 CNY vess@about 0.5 CNY per Kwh.
Therefore, a larger share of funds to wind capasign obvious outcome.

Therefore, to improve PV fraction could be an dffec solution to solve the
problem concerning PVG shortage in China. Howetiémow it has not become a
feasible one due to the much higher cost of PVdbatectricity.

This led to the PVG dilemma in China: The small&f feaction, the less
investment into solar PV capacity, the less econahgcale in the PV capacity

construction, the less competitive of solar PV gpethus even smaller PV fraction in
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return. We can see the vicious feedback concefihgapacity construction in China

below (Figure 6-7):

PV fractio
+

competitive of PV .
energy vicious feedback available funds

for PV
LR
avg cost of PV PV construction

electricity
\ PV Capac'my:/

Installed

—+

Figure 6-7. Vicious feedback concerning PV capacityonstruction

Therefore, it is important that the government $thdae aware of this vicious
feedback to keep the disastrous loop from work#kgually, this is also an important
aim of this research. Although it is not economicalise, for the time being, to
allocate more money into PV capacity, we still habe government can make the
determination to give support to PVG, which haslilggest potential to thrive in the
future. The development of PVG in some developegnttees, such as Germany,
Japan and the US, is a good illustration of that.

Therefore, it is recommended that the Chinese gowent give support to PVG
in spite of the fact that the cost of it is stilijh compared to other sustainable energy.
Actually, this is supposed to be the differenceMeein government and enterprises in
the way that the former is public oriented while tlatter is benefit oriented. We
believe as the government changes the path depemadrthe vicious feedback as
shown above by improving the PV fraction, the viofeedback can turn into a
virtuous feedback loop.

If that's the case, we can also advise a combmaimicy by increasing PV

fraction to 0.28 and make subsidy percentage 7@¥h 2009 to 2013, 60% from
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2013 to 2017, and 0.5 from 2017 to 2020 as showviigare 6-8.
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Figure 6-8. Combination policy test: PV fraction=025+step(0.3, 2009) and subsidy

percentage =0.7(2009-2013), 0.6(2013-2017), 0.5722020)

IV. Adjustment Time

Adjustment time should be an effective policy pagten based on the sensitivity
test results. But it is a bit special as a polieygmeter, in terms of the fact that the
model is sensitive to it when in equilibrium, btiis not sensitive to it when not in
equilibrium as shown in Figure 6-9. The sensititggt conducted not in equilibrium
shows us that the Capacity Installed does not chah@ll even with the big change

range of adjustment time. Therefore, to reducesafjant time alone might not be an

effective policy to improve the PVG in China.
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Figure 6-9. Sensitivity test (not in equilibrium): AT=0.5~2.5

However, it could be an effective policy in the g@ace of other three policies
discussed above, or two policies, improving PV tiacand subsidy percentage, due
to the somewhat infeasibility of increasing surgearate in China. Figure 6-10 shows
the results of the sensitivity test of adjustmémiet when the PV fraction is 0.31 and

subsidy percentage is 0.7 from the year of 2009.
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Figure 6-10. Sensitivity test (increasing PV fractin and subsidy percentage): AT=0.5~2.5

Therefore, adjustment time is also an effectiveicyolparameter after the
adoption of other two policies, increasing PV fraect and subsidy percentage.
Therefore, it is reasonable to say that the paicycreasing PV fraction and subsidy
percentage is effective when the model has reaithdubttleneck, the constraints of

funds. However, after the bottleneck is brokenrelean be more policy options, such
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as reducing adjustment time.

6.2 Policy robustness test

Now the robustness of the policy options discusdeml/e is tested by subjecting
the model to changes that are out of the hand efgtivernment, construction time
and average life time of PV capacity. In order dosd, the model is run based on three
scenarios of GDP. The first scenario is to assurae@DP growth rate will keep the
same value as 2008 to 2020 (high GDP growth raiteg.second scenario is to set the
growth rate linearly drop to 5% in 2020 (medium G@®wth trend). The value of
GDP growth rate is supposed to be 2% in 2020 irittid scenario (low GDP growth
trend). This is because GDP is an important indegconomic status of a country,
which in this paper, has big impact on the totatamable funds, which eventually

affect the PV Capacity Installed in China.
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Figure 6-11. Sensitivity test under three GDP groth rate scenarios: Life time=18~22

As shown in the sensitivity tests in Figure 6-18 &ngure 6-12, the model is not
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sensitive to the two parameters that are out ofcthr@rol of the government after
adopting the policies discussed above, regardléSsOP scenarios in the future.
Therefore, according to my knowledge, the polices recommend for the

government are robust.
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Figure 6-12. Sensitivity test under three GDP grotin rate scenarios: Construction
time=0.5~2.5

6.3 Conclusion of policy discusstion

To sum up, there are four policy options that dfecéve in terms of achieving
the government’s goals of PVG in China: to increB&& fraction, surcharge rate,
subsidy percentage and to reduce adjustment timmeekker, it might not be feasible
to increase the surcharge rate due to the obstactaghree perspectives.

To increase subsidy percentage could be the masibfe policy since the
government has been trying to implement the politywever, the current subsidy
policy might not be effective enough in order taale the government’s goals. Based

on the model analysis, it is recommended the gowem to increase the subsidy
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percentage to 70%, or make it 80% from 2009 to 26536 from 2013 to 2017, and
50% from 2017 to 2020, then after that grants noensabsidy.

To increase PV fraction could be feasible if thevegoment has the
determination to change the path dependence girdsent vicious feedback loop. If
so, we suggest the government to raise the PMdratt around 0.30 from 2009 or to
adopt the combination policy to increase PV fractio 0.28 and make subsidy
percentage 70% from 2009 to 2013, 60% from 20130tb7, and 0.5 from 2017 to
2020.

Anyway, these three policies proved to be effectideen the PVG in China has
reached its bottleneck, shortage of funds. After libttleneck is broken by adopting
these three policies, one more policy option beawailable, which is to reduce the

adjustment time, i.e. the government adopts mogeeagive policy.

7. Conclusions

Through the experience of model building and sittiaitain the research project,
we gained insights into the major problems of thegygish unfolding of China's
PV-based generating capacity. Based on that, politipns have been developed and

tested on its effectiveness to achieve the goventimmgoals of PVG in 2020.

7.1 Limitations and future work

Model boundary and assumptions determine the limoita of the work. For
example, we have not compare the state energggyrédr alternative new energies,
only focusing on PVG; PV cells and modules manuii@éey capacity is assumed
ample to meet the domestic demand; the averagérife and construction time for
PV-based electricity generating systems with d#feér scales have not been
distinguished.

For the future work, the production sector of PWscand modules could be

introduced to link with the existing cost sectanfahe effect of funds re-allocation to
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the development of other sustainable energies alatidbe concerned. In terms of the
subsidy policy, the major research point could deéntrestigate the level of on-grid

price and its possible effect when implementedhigé scale.

7.2 Major findings and contribution

The research discloses the major problems of thggsh development of
China's PV-based generating capacity. One ofdg¢hsans lies in the funds constrain
on PVG. Because of the high cost of PV generatiegtrcity compared to other
sustainable energy, funds allocation to PVG ishbigtenough to sustain its desired
development. Thus there exists the PV dilemma im&hrhe smaller available PV
funds, the less investment into PVG, the less eogn@f scale in the PVG
construction, the less competitive of PV energystaven smaller PV funds in return.

The other reason is lack of active enterprise itment. There exists the
difference between government and enterprises timezg in the way that the former
is public oriented while the latter is benefit oied. Only when a profitable
mechanism is established, which benefits enterpliipeestment, the PVG in China
can survive by itself. Both of the above reasomssiltan the sluggish development in
China's PVG, which also raise doubts about theilitialof the government's goals in
2020.

The system dynamics model built in the researcicates that the government's
goals on PVG can not be achieved under the cutri@hsubsidy policy. We have put
forward several options that are effective in teoheealizing the government's goals.

Firstly, the government is recommended to adopghlen subsidy percentage or
to increase the subsidy percentage much highéalipiand then decrease it gradually
till no more subsidy is needed, which could beasilele way to encourage enterprise
investment and greatly increase PVG in China.

Secondly, the government could reallocate the fuumdBV by increasing the PV
fraction if the government has the determinationhtange the path dependence of the

present vicious feedback loop, which contributetheorelieve of funds constrain.
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The government can be more aggressive in decidieg amount of PVG
construction when the above two options are aviailab

The research findings are the major concerns ofCthieese government when
the trial subsidy policy has just been implementitdcan be used to guide the

strategic planning.
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Appendix A

A photovoltaic PV generator is the whole assembblgadar cells, connections,
protective parts, supports etc (see Figure A).
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Polysilicon Wafer Solar Call Solar Modula Systems

Figure A. PV industry chain

Since the first silicon solar cell was reportedlB41 with less than 1% energy
conversion efficiency, there have been substantrgrovements in silicon cell
performance, culminating in the 25.0% value rembrite the present paper. Since
1983, key results have been independently measatredcognized testing centers
(Martin A. Green, 1991). Standardization of pasasuements shows there has been
a 57% improvement between confirmed results in 1®888Bthe present result (Martin
A. Green, 2009).

With the impelling of technology improvement anegmessing statute, the cost
of PV module is decreasing gradually from $100/\\.@Y0, $25/W in 1978, $13/W
in 1984 and now around $3-4/W. Polycrystal silitakes the major part of the PV
modular cost. Table A shows the price and valuesddd different production links in

2007.

Table A. 2007 PV Cells Price and value-added at dirent production links

Production links Polycrystal silicon material Wafer Cells Modular
Price/$/Wp 2.05 25 3.05 3.65
Value-added/$/Wp 0.45 0.55 0.60
Percentage/% 56.16 12.33 15.07 16.44

Source: Wang Sicheng (2007)

Appendix B

System dynamics is a methodology for studying andnaging complex
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feedback systems. In fact it has been used to ssigractically every sort of feedback
system. Stock and flows, along with feedback, de two central concepts of
dynamic systems theory (Sterman, 2000). Only thdysbf the whole system as a
feedback system will lead to correct results.

There are several diagramming tools in capturing s$kructure of systems,
including Causal loop diagrams (CLDs) and stock thomd maps. A causal diagram
consists of variables connected by arrows dendhegcausal influences among the
variables. The important feedback loops are alsatitied in the diagram. Variables
are related by causal links, shown by arrows. Eaelsal link is assigned a polarity,
either positive (+) or negative (-) to indicate holme dependent variable changes
when the independent variable changes. The imgdddaps are highlighted by a loop
identifier with shows whether the loop is a postireinforcing) or negative
(counteracting) feedback.

Stocks are accumulations. They characterizattite of the system and generate
the information upon which decisions and actions laased. Stocks give systems
inertia and provide the with memory. Stocks cred#tays by accumulating the
difference between the inflow to a process anditdlow. By decoupling rates of
flow, stocks are the source of disequilibrium dyi@smn system.

All dynamics arise from the interactions of twgpes of feedback loops:
reinforcing loop and counteracting loop. The basmdes of behaviour in dynamic
systems are identified along with the feedbackcstine generating them. These
modes include growth created by positive feedbgokj seeking, created by negative
feedback; and oscillations (including damped oatdhs, limit cycles and chaos)

created by negative feedback with time delays.
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