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Abstract

In China, systemic techno-economic analysis for solar tracker has been ab-
sent. To fill the blank, by taking the economic analysis of solar tracker appli-
cation as the research object and using the LCOE method widely used inter-
nationally, the techno-economic analysis model of solar tracker was estab-
lished according to conditions in China. Influence factors on LCOE were
analyzed by using the established model, and the relationship between each
cost factor and the cost component of energy leveling of tracker was further
studied. In addition, the calculation method of investment payback period
based on energy leveling analysis was established, and the influence of various
factors on investment payback period was revealed through an example cal-
culation. The research results will help to measure the economy of tracker
application more accurately and comprehensively, and promote the popula-
rization and application of solar tracker. The economic analysis model of so-
lar tracker application was established by using LCOE method. The influence
factors and cost component of LCOE were analyzed with the model. The
payback period of solar tracker investment was also analyzed based on LCOE
method.
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Solar Energy, PV Power Generation, Solar Tracker, LCOE, Techno-Economic
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1. Introduction

PV generation can increase the power generation of photovoltaic system by us-
ing tracker, but with capital investment, the cost increases. Whether to use
tracker or not, it is necessary to estimate the cost-effectiveness ratio to ensure

that a project implementation can bring positive benefits.
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At present, energy leveling method, also known as LCOE (Levelized cost of
energy), is widely used to calculate energy costs. The method of LCOE takes into
account all the costs incurred in the life cycle of a power generation system, in-
cluding equipment procurement, installation and commissioning, operation and
maintenance, loan financing, equipment depreciation, land cost, interest rates
and inflation, as well as all the energy output produced in the life cycle. When
calculating, the cost and value of all the time points are converted to the present
value of the starting time.

In order to promote the development of photovoltaic power, the National
Renewable Energy Laboratory of the United States has developed SAM software
to calculate the cost of photovoltaic power plants by LCOE evaluation [1]. War-
ren Nishikawa and other researchers used LCOE method to evaluate the econo-
my of concentrating photovoltaic. The results show that the use of concentrating
photovoltaic is competitive under the conditions of strong solar radiation, li-
mited land area and high ambient temperature when the price of photovoltaic
power is high [2]. Daniel G. Wright et al put forward a method combining fuzzy
mathematics to evaluate the cost of renewable energy projects [3]. M. S. Adara-
mola et al studied the cost of small and medium-sized wind turbines in six dif-
ferent locations in north-central Nigeria by using the LCOE method, and identi-
fied the most suitable locations for wind power development. The study also re-
vealed that changes in operation and maintenance costs and inflation rates have
a significant impact on power generation costs and investment returns [4]. Ri-
chard A. Whisnant et a/. systematically studied the economic analysis method of
photovoltaic power. Based on the present and future values of photovoltaic
power projects, a method for calculating LCOE was proposed [5]. Mevin Chan-
dal et al studied the design of a photovoltaic power generation project for a
garment industrial zone in Jaipur, India. In the scheme, the LCOE method was
used to calculate the electricity price of the power station located in the industri-
al zone and far away from the industrial zone [6]. Kh. S. Karimov et al designed
a small simple tracking system, which consists of three brackets, one of which is
used as the rotating shaft, and the other two brackets are adjustable in length.
The track was installed at a solar irradiance of 800 W/m? (AM 1.5 spectral dis-
tribution), and at temperature of 25°C. The system cost is analyzed and its cost is
equivalent to that of diesel engine power generation. It is suitable for household
use or similar cathodic protection in rural and remote areas [7].

In terms of solar tracker application, J. Vermaak studied the economy of using
solar trackers in South Africa. By comparing with the power generation data of
fixed assembly running for one year, the single-axis and double-axis tracker can
increase the power generation by 33% and 37% respectively in 1 KW system.
However, due to the shadow problem caused by tracker, the area occupied by
tracker is enlarged, and the power generation per unit area is only 15.44% and
22.28% of the fixed installation [8]. I. M. Michaelides compared the performance
and cost-effectiveness ratio of three different types of water heaters in Athens,
Greece, and Nicosia, Cyprus. The results show that the performance of the col-
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lector is the highest. The second is seasonal tracking, and the worst is fixed in-
stallation. However, fixed installation is the best cost-effectiveness ratio, and the
payback period of uniaxial tracker and seasonal tracking is significantly pro-
longed [9]. George Cristian Lazaroiu et a/ compared the daily energy output
performance of fixed and tracking small photovoltaic systems. It was found that
the power output of the photovoltaic system with single-axis tracker increased
significantly in the morning and afternoon compared with that of the fixed in-
stallation system under the condition of considering the tracker energy con-
sumption [10].

Many scholars have done a lot of research on solar trackers. These studies
mainly focused on the design, performance, feasibility or technical and econom-
ic analysis of various solar trackers. There is no systematic technical and eco-
nomic analysis of solar trackers using LCOE method. Regarding the solar tracker
as an energy system, with the LCOE method widely used in the world, the paper
took the economic analysis of the application of solar tracker as research object
and tried to perform its cost-benefit analysis. Investment on solar trackers may
not necessarily increase accumulated gain from a PV plant. It was hoped that the
research results would be helpful to measure the economy of solar trackers more
accurately and comprehensively, and promote the popularization and applica-

tion of solar trackers.

2. Model of LCOE Calculation

The present study is concerned with solar trackers’ techno-economic analysis in
China with LCOE method. In order to make evaluation conform to conditions
in China, many specific factors were considered, including electricity price, in-
vestment per watt for tracker, loan and period, interest rate and inflation rate,
annual operating and maintenance cost, depreciation and period, salvage, value
added tax and additional tax, income tax, land cost, output increase factor with
tracker, annual power output from static PV panel, conversion efficiency atten-
uation rate. The following calculation for the LCOE is the net present value of
total life cycle costs of a project divided by the quantity of energy produced over
the tracking system life [11]:

_ total life cycle cost

~ total life energy production

I(1-7)+O&M+T +B+C-D-S§
E

In Formula (1). Where, all parameters meanings can be seen in nomenclature.

(1

The specific expressions are as follows:

el

L
o&M =y —"— )
n=1 (1+ r)
. n-1
Igi|1-——=
Ng N,
C=3— 5 Q
n=1 (1+ r)
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where, all parameters meanings can be seen in nomenclature.
According to the literature [4],
po g (11)
l+e,

L aW,P, (1-i )"
Tin = Za - W( nW) _O&M_C_D_Tva _TL iinc (12)
n=1 (1+ r)
When calculating Formula (12), Formulas (2)-(4), (8)-(11) are introduced in-
to Formula (12).

3. Analysis of Main Influencing Factors of Tracker LCOE

Before you begin to format your paper, first write and save the content as a sep-
arate text file. Keep your text and graphic files separate until after the text has
been formatted and styled. Do not use hard tabs, and limit use of hard returns to
only one return at the end of a paragraph. Do not add any kind of pagination
anywhere in the paper. Do not number text heads—the template will do that for
you.

The model described above seems very complex and involves so many para-
meters. In order to discuss the extent of parameters’ impact on LCOE, a set of
typical parameters were used to show exact relationships between LCOE value
and parameters. All selected parameters are based on conditions in China, such
as price regulated by government, tax reduction or exemption, solar resource,
land cost, attainable technical level. Except those stated in diagrams, parameter
values are shown in Table 1. A group of curves are shown from Figure 1 to
Figure 2.

In Figure 1 and Figure 2, vertical axis represents LCOE, horizontal axis has

different meanings for different curves. Meanings for curves were shown in
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Figure 1. Relationship 1 between solar tracker’s LCOE and impact factors.

Table 1. Parameters used in calculation.

Parameters symbol values
P, 0.4 ¥/(kWh)
R 1¥/(m?a)
S 0.01 m¥W
B 30%

i 6%

& 3%

I 1.5 ¥/W
£ 1%
W, 1.5 kWh/a
i, 1%
i 6.89%
i 25%
a 20%
n 70%
N, 5a

L 25a

4 0.05
N, 10a

Note: 1. P, value from government price regulation for first class PV energy area in China. 2. W} is based on
1500 hours guaranteed in China’s first class area. 3. /1w is based on government tax regulation. 4. s is 0 for
first 3 years and 12.5% for second 3 years, 25% for other time.
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Figure 2. Relationship 2 between solar tracker’s LCOE and impact factors.

diagram with different legends. Two diagrams have same scope of vertical axis.
The order of horizontal coordinates for Figure 1 is smaller than that in Figure 2,
so curves were drawn in 2 diagrams to avoid too congested to distinguish. When
calculating a curve, the values of other parameters remain unchanged.

In Figure 1 and Figure 2, steeper curve means bigger impact on LCOE. The
steepest curve is percent of investment for O & M cost. It is obvious to see in
Figure 1 that LCOE will change sharply when there is a very small change of
Percent of investment for O & M cost, so we can say Percent of investment for O
& M cost is the most sensitive factor affecting LCOE. O & M cost includes
maintenance cost and downtime loss of production. Hence to decrease LCOE,
solar tracker must have very good reliability. Solar tracker with high breakdown
rate will inevitably lead to loss of economic competitiveness. Lower Percent of
investment for O & M cost requires that solar tracker not only has lower price
but also has higher reliability, and this reveals the technical difficulties and de-
velopment direction of tracker for photovoltaic power plants.

The power generation gain curve in Figure 1 shows that the power generation
gain or percentage brought by tracker increases with tracking accuracy, and the
LCOE value of tracker decreases rapidly. The power generation gain curve also
shows that the LCOE value decreases slowly when the power generation gain
reaches a certain value. Curve characteristics reflect that only when tracker has a
certain tracker accuracy, the installation of tracker can bring positive benefits.
On the other hand, it also shows the economic rationality of uniaxial tracker,
that is, low cost uniaxial tracker, which is also worthwhile when the percentage
of generation gain reaches a certain value. Bi-axis tracker has high accuracy and
large power generation gain, but the cost will obviously increase, and the relia-
bility will be reduced due to the complexity of system. Combining with the rela-
tionship curve of tracker investment per watt and LCOE in Figure 2, we can see
that LCOE increases with unit investment. If the cost cannot be reasonably con-
trolled at a certain level or the cost is too high, blind pursuit of two-axis tracker

does not necessarily have economic competitiveness.
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Enterprise investment generally does not use its own capital completely. It will
generate borrowing costs by borrowing from banks. The cost of borrowing is re-
lated to interest rates and inflation rates. As can be clearly seen from Figure 1,
the LCOE value of tracker increases with the increase of interest rate and de-
creases with the increase of inflation rate. Therefore, it is very advantageous to
seek funds with low interest rates as much as possible. When the inflation rate is
high, the interest rate is appropriate. Appropriate loan financing is beneficial,
which can reduce the LCOE value of tracker.

The curve of VAT and additional tax in Figure 1 shows their impact on
LCOE. The income tax curve shows the impact of income tax on LCOE. By
comparison we can see that the impact of income tax is less than that of VAT
and additional tax. As can be seen from Figure 1, the LCOE value of tracker in-
creases with the increase of tax rate. When the tax rate is high, it will lead to the
deterioration of the economy of using trackers. Figure 1 also shows that for so-
lar tracker applications, lower tax rate is conducive to the economic improve-
ment of project, but also conducive to the application and promotion of related
technical equipment.

The initial fixed installed power generation of photovoltaic modules reflects
the photoelectric conversion performance of panels and regional solar energy
resources to a certain extent. From the curve of LCOE and initial fixed power
generation of the modules in Figure 2, it can be seen that the value of LCOE de-
creases rapidly with the increase of the power generation capacity of the panels.
Installation of solar trackers is not economical if the power generation capacity
of photovoltaic panels is too low. If the power generation capacity of the solar
panel is high, the LCOE value can be reduced, which indicates that in a region
rich in solar energy resources, it is more economical to install solar trackers with
high performance solar panels.

Figure 2 also illustrates the relationship between the LCOE value of tracker
and the direct investment cost allocated to tracker per watt. The LCOE value of
tracker increases rapidly with the increase of unit cost per watt. But when the
cost of tracker is reduced to zero, the LCOE value of tracker is not zero. The
reason for this phenomenon is that the LCOE value of tracker is related not only
to the investment cost of tracker, but also to the maintenance cost, tax cost and
land cost. The cost curve in Figure 2 shows that reducing the cost of tracker is
the most direct and effective way to ensure the economy of tracker while ensur-
ing its reliability. In order to reduce the cost per watt of tracker, a new structure
design can be used to reduce the cost. It can also consider increasing the com-
ponent load of a single tracker to reduce the cost. Given the electricity price giv-
en in this paper, the cost per watt of some tracker products on the market has
reached 8 - 10 ¥, which is not economical.

The land price curve in Figure 2 shows that land price also has an impact on
the economy of tracker. When land price rises, the LCOE value of tracker rises.
If land price reaches a certain level, the LCOE value may exceed the electricity

price. At this time, the profit of tracker is negative, which is not worth the loss.
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From another point of view, it also shows that if the land is desert or idle land
that can’t be used, the price is lower, the economy of using tracker is better.

As can be seen from Figure 2, the relationship between the LCOE value of
tracker and electricity price. With the rise of electricity price, LCOE value also
increases. The reason is that when electricity price rises, the revenue from elec-
tricity sales increases and the related taxes and fees paid increase. However, the
LCOE value growth is limited within the range where electricity price may be
valued.

Under given conditions in Table 1, according to the degree of influence, the
factors leading to the increase of LCOE are tracker operation and Percent of in-
vestment for O & M cost, direct investment per watt, loan interest rate, income
tax rate, value-added tax and additional tax rate, land price and electricity price.
Percent of investment for O & M cost is the most sensitive factor, which may
determine the success or failure of a project.

Under given conditions in Table 1, according to the degree of impact, the
factors leading to the decrease of LCOE of tracker are: the power generation gain
after tracker is installed, the initial fixed installed power generation of the pho-
tovoltaic module, and the inflation rate.

4. LCOE Component Analysis of Solar Tracker

The factors affecting the LCOE of tracker were analyzed above. The factors that
constitute the LCOE vary in degree. The proportion of each cost in the LCOE
was shown in Figure 3. Unless otherwise given in the figure, values was given in
Table 1. LCOE of solar tracker mainly includes capital cost, maintenance cost,
VAT and additional tax, income tax and land cost. Among them, the capital cost
is the discounted value of the total input of tracker after deducting depreciation
fees and residual value.

In Figure 3, when tracker unit investment is high, the largest proportion of

tracker LCOE is capital cost, or investment cost. Reducing the cost of design,

100
o ap |- [_] Proportion of capital cost
~ Proportion of O&M cost
s0 F I Proportion of VAT and additional tax
[ Proportion of income tax
70 F [ Proportion of land cost
60

Cost proportion of LCOE components

™ o~
g &
<
~ o
. —
<
—
(o3}
Ld
0.5 1.5 255

Tracker investment per watt C¥/W)

Figure 3. LCOE component at different investment per watt.
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manufacture and installation of tracker can effectively reduce the LCOE cost of
tracker. This can take into account the standardization, modularization of track-
ers, and the general design of components, so as to reduce the cost of design,
manufacturing and installation. Universal design of spare parts is also conducive
to reducing maintenance costs.

Combining with Figure 3 and Figure 4, it can be seen that the maintenance
cost of tracker lifetime is equal to the cost of capital under the given Percent of
investment for O & M cost in Table 1. If the Percent of investment for O & M
cost rises slightly, the proportion of maintenance cost will also increase. There-
fore, it is very important to control the LCOE value by improving its reliability,
reducing failure rate, reducing maintenance time and increasing fault interval.
From field experience, it is reliability that affects the use of domestic trackers.
Because of the existence of motor, reducer, control system and protection sys-
tem, the structure of tracker is more complex than that of fixed battery plate, and
there are moving parts, so the probability of failure increases. In addition, the
coupling of tracker and photovoltaic system may cause new faults.

Figure 5 shows that the impact of VAT and additional tax on LCOE of tracker
is second only to the impact of investment cost and maintenance cost of tracker.
The data in the figure take into account the reduction of VAT by half. If there is
no tax reduction measures, the impact will certainly increase. This also shows
that in order to encourage the development of photovoltaic power, it is benefi-
cial to adopt tax reduction or tax concessions.

The impact of the tax shown in Figure 6 on LCOE values of tracker is rela-
tively small under the current “three years exemptions, three years halves” policy
which was noted as item 3 in notes of Table 1.

Land price, including land tax or land rent, also has an effect on the economy
of tracker, but it has little effect under the condition of setting low land price.
Combining with Figure 7, we can see that the impact of land cost increases ra-
pidly with the increase of land price.

100

Proportion of capital cost

=0 B Proportion of O&M cost

0 F ! Proportion of VAT and additional tax
Proportion of income tax

70 Proportion of land cost

60

50

40

™D~
S
% &

30

20

Cost proportion of LCOE components (%)

Percent of investment for O&M cost (%)

Figure 4. LCOE component at different O & M rates.
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Figure 5. LCOE component at different VAT and additional tax rate.
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Figure 6. LCOE component at different income tax rate.
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5. Calculating the Payback Period of Investment Based on
LCOE

For projects using trackers, investors are concerned about the payback period.
Therefore, the LCOE-based method was used to calculate the payback period of
tracker’s investment cost. The method of calculating the payback period of in-
vestment is to determine how many years it will take for the sales revenue to ex-
actly equal or exceed tracker cost in the calculation period. The payback period

should satisfy the following formulas:

NZI aW, (1-i,)"" P,
n=1 (1—r)n
N, N, N, N, N,
>1(1-n)+> 0&M, +> T, +> B +>.C,-> D, -S
=1 =1 n=1 n=1 =1

where N, is the payback period of investment, other symbols meaning can be

(13)

seen in nomenclature. Symbol with subscript n represents the present value of
the nth year.

The left side of the formula represents the electricity sales revenue over a pe-
riod of time. The payback period calculated by Formula (13) is shown in Table
2. Each data given in Table 2 corresponds to the data required for the calculated
payback period as shown in Table 1.

Table 2. Results of payback period calculation.

Cost item values Payback period/a
2.5 ¥W 10
Investment per watt 1.5 ¥/W 8
0.5 ¥/W 3
5% 13
Percent of investment for O & M cost 2.5% 9
1% 8
8% 9
Interest rate 5% 7
2% 7
6% 7
Inflation rate 3% 8
1% 8
0 7
VAT and Additional tax 6.89% 8
15% 8
0 8
Income tax 12.5% 8
25% 8
10 ¥/m?/a 9
Land price 5 ¥/m’/a 8
1¥/m%a 8
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From Table 2, we can see that the payback period of tracker is the most sensi-
tive to unit investment, and the percent of investment for O & M cost is also
more sensitive. In the low Percent of investment for O & M cost stage, the im-
pact on the investment payback period is not obvious, but when the percent of
investment for O & M cost is higher, the payback period of the investment be-
comes longer quickly. This is because the payback period is not only affected by
maintenance cost, but also by investment funds, tax and land cost. The influence
of other factors is relatively small. Interest rate and inflation rate mainly affect
the payback period by affecting the cost of investment funds. The payback pe-
riod increases with the increase of interest rate. Higher inflation will shorten the
payback period. Under the current tax conditions, the payback period increases
slightly with the increase of value added tax and additional tax rates. The income
tax rate has no obvious effect on the payback period of investment under the
current policy. The cost of land rises from 1 ¥/m? to 10 ¥/m?, and the payback
period of investment is extended from 8 years to 9 years. Land cost has influence
but not significant.

From the data in Table 2, it can be concluded that if solar tracker is to be used
in domestic first class solar energy resource areas, tracker must be low cost and
have high reliability. At the same time, we should make the best use of low-cost

land and low-interest funds and get preferential tax revenue.

6. Conclusions

The economic analysis model of solar tracker application was established by us-
ing LCOE method. The influencing factors and cost component of LCOE were
analyzed with the model. The payback period of solar tracker investment was
also analyzed based on LCOE method.

The impact factors on the rising of LCOE with importance value from big to
small are tracker maintenance rate, direct investment per watt, loan interest rate,
income tax rate, value-added tax and additional tax rate, land price and sales
price. Maintenance rate is the most sensitive factor, which may determine the
success or failure of PV project.

According to the degree of impact, the factors leading to the reduction of the
LCOE of tracker are: the power generation gain after the installation of tracker,
the initial fixed installed power generation of photovoltaic module, and the in-
flation rate.

Among costs of LCOE, under given conditions, capital cost and maintenance
cost account for the main part, followed by tax cost and land cost.

According to the calculation method of LCOE’s investment payback period,
the unit investment of tracker has the greatest impact on the investment payback
period, followed by the Percent of investment for O & M cost of tracker, which
also has a great impact on the investment payback period. Especially in the case
of poor reliability of equipment, the increase of maintenance cost will greatly
prolong the period of investment payback. Other cost factors have relatively

small impact.
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Nomenclature or Abbreviations

B: present value of loan reimbursement (¥/W)

C present value of loan interest Cost (¥/W)

D: present value of depreciation (¥/W)

E: present value of increased power output with solar tracker (kWh/W)
e, : inflation rate (%)

I tracker investment per watt (¥/W)

iy : the sum of VAT rate and additional tax rate (%)

i, : attenuation rate of conversion efficiency of PV panel (%/a)

I interest rate (%)

LCOE: levelized cost of energy (¥/kWh)

L: solar tracker’s lifetime (a)

Nj : period of loan (a)

N, : period of depreciation (a)

O & M: present value of operating and maintenance cost per watt (¥/W)
PV: photovoltaic

P, : the price of PV electricity (¥/kWh)

P, :land price(¥/m?)

r. real discount rate (%)

& present value of salvage (¥/W)

S, : land area per watt of fixed PV panel (m*/W)

T: present value of all kinds of tax per watt (¥/W)

T, : value added tax and additional tax (¥/W)

T, : land cost (¥/W)

T,, : income tax cost (¥/W)
VAT: value added tax

W, : initial fixed generation capacity of photovoltaic modules (kWh/a/W)
o : power generation gain with tracker (%)

[ : percent of increased land for PV system with solar trackers (%)

y : salvage factor (salvage fraction of total investment per watt)

€ : percent of investment for O & M cost (%/a)

7 : proportion of Loan in Total Investment of Each Watt
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