
systems (a linear cost relation is assumed). For PV insurance (cinsu), 0.3% of the initial

investment is required to be paid every year.30 With the presented values, the life-

time system cost can be calculated for any PV installation design and module tech-

nology. Thereafter, LCOE can be obtained.

RESULTS

Global Yield Comparison for HSAT and TSAT

Depending on the location, preference to use HSAT or TSAT may vary. Figure 8 pre-

sents the percentage difference in yield between these mounting structures for

monofacial (1) and bifacial (2) modules. We find that TSAT installations are preferred

for higher latitude locations and generate up to 19% more energy, with the excep-

tion of a small belt around the equator. In this belt, HSAT configurations generate up

to 6.7% and 4.4%more yield for monofacial and bifacial installations, respectively. In

subsequent sections, energy yield results for single-axis tracker installations refer to

that of the configuration (HSAT or TSAT) that gives higher energy yield in each

particular location (Figure 8).

Figure 7. Surveyed Cost of Mounting Structure for Fixed-Tilt, Single-Axis, and Dual-Axis Tracker

PV Installations

Figure 8. Performance Comparison between Single-Axis Trackers

Relative difference in energy yield between HSAT and TSAT installations for (A) monofacial systems and (B) bifacial systems. Positive values (green and

red colors) mark locations in which HSAT installations generate higher yield than their TSAT counterparts where the opposite result (negative values) are

marked with blue.
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Energy Yield Analysis

Figure 9A shows the daily average energy yield in kWh/kWp worldwide for monofa-

cial fixed-tilt installations. The following plots (Figures 9B–9F) show the yield differ-

ence of the other installation designs (yother) compared with the monofacial fixed-tilt

reference (ymono;fix):

Dy = yother
.
ymono;fix � 1 (Equation 4)

Figure 9. Worldwide Energy Yield Results

(A) Daily average energy yield for the monofacial fixed-tilt installation. The following plots present the percentage difference between the energy yield

(with respect to monofacial fixed-tilt) for (B) bifacial-fixed, (C) monofacial-1T, (D) bifacial-1T, (E) monofacial-2T, and (F) bifacial-2T. In (G), the average

energy yield difference for the different systems with respect to the monofacial fixed-tilt reference is shown (the presented values are the average from

all the analyzed longitude locations at a particular latitude).
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Figure 9G shows the average yield improvement per latitude for each configura-

tion. All combinations of tracking and bifacial systems improve yield, with improve-

ments of more than 50% possible in very high latitudes. In general, with the same

mounting structure, bifacial configuration outperforms monofacial configuration.

Tracker configurations outperform fixed-tilt configurations significantly, with

dual-axis tracker installations having marginally higher yield than one axis. Howev-

er, bifacial-1T has a slightly better performance than monofacial-2T within a lati-

tude range of G60�, highlighting the advantage of using bifacial tracking in these

regions. On the other hand, monofacial-1T clearly has a large gain from bifacial

fixed-tilt installations.

Overall System Cost

Figure 10A displays the calculated overall PV system cost (CPV) during its lifetime for

a monofacial fixed-tilt installation in USD/Wp, while the other plots show the per-

centage difference on the overall cost of the other installation designs (cother)

compared with the monofacial fixed-tilt reference (cmono;fix):

Dc = cother
�
cmono;fix � 1 (Equation 5)

Figure 10. Worldwide Cost Results

(A) Overall specific system cost in USD/WP during its lifetime for the monofacial-fixed-tilt installation.

(B–F) The following plots present the percentage difference between the overall system cost (with respect to monofacial fixed-tilt) for (B) bifacial-fixed,

(C) monofacial-1T, (D) bifacial-1T, (E) monofacial-2T, and (F) bifacial-2T.
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Figure 10B shows that the overall cost of bifacial-fixed systems is slightly higher than

the one from its monofacial counterpart because of the higher inverter, installation,

and O&M cost, as discussed in Global Techno-Economic Performance Calculation.

All tracker installations feature higher costs than the conventional fixed-tilt installa-

tion due to higher installation and O&M costs (also discussed in Global Techno-Eco-

nomic Performance Calculation). Yet, while one-axis tracker installations typically

incur less than 10% higher system costs, two-axis tracker installations are between

30% and 60% more expensive than conventional monofacial fixed-tilt installations.

These considerably higher system costs for two-axis tracker systems are mainly

due to the high cost of their mounting structure (see Figure 7).

LCOE Analysis

LCOE results are presented in Figure 11. Similar to Figures 9 and 10, we first plot the

calculated LCOE baseline for monofacial fixed-tilt installations in (A), and then in (B)

to (F) we plot the relative LCOE differences for the other systems (LCOEother)

compared with the monofacial fixed-tilt reference (LCOEmono;fix):

DLCOE = LCOEother

�
LCOEmono;fix � 1 (Equation 6)

We find that bifacial installations with single-axis trackers reach the lowest LCOE

almost everywhere (i.e., 93.1% of the total land area), while their monofacial

Figure 11. Worldwide LCOE Results

(A) Estimated LCOE worldwide for monofacial fixed-tilt (m-fixed) installations.

(B–F) The following plots present the percentage difference between the LCOE (with respect to monofacial fixed-tilt) for (B) bifacial-fixed, (C)

monofacial-1T, (D) bifacial-1T, (E) monofacial-2T, and (F) bifacial-2T.
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counterparts achieve the lowest LCOE in only 3.1% of the land area. In addition, bifa-

cial two-axis tracker installations reach the lowest LCOE only for remote areas very

close to the poles, at latitudes beyond 70�, accounting for 3.8% of the total land

area. Furthermore, monofacial single-axis trackers achieve the second lowest

LCOE values for 87.9% of the land area.

On the one hand, these findings are explained by the fact that one-axis tracker sys-

tems generate comparably high yields (Figure 9), while requiring only marginally

higher cost (Figure 10) compared with fixed-tilt installations. On the other hand,

although two-axis tracker systems in general generate the highest yield, their

considerably more expensive mounting structure (see Figures 7 and 10) outweighs

the benefits in energy generation.

In addition, Figure 11 also reveals that, compared with conventional fixed-tilt instal-

lations, bifacial fixed-tilt installations feature higher LCOE values close to the equa-

tor (compare Figures 11A and 11B), whereas tracker installations with bifacial mod-

ules reach, in general, lower LCOE values compared with their monofacial

counterparts (compare Figures 11C–11F).

To highlight the performance improvement of bifacial one-axis trackers with

respect to their monofacial counterparts, the percentage difference on LCOE be-

tween these technologies are shown in Figure 12A (positive values are for the

cases when bifacial-1T systems have a higher LCOE than monofacial-1T). This

figure shows that for most locations of interest, the LCOE from bifacial-1T systems

are typically 0%–6% lower than the ones from their monofacial counterparts. The

comparative advantage from bifacial-1T systems tends to increase when moving

closer to the poles.

Figure 12B shows the percentage difference in LCOE between monofacial-1T and

bifacial fixed-tilt systems (positive values are for the cases when monofacial-1T sys-

tems have a higher LCOE than bifacial fixed-tilt). In general, the tracking properties

frommonofacial-1T systems result in a considerable LCOE reduction compared with

bifacial fixed-tilt systems (reaching values up to 21%). However, only for locations

close to the poles, the properties of bifacial modules to capture light from both sides

becomes more influential and results in lower LCOE values.

Figure 12. LCOE Technology Comparison

LCOE difference between (A) bifacial-1T (b-1T) with respect to monofacial-1T (m-1T) installations, and (B) monofacial-1T with respect to bifacial-fixed

(b-fixed) installations.
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Sensitivity Analyses

While the previous results aimed to provide a comprehensive comparison among

the different configurations worldwide, the assumed weather parameters, module

properties, and cost figures may be different for different projects. Therefore, in

an effort to examine the uncertainty on LCOE due to assumed parameter values,

sensitivity analyses are carried out for the ten countries with the highest accumulated

installed PV capacity till 2018,3 choosing locations with high GHI values. The coun-

tries’ parameters are provided in Table 3.

Monte Carlo

We used Monte Carlo simulation for the sensitivity analysis applying the approach

presented in Chang et al.69 Here, the input parameters (weather, module, and

cost parameters) are assumed to have a two-half-log-normal distribution with me-

dian (m), 10th percentile (YLow), and 90th percentile (YHigh). As indicated in Chang

et al.,69 YLow and YHigh can be considered to be the ones limiting the range after

which it would be surprising to find values beyond it. The median values of the input

parameters are set to the ones defined in Global Techno-Economic Performance

Calculation as these were used in the previous sections. The YLow/YHigh values are

defined in Table 4 with its respective reference. For the other parameters, no trust-

worthy data were obtained to estimate their YLow and YHigh values, therefore, these

are assumed to be 0.95 and 1.05 of m, respectively.

In this analysis, a total of 10,000 random samples were used per variable, and their

respective LCOE were estimated for all system designs. Results are shown in Fig-

ure 13 with box-plots and distribution functions.

Mean LCOEs and standard deviations (SD) from Figure 13 are summarized in Table

5. Considering the results summarized there, we find that the picture about which

system performs best becomes more nuanced.

As found previously, the bifacial-1T design features, in general, the lowest LCOE in

all locations. Yet, monofacial-1T systems achieve LCOEs that are very similar, and fall

within the calculated SDs of bifacial-1T systems. This result is not necessarily an

Table 3. Details on the Selected Countries to Perform the LCOE Sensitivity Analysis

Country’s Accumulated
Installed
PV capacity
till 2018 (GWp)

3

Latitude (�) Longitude (�) Mean Daily
GHI (W/m2)32

China (Zhongba) 176.1 30.5 83.5 260

USA (Yuma) 62.2 32.5 �114.5 238

Japan (Mine) 56.0 35.5 138.5 167

Germany (Dornstetten) 45.4 48.5 8.5 145

India (Kavalanahalli) 32.9 14.5 76.5 239

Italy (San Biagio Platani) 20.1 37.5 13.5 198

UK (Liskeard) 13.0 50.5 �4.5 135

Australia (St. George
Ranges)

11.3 �19.5 124.5 272

France (Meyreuil) 9.0 43.5 5.5 188

South Korea (Uiseong
County)

7.9 36.5 128.5 176
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indication that the LCOEs of both systems are indistinguishable, as many of the

considered parameters would vary similarly for either architecture, but it shows

that advantages based on fixed values should be taken in context. We have marked

in Table 5 all architectures that fall within the minimum range, given calculated SDs.

Considering the distribution of values, finding the system that generates the lowest

LCOE is, in reality, probably more complex than what is shown in Figures 11 and 12.

Exact local conditions need to be taken into account to generate a comprehensive

comparison in each case. Our analysis can help as a starting point by providing a

guideline of which system performs best under ideal conditions, and how much of

an economic advantage can be expected.

Looking at 2T systems, a large spread in calculated LCOE values is observed, which

is mainly due to the large range of values related to the 2T mounting structure costs

(as seen in Figure 7). Results in Figure 13 and Table 5 indicate that, if 2T mounting

structures fall on the lower end within the considered range, or become even

cheaper, 2T tracking systems could become a competitive option.

Region Sensitivity

For this analysis, the values from two key cost parameters, i.e., module andmounting

structure costs, have been modified within a large range of 1%–1,000% (where 100%

corresponds to the original values provided in Global Techno-Economic Perfor-

mance Calculation) to account for a wide range of cost scenarios. The technology

which achieves the lowest LCOE for the locations defined in Table 3 are color coded

and the resulting ‘‘phase diagrams’’ are presented in Figure 14. Note that the plots

are scaled logarithmically.

Table 4. YLow and YHigh Values for Different Parameters of Interest

YLow YHigh

Weather-Related Parameters

GHI, DNI and DHI70 0.95 of reference year 1.05 of reference year

If (Ir)
Note: YLow and YHigh Estimation from Data
Provided
In Validation of Irradiance Calculation
Methodology

0.98 (0.89) of value
obtained from
modeling

1.06 (1.25) of value
obtained from
modeling

Cost of Mounted Structure (from Figure 7)

Fixed-Tilt [USD/Wp] 0.013 0.15

1T [USD/Wp] 0.08 0.25

2T [USD/Wp] 0.28 0.72

Module-Related Parameters for Monofacial (Bifacial) Technologies

Cost [USDcents/Wp]
71

Note: Monofacial/Bifacial Modules Are
Assigned the Same Cost for Simplicity

24 (24) 42 (42)

Module Front Power under STC [Wp] 250 (265) 365 (330)

b [%] �(75) �(93)

Ƴ [%/�C] �0.493 (�0.47) �0.3 (�0.28)

b0 [%] 2 (0.7) 3 (3)

b1 [%/Year] 0.45 (0.25) 0.73 (0.59)

INOCT [�C] 38 (38) 47 (46)

The values of the module performance parameters were obtained by comparing multiple datasheets

from different monocrystalline Si module manufacturers.
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The results show that the lowest cost for bifacial one-axis tracking systems are robust

over a wide range of parameter changes. Mounting structure cost as well as module

cost would have to fall by at least 50% for another configuration, monofacial one-axis

trackers, to become the most economic one in the most competitive region—China.

Figure 13. Monte Carlo Results on LCOE Designs Based on the Selected Mounting Structures for Monofacial and Bifacial Module Installations

The values of the 99th, 75th, 25th, and 1st percentile, as well as the median, are also provided. m, monofacial; b, bifacial.
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In all other regions, costs would need to fall by about one order of magnitude before

another configuration; in most cases bifacial two-axis trackers generate the lowest

LCOE. These results further emphasize the potential of bifacial one-axis tracking sys-

tems to transform the PV market.

DISCUSSION

Based on the findings of this paper, we make the following observations:

(1) The optimum type of one-axis tracking system can be chosen as a function of

geographical location. For locations very close to the equator, the use of

HSAT systems is recommended as they can produce up to 6.7% more energy

for monofacial and 4.4% for bifacial modules than TSAT systems. Meanwhile,

for locations with latitudes above 15� (for monofacial systems) and 10� (for

bifacial systems), our results indicate TSAT systems have energy advantage

that increases with latitude and can reach up to 19%.

(2) With respect to energy yield, Table 6 shows the average ratio in energy gen-

eration of one particular technology (column) divided by the competing archi-

tectures (row) at latitudes within a range of G60�. This table indicates that

going from monofacial to bifacial adds, for the adopted specifications and

models, on average 7% to yield, going from fixed-tilt to 1T adds 26% and

going from fixed-tilt to 2T adds 31%. Furthermore, going from 1T to 2T

adds 4% to average yield. The table also shows that yield gains from bifacial

and tracking tend to be additive, i.e., using bifacial modules improves yield by

its relative advantage (7% here) on top of yield gains through tracking (in our

analysis, 7% on top of 26% results in a total gain of 35%).

(3) The LCOE for bifacial single-axis tracker installations is the lowest for the ma-

jority of the world (93.1% of the analyzed land area), while the monofacial sin-

gle-axis tracker systems achieve the second lowest LCOE in 87.9% of the

analyzed land area. This highlights the advantage of 1T designs as they are

able to generate higher energy production than fixed-tilt systems without

such a high cost as required for 2T systems. Hence, under the current market

situation, 1T systems are cost effective and preferable. The average LCOE ra-

tio of the different considered PV system architectures (column) divided by all

other systems (row) at latitudes within a range ofG60� is presented in Table 7.

Table 5. LCOE Mean (SD) Values Obtained from the Analyzed Locations from Figure 13

Monofacial-Fixed Bifacial-Fixed Monofacial-1T Bifacial-1T Monofacial-2T Bifacial-2T

China (Zhongba) 2.9 G (0.5) 2.8 G (0.4)a 2.4 G (0.4)b 2.4 G (0.4)b 3.1 G (0.7) 3.1 G (0.6)

USA (Yuma) 4.8 G (0.7) 4.5 G (0.6) 4.0 G (0.6)a 3.9 G (0.5)b 4.8 G (0.9) 4.6 G (0.8)

Japan (Mine) 5.0 G (0.7) 4.7 G (0.6)a 4.6 G (0.7)a 4.3 G (0.6)b 5.5 G (1.0) 5.1 G (0.8)

Germany (Dornstetten) 6.9 G (1.0) 6.2 G (0.8)a 6.0 G (0.9)a 5.6 G (0.7)b 7.0 G (1.3) 6.5 G (1.0)

India (Kavalanahalli) 4.8 G (0.9) 4.7 G (0.8)a 4.3 G (0.8)a 4.1 G (0.7)b 5.6 G (1.3) 5.4 G (1.1)

Italy (San Biagio Platani) 5.2 G (0.8) 4.8 G (0.7)a 4.5 G (0.7)a 4.2 G (0.6)b 5.5 G (1.1) 5.2 G (0.9)

UK (Liskeard) 8.4 G (1.2) 7.6 G (0.9)a 7.3 G (1.1)a 6.8 G (0.8)b 8.5 G (1.5) 7.9 G (1.2)

Australia (St. George Ranges) 6.2 G (0.9) 5.9 G (0.7) 5.2 G (0.8)a 5.0 G (0.6)b 5.8 G (1.0) 5.6 G (0.8)a

France (Meyreuil) 5.8 G (0.9) 5.4 G (0.6) 4.9 G (0.8)a 4.7 G (0.6)b 5.6 G (1.0) 5.4 G (0.8)

South Korea (Uiseong County) 5.7 G (0.9) 5.3 G (0.7)a 5.1 G (0.8)a 4.8 G (0.6)b 6.1 G (1.2) 5.7 G (1.0)

The cells with the lowest mean value are with bold font while underline is applied to the ones with mean values which fall under the uncertainty of the bold font

cells.
aCells with mean values that fall under the uncertainty of the cells with the lowest mean value.
bCells with the lowest mean value.
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This table shows a reduction on LCOE (3%) when using bifacial systems with

respect to their monofacial counterparts. With respect to trackers, 1T systems

achieve an average reduction on LCOE of ~14% compared with fixed-tilt sys-

tems while 2T systems increase the LCOE by 8%.

(4) Although the energy generation from dual-axis trackers is the highest, they

produce, in general, the highest LCOE values (except for locations close to

the poles). Currently, the main limitation for these systems is the considerably

high cost of their mounting structure, as shown in Figure 7. For locations

within G60� latitude, on average, the cost of the 2T mounting structures

should be reduced by 60% to achieve the lowest LCOE among all the

analyzed installations. Figure 7 also reveals that, on the one hand, the

mounting structure costs for fixed-tilt and 1T systems have a small spread

as these designs have already reached a high maturity level, and as such,

future cost reductions are not expected to be rapid. On the other hand, the

lower end costs of 2T mounting structures presented in this figure have the

potential to become a viable option in the future. Further research in this topic

is therefore recommended.

(5) The sensitivity analysis based on the Monte Carlo and region sensitivity ap-

proaches show that there is considerable uncertainty within the achievable

LCOEs with respect to system-related parameters. While bifacial 1T systems

emerge, in general, as the best performing option, local conditions can result

in another system design generating lower LCOEs. Our analysis can therefore

provide an overview of how systems compare on a global perspective, but to

find the best performing system in any given location a detailed comparison is

still necessary.

Conclusions

While literature provides research on the yield estimation for different systems, this

work presented the first worldwide study on the cost-competitiveness of PV farms

employing bifacial and monofacial modules with fixed-tilt mounting, single-axis

and dual-axis trackers. The irradiance reaching the module front and rear sides for

the different designs was estimated and validated based on the measured data

from real PV systems and results from the literature. Subsequently, the PV systems’

energy generation during their 25-year lifetime was estimated. The system overall

cost was factored in, and the LCOE was obtained to analyze their cost effectiveness.

The results revealed that bifacial single-axis tracker installations achieved the lowest

LCOE values for 93.1% of the total land area, while monofacial single-axis tracker

Figure 14. Sensitivity Analysis Based on Variations on the Module Cost, i.e., Monofacial and Bifacial Modules, versus Variations on the Mounting

Structure Cost, i.e., Fixed-Tilt, 1T, and 2T

The designs with the lowest LCOE is presented. Module and mounting structure costs set to 100% corresponds to the original values provided in Global

Techno-Economic Performance Calculation. m, monofacial; b, bifacial

Table 6. Average Yield Ratio Matrix (Ratios of Column/Row) for Yield Values at Latitudes within a Range of G60�

Monofacial-Fixed Bifacial-Fixed Monofacial-1T Bifacial-1T Monofacial-2T Bifacial-2T

Monofacial-Fixed 1 1.07 1.26 1.35 1.31 1.40

Bifacial-Fixed 0.94 1 1.18 1.26 1.23 1.31

Monofacial-1T 0.79 0.85 1 1.07 1.04 1.11

Bifacial-1T 0.74 0.79 0.94 1 0.98 1.04

Monofacial-2T 0.76 0.82 0.96 1.03 1 1.07

Bifacial-2T 0.71 0.76 0.90 0.96 0.94 1
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installations reached the second lowest LCOE values for 87.9% of the total land area.

Although dual-axis tracker installations achieved the highest energy production, due

to their current high costs, they only reached the lowest LCOE values for locations

very close to the poles. This reveals that single-axis tracker installations are currently

favorable in most regions of the world as they are advantageous with respect to

fixed-tilt (7%–37% higher energy production within 60� latitude) and dual-axis

tracker installations (8%–29% lower cost).

Sensitivity analyses based on the Monte Carlo and region sensitivity approaches

were also conducted to analyze the variations on LCOE with respect to changes

on the input parameters (weather, module, and cost-related parameters). These an-

alyses show that local conditions can result in other system designs (different to bifa-

cial single-axis tracker installations) generating the lowest LCOE.

Limitations on our approach have also been described for the reader to have a better

understanding of our work, and to properly interpret our results and conclusions.

Because the land cost was neglected in this work, the module row-row distance was

considered to be large enough to avoid the potential shading between neighboring

rows. Nevertheless, projects with significant land cost might arise. Therefore, an

approach to optimize the module row-row distance and module tilt based on the

land cost influence, which has the potential to change the LCOE ranking of the

various PV configurations, will be left for a future study.

This investigation can then be used as a guide to determine the suitable system tech-

nology and configuration for a particular location, which can be extremely important

for PV installation companies and investors.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the Lead Contact, Carlos D. Rodrı́guez-Gallegos (carlos.

rodriguez@nus.edu.sg).

Materials Availability

This study did not generate new unique materials.

Data and Code Availability

The published article includes all worldwide cost-related data generated or analyzed

during this study. There are restrictions to the availability of the main code as it is

property of the Solar Energy Research Institute of Singapore.

Table 7. Average LCOE Ratio Matrix (Ratios of Column/Row) for LCOE Values at Latitudes within a Range of G 60�

Monofacial-Fixed Bifacial-Fixed Monofacial-1T Bifacial-1T Monofacial-2T Bifacial-2T

Monofacial-fixed 1 0.97 0.86 0.84 1.08 1.04

Bifacial-fixed 1.03 1 0.89 0.87 1.11 1.08

Monofacial-1T 1.16 1.12 1 0.97 1.25 1.21

Bifacial-1T 1.19 1.16 1.03 1 1.28 1.24

Monofacial-2T 0.93 0.91 0.81 0.78 1 0.97

Bifacial-2T 0.96 0.93 0.83 0.81 1.03 1
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