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Abstract— Upgraded Metallurgical Grade Silicon (UMG-Si) PV 
modules have failed to make their space in the PV market, which 
was partly to the uncertainty on their in-field performance that 
brings the wide disparity of results published over the years. The 
most-recently developed UMG-Si PV modules have demonstrated 
similar initial degradation and efficiencies under Standard Test 
Conditions (STC) to those obtained with conventional Solar Grade 
Silicon (SoG-Si). Nevertheless, their performance under operating 
conditions other than STC and its impact on the energy production 
are key aspects that has not yet been properly characterized in the 
literature. This paper analyses the in-field performance of a PV 
generator comprised of recently developed UMG-Si modules. This 
performance was compared to that of another PV generator 
comprising standard polysilicon modules. The cells and modules 
of both types of generators were made by the same manufacturer, 
in the same period and on the same production lines, which 
guarantees that performance differences encountered are 
exclusively due to the silicon employed. Contrary to the previous 
experience, this paper reveals that UMG-Si modules do not 
necessarily present a better temperature performance than 
today’s conventional modules. The analyzed UMG-Si modules 
presented 1.6% less efficiency under low irradiance conditions, 
but this different irradiance performance led to an insignificant 
difference (less than 0.5%) in their energy production. No 
significant degradation was measured in both UMG-Si and SoG-
Si modules during the two-year analyzed period, being the final 
energy performance of both types of modules essentially the same. 
These results can be considered as highly representative of the 
current state-of-the-art of UMG Silicon technology. 

Index Terms—In field performance, SoG-Si, UMG-Si 

I. INTRODUCTION

ver the last few years, one of the key objectives of 
photovoltaic technology has been to reduce the 
levelized cost of energy (LCOE), with the focus on the 
materials used and also on the production processes 

employed. With regard to materials, silicon continues to be one 
of the most expensive raw materials used in the manufacture of 
solar cells [1]. The vast majority of present-day PV cells are 
made of polysilicon, obtained either through the well-known 
Siemens process or, to a lesser extent, through the Fluidized 
Bed Reactor (FBR) process. However, for some years now, 
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studies have been looking into the possibility of using silicon 
feedstock that has been purified through metallurgical 
processes, as a far more energy-efficient way of obtaining 
silicon than the Siemens or FBR processes [2]–[5]. This 
alternative method led to what is known as the Upgraded 
Metallurgical Grade Silicon (UMG-Si) Industry, which 
experienced a considerable boom in around 2008. At that time, 
up to 10 different companies were offering this type of material 
on the market, each with its own specific silicon purification 
technology. 

The main disadvantage of upgraded metallurgical grade 
silicon is that the impurity content is higher. The Siemens and 
FBR processes can produce a purity of 9N (99,9999999 %) and 
8N (99,999999 %), respectively, while the purity of the silicon 
produced through metallurgical processes is lower (5N–6N) 
[6]. This could cause the cells made of this material to have a 
lower efficiency than those produced using conventional 
processes. Furthermore, these cells may be subject to increased 
Light Induced Degradation (LID) and Light and elevated 
Temperature Induced Degradation (LeTID), etc. [7]–[17], As a 
result, until a few years ago, the use of UMG-Si silicon was 
only recommended when mixed with high-purity polysilicon 
[3]. However, the surprising advances achieved in the 
purification processes over the years opened the door to the 
manufacture of monocrystalline and polycrystalline cells using 
100% UMG-Si, some of which achieved a peak efficiency of 
21.1% using n-type Czochralski-grown (Cz) wafers and 2x2 
cm2 solar cells [18]–[20]. Some manufacturers took then the 
decision to market PV modules comprising solar cells made 
from such material  [3], [21], [22].  However, metallurgical 
Grade Silicon has failed to make much headway in the PV 
market, partly due to the lack of in-field experience with this 
technology and to the heterogeneous, and sometimes 
contradictory, results on the performance of UMG-Si modules 
published in the available literature including: 

Most of the available studies on the in-field performance of 
UMG-Si modules were published between years 2011 and 
2016, while the analytical procedures used, and the conclusions 
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reached differ widely. For example, in 2014 Yang et al. [23] 
published a study on two PV plants of 330 kW and 10 MW 
respectively, whose modules were entirely made from UMG 
silicon with a purity of 99.9997 %. Based on a comparison 
between the observed and estimated performance, they 
concluded that the yield obtained over the first year was 30% 
less than the expected one and with an initial degradation of 
around 10% and an annual degradation rate of 1.6%/year. But 
these findings differ considerably from those obtained on other 
UMG-Si modules, which showed very similar initial 
degradation and performance to that of standard polysilicon-
based modules [21], [24]. In fact, Odden et al.[25], in a study 
made on a number of low-power plants in Asia and Oceania, 
indicated that the energy performance of the UMG silicon 
modules analyzed even appeared to be higher than that of 
conventional silicon modules during those period of the year 
with higher irradiance levels. As a potential cause, they pointed 
to their better performance in the elevated temperatures 
occurring during these periods. However, the methods of 
analysis used in this study did not allow to quantify what part 
of these differences was due to performance in relation to 
temperature and what part was due to other phenomena such as 
the response to the irradiance received.  

 
The better performance of UMG silicon modules with 

temperature has been reported in most of the available 
publications [24]–[28]. However, contradictory results has been 
found on their performance as a function of the incident 
irradiance level. Thus, in 2014, Chengquan Xiao et al. [28], 
tried to analyze the impact of both irradiance and temperature 
on the performance of single UMG-Si solar cells. This study 
concluded that the performance of the UMG silicon cells was 
slightly higher than that of solar grade silicon cells at high 
temperatures although it was slightly lower at low irradiance 
levels. On the contrary, Ounadjela et al  [29], in his study 
carried out two years earlier on the comparison of the same 
technologies reported a better performance of the UMG silicon 
module at low irradiance levels. It is worth noting that those 
studies analyze single PV cells or compare UMG-Si modules 
with conventional SoG-Si modules made by a different 
manufacturer or even composed of a different cell technology. 
However, the design, the manufacturing process and the 
materials used in the manufacture of the module may also affect 
to the module performance (cell to module losses). Besides, in 
all those studies the energy performances of UMG-Si and SoG-
Si modules were compared in terms of Performance Ratio (PR). 
This index does not allow to evaluate how much of the 
differences in that performance are due to the technology and 
how much are due to the fact that modules are not usually 
operating exactly in the same temperature conditions. 
Furthermore, the use of PR also does not allow to quantify 
separately the influence of irradiance level and the operating 
temperature on the energy production, something that becomes 
necessary in order to extrapolate their performance to any other 
location. 

 
In the recent years, further improvements and optimizations 

in the silicon purification methods have been achieved and new 
results are now available. In 2019, a study was published 
showing the results of a mass production test of solar cells and 
modules made of 100% UMG-Si manufactured on conventional 
production lines [22]. This UMG-Si had a purity of 99.9999 %. 
A considerable number of the wafers produced during this test 
were sent to an independent AL-BSF cell and module 
manufacturer. Their performance was compared to that 
obtained with standard polysilicon wafers produced in the same 
lines and periods. The test results at a cell level showed very 
similar parameter and efficiency values to those obtained with 
the polysilicon. At a module level, only the initial degradation 
of both types of material were thoroughly studied, showing that 
the initial degradation in the modules made with UMG-Si was 
similar to that of those made with polysilicon [30], [31]. Yet 
again, the separate effect of operating temperature and 
irradiance level on their efficiency and energy production were 
not analyzed. 

 
The proper characterization of the energy that current UMG-

Si modules can deliver, compared to conventional SoG-Si 
modules, requires clarifying all those above-mentioned aspects 
that have not yet been fully addressed in the available literature. 
For this reason, this paper shows a detailed analysis on the in-
field performance of two PV generators, one comprising 
modules made from recently developed UMG-Si and the other 
comprising standard polysilicon modules. The same 
manufacturer from the top five main producers in the world, 
made the cells and modules of both materials, in the same 
period and on the same commercial production lines. Thanks to 
the analysis methodology here proposed, this article depicts the 
main differences in performance observed in both generators in 
terms of power and energy delivered in the course of a two-year 
study, quantifying both the influence of temperature and 
irradiance conditions on the said differences. Their initial 
degradation over those two first years of in-field operation has 
also been determined. 

II. EXPERIMENTAL SETUP 

A. Description of installation. 

The experimental setup is comprised by two 2275 Wp 
photovoltaic generators located at a PV plant in the north of 
Spain and the experimental period was from March 2019 to 
February 2021. Both generators are composed by 7 
polycrystalline glass-backsheet PV modules, all manufactured 
identically with the only exception of the material employed in 
the cells manufacture (SoG-Si for one generator an UMG-Si for 
the other). The purity of the UMG-Si feedstock is 99.9999% 
(6N), while the SoG-Si purity can be considered 9N. The cells 
are P-type multi-crystalline Al-BSF. Both generators are 
mounted on a stationary structure with a 30° tilt in relation to 
the horizontal plane, south-oriented and completely shadow-
free, as shown in figure 1. Finally, given that each generator is 
connected to the grid via a 2.5 kW inverter, the generators are 
always able to operate at their maximum power point (MPP).  
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Table (1) shows the rated characteristics of the generators based 
on the datasheet provided by the manufacturer for both SoG-Si 
and UMG-Si modules, where  is the nameplate power of 
PV modules and γ, β, α are, respectively, their temperature 
coefficients of power, voltage and current. The rated values of 
both types of module are the same. 
 

 
Fig. 1. Experimental generators, Spain, latitude 42.104667, longitude 
-1.640611. a) SoG-Si modules and b) UMG-Si modules.                                                 
 

TABLE 1.  
RATED CHARACTERISTIC OF PV GENERATORS 

 

The generators were equipped with a monitoring system to 
measure the DC power at the inverter input, the global 
irradiance on the plane of the generators, , and their 
operating temperature, . This data was stored in a database in 
the form of ten-minute averages. The incident irradiance was 
measured using two crystalline silicon reference modules, 
which were calibrated by an independent organization and the 
generators were mounted on the same structure, the incident 
irradiance can be considered the same  [32]. Thus, the two 
calibrated modules provides redundant measurements and the 
average of such measurements is considered a better reference 
of the incident irradiance on both generators than the single 
value provided by each reference module. The use of reference 
modules instead of pyranometers allows to minimize the 
influence of soiling in the performance characterization, 
assuming that soiling in the reference modules is similar to that 
of the PV generators. 

The measurement of the generator operating temperature is 
subjected to the dispersion that appears on the generator 
surface. This dispersion may be as high as 1°C per meter, 
depending on the existing wind conditions [33]. Thus, in order 
to obtain this operating temperature in an accurate way, three 
Pt100 sensors were mounted on the back of each generator, as 
shown in figure 1. Table 2 shows the accuracy of the equipment 
used.  

 
      

TABLE 2.  
MEASURING EQUIPMENT AND DATA ACCUCARY  

 
B. Environmental and operating conditions 

According with the Köppen-Geiger-Photovoltaic climatic 
classification [34], the modules are in a DH zone, i.e., a 
temperate zone with high irradiation. Table 3 summarizes the 
environmental conditions observed during the two-years 
experiment: daily horizontal irradiation measured with a 
pyranometer, ,  and mean daily ambient temperature, ( ). 
The table also includes the operating conditions observed in the 
generators in terms of effective daily in-plane irradiation,  
and equivalent operating temperature, , . The latter is 
defined as the daily irradiance-weighted average of the 
modules’ temperature. 

 
TABLE 3 

 AMBIENT AND OPERATING CONDITIONS 

 

Figure 2 shows the mean daily values in each month of 
temperature ( ) and irradiation ( 0, ) for the two years 
analyzed. It should be pointed out that the operating 
temperature of both generators was not exactly the same. This 
is due to the fact that each generator was subject to different 
cooling conditions as a result of their different exposures to the 
wind. The generator located further to the west (comprising the 
SoG-Si modules) was more exposed to the predominant winds 
in the area, giving temperature differences of up to 8°C lower 
compared to the UMG-Si generator at certain specific instants 
in time. Some authors [33] already found similar temperature 
differences between the modules of a 12-meter-wide array. The 
different generator operating conditions must be taken into 
account when comparing their performance. Finally, it is also 
worth noting that, during the summer months, the generators 
were exposed to high irradiance levels and temperatures, 
thereby providing sufficient conditions to check for the possible 
appearance of Light and elevated Temperature Induced 
Degradation (LeTID) [35] in the modules. 
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Fig. 2. Ambient and operating conditions in generators (March 2019- 
February 2021) a) Monthly horizontal irradiation b) Monthly average 
ambient temperature c) Incident irradiance distribution and d) Daytime 
modules’ operating temperature distribution for UMG-Si and SoG-Si.  

III. EXPERIMENTAL RESULTS 
The comparison of the performance of the two types of 

material used in the generators is made by means of three main 
aspects: power (or efficiency) initially delivered as a function 
of the operating conditions; degradation in power observed 
over study period and total energy production in the course of 
this period. 

 

A. Initial power delivered as a function of the operating 
conditions 

 
1) Power under Standard Test Conditions (STC) 

Once the modules were installed on the structure, the STC 
power of the whole generators, , were in field 
measured according to the wattmeter procedure described 
in [36]. Likewise, the results of the flash-test performed 
by the manufacturer over the PV modules were also 
available. From those flash-test results, the STC power of 
the whole PV generators, ∑ , were obtained as the 
sum of the flash measurements of each module. Table 4 
shows the results of the initial characterization made on 
the generators. Differences of around 0.8% between flash 
and in-field measurements are observed, which can be due 
to mismatch losses, wire losses and to the unavoidable 
uncertainty associated to the measurements. It can be seen 
that the difference between measured and nameplate STC 
power values is less than 1% in both generators. The 
experimental STC power measured in the UMG-Si 
generator was around a 0.3% higher than the STC power 
of the SoG-Si generator and coincides with the difference 
in their  ∑  values. Such a small difference in STC 
power measurements is of very little significance. 

 
 
 
 

TABLE 4 
 CHARACTERISTICS MEASURED 

 

2) Power at different operating temperatures 
Two PV modules of each type was sent to two 
independent laboratories, which determined their 
experimental power temperature coefficients, γexp. The 
mean values obtained and the estimated uncertainty are 
included in table 4 together with the nameplate value, γN, 
of the conventional SoG-Si modules. It can be seen how 
the mean value of this coefficient is practically the same 
for both types of modules. This appears to differ from 
what is shown by most of the studies currently available 
in scientific literature. Those studies affirm that the 
temperature coefficient of the UMG-Si modules is lower 
than that of the conventional SoG-Si ones, basically as a 
consequence of the lower resistivity of the UMG-Si 
wafers due to the higher doping level. However, Ponce-
Alcántara et. al., in a study published in 2014 [37], 
showed that, depending on the supplier, the resistivity of 
the wafers of both types of material can vary within a 
similar range and that it is possible to find PV cells made 
from SoG-Si with a small temperature coefficient, similar 
to that of cells made from UMG-Si. This appears to be the 
case of the SoG-Si modules analyzed here. Indeed, the 
temperature coefficient of the SoG-Si modules here 
analyzed can be considered as representative of today´s 
SoG-Si modules. Therefore, the change in performance of 
the two generators in other operating temperature than 
standard temperature conditions is also essentially the 
same. 
 

3) Power at different irradiance levels 
Figure 3 shows the relative efficiency (in relation to the 
nameplate value, N) measured for each generator as a 
function of the incident irradiance. To eliminate the effect 
of the operating temperature, this efficiency was 
extrapolated to 25°C using temperature coefficients exp, 
showed in table 4. The points on the graph correspond to 
different moments in a sunny and windless day. The 
operating temperature was extremely similar in both PV 
generators along the whole day. The average values 
obtained for each irradiance interval can be found in table 
5. 
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Fig. 3. Relative efficiency of each generator (at 25°C) as a function of 
the incident irradiance for a sunny and windless day (operating 
conditions were extremely similar and stable in both PV generators).  

 
TABLE 5 

AVERAGE EFFICIENCY FOR EACH IRRADIANCE LEVEL IN 
BOTH GENERATORS  

.  

A slightly lower efficiency (between 1.2 and 1.6% lower) 
was measured in the UMG-Si modules for irradiance levels 
between 100 and 600 W/m2. However, the differences in the 
relative efficiency of both generators are less than 1% for 
irradiance levels higher than 600 W/m². As will be shown in 
subsequent sections, the differences in the efficiency of both 
generators as a function of the irradiance level are of very little 
significance in energy terms for a climate zone like this. 

B. Degradation 
The normal degradation rate of a PV generator is generally 

a small value (between 0.2 and 0.5%/year) (Jordan & Kurtz, 
2013) and PR is an index that varies considerably with the 
operating temperature conditions, making it unsuitable for 
characterizing the degradation of a PV installation over a 
relatively short period. Thus, in this paper the degradation 
suffered by the PV generators over the two first year period 
was estimated using two different procedures: 

 
 

1) Classical decomposition of the monthly PR. 
This commonly used technique [18], [21], [38]–[40] 
consists on dividing the PR time-series into three 
separate components that can be identified as 
seasonal, trend and irregularity. The trend component 
will give the degradation. The classical decomposition 
method is expected to reduce the impact of the 
seasonal variation on the Performance Ratio (PR). 
Figure 4 shows the results of the decomposition of the 
monthly PR (figure 4 (a)) in its trend (figure 4 (b)) and 
its seasonality (Figure 4 (c)). Given the fact that the 
data only cover a two-year study period, the 
irregularity component would show a constant value. 
Therefore, this component has not been included. 

 
Fig. 4. Time series decomposition of the monthly PR for both 
technologies; (a) Original signal; (b) Trend and its linear regression 
line; (c) component of seasonality. *It is not possible to calculate the 
component of irregularity with only 2-year data.  

In the case of the SoG-Si generator, the mean degradation 
estimated by this method would be around 0.2%/year, while it 
would be virtually non-existent for the UMG-Si generator 

2) Evolution of , calculated by linear regression:  
This method uses the evolution of the maximum power 
point of the generator under STC ( ) over the 
analyzed period.  is monthly calculated by means of 
a linear regression [36] from the data collected at ten-
minute intervals, requiring data filtering and post-
processing. The specific filters implemented in this study 
for the monthly calculation of  were those proposed 
in [41]. Figure 5 shows the value of  calculated for 
each month of the period. The degradation is obtained by 
a linear fit of the monthly  values. Yet again, the 
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value calculated for the SoG-Si generator is 0.2%/year 
while it was not possible to measure any degradation for 
the UMG-Si generator. 
 

 
Fig. 5. Monthly reference yield of  and its linear regression line; 
both technologies. a) SoG-Si b) UMG-Si 
 

C. Energy performance over the study period. 
Given the simplicity of its calculation, the Performance 

Ratio (PR) is currently the most-used index to describe the 
energy performance of a PV installation. However, PR 
definition does not include the operating temperature and, as 
said in section 2.2, the operating temperatures of two near 
generators are not exactly the same due to the different cooling 
conditions that originates their exposure to the wind. As this 
index is also unsuitable for an accurate comparison of the 
performance of two PV systems operating under different 
temperature conditions.  

 
An alternative to the traditional PR consists on correcting 

the said index in order to eliminate the temperature influence. 
The resulting new index is equivalent to the PR if cell 
temperature was kept at 25°C, thus named PR25 [38], [42]. The 
use of PR25 makes it possible a better comparison of the energy 
performance of both generators over the study period but 
requires an adequate measurement of the operating 
temperature conditions. Figure 6 shows the monthly PR25 
values obtained during the study period and the differences in 
this index for the two PV generators.  

 
Fig. 6. Monthly values of , differences in the monthly  
values and total difference in the accumulated  over the two-year 
study period 

 

The difference in the accumulated value of PR25 measured 
over the two-year period is only a 0.1%, which gives an idea 
of the extremely similar energy performance of both types of 
materials. It is worth noting that most of the differences in the 
monthly PR25 values are within ± 0.5% around the mean value. 
This provides an indication of the uncertainty associated to the 
relative measurements in both generators. 

 
The small differences in the PR25 values registered in the 

two PV generators can be due to the combined effect of the 
different degradation suffered over the study period and their 
different efficiency as a function of the operating conditions 
( and ). Thus, the insignificant differences measured in the 
degradation of both generators also suggest that the influence 
of their different efficiency under low irradiation conditions is 
of little relevance in energy terms. Indeed, the difference in the 
energy performance of both generators due to their different 
irradiance response can be approximately calculated by 
combining the efficiency values showed in table 5, with the 
incident irradiance distribution represented in figure 2. The 
result of this calculation, for the considered location and study 
period, is that the UMG-Si generator produced around a 0.3% 
less energy than SoG-Si generator due to their different 
irradiance response. Such small value is of the order, or even 
below, of the estimated uncertainty mentioned before. 

IV. CONCLUSION 
The exhaustive analysis conducted over a PV generator made 
of a recently developed UMG-Si and another identical 
generator made of SoG-Si showed an extremely similar energy 
performance of both types of materials, with a difference of 
around 0.1% in their PR25 values during the two-year study 
period.  
 
Regarding the power and efficiency under Standard Test 
Conditions, the UMG-Si modules showed similar initial values 
to those measured on the SoG-Si modules. However, the 
efficiency of the UMG-Si modules in the irradiance range 
between 100 to 500 W/m2 was up to a 1.6% less than the 
efficiency of SoG-Si modules. These differences were of little 
significance terms of energy production for the location 
considered in this paper, since a final difference of less than 
0.5% in their energy production was due to their different 
irradiance performance. 
 
The temperature response measured in both types of modules 
was practically the same, which appear to differ from the results 
published in the available literature. However, it should be 
noted that today´s conventional SoG-Si modules present a 
lower temperature coefficient than those SoG-Si modules 
considered on the studies published some years ago, equaling 
the value of UMG-Si modules temperature coefficient.  
 
The degradation of both types of material over the two-year 
study period was calculated by means of two different 
procedures, which led to exactly the same result: a mean 
degradation of around 0.2%/year could be measured in the 
SoG-Si modules, while no measurable degradation was found 
on UMG-Si modules during the first two years of operation. It 
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is possible to affirm that this type of material did not suffer any 
additional degradation with regard to SoG-Si.  
 
In summary, the in-field energy performance of the analyzed 
polycrystalline UMG-Si modules were essentially the same to 
that of today´s conventional SoG-Si modules. It is worth noting 
that the differences here found on the performance of both 
modules are strictly due to the silicon used on each. The 
influence of cell manufacture and cell-to-module losses can be 
dismissed since both types of cells and modules were made 
exactly in the same way, in the same production lines and by 
the same manufacturer (one of the top five main producers in 
the world). Thus, the results here presented can be considered 
as highly representative of the current state-of-the-art of UMG 
Silicon technology at an industrial level. Several tests have also 
been done in single crystal (monocrystalline) growing using 
100% of the same UMG-Si here analyzed, with good results. 
However, further work is being carried out on this usage and 
such tests have not been brought to mass production yet.  

ACKNOWLEDGMENT 

This work has been supported by the Spanish State Research 
Agency (AEI) and ERDF-EU under grants PID2019-
110816RB-C21 and PID2019-111262RB-I00.  

REFERENCES 
[1] R. P. P. Baliozian, S. Tepner, M. Fischer, J. Trube, S. Herritsch, K. 

Gensowski, F. Clement, S. Nold, “The International Technology 
Roadmap for Photovoltaics and the significance,” 2020, no. 
September, pp. 7–11. 

[2] G. Coletti et al., “Challenges for photovoltaic silicon materials,” Sol. 
Energy Mater. Sol. Cells, vol. 130, pp. 629–633, 2014, doi: 
10.1016/j.solmat.2014.07.045. 

[3] G. Bye and B. Ceccaroli, “Solar Energy Materials & Solar Cells Solar 
grade silicon : Technology status and industrial trends,” vol. 130, pp. 
634–646, 2014. 

[4] P. Wawer, J. Müller, M. Fischer, P. Engelhart, A. Mohr, and K. 
Petter, “Latest trends in development and manufacturing of industrial, 
crystalline silicon solar-cells,” 2011, doi: 
10.1016/j.egypro.2011.06.093. 

[5] S. Pizzini, “Towards solar grade silicon: Challenges and benefits for 
low cost photovoltaics,” Sol. Energy Mater. Sol. Cells, vol. 94, no. 9, 
pp. 1528–1533, 2010, doi: 10.1016/j.solmat.2010.01.016. 

[6] R. Fu, T. L. James, and M. Woodhouse, “Economic measurements of 
polysilicon for the photovoltaic industry: Market competition and 
manufacturing competitiveness,” IEEE J. Photovoltaics, vol. 5, no. 2, 
pp. 515–524, 2015, doi: 10.1109/JPHOTOV.2014.2388076. 

[7] B. C. Chakravarty, B. K. Das, N. K. Arora, P. K. Basu, and J. S. 
Vaishya, “Degradation of solar cells made of upgraded metallurgical 
grade silicon,” vol. 26, pp. 339–343, 1992. 

[8] S. De Wolf, J. Szlufcik, Y. Delannoy, and R. Einhaus, “Solar cells 
from upgraded metallurgical grade ( UMG ) and plasma-purified 
UMG multi- crystalline silicon substrates,” vol. 72, pp. 49–58, 2002. 

[9] K. Petter et al., “Long Term Stability of Solar Modules Made from 
Compensated SoG-Si or UMG-Si Solar Cells,” vol. 8, no. April, pp. 
365–370, 2011, doi: 10.1016/j.egypro.2011.06.151. 

[10] S. Pingel, T. Geipel, Y. Zemen, and J. Berghold, “Initial Degradation 
of Industrial Silicon Solar Cells in Solar Panels,” no. January, 2010, 
doi: 10.4229/25thEUPVSEC2010-4AV.3.20. 

[11] J. Junge, A. Herguth, G. Hahn, D. Kreßner-Kiel, and R. Zierer, 
“Investigation of degradation in solar cells from different mc-Si 
materials,” Energy Procedia, vol. 8, pp. 52–57, 2011, doi: 
10.1016/j.egypro.2011.06.101. 

[12] J. Broisch, J. Schmidt, J. Haunschild, and S. Rein, “UMG n-type Cz-
silicon: Influencing factors of the light-induced degradation and its 
suitability for PV production,” Energy Procedia, vol. 55, pp. 526–
532, 2014, doi: 10.1016/j.egypro.2014.08.019. 

[13] T. Niewelt et al., “Light-induced degradation and regeneration in n-
type silicon,” Energy Procedia, vol. 77, pp. 626–632, 2015, doi: 
10.1016/j.egypro.2015.07.090. 

[14] K. Ounadjela, O. Sidelkheir, C. Jiang, and M. M. Al-jassim, “Light-
Induced Degradation in Upgraded Metallurgical-Grade Silicon Solar 
Cells,” pp. 2739–2743, 2011. 

[15] J. Lindroos and H. Savin, “Solar Energy Materials & Solar Cells 
Review of light-induced degradation in crystalline silicon solar 
cells,” Sol. Energy Mater. Sol. Cells, vol. 147, pp. 115–126, 2016, 
doi: 10.1016/j.solmat.2015.11.047. 

[16] T. Niewelt, J. Sch, W. Warta, S. W. Glunz, and M. C. Schubert, 
“Degradation of Crystalline Silicon Due to Boron – Oxygen Defects,” 
vol. 7, no. 1, pp. 383–398, 2017. 

[17] M. A. Jensen, A. E. Morishige, J. Hofstetter, and D. B. Needleman, 
“Evolution of LeTID Defects in p -Type Multicrystalline Silicon 
During Degradation and Regeneration,” pp. 1–8, 2017. 

[18] P. Zheng et al., “Upgraded metallurgical-grade silicon solar cells with 
efficiency above 20 %,” vol. 122103, pp. 1–6, 2016, doi: 
10.1063/1.4944788. 

[19] F. Rougieux et al., “High efficiency UMG silicon solar cells : impact 
of compensation on cell parameters,” no. December 2015, pp. 725–
734, 2016, doi: 10.1002/pip. 

[20] P. Zheng et al., “21.1% UMG Silicon Solar Cells,” IEEE J. 
Photovoltaics, vol. 7, no. 1, pp. 58–61, 2017, doi: 
10.1109/JPHOTOV.2016.2616192. 

[21] C. Huang, M. Edesess, A. Bensoussan, and K. L. Tsui, “Performance 
analysis of a grid-connected upgraded metallurgical grade silicon 
photovoltaic system,” Energies, vol. 9, no. 5, 2016, doi: 
10.3390/en9050342. 

[22] E. Forniés et al., “Mass production test of solar cells and modules 
made of 100% umg silicon. 20.76% record efficiency,” Energies, vol. 
12, no. 8, 2019, doi: 10.3390/en12081495. 

[23] H. Yang, H. Wang, H. Wang, and P. Á. Degradation, “Experimental 
verification of upgraded metallurgical silicon photovoltaic power 
plant,” pp. 281–285, 2015, doi: 10.1007/s10098-014-0786-8. 

[24] L. R. Esteban Sánchez, José Torreblanca, Ismael Guerrero, Teresa 
Carballo, Vicente Parra, Ramon Ordas, Javier Bullon, Volker 
Hoffmann, Javier Gutiérrez, Salvador Ponce, Enmanuel Boillos, 
“Evaluation of performance of standard and UMG multicrystalline 
silicon modules in outdoor conditions,” 2014, pp. 3657–3660. 

[25] J. O. Odden et al., “Solar Energy Materials & Solar Cells Results on 
performance and ageing of solar modules based on Elkem Solar 
Silicon ( ESS TM ) from installations at various locations,” Sol. Energy 
Mater. Sol. Cells, pp. 1–6, 2014, doi: 10.1016/j.solmat.2014.04.002. 

[26] E. Sánchez et al., “Outdoor monitoring of the energy yield and 
electrical parameters of standard polysilicon based and new umg-Si 
PV modules,” Energy Procedia, vol. 8, no. April, pp. 503–508, 2011, 
doi: 10.1016/j.egypro.2011.06.173. 

[27] N. E. and J. V. F. Tanay, S. Dubois, “Low temperature-coefficient for 
solar cells processed from solar-grade silicon purified by 
metallurgical route,” Prog. Photovoltaics Res. Appl., vol. 20, no. 6, 
pp. 1114–1129, 2012, doi: 10.1002/pip. 

[28] C. Xiao, X. Yu, D. Yang, and D. Que, “Solar Energy Materials & 
Solar Cells Impact of solar irradiance intensity and temperature on 
the performance of compensated crystalline silicon solar cells,” Sol. 
Energy Mater. Sol. Cells, vol. 128, pp. 427–434, 2014, doi: 
10.1016/j.solmat.2014.06.018. 

[29] K. Ounadjela et al., “Superior Low-Light-Level Performance of 
Upgraded Metallurgical- Grade Silicon Modules,” 2012 38th IEEE 
Photovoltaic Specialists Conference, Austin, TX, USA, 2012,pp. 
2359–2361, doi:10.1109/PVSC.2012.6318072. 

[30] R. Sánchez, E.; Torreblanca, J.; Diéguez, J.; Ordás, “Análisis 
comparativo de una instalación fotovoltaica de demostración de la 
tecnología de silicio de grado metalurgiico mejorado (UMG),” In 
Proceedings of the XII. Congreso Iberoamericano de Energía solar, 
Madrid, Spain, 20-22 June 2018; pp.1001-1007. 

[31] D. G. Eduardo Forniés, Carlos del Cañozo, Laura Méndez, Alejandro 
Souto; Antonio Pérez Vásquez, “UMG silicon for solar PV : from 
defects detection to PV module degradation,” Solar Energy, Volumen 
220, 2021, Pages 354-362. 

[32] M. Garcia, L. Marroyo, E. Lorenzo, J. Marcos, and M. Pérez, “Solar 
irradiation and PV module temperature dispersion at a large-scale PV 
plant”, Progress in Photovoltaics: Research and Applications, 23(10), 
1831-1389. https://doi.org/10.1002/pip.2518. 

[33] M. Munoz Escribano, M. Garcia Solano, I. De La Parra Laita, J. 



8 
IEEE JOURNAL OF PHOTOVOLTAICS  
 

Marcos Alvarez, L. Marroyo, and E. Lorenzo Pigueiras, “Module 
temperature dispersion within a large PV array: Observations at the 
amareleja PV plant,” IEEE J. Photovoltaics, 2018, doi: 
10.1109/JPHOTOV.2018.2868005. 

[34] J. Ascencio-vásquez, K. Brecl, and M. Topič, “Methodology of 
Köppen-Geiger-Photovoltaic climate classification and implications 
to worldwide mapping of PV system performance,” vol. 191, no. 
August, pp. 672–685, 2019. 

[35] F. Kersten et al., “A New mc-Si Degradation Effect called LeTID,” 
2015 IEEE 42nd Photovoltaics Specialist Conference (PVSC), New 
Orleans, LA, USA, 2015, pp.1-5, doi:10.1109/PVSC.2015.7355684. 

[36] F. Martínez-Moreno, E. Lorenzo, J. Muñoz, and R. Moretón, “On the 
testing of large PV arrays,” Prog. Photovoltaics Res. Appl., vol. 20, 
no. 1, pp. 100–105, 2012, doi: 10.1002/pip.1102. 

[37] S. Ponce-alcántara, J. Patrick, G. Sánchez, J. Manuel, V. Hoffmann, 
and R. Ordás, “A statistical analysis of the temperature coefficients 
of industrial silicon solar cells,” Energy Procedia, vol. 55, pp. 578–
588, 2014, doi: 10.1016/j.egypro.2014.08.029. 

[38] S. Silvestre, A. Tahri, F. Tahri, S. Benlebna, and A. Chouder, 
“Evaluation of the performance and degradation of crystalline 
silicon-based photovoltaic modules in the Saharan environment,” 
Energy, vol. 152, pp. 57–63, 2018, doi: 
10.1016/j.energy.2018.03.135. 

[39] D. C. Jordan and S. R. Kurtz, “Photovoltaic degradation rates - An 
Analytical Review,” Prog. Photovoltaics Res. Appl., vol. 21, no. 1, 
pp. 12–29, 2013, doi: 10.1002/pip.1182. 

[40] G. Makrides, B. Zinsser, M. Schubert, and G. E. Georghiou, 
“ScienceDirect Performance loss rate of twelve photovoltaic 
technologies under field conditions using statistical techniques,” Sol. 
ENERGY, vol. 103, pp. 28–42, 2014, doi: 
10.1016/j.solener.2014.02.011. 

[41] L. M. M. Muñoz; M. García; I. de la Parra; J. Marcos, “On the 
calculation of the STC power of PV generators by using typical 
monitoring system data,” 2017, vol. 1, no. c, pp. 2422–2425. 

[42] A. Goswami and P. K. Sadhu, “Degradation analysis and the impacts 
on feasibility study of floating solar photovoltaic systems,” Sustain. 
Energy, Grids Networks, vol. 26, p. 100425, 2021, doi: 
10.1016/j.segan.2020.100425. 

 
 

Moises Roberto Guerra received the M.Sc. 
degree in renewable energies management in 
2011 from Don Bosco University, El Salvador, 
Central América. In 2019, he joined the 
INGEPER (Electrical Engineering, Power 
Electronics and Renewable Energies) research 
group of the Public University of Navarra, Spain. 
 
He has worked in commercialization energy, 
aeronautical maintenance and for the last fifteen 

years working at the Don Bosco University as Director of the School 
of Electrical Engineering. He is a professor at the Faculty of 
Engineering teaching courses in Engineering sciences as well as in the 
specialized area of Renewable Energies. At the level of the Central 
American region, he has worked on energy efficiency projects and 
renewable energy applications. 
 
 
 
 
 
 

Íñigo de la Parra Laita B.Sc., M.Sc., and Ph.D. 
degrees in electrical engineering from the Public 
University of Navarre (UPNA), Pamplona, Spain, 
in 2010, 2012, and 2015, respectively. In 2011, he 
joined the Electrical Engineering, Power 
Electronics and Renewable Energy Research 
Group, UPNA, where he is currently an Associate 
Professor with the Department of Electrical, 
Electronic and Communications Engineering. He 
is also the Vice Dean responsible for international 
relations and mobility of the School of Industrial 

& ICT Engineering and a member of the University Senate. He has 
coauthored 13 journal papers, 20 conference contributions, and one 
book chapter. He is also supervising a Ph.D. dissertation. 
 
He has been involved in three public funded projects (two national and 
one European) and nine projects with private companies. He is also the 
Co-Inventor of two patents. His research interests include large 
photovoltaic plant engineering (design, operation, and maintenance), 
and, more recently, their grid integration 
. 

Miguel García Solano received the M.Sc. 
degree in industrial engineering from the 
Public University of Navarra, Pamplona, 
Spain, in 2004, where he also received the 
Ph.D. degree in industrial engineering in 2009. 
In 2011, he joined the INGEPER research 
group of the Public University of Navarra. 
 
He currently works as Associate Professor at 
the Department of Electrical and Electronic 
Engineering of this university. He has been 

involved in several national and international research projects and 
also in many research projects in co-operation with industry. Their 
research interests are centered on large PV plants engineering (design, 
operation, and maintenance) and, more recently, on their grid 
integration. 
 

Julio Pascual, Ph.D. (Pamplona, 1985) 
received the B.Sc., M.Sc. and Ph.D. degrees in 
Electrical Engineering from the Public 
University of Navarre (UPNA), Pamplona, 
Spain, in 2011, 2012 and 2016, respectively. He 
did his last undergraduate year in Windsor, 
Canada, and then did his Final Project in close 
collaboration with the research group 
INGEPER (Electrical Engineering, Power 
Electronics and Renewable Energies) at 

UPNA, regarding flexible multijunction PV modules. In 2011, he was 
hired as a researcher for INGEPER, where he worked mainly on 
Energy Management Strategies for microgrids, which was the central 
topic of his Ph.D. thesis. During this period, he cofounded the student’s 
association for renewable energies APERNA. Afterwards, he 
continued his research activity in INGEPER, focusing on microgrids, 
residential PV systems and PV plants performance analysis. During his 
research period, he has participated in 11 public and 18 private 
research projects; he is author of 9 papers in international journals and 
has contributed to 15 international conferences. During his first stage 
of his research period, he was also a Teaching Assistant until 2017, 
when he became an Assistant Professor at UPNA. 
 
 
 


