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Abstract: This paper assessed the evolution of the performance ratio (PR) of a utility-scale pho-

tovoltaic (PV) installation that operates at subtropical climate conditions. The period of study

encompassed 8 years, and the PR was calculated according to the ICE 61724 standard with a monthly

resolution. A linear mixed effects model (LME) is a suitable tool for analyzing longitudinal data.

Three LME models were assessed to provide the degradation rate. The “null model” evaluates the

general relationship between PR and time with a monthly declination rate (∆PR%) of 0.0391%/month.

The “typology model” considered the relationship between PR and, as covariates, time, Manufacturer,

Technology, and NominalP. Only the ∆PR% related to NominalP was found to be significant, so that,

when the nominal power of a type of PV module used for a PV production unit is increased by

one unit, the ∆PR% of the corresponding unit increases by 0.000897%/month. Finally, the “location

model” took into account the relationship between PR and, as covariates, time, Edge, and LengthSt.

These last two factors were significant, resulting in an increase of 0.0132%/month for a PV unit

located at the edge of the facility and 0.00117%/month and per PV production unit when considering

the length of a street, respectively.

Keywords: solar photovoltaic; performance ratio; PV module degradation; mixed-effect linear modeling

1. Introduction

The study of the reliability and long-term durability of photovoltaic (PV) modules has
a great impact on the energy forecast, the economics of the power plants, and the planning
of the operation and maintenance activities of the PV systems [1–3].

Different performance analyses have been carried out with different technologies,
plant topology, and placements [4–9], wherein the results indicate the PV modules have
provided electric power for more than 20 years. However, errors determining degradation
rates can increase financial risks in the PV sector [10].

In outdoor conditions, to determine how long a PV module or system will last is a
challenge because they are influenced by several issues, such as the local climate, technology,
materials, and manufacturing, as much as the installation conditions themselves [11].

After more than 40 years of field testing, in different world locations, degradation rate
distribution of the PV power plants have reported around 0.5%/year [10,12,13]. Therefore,
this value has been also adopted to consider long-term crystalline silicon PV module
degradation in financial models [14]. Lately, annual degradation rates have been estimated
on PV modules, using modern cell technologies as well as encapsulating techniques,
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which reduced the average degradation rate at 0.4%/year [15], wherein values lower than
0.27%/year can be achieved for crystalline silicon technologies, operating in utility-scale
PV facilities subjected to proper operation and maintenance practices [16].

To perform an analysis of the durability, several parameters are required to evaluate
the degradation, such as the I-V curve evolution [15], color change of the PV panels [17], or
the temperature coefficient variation [18], among other approaches. However, the analysis
of the performance ratio (PR) is one of the most widely used methods [11,19–24], mainly
due to its accuracy and non-dependence of external factors.

Since a single set of degradation measurements based on one measurement are not
representative of the population to estimate true degradation of a PV installation, repeated
measures across several groups are necessary. The analysis of the operation data and
performance through linear mixed effects models (LEMs) is a suitable tool for analyzing
longitudinal data to explain the degradations in PV modules/systems [25]. Even more, it
is reasonable to assume a linear degradation model, although some publications use an
exponential degradation model [26] or classical series decomposition [20]; it is shown that
for a typical starting degradation rate, these models do not differ significantly during the
first 10–15 years [27].

In this paper, the performance of 8 years of a 13 MW installation located in the South of
Tenerife (Canary Islands, Spain) was analyzed. LEM approaches were used to evaluate the
evolution of the PR of the PV production units in which this facility is articulated, and its
degradation rate, considering the effects of technology, manufacturer, and nominal power
of photovoltaic modules used during its installation, as well as the distribution of said PV
units within the facility. The concept of degradation rate is used in this work, wherein
robust estimation of the true degradation in a specific environment was evaluated [28].

2. Materials and Methods

2.1. Description of the Photovoltaic System

The analysis of the PR and its degradation rate was performed in SOLTEN, a 20 MW
utility-scale PV facility located in the south of Tenerife, Canary Islands, in the municipality
of Granadilla (see Figure 1), which was installed and operated by the Instituto Tecnológico y
de Energías Renovables, S.A. (ITER). The Canary Islands are located in the trade wind zone
on the southeastern side of the Azorean anticyclonic system, but also relatively near to the
West Coast of Africa. As a result, the islands have a subtropical climate, characterized by hot
summers and mild winters with infrequent frost. However, due to the island’s orography,
they are also subjected to other climates that have a local effect, called microclimates [29].
Thus, according to the Köppen climate classification [30], the climate where the PV facility
is located is similar to hot arid desert, with high levels of solar irradiation, but, due to its
closeness to the coast, it is also heavily exposed to a salty and humid environment.

The SOLTEN 20 MW PV facility was developed on a plot of land of 217,775.80 m2

between 2006 and 2008 and is made up of 200 PV generation units. Each unit has 100 kW
of nominal power, occupies an area of about 820 m2, and is set up at 10◦ tilt and true North–
South orientation. In all units, the PV modules are clamped to light aluminum structures,
totally modular and removable, being formed of pillars, girders, and beams, mounted over
profiles of galvanized steel, embedded on concrete foundations (see Figure 2).

The PV production units were placed in rows, leaving streets between each row of
plants, both to minimize the impact of shadows and to allow their servicing. Since the
plot of land has a diamond-like shape, each row accommodated a different number of
plants, depending on its location. Following the nomenclature adopted by the SOLTEN
maintenance teams, henceforth the term “street” will be used to refer to both a row of PV
units and the transiting path that lies at the south of each row.

The inverters used in all the PV production units are Teide 100 [31], developed and
manufactured by ITER. Teide 100 is a 100 kW rated, transformer-less inverter, especially
designed for facilitating its operation and maintenance, as well as to contribute to maintain
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the grid through the voltage drop during exceptional conditions, such as voltage dips,
according to the Spanish Grid Codes.

–

“ ”

Figure 1. Geographical location of the SOLTEN PV installation (own elaboration).

–

 

“ ”

Figure 2. Image depicting a typical distribution of PV production units in the SOLTEN PV installation

(own elaboration).

The PV production units are connected to a SCADA (Supervisory Control and Data
Acquisition) system, which monitors the inverters; the security equipment; the energy
meters; and, since 2011, also a weather station located at the facilities that has, among other
sensors, a ISO 9060 spectrally flat Class B pyranometer (CMP6 by Kipp and Zonen), which
was placed, oriented, and tilted as the PV plants. All the acquired data are securely stored
in a database.

As can be seen in Figure 3, SOLTEN 20 MW is divided in two phases: SOLTEN I
(13 MW) and SOLTEN II (7 MW), which differ only in the way in which the energy injected
into the grid is accounted for. Thus, while SOLTEN I is articulated around 130 PV units,
each one serviced by a class B in active energy meter (according to European Directive MID
EN 50470 or class 1 according to IEC-62053-2) that is connected to the low-voltage grid,
SOLTEN II has 70 PV units that are all serviced by one single energy meter instead, which
is connected to the medium voltage grid. Because of this difference, the present study had
to be restricted only to the SOLTEN I phase.

The reason behind this configuration around 100 kW production units has to do
with the kind of business model applied during the promotion and construction of the
facilities, which was conceived in order to make use of the most suitable feed-in tariffs
available at the time [32]. Thus, the installation was articulated as a collective solar farm,
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wherein the PV generation units (the PV modules; the structures; the inverters; and, for
phase I, also the electric meters) were individually purchased by different owners, while
the remaining infrastructure (the transform stations, the high-voltage evacuation lines, the
communications, the security, and the fire control systems, among other services) were
shared by all the owners [33].

Figure 3. Aerial view of the SOLTEN 20 MW PV installation (left) and a diagram highlighting

SOLTEN I (13 MW), as well as its distribution in streets and PV units, as a function of the type of

module installed (right). Own elaboration.

2.2. PV Facilities under Study

As explained above, this study focused on the SOLTEN I phase (13 MW) that, in
total, has 130 PV production units of 100 kW each. In this phase, 81.560 PV modules,
made with mono or polycrystalline cells and provided by four different manufacturers,
ranging from 175 W to 155 W of nominal power, were installed. All the installed modules
with monocrystalline technology were formed by 72 125 × 125 mm cells connected in
series, while the majority of the installed modules that carry polycrystalline cells had
48 156 × 156 mm cells, also associated in series. In both cases, the module fabrication
process applied modern lamination techniques, with encapsulations consisting of solar
glass, interlayer sheets of ethyl vinyl acetate (EVA), and three-layer backing film, made
of two polyvinyl fluoride films (PVF) that sandwich a polyethylene terephthalate (PET)
layer, usually called TPT (tedlar®-polyester-tedlar®). It is important to notice that these
photovoltaic modules were not mixed, that is, each of the 130 PV production units was
installed using a single variety of those that were available. Thus, one way to identify one
PV production unit from another could be by considering the manufacturer of the modules
used for its installation, the type of cells that were used for the modules’ lamination (which
we have referred to as “technology” here), and their corresponding nominal power (see
Table 1).

Moreover, the PV production units were installed in straight rows, placed from east to
west, called streets. The number of units per street varied in order to adapt to the available
plot of land. Thus, another way to identify one PV production unit from another could
be by considering its belonging to a determined street, as much as its particular location
within that street. Regarding this topic, it is important to notice that from street 16 to 19,
the eastern side of each street had PV production units that belong to SOLTEN II and,
therefore, the units belonging to SOLTEN I start somewhere in the middle of these streets
(see Table 2).
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Table 1. Distribution of the modules installed in SOLTEN I, considering manufacturer (SW, KC,

YL, ST, DK/ST, and IT); technology (“m” for monocrystalline and “p” for polycrystalline); nominal

power, number of PV production units installed with these modules; and the total number of modules

installed for each type.

Manufacturer Technology
Nominal

Power (W)
N◦ of PV

Units
N◦ of

Modules
Cell Size

(mm)

SW

m

155 1 684

125 × 125

165 24 15,526

175 40 24,529

p

155 1 684

165 9 5814

175 15 9158

KC

167 7 4522

156 × 156

170 4 2584

175 21 12,938

YL 175 1 648

ST 162 5 3190

DK/ST 175 1 616

IT 170 1 667

Table 2. Number of PV production units per street in SOLTEN I. Note that from street number 16 to

19, there are units that belong to SOLTEN I and SOLTEN II. The former are located on the west side,

and the latter on the east side of each street.

Street # SOLTEN I SOLTEN II Total # of PV Units

1 1 0 1
2 2 0 2
3 3 0 3
4 3 0 3
5 4 0 4
6 5 0 5
7 5 0 5
8 6 0 6
9 7 0 7
10 7 0 7
11 8 0 8
12 15 0 15
13 15 0 15
14 15 0 15
15 12 0 12
16 8 5 13
17 5 4 9
18 5 4 9
19 4 4 8

2.3. Performance Ratio Calculation

The IEC 61724 norm constitutes the European Standard that describes the general
recommendations for performance monitoring and analysis of PV systems [19], both for
grid tied and for isolated forms. Thus, in order to provide information on the energy
efficiency and reliability of a PV installation, the standard defines a performance ratio (PR)
as the quotient of the system’s final yield (Yf) to its reference yield (Yr), and indicates the
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overall effect of losses on the system output due to both array temperature and system
component inefficiencies or failures, including balance of system components.

The PR is defined as

PR =
Yf

Yr
=

(

Eout

P0

)

/

(

Hi

Gi,re f

)

(1)

where the Eout is the net energy output of the entire PV system (AC in kWh); the P0 is the
rated kW (DC in kWp) of the installed PV array; the Hi is the total in-plane irradiation (in
kWh·m−2) during the considered period; and, finally, Gi,ref is the module’s reference plane

of array irradiance (1 kW·m−2), which is the irradiance at which P0 is determined.
Thus, since the available data had monthly resolution, the monthly performance ratio,

PRmonthly, or simply PR henceforth, is the performance ratio, evaluated for a reporting
period of one month.

2.4. Data Filtering

From the available data, which encompasses from January 2012 to December 2019,
8 operation years, the monthly performance ratio (PR) was calculated for the 130 PV
production units, following the formulation indicated in the previous section.

The dataset available from the beginning of 2020 to the present was not considered
in this study due to the arrival of the COVID-19 pandemic on the island, which resulted
in a reduction in energy consumption. Since the electrical system of Tenerife is islanded,
the energy production must be finely tuned to the expected consumption. This important
task is carried out by Red Eléctrica de España [34]. As a consequence of the reduction
in consumption, this institution began to order curtailments to all the island’s energy
producers, which also affected SOLTEN.

From the 130 PV production units initially sampled, described in Tables 1 and 2, and
to study the effect of the manufacturer on the performance ratio evolution, the units of type
ST (5 plants), DK/ST (1 plant), IT (1 plant), and YL (1 plant) were discarded for not having
sufficient representativeness.

Therefore, the number of plants considered in this study was reduced to 122 and
aggregated depending on their module manufacturer, nominal power, and technology, as
shown in Tables 3–5, respectively. Representativeness of each considered variable is shown
in each table.

Table 3. Distribution of the PV production units, considering the manufacturer’s representativeness.

Manufacturer Technology Nominal Power (W) N◦ of PV Units Representativeness

SW

m

155 1

73.77%

165 24

175 40

p

155 1

165 9

175 15

KC

167 7

26.23%170 4

175 21

Outlier and extreme points were analyzed by inspecting the box-and-whisker plots
(see Figure 4). PR values greater than 1 were discarded from the study. The absence of
a comprehensive historical record about the operation and maintenance actions carried
out in the facilities made it impossible to ascertain causes to explain the existence of these
anomalous PR values. In some instances, PR values of 1 and above could be attributed to
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momentary malfunctions on either the electric meters or in the data acquisition and storage
procedures, shifting part of the monthly energy production on a PV production unit onto
the following month.

Table 4. Distribution of the PV production units, considering their nominal power’s representativeness.

Nominal Power (W) Manufacturer Technology N◦ of PV Units Representativeness

155 SW
m 1

1.64%
p 1

165 SW
m 24

27.05%
p 9

167 KC p 7 5.74%

170 KC p 4 3.28%

175
SW

m 40

62.30%p 15

KC p 21

Table 5. Distribution of the PV production units, considering the technology’s representativeness.

Nominal Power (W) Manufacturer Technology N◦ of PV units Representativeness

m

155

SW

1

53.28%165 24

175 40

p

155 SW 1

46.72%

165 SW 9

167

KC

7

170 4

175
21

SW 15

–

with points (◦) and asterisks (*), respectively. Own elaboration.

Δ . The first model, denoted as “ model”, was con-
Δ

noted as “ model”, was devised to evaluate the Δ

’
) installed at each PV production unit. The third model, denoted as “

model”, was conceived to eva Δ

’

Figure 4. Monthly PR of 130 production units over the period January 2012–December 2019 installed

in SOLTEN I. The values that represent potential outliers and extreme outliers are marked with points

(◦) and asterisks (*), respectively. Own elaboration.
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2.5. Performance Loss Rate Evaluation Using Mixed-Effects Linear Models

A random coefficients model (mixed-effects linear model) with random intercept and
slope was applied to monthly PR. Three models were defined to evaluate the PR decline
rate over time, or ∆PR%. The first model, denoted as “null model”, was constructed
to evaluate the ∆PR% when no factors were included. The second model, denoted as
“typology model”, was devised to evaluate the ∆PR% when factors related to the nature
of the modules used in the PV production units were taken into account. To that effect,
three covariates were considered: module manufacturer (Manufacturer), type of cell used in
the modules’ lamination (Technology), and the nominal power of the modules (NominalP)
installed at each PV production unit. The third model, denoted as “location model”, was
conceived to evaluate the ∆PR% when factors related to the situation of the PV production
units, within the facility, were taken into account. Thus, it included two covariates: the edge
effect (Edge), which takes into account whether or not a PV production unit is located at
the facility’s eastern border and, therefore, contemplates the impact of being more exposed
to local conditions, such as the prevailing winds that this area has (see Figure 5), and the
length of the street effect (LengthSt), which evaluates the consequences of having a different
number of PV production units per street within the installation.

Diagram depicting the SOLTEN facility together with the zone considered as the “
area” in terms of direct exposure to the prevailing winds. Own elaboration.

Δ

𝑦𝑖𝑗 𝑖 𝑡𝑖𝑗𝑖 = 1, … ,122 𝑗𝑗 = 1, … , 𝑚𝑖, 𝑚𝑖 ≤ 96
𝑦𝑖𝑗 = 𝑏0,𝑖 + 𝑏1,𝑖  𝑡𝑖𝑗 + 𝜀𝑖𝑗𝑏0𝑖 𝑏1𝑖 𝑖𝜀𝑖𝑗 𝑏0𝑖 = 𝛽0 + 𝑏0,𝑖∗𝑏1𝑖 = 𝛽1 + 𝑏1,𝑖∗

𝛽0 = 𝛾00 + 𝛾01𝑥𝑖1 + ⋯ + 𝛾0𝑘𝑥𝑖𝑘𝛽1 = 𝛾10 + 𝛾11𝑥𝑖1 + ⋯ + 𝛾1𝑘𝑥𝑖𝑘𝑥𝑖𝑘 “ ypology” model: 𝑥𝑖1 = “𝑀𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑟”; 𝑥𝑖2 =“𝑇𝑒𝑐ℎ𝑛𝑜𝑙𝑜𝑔𝑦”; 𝑥𝑖3 = “𝑁𝑜𝑚𝑖𝑛𝑎𝑙𝑃” and “ ocation” model: 𝑥𝑖1 = “𝐸𝑑𝑔𝑒”; 𝑥𝑖2 = “𝐿𝑒𝑛𝑔𝑡ℎ𝑆𝑡”
The “ ” model only (𝑏0, 𝑏1)𝑡~BVN(𝜷, 𝐕)

Figure 5. Diagram depicting the SOLTEN facility together with the zone considered as the “edge

area” in terms of direct exposure to the prevailing winds. Own elaboration.

Evaluation of the principal effects and interactions of these variables over time allowed
to calculate the PR decline rate (∆PR%). For this model, the homoscedasticity was assessed
by visual inspection of a scatterplot of residuals versus fitted values. The assumption of
normality was met, as assessed by the histogram of residuals and by the Kolmogorov test
(p > 0.05).

Performance Ratio Declination Rate Model

Let yij be the measured performance ratio (PR) of plant i at time tij in months, where
i = 1, . . . , 122 denotes number of PV production units and j denotes the considered period
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with j = 1, . . . , mi, where mi ≤ 96, that is, from January 2012 until December 2019. The
linear degradation model is given by

yij = b0,i + b1,i tij + εij (2)

where b0i and b1i denote the intercept and the gradient of the linear model for plant i,
respectively, and εij denotes a random effect, and moreover,

b0i = β0 + b∗0,i

b1i = β1 + b∗1,i

where
β0 = γ00 + γ01xi1 + . . . + γ0kxik

β1 = γ10 + γ11xi1 + . . . + γ1kxik

and xik are the covariates for the “typology” model: xi1 = “Manu f acturer”; xi2 = “Technology”;
xi3 = “NominalP” and “location” model: xi1 = “Edge”; xi2 = “LengthSt”.

The “null” model only assesses the relation between the PR and time.
The intercept and the gradient can be modeled using a bivariate normal distribution,

(b0, b1)
t
∼ BVN(β, V) with mean vector

β = (β0, β1)
t

and covariance matrix

V =

(

σ2
b0

Cov(b0, b1)

Cov(b1, b0) σ2
b1

)

Equation (2) can be written as a linear mixed model:

yij = γ10 + γ11xi1 + . . . + γ1kxik + γ10tij + γ11xi1tij + . . . + γ1kxiktij +
(

b∗0,i + b∗1,itij + εij

)

(3)

The above Equation (3) can be written into matrix form:

Yi = Xiβ + Zib
∗
i + εi (4)

where

Yi =
(

yi 1, . . . , yi mi

)t
; εi =

(

εi 1, . . . , εi mi

)t
; b∗

i =
(

b∗0,i, b∗1,i

)t
;

(

b∗0,i, b∗1,i

)t
∼ BVN(0, V)

εi ∼ MVN
(

0, σ2Ii

)

;

𝜷 = (𝛽 , 𝛽 )
𝐕 = 𝜎 𝐶𝑜𝑣(𝑏 , 𝑏 )𝐶𝑜𝑣(𝑏 , 𝑏 ) 𝜎  

𝑦 = 𝛾 + 𝛾 𝑥 + ⋯ + 𝛾 𝑥 + 𝛾 𝑡 + 𝛾 𝑥 𝑡 + ⋯ + 𝛾 𝑥 𝑡+ 𝑏 ,∗ + 𝑏 ,∗ 𝑡 + 𝜀
𝐘 = 𝐗 𝜷 + 𝐙 𝐛∗ + 𝜺

 𝐘 = 𝑦  , … , 𝑦  ; 𝜺 = 𝜀  , … , 𝜀  ; 𝐛∗ = 𝑏 ,∗ , 𝑏 ,∗ ; 𝑏 ,∗ , 𝑏 ,∗ ~ BVN(𝟎, 𝐕) 𝜀 ~MVN(𝟎, 𝜎 𝐈 ); 𝕧(𝐛∗, 𝜺 ) = 𝟎; 
𝐗 = 𝐙 = 1  𝑡⋮ ⋮1 𝑡   

𝐈 𝑚 𝑚 𝐘𝐗 𝜷 𝚺 = 𝕧(𝐘 ) = 𝐙 𝐕𝐙𝒊𝒕 + 𝜎 𝐈         
Δ

Δ

Δ

(b∗
i , εi) = 0;

Xi = Zi =







1 ti1
...

...
1 ti mi







and Ii is a mi by mi identity matrix. Under this, Yi has a multivariate normal distribu-
tion with mean vector Xiβ and covariance

Σi =

𝜷 = (𝛽 , 𝛽 )
𝐕 = 𝜎 𝐶𝑜𝑣(𝑏 , 𝑏 )𝐶𝑜𝑣(𝑏 , 𝑏 ) 𝜎  

𝑦 = 𝛾 + 𝛾 𝑥 + ⋯ + 𝛾 𝑥 + 𝛾 𝑡 + 𝛾 𝑥 𝑡 + ⋯ + 𝛾 𝑥 𝑡+ 𝑏 ,∗ + 𝑏 ,∗ 𝑡 + 𝜀
𝐘 = 𝐗 𝜷 + 𝐙 𝐛∗ + 𝜺

 𝐘 = 𝑦  , … , 𝑦  ; 𝜺 = 𝜀  , … , 𝜀  ; 𝐛∗ = 𝑏 ,∗ , 𝑏 ,∗ ; 𝑏 ,∗ , 𝑏 ,∗ ~ BVN(𝟎, 𝐕) 𝜀 ~MVN(𝟎, 𝜎 𝐈 ); 𝕧(𝐛∗, 𝜺 ) = 𝟎; 
𝐗 = 𝐙 = 1  𝑡⋮ ⋮1 𝑡   

𝐈 𝑚 𝑚 𝐘𝐗 𝜷 𝚺 = 𝕧(𝐘 ) = 𝐙 𝐕𝐙𝒊𝒕 + 𝜎 𝐈         
Δ

Δ

Δ

(Yi) = ZiVZt
i + σ2Ii (5)

3. Results and Discussion

As can be seen in Table 6, the value obtained for the mean slope of the PR (or ∆PR%)
of the PV production units or the considered period at a monthly resolution, without
considering any factor or covariable (null model), was 0.0391%/month. This is a remarkable
result because, to our knowledge, it has not been reported with such accuracy and with
this level of resolution thus far. Considering yearly intervals instead, the resulting value
of the ∆PR% was 0.4692%/year. This is also relevant because it means that, despite the
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challenging conditions in which the studied PV production units operate, in terms of
exposure to high levels of irradiation and under quite harsh climatic environments, the
obtained ∆PR% per year is slightly lower than 0.5%/year, which is the median value
reported by Jordan and Kurtz after analyzing 2000 degradation rates, available in the
literature, which were measured on individual modules or entire systems [13].

Table 6. ∆PR estimation for the three mixed models: null model without covariates; typology model

with covariates Manufacturer, Technology, and NominalP; and the location model with covariates Edge

and LenghtSt. SE: standard error; 95% CI: 95% confidence interval.

Model Covariates
Estimation

∆PR (month)
SE p-Value 95% CI

Null Time −3.910 × 10−4 1.673 × 10−5 <0.001 −4.230 × 10−4 −3.580 × 10−4

Typology

Time −2.370 × 10−4 6.257 × 10−5 <0.001 −3.600 × 10−4 −1.150 × 10−4

Manufacturer −5.118 × 10−5 4.811 × 10−5 0.287 −1.450 × 10−4 4.312 × 10−5

Technology 1.271 × 10−5 4.204 × 10−5 0.762 −6.968 × 10−5 9.511 × 10−5

NominalP −8.977 × 10−6 3.289 × 10−6 0.006 −1.542 × 10−5 −2.529 × 10−6

Location

Time −3.960 × 10−4 5.130 × 10−5 <0.001 −4.970 × 10−5 −2.960 × 10−4

Edge 1.320 × 10−4 5.062 × 10−5 0.009 3.292 × 10−5 2.310 × 10−4

LengthSt −1.177 × 10−5 3.755 × 10−6 0.002 −1.913 × 10−5 −4.412 × 10−6

When considering the PR of the PV production units, this time by taking into account
the module manufacturer (Manufacturer, in this case two manufacturers: “SW” and “KC”),
the technology (Technology, that is, whether the modules were laminated with monocrys-
talline “m” or polycrystalline “p” cells), and the nominal power (NominalP, ranging from
155 to 175 W) as covariates, that is, the typology model, the results indicate that although
the effect of the manufacturer and technology were not significant, when the nominal
power of a type of PV module used is increased by one unit, the variation of the PR of the
corresponding PV production unit per elapsed month decreases by 0.000897% (see Table 6).

Although this may look like a rather small number, according to this result and by
considering it on an annual basis, its effect adds up so that, throughout the considered
period, a PV production unit that has 175 W modules was, on average, 0.2153%/year below
one who was made with 155 W ones (see Figure 6). In economic terms and by considering
the tariff granted by the regulation in force at the time of completion of the installation [35],
this means that by the year 2019, a PV production unit that has 175 W modules earned, on
average, EUR 11.02/kW less than one that has 155 W.

∆𝑃𝑅
∆𝐏𝐑 (𝐦𝐨𝐧𝐭𝐡)
− −4 −5 − −4 − −4

− −4 −5 − −4 − −4

− −5 −5 − −4 −5

−5 −5 − −5 −5

− −6 −6 − −5 − −6

− −4 −5 − −5 − −4

−4 −5 −5 −4

− −5 −6 − −5 − −6

Δ

Figure 6. Variation of the PR for PV production units made with modules of 155 W to 175 W per

elapsed month. Own elaboration.

Now, taking into account how large the SOLTEN I facility is, where it was placed,
and the way that the PV production units were distributed in it, the location model was



Appl. Sci. 2022, 12, 11306 11 of 14

implemented with the covariates: Edge (to distinguish between PV production units that
were placed at the easternmost border of the facility from those who were not in this
position) and LengthSt (to evaluate the impact of having different number of PV production
units per street). Thus, considering the Edge covariate, it was found that the monthly ∆PR%
of a PV production unit located at the easternmost edge (or border) was 0.0132% higher
than those not located at such position (or no border) (see Table 6).

Moreover, by considering this result on a yearly period, this difference becomes
0.1584% (see Figure 7). Again, in economic terms, this means that, by the year 2019, a PV
production unit located at the easternmost border earned, on average, EUR 8.11/kW less
than one not located at such a position.

Δ Δ

Figure 7. Variation of the PR for a PV production unit located or not placed at the edge per elapsed

month. Own elaboration.

Finally, taking into account the LengthSt covariate, the results indicate that the number
of PV production units per street also influences their ∆PR%. In fact, ∆PR% increases, on
average, by 0.00117% per month for each PV unit that increases the length of the street (see
Table 6 and Figure 8).

Δ Δ

Figure 8. Variation of the PR for PV production units in streets that have 1 to 15 units per elapsed

month. Own elaboration.

As before, this is an effect that also adds up; thus, for instance, a street that has 10 PV
production units was, on average 0.1264%/year above one who has just one PV unit. In
economic terms, this means that, by 2019, having a street with 10 PV production units is
supposed to earn, on average, EUR 6.41/kW less than having one made with only a single
PV unit.

The last two results reflect the effect of exposure to the prevailing winds, which are
the trade winds that blow from the northeast most of the year in this area. On the one hand,
those winds help to transport particles of dust and ambient humidity, which become fixed
mainly to those PV production units who are more exposed (which are the ones located by
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the easternmost border of the installation), contributing to their soiling. On the other hand,
those winds also provide a cooling mechanism to the PV production units that is more
efficient the fewer units there are per street. Thus, a good practice for the operation and
maintenance of these PV production units would be to take special care in cleaning those
that have their east side free of obstacles. In addition, a more convenient way to install new
photovoltaic units in this geographical area would be to locate them in the shortest possible
streets or, if this is not feasible, to group them within the same street, so that there are free
spaces between them.

4. Conclusions

In this work, a study of the monthly declination rate of the PR (or ∆PR%) of a utility-
scale photovoltaic installation that operates in a subtropical climate (located on the south-
east coast of Tenerife, Canary Islands) during a period of 8 years is presented.

Three models were defined. The “null model” directly considers the relationship
between PR and time, which resulted in a ∆PR% of 0.0391%/month. This is a very relevant
result because, to our knowledge, a monthly decline rate of the PR for PV installations has
not been reported in the literature. Moreover, on an annual basis, this figure translates
to 0.4692%/year, which is slightly below the degradation rates reported when analyzing
individual modules or entire PV systems operating elsewhere, despite having the installa-
tion working in considerably harsh conditions, both in terms of irradiation and climatic
exposure. This is an interesting result for energy stakeholders interested in sustainable
energy investments, since it indicates the suitability of establishing these types of facilities
in this kind of environment.

Considering that during the construction of the facilities, modules of different types
were used, the “typology model” studied the relationship between PR and, as covariates,
three factors (Manufacturer, Technology, and NominalP) and time. The results indicated
that only the ∆PR% related to NominalP was significant, so that when the nominal power
of a type of PV module used is increased by one unit, the variation of the PR of the
corresponding PV production unit per elapsed month decreases by 0.000897%. Thus, for
instance, a PV production unit that was built with 175 W modules presents, on average, a
∆PR% 0.2153%/year lower than one that was built with modules of 155 W.

Taking into account the geographical situation of the facility, its size, and the distri-
bution of the PV production units within it, the “location model” considers the relation
between PR and, as covariates, two factors (Edge and LengthSt) and time. The results
indicated that both covariates were significant. Thus, for the Edge one, the variation of the
PR of a PV production unit located at the easternmost edge (or border) per elapsed month
was, on average, 0.0132% larger than for one not located at such position. Again, on an
annual basis, this value translates to 0.1584%/year. The result for the LenthSt covariate
indicated that for each PV unit that increases the length of a street, the variation of the PR
increases, on average, by 0.00117% per elapsed month. As before, this result adds up; thus,
for instance, a street with 10 PV units has, on average, a ∆PR% of 0.1264%/year higher
than a street that has just one unit. These results were related to the exposure to the local
conditions, particularly to the prevailing winds, and suggested ways to improve the PR of
PV production units, both for those that are already in operation and for those that could
be installed in this (or a similar) place in the future.

Finally, the obtained results were translated to economic terms, in order to quantify
their impact so that they could be useful for those stakeholders interested in investing in
this type of sustainable energy.

A future line of research will address the effects of the curtailment orders on the
energy produced, issued by REE. In this line, we will extend the present study beyond
2019 in terms of energy not produced by renewable sources, as well as their economic and
environmental costs, taking into account not only the results presented in this article but
the changes in the energy legislation in the Canary Islands.
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