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Abstract

Several models to predict PModule orcell temperature as a function of the weather have
been developed. This study focuses on rtfmule temperature model proposed byn8@
National Laboratory (SNL) as ihmodel isone of themodels availabldor use withn
NRELO6s System Advisor Mo d e | ( SAM) . Al t hough
model can predicmodule temperature with relatively small errorsthe majority of these

studies analyseBV modules on conventional mounting structures. As the cost of PV modules
decreases, optimising tilt and orientation to maximise energy production is less critical to the
economics of PV projects, while there is increasing interestrray layouts that prioritise

other aspects of array design, such as low cost mounting structures and energy
production that coincides with peak electricity load. It is therefore important to assess the
feasibility ofusingexisting module/cell temperature models, like the SNL mode&AM, to
modelunconventional arrasnountingstructures.

This paper analyses the applicability of the SNL maddelan unconventionaimounting
configuration by solving the empirical parametersf the SNL model to experimental
measurements of modulemperature and wind speed. Tdmalysisis performedor an open
circuited eastwest facing array with the array mounted directly on the mplotihis mounting
configuration was expected result inreducedair flow behind the modulen compaisonto a
standardrack-mouning configuration, resulting ira different temperature responst the
modules forthe samaveather conditiondt wasfound thatfor this mounting structureyind

speed influences the skepf the linear relationship between module temperature and
irradiance. The empirical parametefshe SNL modehreestablisheghoweverthese should

be interpreted as preliminary values, given the limited time period and weather conditions
under which tlk studywas undertakenrhe model tends tonderestima module temperature

at higherambienttemperaturewhich implies that underestimation would occur in summer if
these parameters are used. Nonethelesse#iudts indicate that themperature patterof the
unconventional arragan be predicted with an acceptable error uSB§L 6 s t emper at
model.

1. Introduction

When designing a mounting structure, it is important to understand how it will perform in the
field so that its effect on the energy outpditaoPV array can be estimatelodule/cell
operating temperature is one of the most important factors affecting PV performsitosan
significantly reduce the energy output of a PV systand should therefore be accounted for
when modelling PV perforance with novel mounting structure¥he simplest method
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typically employed to account for temperature effects on PV performance use manufacturer
temperature coefficients for power, voltage and cuy@mominal operating cell temperature
(NOCT). The tanperature coefficients are calculated under standard test conditions
(irradiance = 100 W/nf, air temperature =5C), whilst NOCT is defined as the mean cell
temperature for an open rack mounted module under the standard reference environment
(irradiance= 800W/m?, air temperature =®C, wind speed = 1 m/s)s defined iIHEC61215

(2005. Although both of these methods cprovide a guide to the temperature at which a
module will operate within the field, the actual operating temperature at any particular time
dependson the local climate conditions such as wind speed, irradiance and ambient
temperatureat that point in time Moreover, the type of mountinstructure and module
materialalso has an influencén addition,Muller (2010 points out that NOCT does not take

into account the effect of heat transfer parameters of sky and ground temperature and does not
explain temperature variationlaging to climateor atypical mounting configurationg& more
comprehensive model, that is a function of meteorological factord the mounting
configuration should ideally be used to improve the estimation of module temperature.

Several models to predict RXodule orcell temperature as a function of the weathaydule
materialand the mounting configuratidrave been develope®ne such model ihé Sandia
National Laboratory$NL) moduletemperature modethich defines module temperature as

a function of plane of array irradiance (POA), ambient temperature, sprdd and two
model coefficientsg andb) which are dependent on the module construction and materials as
well as the mounting configuration of the modylkeing et al., 2004 The pre-defined
parameter®f the SNL modelare limited totwo conventional mounting structurespenrack

and close roof mount (or insulated bgckhd two module materials/constructidypes:
glass/cell/glass and glass/cell/polymer shédiese pralefined parametersnay not be
suitableto predictmoduletemperatursof atypical mounting configurations

The objectives of this study are to evaluate and analyse the temperature performance of a
atypicalmounting structure, with a particular focus on how module temperatures are affected
by irradiance and wind speed. To undertake this assessment, measured module temperatures
from an experimental setup are compared to estimates of module temperatures using the
NOCT and Sandia Nation Laboratory (SNL) module temperature models. As part of this
study, the empirical parameters of the module temperature model proposed by Sandia
National Laboratory (SNL)(a and b), will be calculated for the atypical mounting
configuration assessed in this study. Further, difteerencesbetween the modelled and
measurd moduletemperaturswill be discussed.

The experimental arraig an easivest facing array mounted negmound level Figure 1),
wherethe gap at each ridge of the array is small and suspected to result in less ventilation
compaed to the conventional rack mounting structdree array is open circuited in order to
eliminate the problem of nemniform temperature distribution due to the #wmogeneities

within the modules, as no power is being dissipated at open ciiidugt. SNL module
temperature modeas one of theavailablemodule/cell temperature models availafide use

withih NRELOGs System Ady amsapen sadrcednewablel eBekgyl system
modeling tool, which has an option fouserdefined value®f the SNL model coefficienia

andb.
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Figure 1. A model ofthe new mounting Figure 2. The site
structure array

2. Methodology

2.1. Descriptionof unconventional array

Thearrayis located at 33.98, 150.96E in south Sydneyandconsists of 24 modules, with 8
rows and 3 modules per rowFigure 2. The moduls used in the arrayare 300W
polycrystalline silicorfrom Jinko(JKM300RA) with glass cover and back polymer sheet. All
modules are left opedircuited for the purposes of this experimenthe location is a
relatively unused industrial siteandis surrounded by ridges on the east and south. The
prototypewas constratedsuch that there is no nearby shading at any time of the day

2.2.  Monitoring system

The monitoring systenatilises anArduino Uno data logggFuentes et al., 20)4This device
is a terminal hub for alneasuremengensors includinghe moduletemperaturesensors and
the pyranometer. The pyrantter measureglobal horizontal irradiancevhich is then
translatel to POA irradiancauitilising thePerezrradiance transposition mod@Topper et al.,
2013. The data is collected every 10 minutes dd@rconnectionsFive temperature probes
are attached to the centre back of west facing modules at different positions sHeigurén
3. This experiment uses DS18B20 digital temperature sersmisa first class amplified
pyranometer Middleton Solar SK@B The ambient temperature sensor is the same model as
the ona attached to the modwdand it is placed in a radiaticshield to prevent the influence
of heat from radiation andhe cooling effect of wind. The mounting of the ambient
temperature sensor is installed 1 m above the ground.

w1 E1 w2 E2 w3 E3 W4 E4
1 w3_1
2| wi2 w3 2 w4 2 N
3 w3 3 T
1 2 3 4 5 6 7 8
W = West facing module E = East facing module

Figure 3. The layout of temperature sensor positions
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2.3. Data Collection

The monitoing system was setp in July 2015 anthe data analysed in this experiment was
collected ove2 months from August to September 2015. Due to the absencesaeamind
speed measurement, the wisygeeddata used for this experiment is obtained fromeaby
BOM weather station at Holsworthy airpg8tation ID: 066161yvhich is located 4 km away
from the site Wind speed is being scaled from the weather to thebgiteq 1(Burton et al.,
201D,

In ()

w(2) = ulzyer) —zier; Eq1
wherezis the interested height (0B is the reference height at the original location that data
is measured (M) is the surface roughness (aMdu(x) is the wind speed according to the
height atx metres

Within the data set, there are periods agsmg daa from intervals of 10 minutes up to
several weeks. The short term misstiega(less than 2 hoursyasusuallydue toa misssent
signak and this data was estimated using linear interpolafitve data missing fotonger
terms was due talata logger brdaownfor up to 2 to 3 weeks before the devigasfixed.
Datafrom thesetime periods weremitted

3. Data Evaluation

The frequency histogram of averagaeasurednodule temperatures across the arigyre
4), whenthe POA irradiace is more than 200 Wfrshows that most afverage temperatures
(52%) fall within the range of 3°C to 50C, with a maximumof 54°C anda minimum of
13.2C recorded The data corresponding to irradiance below 200 Mimre excludedto
excludenight timetemperatureand the period of sunrise and sunsberethe moduls start
to gain and lose heakigure 5 shows the same dafdotted as the difference between the
module temperature and the ambient temperafline. maximumdifference between the
average array teperature and the ambient temgara is 30.3C but differencdies between
25°C t030.3C for most of the timgFigure5).
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_ _ Figure 5. Frequency histogram of the
Figure 4. Frequency histogram of he  gifference between the average module
average temperatures of all Snodules for temperature and the ambient temperature
POA irradiance > 200 W/nf when POA irradiance > 200 W/ng

The increasein moduletemperatureabove the ambiertanalso be plotted as a function of
irradiance andcategorisedccording to wind speed lgnas shown irFigure 6. This method
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is used byKoehl et al.(201]) to show he dependence of module temperature on irradiance
and wind speed. The same setlafaasused in Figure 4 and (he. above 200 W/A) is also

used for this analysis to avoid high variability in the morning and evening times due to low
solaraltitude angles which could skew the ressltFigure 6also plots e linearlines of best

fit for each of the wind speed bins, indicating that shapes of the lines of best fitare
different for each wind spedain. At high wind speed (5 t@ m/s), it can be seen that the
linear relationship between the POA irradiance and the difference in temperature deteriorates,
as evidenced by the decreasingd&ue shown irmablel. At the wind speed of 6 to 7 m/s, the
differene in temperatures can no longer be explained by the irradiance as a linear function
(R-squared = 0). This may be caused by the heat transfetodaeced convection. At low

wind speed, it can be assumed thatadianceis the dominantelement influencinghe
temperature differentialassistedby natural convectionThe results for high wind speeds
could also be an issue with data quality, particularly as the wind sensor is remote from the
site.

This data fits npdraturemodelEy 2o(KoehBel &l.p 2011 where the
exponatial term in the equation can be assigned as a slopé a linear function
T, =T, +xG wherex is e'@*¥*w) The two parameters, andb (typically negative values)
are fixed andare dependent on the type of mountingonfiguration and nodule
material/construction, hendée only variable irthis equation is the wind speed,

T, =T, + G[e'e*? )] Eq 2

where T, is back module temperatureT, is ambient temperaturés is POA irradiance
[W/m?], a is a dimensionless coéffent describing the effect of the radiation on module
temperaturgb is the cooling by the wind [s/n@ndv,, is wind speed [m/s]

The expected characteristic of the limédest fitdictatethat lower wind speesshouldresult

in steepeslopes The inegease in wind speed, in terms of the exponential function, will result
in a lower value for the coefficient. In this analysis, the individual slopes do abvays
perfectly follow the expected trentiowever the overall plot of slopeersuswind speed
(Figure7) indicatesa general lineatrend in which the slope decreases witbreasingwind
speed.

Figure 6. Difference between the average module temperatures and the ambient
temperature as a function é POA irradiance categorised by wind speed bin. The data is
the average of the difference in temperature within an irradiance bin of 50 W/f


















