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Abstract

The power temperature coefficient (y) of a photovoltaic—thermal (PVT) collector is usually
taken from the datasheet. Determining it outdoors is difficult because irradiance and
temperature vary together. This study evaluates how reliably v can be estimated from
a few field observations. Thirty observations were collected during three campaigns in
Bacdu, Romania, in 2024 on a 240 Wp liquid-cooled PVT collector operated at a fixed pump
setting. Power normalised to 1000 W/m? was regressed on front-surface temperature with
campaign-specific intercepts. This conventional analysis yielded ¢ = —0.64%/°C (95% CI:
—0.82 to —0.46), compared with the declared —0.45%/°C. The result was sensitive to model
specification. Irradiance and panel temperature were strongly correlated (r = 0.84), and
including irradiance as a covariate, which the data supported (p = 0.043), changed v to
—0.40%/°C (—0.72 to —0.09). Eleven specifications differing in covariates, first-observation
exclusions and temperature variable produced estimates from —0.33 to —1.08%/°C. In
one campaign, measured power averaged 19% above the nameplate-based expectation,
indicating an inconsistency in the absolute measurement scale. In an hourly PVGIS-SARAH3
calculation for 2023, each 0.1%/°C change in -y altered annual electrical yield by 0.94%. The
measurements are compatible with the datasheet coefficient but constrain it only to between
about 0.3 and +0.7%/°C, depending on the specification.

Keywords: photovoltaic-thermal (PVT) collector; power temperature coefficient;
irradiance normalisation; collinearity; outdoor measurements; model specification;

energy-yield modelling

1. Introduction

Photovoltaic-thermal (PVT) collectors generate electricity and recover heat from the
same aperture. A fluid circulating behind the photovoltaic layer removes part of the ab-
sorbed energy, which lowers the cell temperature and supplies heat for water heating or
space conditioning [1-3]. The concept has been developed for buildings, domestic hot
water and industrial processes [4-8].

How much power a module loses as it warms is described by the power temperature
coefficient, y. For crystalline silicon the coefficient is negative because the open-circuit
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voltage falls with temperature faster than the short-circuit current rises [9,10], and values of
about —0.4 to —0.5%/°C are commonly reported [9,11]. Manufacturers determine  under
controlled conditions, in which irradiance is held constant while temperature is varied, and
report it relative to standard test conditions (STC) [12,13]. Performance models then apply
the datasheet value to whatever operating temperature the simulation predicts [14,15].

Outdoors, that separation is not available by design. Irradiance, module temperature,
spectrum and angle of incidence change together over a day, so the temperature depen-
dence of power has to be isolated statistically or by an explicit irradiance correction. King
etal. [16] described the practical difficulties of outdoor determination, non-uniform module
temperature among them. Later work showed that the outcome depends on conditions and
method. Gasparin et al. [17] found that the temperature coefficients of crystalline-silicon
modules vary with irradiance. Senturk [18] tested datasheet coefficients against field data
under different sky conditions, and Paudyal and Imenes [19] reported module- and year-
dependent coefficients from an eight-year outdoor record, with a clear influence of the
correction procedure. In a climatic chamber, Hudisteanu et al. [20] measured —0.46 and
—0.50%/°C for small mono- and poly-crystalline modules. A further complication is that
field studies usually measure a surface temperature, whereas <y refers to the cell [14,21,22].

For liquid-cooled PVT collectors the literature has concentrated on thermal manage-
ment and efficiency. Reviews cover the main cooling concepts [23,24]. Individual studies
have examined nanofluids [25-27], modified tubes and absorber geometries [28-31], jet
impingement and bifacial designs [32,33], porous media combined with phase-change mate-
rials [34], and the effect of operating parameters on energy and exergy performance [35-37].
System-level work has addressed PVT-assisted heat pumps [38] and the differences between
indoor and outdoor results [39]. Al Tarabsheh et al. [40] showed that the temperature of
cooled cells is not uniform along the flow path and that this affects electrical output, and
Dolek and Arslan [41] examined the factors that govern the efficiency of a PVT system. In
nearly all of these studies -y enters as a fixed datasheet parameter. Whether a field campaign
on a cooled collector can confirm or revise that parameter has received little attention.

The facility used here was described by Grigore et al. [42], who compared the measured
electrical and thermal output of a SunSystem PVT 240 collector with a numerical model,
using data from 2023. In that work v was a model input. The present study uses a separate
dataset acquired in 2024, in which electrical power was recorded independently of any
assumed temperature coefficient.

Our initial aim was to determine 7 for this collector from outdoor spot measurements
by the usual route: normalise power to a reference irradiance, regress it on panel tempera-
ture, and pool the campaigns. While checking that result, we found it sensitive to choices
that are seldom reported. The paper therefore asks a narrower question: how well do thirty
spot observations constrain v, and which analysis choices move the estimate? We (i) report
the conventional estimate with its full statistical description, (ii) test the proportionality
between power and irradiance that the normalisation assumes, (iii) quantify the influence
of the first observations of each campaign and of the temperature variable, and (iv) express
the resulting range of 7y in annual-energy terms through an hourly calculation. The collector
was examined in its normal, actively cooled mode of operation, because this is the condi-
tion in which the coefficient is applied in PVT performance models and in which a field
determination on such a collector would be made. The front-surface temperature serves as
a proxy for cell temperature throughout. The coefficient reported is thus a field-derived
quantity, denoted ‘yg.4; it should not be read as a cell-temperature coefficient at STC.
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2. Materials and Methods
2.1. Experimental Facility

The measurements were made on the PVT test facility of the “Vasile Alecsandri” Uni-
versity of Bacdu, Romania (46.554° N, 26.915° E) [42]. A SunSystem PVT 240 collector
(NES Ltd., Shumen, Bulgaria) is mounted on the laboratory roof at a tilt of 45° and an
azimuth of 0° (south). It combines a 60-cell polycrystalline module with a copper absorber
through which a 50% propylene glycol-water mixture circulates. The collector has a gross
area of 1.62 m?, a rated power of 240 Wp, a fluid content of 1.17 L and a declared power
temperature coefficient of —0.45%/°C. The rated power corresponds to an efficiency of 0.148
on the gross area. At standard test conditions, the module has an open-circuit voltage of
37.2'V, a short-circuit current of 8.52 A, and its maximum-power point at 30.6 V and 7.84 A.
The copper pipe register lies behind an aluminium plate and is insulated at the rear with
20 mm of rigid polyurethane, and the manufacturer recommends a flow rate of
1.5-2.5 L/min. The 156 x 156 mm cells lie behind 3.2 mm of tempered glass, and the
module efficiency is 14.7%. On the thermal side, the manufacturer gives a zero-loss effi-
ciency of 0.559, a heat-loss coefficient of 9.13 W/(m?-K) and a nominal thermal output of
900 W. Figure 1 shows the installation and Figure 2 the arrangement of the electrical and
thermal circuits.

Figure 1. The experimental facility: (a) storage tank, pumping unit and electrical cabinet; (b) roof-
mounted PVT collector; (c¢) hydraulic connection at the rear of the collector.
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Figure 2. Schematic of the PVT system, showing the electrical and thermal circuits and the measured
quantities. Yellow, blue and green blocks denote the electrical, thermal and measurement subsystems;
red arrows indicate energy delivered to the loads, the blue arrow the heat-transfer fluid leaving the
collector and black arrows the DC line and measurement signals.
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The thermal circuit is a closed loop in which the glycol mixture is circulated between
the collector and a 100 L storage tank (Eldom Thermo; Eldominvest Ltd., Bulgaria) by a
Trollino 05S pumping unit (Barberi Rubinetterie Industriali S.r.1., Italy), under a Westech
WT-C1 solar controller (Westech Solar, Garching bei Miinchen, Germany). The fluid flows
through the copper register at the rear of the collector, takes up the heat conducted through
the laminate and the aluminium plate, and returns to the tank. As the tank warms during
the day, the collector inlet temperature rises with it (Table 1). The pump ran at its third
speed setting in all campaigns, for which the nominal flow rate of the pump is 4.2 L/min.
This value is higher than the 1.5-2.5 L/min recommended for the collector [42], and the
actual flow depends on the pressure drop of the circuit. The flow was not measured. The
nominal value is used wherever a flow rate is needed, and the consequences are discussed
in Sections 2.3, 4.1 and 4.4.

Table 1. Measurement campaigns and ranges of the measured quantities. The pump operated at the
same setting throughout (nominal flow rate 4.2 L/min).

Campaign Local G Tpanel o o Tp-Th P.oim
(2024) Time  (W/m2)  (oC) O TaCC  “hgam  POW) g
26 March 09:00-13:30  314-750 13.5-38.1 10.3-15.0 12.0-32.1 0.5-14 91-202 250-311 10
30 April 11:00-15:30 510-820 14.8-44.0 144-256 28.4-36.0 0.9-1.8 148-205  225-290 10
21 May 09:00-13:30 368-890 17.2-46.2 16.5-245 21.2-29.4 0.8-1.9 92-190 191-250 10

On the electrical side, the module feeds a Victron SmartSolar MPPT 100/20 (Victron
Energy B.V., Almere, The Netherlands) charge controller within a battery-based system
that includes a Victron Energy AGM 12 V, 60 Ah battery (Victron Energy B.V., Almere,
The Netherlands), a MultiPlus 500 VA inverter/charger (Victron Energy B.V., Almere,
The Netherlands), and a Cerbo GX monitoring device (Victron Energy B.V., Almere, The
Netherlands). The electrical power P used in this study is the PV power reported by the
charge controller and logged through the Victron Remote Management (VRM) portal.
Contemporaneous VRM records from the three experimental campaigns indicate that the
battery remained at or close to 100% state of charge during much of the measurement
periods. However, the charger operating stage (bulk, absorption, or float) at the individual
observation times was not included in the experimental dataset and is no longer available
retrospectively. Consequently, unrestricted maximum-power-point operation cannot be
independently verified for every observation.

2.2. Instruments and Measurement Campaigns

In-plane global irradiance G was measured directly in the plane of the PVT collector
using a Multimetrix SPM72 solar power meter (Chauvin Arnoux, France). These measure-
ments provided the irradiance values used in all subsequent calculations and regression
analyses. A second solar power meter (Amprobe SOLAR-100, Amprobe, Everett, WA, USA),
positioned in the same plane, was used intermittently during the experiments to check the
consistency of the irradiance readings. These comparison readings were not systematically
recorded and were therefore not used in the quantitative analysis. The panel front-surface
temperature (Tp,,ne) was measured using a Testo 865s infrared thermal-imaging camera
(Testo SE & Co. KGaA, Titisee-Neustadt, Germany), with the emissivity set to 0.95 for
the glass surface. The instrument was supplied with a manufacturer-issued calibration
and conformity protocol documenting verification against a reference blackbody at 0 and
80 °C, with deviations within the specified tolerance of +2 °C. For each observation, the
camera was successively directed towards five locations on the panel surface (the four
corners and the centre), and the arithmetic mean of the five temperature readings was
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used as Tp,,q- The camera was hand-held at a distance of about 0.3 m from the collector,
approximately normal to the glass. Glass is opaque in the long-wave infrared band used by
the camera, so the reading refers to the outer surface of the front glass and not to the cells.
Because the coefficient is derived from the slope of power against temperature, a constant
offset in the temperature reading leaves the slope unchanged and enters only through
the reference power, whereas a proportional (gain) error changes the slope directly. Both
cases are quantified in Section 3.6. Fluid temperatures at the collector inlet Ty; and outlet
Tg, were measured using PT1000 sensors (+0.3 °C) placed in the inlet and outlet pipes
at the collector connections, and ambient temperature T, using a Testo 410-2 instrument
(£0.5 °C). Wind speed and relative humidity were read only occasionally and were not
recorded systematically, so they are not part of the dataset.

Three campaigns were carried out on 26 March, 30 April and 21 May 2024. In each, ten
observations were taken at 30 min intervals, from 09:00 to 13:30 local time in March and
May and from 11:00 to 15:30 in April. Readings were taken when the irradiance display
showed no marked short-term fluctuation; no automated stability criterion was applied.
Table 1 summarises the conditions. The individual observations are listed in Tables S1-S3.

2.3. Thermal Quantities

The heat removed by the fluid was estimated as

Q = titcy(Tp = Tp1) (1

with ¢, = 3581.4 J/(kg-K) and p = 1036.1 kg/m? for the 50% mixture at the mean fluid
temperature [43], which gives 7z = 0.0725 kg/s at the nominal flow rate. The nominal flow
rate was used only for the thermal calculations and was not an input to the regression
models used to estimate the electrical temperature coefficient. Although the pump operated
at a fixed speed setting, the actual flow rate was not monitored and cannot be assumed
to have remained strictly constant. The tolerances of the two sensors combine to £0.42 K
on the temperature difference, or £110 W on Q, before any allowance for the unmeasured
flow rate. Q is proportional to the flow rate. If the actual flow were within the range
recommended by the manufacturer, 1.5-2.5 L/min, Q and the thermal efficiency would be
lower than the values reported here by a factor of 0.36-0.60. Because the observed differences
were between 0.5 and 1.9 K, Q and the thermal efficiency 7y, = Q/(G A) are reported
only as indications of the operating regime. The same applies to the overall efficiency
Mot = N + Yo, Where 174 = P/(G A) is the electrical efficiency. All three are given per
campaign as the mean and standard deviation of the ten observations (Table 2).

Table 2. Campaign-mean efficiencies of the collector (mean + standard deviation of the ten obser-
vations). 17y, and 7, are based on the nominal flow rate of 4.2 L/min. The last two columns give
the uncertainty of an individual 7y, value due to the fluid-temperature sensors and the range of
the campaign mean of 7, for a flow rate of 1.5-2.5 L/min. The + values are standard deviations of
the ten observations; they describe the variability within each campaign and are not measurement
uncertainties. No systematic uncertainty is given for 7, although nameplate ratios of up to 1.26
(Section 3.1) show that the absolute scale of the electrical data may be biased by up to about a quarter.

Campaign Mean G ) ) ) Sensor i at
(2024) (W/m?) Wel M Mot Uncertainty of 575, 1.5-2.5 L/min
26 March 599 0172 £0.013  0.281 £0.046  0.452 £ 0.051 +0.12 0.10-0.17
30 April 702 0.155 £ 0.011  0.322 £ 0.066  0.477 + 0.068 +0.10 0.12-0.19
21 May 711 0.134 £0.012  0.339 £0.044 0.473 £ 0.049 +0.10 0.12-0.20
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2.4. Irradiance Normalisation and the Conventional Model

The simplest description of module power treats the effects of irradiance and tempera-
ture as separable [9,15]:

G
P=Pry |14 7(T = Ty (2)

where P, is the power at reference conditions, G, = 1000 W/m? and T, = 25 °C. Dividing
by irradiance gives the normalised power:

pSo

PTlOTﬂZ = G (3)

which, under Equation (2), depends on temperature alone. P, is a regression variable
obtained by scaling. It is not a measurement at 1000 W/m?, and the scaling stops short of
the I-V curve translation to STC specified in IEC 60891 [12].

In the conventional analysis (specification A), P, is modelled as a linear function of
Thanet With a separate intercept a; for each campaign j and a common slope b:

Pnorm,ij = a]' + b Tpaﬂellif + eif (4)

The campaign intercepts absorb differences between measurement days that are un-
related to temperature, such as soiling, spectrum or a shift in the irradiance scale. The
assumption of a common slope was tested by adding campaign-by-temperature interaction
terms and comparing the nested models with an F test (analysis of covariance, ANCOVA).

2.5. Relaxing the Proportionality Assumption

Equation (3) removes the effect of irradiance only if power is proportional to G at a
given temperature. To test this, G was added to the model as a covariate (specification B):

Pnorm,ij = aj + pranel,ij +cC Gl] + gij (5)

Under exact proportionality ¢ = 0. A non-zero c means that normalised power still
varies with irradiance at a fixed panel temperature, for physical or instrumental reasons.
Because the irradiance on a fixed plane rises and falls with the time of day, a variant with
the clock time ¢ (in hours) in place of G was also fitted (specification C).

The field-derived coefficient follows from the slope and the fitted power at
reference conditions:

Ytield = 100 PL/ Prormyret = @ + b Tyt + ¢ Gy (6)
norm,ref

where 4 is the mean of the three campaign intercepts. The last term applies to specification
B only; in specification C it is replaced by the time coefficient multiplied by a reference
time of 12:00. Confidence intervals for 4.4 Were obtained by first-order propagation of the
parameter covariance matrix through Equation (6) [44], with Student’s ¢ at the residual
degrees of freedom. The intervals therefore include the uncertainty of both b and P, ref
and their correlation.

2.6. First-Observation Influence Diagnostics and Temperature Variable

Leverage and Cook’s distance [45] were computed for each campaign regression and
for the pooled model. To assess sensitivity to the earliest observations in each campaign,
two alternative datasets were examined: one omitting the first observation of each campaign
and one omitting the first two. A further sensitivity analysis retained only observations for
which T, > Tp. These exclusions were used solely to assess sensitivity to observation
selection and were not interpreted as evidence of a specific transient operating state.
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The mean fluid temperature, T¢,, = (Ty; + T, )/2, was tried as an alternative tempera-
ture variable (specification D) to assess how the estimated coefficient depends on the choice
of temperature proxy in a liquid-cooled collector. The mean fluid temperature does not
represent the cell temperature and was used only for sensitivity analysis.

Eleven specifications result (Section 3.5). Specification A, the conventional analysis on
all observations, was the analysis originally planned. The other ten are sensitivity analyses,
and none was chosen in advance as the preferred one. Residual normality (Shapiro-Wilk)
and homoscedasticity (Breusch-Pagan) were checked for A, and B,,. All models were fitted
by ordinary least squares in Python 3.13.9 (statsmodels) and reproduced with spreadsheet
functions in Microsoft Excel 2016 in the workbook supplied with the data.

Three further checks concern the temperature measurement and the ambient condi-
tions. First, models A0 and B0 were refitted under two hypothetical temperature-error
scenarios: a constant offset of £2 °C, chosen to match the camera’s specified tolerance, and
a proportional (gain) error of £2%. These scenarios were used to assess the sensitivity of
the regression estimates and do not constitute a complete propagation of measurement
uncertainty. Second, to examine the difference between the front glass and the cells, the cell
temperature was represented as Tp,ne + kG and the models were refitted with this quantity,
for k = 3 and 6 K per 1000 W/m?2. These values were selected as illustrative sensitivity
scenarios, informed by temperature differences reported for conventional PV modules [14],
rather than as measured or validated bounds for the glass-to-cell temperature difference in
the liquid-cooled PVT collector. Third, the ambient temperature T, was added as a covariate
to Ay and B,. Wind speed and humidity were not available for a similar test.

2.7. Comparison with the Nameplate Rating

As a check on the absolute scale of the measurements, each measured power
was compared with the value expected from the rating and the declared coefficient

Ystc = —0.450/0/0(::
P
r = (7)
Pref (G/GO) [1 + 7STC(Tpanel - Tref)]

with P, = 240 W.

2.8. Annual-Energy Calculation

To express differences in -y in energy terms, hourly in-plane irradiance and air temper-
ature for 2023 were taken from the PVGIS-SARAH3 database [46,47] for the site and for
the plane of the collector. The panel temperature in each hour was estimated from a linear
relation fitted to the 30 observations,

Tpanat = —2.18 +0.0360G + 0.715T, (8)

with Tpope and T, in °C and G in W/ m? (R? = 0.80; residual standard error 4.4 °C). The
relation has the same linear form as common correlations for module temperature [11,48].
Hourly power was calculated from Equation (2) with P, = 240 W and summed over the
8760 h of the year to give the annual energy E(7y). The relative difference with respect to
the declared coefficient is

E(7s1c) — E(7)

E(7s1c)
so that positive values indicate a lower yield than the datasheet coefficient would predict.

AE(y) =100 (9)

Equation (2) is linear in y, which makes AE proportional to v — 7ysyc; one sensitivity figure,
in per cent of annual yield per 0.1%/°C, therefore describes the whole calculation.

The calculation measures sensitivity; it does not predict the yield of the system.
Equation (8) contains no fluid temperature, although the inlet-fluid temperature may
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influence the operating temperature of a liquid-cooled PVT collector. Its independent con-
tribution could not be established from the present measurements, and the hourly series
extends beyond the measured ranges of irradiance and temperature.

3. Results
3.1. Operating Conditions and Absolute Scale

Across the 30 observations, irradiance ranged from 314 to 890 W/m? and panel tem-
perature from 13.5 to 46.2 °C (Table 1). The fluid gained heat in every observation. The
temperature rise was between 0.5 and 1.9 K, which corresponds to Q between 130 and
494 W at the nominal flow rate. Table 2 gives the campaign-mean efficiencies. The electrical
efficiency decreased from 0.172 in March to 0.134 in May, while the thermal efficiency
increased from 0.28 to 0.34, so that the overall efficiency stayed between 0.45 and 0.48. The
decrease in 77, follows mainly the change in the nameplate ratio discussed below and does
not indicate a change in collector performance. The sensor tolerances alone correspond
to about £0.10 to £0.12 on each individual value of 7y, and the unmeasured flow rate
adds a one-sided uncertainty: with a flow of 1.5-2.5 L/min the campaign means of #,
would fall to 0.10-0.20. These figures establish that the collector was being cooled and that
the three campaigns operated in a similar thermal regime. They do not support a finer
thermal analysis.

The electrical data show a discrepancy in absolute scale. The ratio r of Equation (7)
averaged 1.19 on 26 March (range 1.10-1.26), 1.10 on 30 April (1.02-1.19) and 0.97 on 21 May
(0.86-1.06). Put differently, the apparent electrical efficiency P/(GA) reached 0.192 in March,
against the 0.148 implied by the rated power. A module does not exceed its rating by a fifth at
these temperatures. The March and April data therefore indicate a systematic inconsistency
in the absolute measurement scale. Its source cannot be identified retrospectively from
the available data; possible contributions include the irradiance measurement and the
power reported by the charge controller. Because the ratio changes from day to day (1.19,
1.10 and 0.97), a constant calibration error of the irradiance meter cannot explain it alone;
day-dependent effects such as the angle of incidence, the solar spectrum, soiling of the glass
or the charging stage of the controller are more likely contributors. Because the bias differs
between campaigns, campaign-specific intercepts are indispensable, and the absolute level
of P, ,.m has no physical meaning. Only the variation within campaigns is used below.

The first observations of each campaign also differed from the subsequent measure-
ments. On 30 April, the first reading gave T, = 14.8 °C, while the inlet-fluid temperature
was 28.4 °C and the ambient temperature was 14.4 °C. On 21 May, the first reading (17.2 °C)
was likewise below the inlet-fluid temperature (21.2 °C), and two later observations showed
smaller inversions of less than 1 K. On 26 March, the inlet-fluid temperature increased from
12.5 to 24.3 °C between 09:30 and 10:00. These observations identify the earliest measure-
ments as potentially influential points and also illustrate a limitation of using front-glass
temperature as a proxy for cell temperature. Their influence on the estimated temperature
coefficient is examined explicitly in Section 3.3.

3.2. Conventional Analysis

Regressed separately, the three campaigns gave slopes of —1.91, —1.61 and
—1.62 W/°C, all significant at the 1% level, and coefficients of —0.660, —0.595 and
—0.675%/°C (Table 3). The interaction test gave no evidence of different slopes
(F(2,24) = 0.14, p = 0.87). With ten observations per campaign, this test has little power, so
the absence of evidence for different slopes does not establish that the slopes are equal. The
intercepts, in contrast, differed strongly (F(2, 26) = 34.3, p < 0.001), in line with the scale
differences noted in Section 3.1.
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Table 3. Separate regressions of normalised power on panel surface temperature for each campaign
(n =10), with the correlation between irradiance and panel temperature and the influence statistics
of the first observation of the day. SE: standard error.

P . Leverage of First Cook’s Distance of
: ) 2 norm,ref Vfield g
Campaign b (SE) (W/°C) P R (W) (%/°C) (G Tpanet) Observation First Observation
26 March —1.907 (0.490) 0.005 0.655 288.9 —0.660 0.99 0.51 2.73

30 April —1.606 (0.400) 0.004 0.668 270.0 —0.595 0.50 0.75 0.72

21 May —1.620 (0.459)  0.008 0.609 240.0 —0.675 0.92 0.69 0.15

The common-slope model has b = —1.71 W/°C (standard error 0.25 W/°C),
R? = 0.87 and a residual standard error of 12.0 W. With P, ., ¢ = 266.7 W, Equation (6) gives
Ytield = —0.64%/°C with a 95% confidence interval of —0.82 to —0.46%/°C (Figure 3). The
declared value of —0.45%/°C lies just outside this interval (p = 0.040). The residuals
showed no departure from normality (Shapiro-Wilk p = 0.17) or from constant variance
(Breusch-Pagan p = 0.91).

o O 26 March 2024
o) [0  30April 2024
A 21 May 2024
- Slope for ysr¢ = —0.45 %/°C
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Figure 3. Irradiance-normalised power against panel surface temperature, with the common-slope
fit of specification A0 (solid lines, in the colour of each campaign). Filled symbols mark the first
observation of each campaign. Crosses mark the campaign centroids, through which the fitted lines
pass. The dashed line shows the slope that corresponds to the declared coefficient, drawn through
the pooled reference power.

In Figure 3 the vertical position of each line is set by the campaign intercept 4;, and with
a common slope, each line passes through the centroid of its campaign. The March line lies
highest because the March data carry the largest scale excess (mean r = 1.19, Section 3.1).
The vertical spacing of the lines therefore reflects the differences in absolute scale between
the days and has no thermal meaning. Within March, the points are not scattered at random
about the line. The residuals are —17.6 W for the first observation, between +11.9 and
+16.2 W for the next three and —15.4 and —16.3 W for the last two, so the data lie below the
line at both ends of the morning. A single linear slope cannot follow this pattern, which is
examined in Section 3.4.
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Tpanel (OC)

Read on its own, this result would mean a temperature coefficient about 40% larger
in magnitude than the datasheet value, consistent over three days. Sections 3.3 and 3.4
examine whether this reading holds.

3.3. Influence of the First Observations

In the single-campaign fits the first observation dominates. Its leverage is 0.51, 0.75 and
0.69 for March, April and May, against a mean leverage of 0.20, and Cook’s distance reaches
2.73 for the first March point (Table 3). Each of these points lies 6 to 14 °C below the next
one on the temperature axis (Figure 3), and in April and May eight of the ten observations
fall within a band of about 9 °C. Without its first point, the April regression is no longer
significant (b = —1.16 W/°C, p = 0.19).

Pooling moderates this dependence, since the common slope draws on all three cam-
paigns. In the pooled model, the largest leverage is 0.32 and the largest Cook’s distance
is 0.21 (Table S4), and omitting any single observation moves 74,4 only between —0.70
and —0.61%/°C. Removing the first observations as a group has a larger effect and steep-
ens the slope: 4.9 becomes —0.79%/°C without the first observation of each campaign
(A;) and —0.97%/°C without the first two (A,). Restricting the data to observations with
Tpanet > Ty (A3) gives —0.67%/°C. Thus, inclusion of the first observations shifts the conven-
tional estimate towards zero. The comparatively large magnitudes obtained under Al and
A2 indicate that the estimated coefficient is sensitive to observation selection and should

not be interpreted as a temperature effect alone.

3.4. Residual Dependence on Irradiance

Panel temperature and irradiance were closely correlated: 7 = 0.84 over all observations,
and 0.99, 0.50 and 0.92 within the March, April and May campaigns (Figure 4a). In March
the two variables are almost interchangeable.

(@ (b)
4 A O slope = —0.051 W per W/m?
45 o O ADD AAA 20 - A p=0.043
40 - A & (o) A
A e O . o
35 - og) | = 10 m|
oS
1 A o O R 2 &R
[3°]
25 E A \A\
& -10 1 o O
20 1 (o] O 26 March 2024 (r = 0.99)
A 1 30 April 2024 (r = 0.50) a o (6% A
15 1 o O A 21May2024(=092) —70 1 A
400 600 800 =200 -100 0 100
In-plane irradiance, G (W/m?) Residual of G (W/m?)

Figure 4. (a) Panel surface temperature against in-plane irradiance, with the correlation coefficient of
each campaign. (b) Added-variable plot for irradiance in specification B0: residuals of normalised
power and of irradiance after each has been regressed on the campaign indicators and on panel
temperature. Both axes show deviations from fitted values, centred on zero, and not power or
irradiance themselves; negative values therefore do not indicate negative power. The slope of the line

equals the coefficient c of Equation (5).
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The difference between the campaigns follows from the timing of the measurements.
The March series covered the morning of a clear day (09:00-13:30). Irradiance rose from 314
to 750 W/m?, the inlet-fluid and ambient temperatures rose with it, and panel temperature
followed irradiance almost exactly. The April series (11:00-15:30) was centred on solar noon.
Irradiance varied only between 510 and 820 W/ m?, while the ambient temperature rose from
14.4 to 25.6 °C and the inlet-fluid temperature from 28.4 to 36.0 °C, so panel temperature
stayed above 43 °C through the afternoon as irradiance decreased. The May series was again
a morning series. Its correlation is lower than in March mainly because panel temperature
fell from 45.9 to 40.5 °C during the last hour while irradiance remained between 800 and
890 W/m?; the recorded variables do not identify the cause. The low correlation in April
depends largely on its first observation, which combines a panel temperature of 14.8 °C with
an inlet-fluid temperature of 28.4 °C at 510 W/m? and is physically doubtful (Section 3.1).
Without it, panel temperature and irradiance are practically uncorrelated (r = —0.22), and
the April slope becomes —1.16 W/°C, or about —0.44%/°C, close to the datasheet value and
to specification By. With p = 0.19, however, this estimate is not statistically significant. The
April data therefore show the value of decoupling temperature from irradiance (Section 4.3)
rather than providing a precise estimate.

When G is added to the model (B0), its coefficient is ¢ = —0.051 W per W/m? (standard
error 0.024, p = 0.043). At a given panel temperature, normalised power is about 5 W
lower for every additional 100 W/m? (Figure 4b). In Figure 4b each point is the residual
of P, ,.m plotted against the residual of G, both obtained after the campaign and panel-
temperature effects have been removed, which is why the values scatter around zero. The
temperature slope falls to b = —0.97 W/°C (standard error 0.42 W/°C, p = 0.028), and with
Prormref = 242.1 W at Gy the coefficient becomes geq = —0.40%/°C (95% CI —0.72 to
—0.09). The fit improves modestly: the adjusted R? rises from 0.854 to 0.871, and the
Akaike information criterion falls from 238.1 to 235.1. The variance inflation factor of the
temperature term is 3.6, the test for equal slopes remains non-significant (F(2, 23) = 1.31,
p = 0.29), and the residual checks are again passed (Shapiro-Wilk p = 0.30; Breusch-Pagan
p=0.77).

The time-of-day variant behaves similarly. Normalised power decreased by 6.0 W per
hour at a fixed panel temperature (p = 0.024), and Ygoq = —0.35%/°C (—0.66 to —0.03)
(C0). Irradiance and clock time are themselves correlated in these campaigns, and the data
cannot say which of the two describes the residual trend better.

A regression of the raw power on G and T, without normalisation or campaign
terms, gives P =52.2 + 0.213 G — 0.90 T e (W). The temperature term is not distinguishable
from zero (p = 0.14), and the constant of 52 W is incompatible with strict proportionality
between power and irradiance.

3.5. Summary of the Specifications

Table 4 and Figure 5 collect the eleven specifications. The point estimates run from
—0.33 to —1.08%/°C and fall into two groups. The four specifications that rely on normali-
sation alone (A0-A3) give —0.64 to —0.97%/°C, and three of their four intervals exclude the
declared value. The five that allow a residual dependence on irradiance or time (B0-B3 and
C0) give —0.33 to —0.73%/°C, and every interval includes —0.45%/°C. With the mean fluid
temperature as the temperature variable, the contrast is sharper still: —1.08%/°C without
the irradiance covariate (D0) and —0.33%/°C with it (D1), the latter with an interval from
—1.05 to +0.40%/°C.
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Table 4. Field-derived temperature coefficient under the eleven specifications. All models include
campaign-specific intercepts. t: time of day; Ty,: mean fluid temperature; SE: standard error; CI:
confidence interval. The last column tests the hypothesis that 7.4 equals the declared coefficient.

. Temperature Slope  Pporm ref Yield 95% CI p for
Code  Regressors Observations n (SE) (W/°C) (W (%7/°C) (%/°C) Yialg = —0.45
Ay Tpanel All 30 ~1.71 (0.25) 266.7 —0.64  —0.82to —0.46 0.040
A Tppa  \VithoUtfirst observation of =, ~2.17 (0.40) 2735 —079  —106to —052 0.015
each campaign
Without first two
A, Tpanel observations of each 24 —2.73 (0.64) 282.3 -0.97 —1.37 to —0.56 0.015
campaign
A, Toanel Tpanel > Ty only 26 —1.80 (0.39) 268.0 —067  —0.95t0—0.39 0.115
B, Tpanels All 30 —0.97 (0.42) 242.1 —040  —0.72to—0.09 0.760
B, Tpppa, G Vithoutfirst observation of =, ~1.20 (0.53) 2433 ~050  —0.90 to —0.09 0.819
each campaign
Without first two
B, Tpanel, G observations of each 24 —1.83 (0.66) 250.6 —0.73 —1.20to —0.26 0.231
campaign
B; Tpane, G Tpanet > Ty only 26 —0.77 (0.62) 237.4 —0.33 —0.83 to +0.18 0.615
Co Tpanets All 30 —0.90 (0.41) 257.6 —0.35 —0.66 to —0.03 0.510
Dy T All 30 —2.79 (0.54) 259.7 —1.08  —148to —0.67 0.004
D, T G All 30 —0.74 (0.83) 2257 —033  —1.05t0 +0.40 0.731

The half-width of the 95% interval is 0.18%/°C for A, and between 0.31 and 0.50%/°C
for the specifications of groups B and C. The conventional analysis has the narrowest interval
because it makes the strongest assumption.

3.6. Sensitivity to the Temperature Measurement and Ambient Conditions

Under the hypothetical temperature-error scenarios defined in Section 2.6, the esti-
mated coefficient showed limited sensitivity to constant offsets and proportional errors.
A constant temperature offset does not change the fitted slope, so the offset scenario is
reassuring only by construction. The proportional-error scenario provides a complementary
assessment of the sensitivity of the estimated coefficient to a hypothetical change in the
temperature scale.

The assumed emissivity of 0.95 introduces an additional source of uncertainty in
the infrared temperature measurements. If the actual emissivity differed from this value,
the resulting temperature error would depend on the surface temperature and the re-
flected apparent temperature, which was not independently measured. Consequently,
the magnitude and temperature dependence of this error cannot be established from the
available data. The hypothetical offset and gain scenarios examined above indicate the
sensitivity of the fitted coefficients to selected temperature perturbations, but they do not
quantify the uncertainty associated with emissivity or exclude other systematic temperature-
dependent errors. Errors related to reflected radiation and viewing geometry were also not
independently quantified.

Hansen and Farr [49] attributed systematic differences between outdoor and indoor
temperature coefficients to bias in measured module temperature. For a slope-based esti-
mate, such bias is particularly relevant when it varies with operating conditions, as may
occur with the difference between glass and cell temperatures.

When the cell temperature was represented as T, + kG, the estimate of A; became
—0.61%/°C for k = 3K and —0.59%/°C for k = 6 K per 1000 W/m?, while the corresponding B0
estimates were —0.40 and —0.39%/°C. Within these illustrative scenarios, the conventional
estimate moved towards the datasheet value, whereas the covariate-adjusted estimate
changed only slightly. However, the actual glass-to-cell temperature difference was not
measured, and the assumed gradients do not represent experimentally established or
conservative bounds. Using b ~ —1.7 W/°C, a gradient of 3 K per 1000 W/m? would
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correspond to an irradiance-related contribution of approximately —0.005 W per W/m?,
about one tenth of the fitted coefficient c. A substantially larger gradient would therefore
be required to reproduce the entire fitted irradiance term through this mechanism alone.
This calculation is illustrative and does not establish the actual contribution of glass-to-cell
temperature differences to the irradiance dependence.

ysre = —0.45 %/°C

|
|
|
A0 All observations (n = 30) —.—: -0.64
A1l Excl. first observation (n = 27) ® : -0.79
A2 Excl. first two observations (n = 24) ® : -0.97
A3 Excl. Tpaper < T (n = 26) ] + -0.67
’ |
|
BO All observations (n = 30) ; ® -0.40
B1 Excl. first observation (n = 27) { L -0.50
|
B2 Excl. first two observations (n = 24) @ + -0.73
|
B3 Excl. Tyaper < Tpy (n = 26) —® -0.33
|
|
CO All observations (n = 30) +—@ -0.35
|
|
DO All observations (n = 30) ® | -1.08
|
D1 All observations + G (n = 30) +—@® -0.33
T I 1 L 1 1
=1.5 -1.0 -0.5 0.0 0.5

Field-derived temperature coefficient, yciq (%/°C)

=®— Normalisation only =@®— Normalisation + time-of-day covariate
=®— Normalisation + irradiance covariate =@= Mean fluid temperature as temperature variable

Figure 5. Field-derived temperature coefficient and 95% confidence interval for the eleven specifica-
tions of Table 4. The dashed line marks the declared coefficient.

Ambient temperature was strongly correlated with panel temperature within each
campaign (r = 0.99, 0.97 and 0.87 for March, April and May), because both rose through the
measurement window. When T, was added to A0, its coefficient was —2.3 W/°C (standard
error 1.8 W/°C, p = 0.21), the AIC remained practically unchanged (238.2 versus 238.1),
and Ye1q became —0.43%/°C (95% CI: —0.84 to —0.02%/°C). When T, was added to B0, its
coefficient approached conventional statistical significance (p = 0.053), while 4 shifted to
+0.05%/°C (95% CI: —0.62 to +0.73%/°C). The wide confidence interval and the substantial
changes in the estimated temperature coefficient indicate that the available observations do
not support reliable separation of the effects of panel temperature, ambient temperature,
irradiance and time of day. Consequently, adding ambient temperature does not provide
a more reliable estimate and reinforces the model-identification limitations discussed in
Section 3.5. Wind speed and relative humidity were not systematically recorded, and
their potential influence could not be assessed independently. In particular, variations
in convective heat transfer may affect the relationship between the measured front-glass
temperature and the unmeasured cell temperature, introducing additional uncertainty that
is not captured by the illustrative gradient scenarios.

3.7. Annual-Energy Sensitivity

With the declared coefficient, the hourly calculation gives 362.8 kWh for 2023 from
an in-plane irradiation of 1575 kWh/m?. Each change of 0.1%/°C in 1 shifts this figure by
0.94%, or 3.4 kWh. The conventional estimate of —0.64%/°C lowers the annual yield by
1.8%, to 356.3 kWh. The estimate with the irradiance covariate, —0.40%/°C, raises it by 0.4%,
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to 364.4 kWh, and its confidence interval corresponds to a range from —3.4% to 4+2.5%. The
monthly sensitivity varies from —0.48% per 0.1%/°C in January, when the modelled panel
temperature is mostly below 25 °C, and a steeper coefficient increases output, to +1.91% in
August (Table 5).

Table 5. Monthly and annual electrical energy calculated with the declared coefficient, sensitiv-
ity of the result to a coefficient steeper by 0.1%/°C, and relative difference AE (Equation (9)) for
the estimates of specifications BO and A0. Positive values denote a lower yield than with the
declared coefficient.

Month E (vsrc) Sensitivity AE for AE for
(kWh) (% Per0.1%/°C)  —0.40%/°C (%) —0.64%/°C (%)

January 12.4 —-0.48 +0.23 -091
February 20.2 -0.23 +0.11 —0.44
March 33.7 +0.42 —0.20 +0.79
April 28.1 +0.38 —0.18 +0.72
May 415 +1.07 —0.51 +2.04
June 38.4 +1.30 —0.62 +2.46
July 41.3 +1.77 —0.84 +3.36
August 42.3 +1.91 -0.91 +3.62
September 38.4 +1.55 —0.74 +2.94
October 314 +0.83 —0.40 +1.58
November 18.4 -0.12 +0.06 —0.22
December 16.6 —0.35 +0.17 —0.67
Year 362.8 +0.94 —0.45 +1.78

About 24% of the annual in-plane irradiation was received at irradiance above the
highest measured value (890 W/m?) and 16% below the lowest (314 W/m?). A share
of 20% was received at modelled panel temperatures above the measured maximum of
46.2 °C. The calculation therefore extrapolates Equations (2) and (8) over a substantial part
of the year.

4. Discussion
4.1. What the Measurements Support

The conventional analysis and its variants disagree by more than their confidence
intervals suggest. The interval of specification A, describes sampling variation on the
assumption that Equation (4) is the correct model. It is silent on whether the decline of
normalised power over a morning is entirely thermal, and the specification analysis shows
that this assumption carries most of the result.

Several mechanisms can lower the ratio of power to irradiance at high irradiance, or
late in the measurement window, without any change in cell temperature. The first concerns
the power record. The charge controller reports the operating power, which equals the
maximum power only in the bulk stage. The VRM records show the battery at or close
to full charge for much of the measurement periods (Section 2.1), a condition in which
the controller can curtail the array. Power nevertheless followed irradiance closely within
each campaign (R? = 0.96, 0.80 and 0.95 for a linear fit of P on G), which argues against
sustained curtailment. A partial limitation that grows towards midday cannot be excluded
and would appear in our data as a loss of normalised power. The second concerns the
irradiance reading. The response of a handheld meter changes with the position of the sun,
and if it reads low at high angles of incidence, normalised power is inflated early in the
day. Nameplate-based power ratios above 1.1 in March and April indicate a substantial
discrepancy between the recorded power and the value expected from nominal specifications
under the measured irradiance. The available data do not establish whether this discrepancy
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arose from irradiance measurement error, operating conditions or other factors. The third
is thermal but is not captured by the surface measurement: the cells are warmer than the
front glass by an amount that grows with irradiance. For open-rack modules the difference
between the cell and the rear surface is about 3 °C at 1000 W/m? [14]; for a cooled absorber
the relation between glass, cell and fluid temperatures is different and was not measured.
The intrinsic irradiance dependence of crystalline silicon does not explain the sign of the
effect, because the relative efficiency of such modules generally decreases towards low
irradiance [15].

These mechanisms act in the same direction as a temperature effect and are correlated
with it in a morning series. Thirty observations cannot reliably apportion the observed de-
cline among these mechanisms. However, the alternative model specifications illustrate the
sensitivity of the estimated coefficient to assumptions about irradiance and time dependence.
When a linear dependence on irradiance or time is allowed, the coefficient lies between
approximately —0.3 and —0.7%/°C, with individual 95% confidence-interval half-widths of
approximately 0.3-0.5%/°C. The declared value of —0.45%/°C lies within this range. We
regard BO as the most defensible single estimate because it uses all observations and relaxes
a key assumption of the conventional model that is called into question by the data. We
do not claim that the true temperature coefficient of the collector is —0.40%/°C. Rather,
the available measurements are compatible with the datasheet value but are insufficiently
precise to justify revising it.

The collector was cooled in all campaigns, and no uncooled reference module was
measured. During cooled operation the panel temperature varied between 13.5 and 46.2 °C
at irradiances up to 890 W/m?. The inlet-fluid temperature rose as the tank warmed, but
adding it to the panel-temperature relation of Equation (8) did not improve the fit (coefficient
0.09, p = 0.71), so its separate influence on panel temperature cannot be demonstrated with
these data. Cooling also changes the heat flow in the laminate: heat leaves the cells mainly
towards the absorber at the rear, and the cell temperature is not uniform along the flow
path [40]. The actual temperature difference between the photovoltaic cells and the front-
glass surface was not measured. Therefore, the gradients of 3 and 6 K per 1000 W/m?
considered in Section 3.6 should be regarded as illustrative sensitivity scenarios rather
than conservative bounds. Additional uncertainties may arise from temperature gradients
along the coolant flow path and the thermal inertia of the fluid loop, neither of which was
independently characterised.

For the question asked here, cooling is part of the object of study and not an experi-
mental option. The coefficient is needed for PVT collectors in their normal operating mode,
with the fluid loop running. A measurement on a plain PV module would be simpler, but
it would answer a different question, namely whether cells of this type have a coefficient
close to —0.45%/°C, and it would remove the possibility of changing the cell temperature
through the fluid independently of irradiance (Section 4.3). A parallel uncooled module
of the same type would be the most direct way to show whether active cooling alters the
apparent coefficient. The present data give no indication either way.

Because the actual coolant flow rate was not measured, its influence on the field-derived
temperature coefficient cannot be isolated. Although flow rate does not enter the regression
equations directly, variations in flow could affect heat removal and the relationship between
front-glass and cell temperatures, potentially influencing the estimated slope. Maintaining
the same pump setting throughout the campaigns reduced one source of experimental
variability but did not establish a constant flow rate. The sensitivity analysis in Section 3.6
illustrates the possible influence of assumed glass-to-cell temperature gradients but does
not quantify the effects of flow-rate variations. Flow-rate uncertainty also affects the thermal
quantities reported in Table 2.
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4.2. Relation to Earlier Work

Table 6 places the present values beside coefficients reported for crystalline-silicon
devices. The studies differ in conditions and method, so the table offers context only.

Field coefficients that depart from datasheet values have been reported before [18,19],
and the dependence of y on irradiance is documented [17]. Schneider et al. [50] obtained
outdoor coefficients between —0.30 and —0.39%/°C for six commercial modules in Ger-
many and found them consistent with the datasheet for modules specified at —0.3%/°C
or steeper. They reached this agreement only after restricting the data to irradiances near
1000 W/m?, filtering for wind and selecting clear days, which a series of thirty spot readings
cannot do. The value of specification B, —0.40%/°C, lies close to the —0.46 and —0.50%/°C
that Hudisteanu et al. [20] measured in a climatic chamber on mono- and polycrystalline
modules, whereas the conventional estimate of —0.64%/°C is steeper than any numerical
value listed in Table 6. Field determinations on liquid-cooled PVT collectors are scarce,
so the comparison is necessarily with uncooled devices of the same cell technology. Our
results add a caution on interpretation. A first-order normalisation followed by regression
on temperature returns too steep a coefficient whenever normalised power also falls with
irradiance or time of day for non-thermal reasons, and in a single-day series the two cannot
be told apart by inspection: in the March data, panel temperature and irradiance had a
correlation of 0.99. Studies that derive coefficients from long records with irradiance filtering
and spectral correction [19], or from I-V curves at controlled irradiance [17,20], avoid this
confounding by design. So do procedures in which a shaded module is uncovered and
measured while it warms at nearly constant irradiance [12,16].

Table 6. Power temperature coefficients reported for crystalline-silicon devices and the values obtained
in this study (95% confidence interval in parentheses).

Study Location Device Conditions v (%/°C) Method
Hudisteanu Laboratory, Iasi, Mono-Si module,  Climatic chamber, —046 Controlled
etal. [20] Romania 30 Wp 560 W/m? ' temperature steps
Hudisteanu Laboratory, Iasi, Poly-Si module, 30 Climatic chamber, —0.50 Controlled
etal. [20] Romania Wp 520 W/m? ' temperature steps
Porto Alegre Controlled, Irradiance- I-V curves at set
Gasparin et al. [17] ) gre, c-Si modules 100-1000 W/m?, irradiance and
Brazil o dependent
25-65 °C temperature
) Outdoor; clear, . -
< s Mono-Si and CIGS Datasheet values Field validation
Senturk [18] Mugla, Tiirkiye partly cloudy and
modules tested procedure
cloudy sky
. Field data with IEC
Paudyal and Grimstad, Norway Poly-Si modules Outdoor, eight Module- and 60891-based and
Imenes [19] years year-dependent

spectral corrections

Field I-V data with

Schneider Gelsenkirchen, c-5i modules (HIT, Outdoor, up to ~0.30t0 —0.39 irradiance and
etal. [50] Germany HJT, PERC, three years, (datasheet —0.26 to wind filtering
’ n-PERT) 980-1020 W/m? —0.39) ’
clear days
. Outdoor, First-order
This study, A0 Bacau, Romania colfeoclz;fl;;g};\] liquid-cooled, _?664_ 522)82 normalisation,
/ p 314-890 W/m? ' pooled regression
. ) . Poly-Si PVT _ Qutdoor, —0.40 (~0.72 As A0, with
This study, BO Bacdu, Romania collector. 240 W liquid-cooled, t0 —0.09) irradiance
¢ p 314-890 W/m? ’ covariate
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Our earlier study on this collector [42] used the declared coefficient as a model input.
Nothing in the present analysis argues against that choice.

4.3. Implications for Measurement and Modelling

The analysis identifies what a field determination on a PVT collector needs. Irradiance
should be logged continuously by a sensor fixed in the collector plane and synchronised
with the power record, so that the cosine response and timing of a handheld reading do
not enter the result. Maximum-power operation has to be verified, either by recording the
charger stage or, preferably, by tracing [-V curves. Temperature should be measured on the
cell side of the laminate at several positions, because the front glass is a poor proxy when
the absorber is cooled from behind.

Most of all, the experimental protocol should aim to decouple temperature from
irradiance. In principle, a PVT collector could facilitate this by allowing the inlet-fluid
temperature to be controlled, for example using a thermostatic bath or a mixing valve,
while measurements are conducted around solar noon, when irradiance is relatively stable.
The April campaign illustrates the point: the correlation between panel temperature and
irradiance was 0.50 (—0.22 without its first observation), compared with 0.92 and 0.99 on the
other two days. Potentially influential observations should be identified using predefined
stability criteria and influence diagnostics. We also recommend reporting the sensitivity of
the coefficient to model specification, as in Table 4, alongside any single estimate.

For yield modelling, the annual calculation shows what is at stake: 0.94% of annual
electrical yield per 0.1%/°C at this site. The uncertainty of the covariate-adjusted estimates,
from about +0.3 to £0.7%/°C, corresponds to about £3 to +7% of annual yield, which
exceeds the correction that a field-derived coefficient would be intended to supply. Un-
til a better-constrained measurement is available, the datasheet coefficient remains the
reasonable input for this collector.

The results transfer to other sites in different ways. The method, and the caution about
confounding, apply wherever spot measurements are made; they matter most where clear
mornings couple irradiance and temperature tightly. The numbers transfer only in part.
The coefficient is a property of the collector, but the precision with which it can be measured
depends on the range of temperature and irradiance that a campaign covers. The energy
sensitivity depends on the climate. Because Equation (2) is linear in -y, a change of 0.1%/°C
alters the annual yield by approximately 0.1(T,, — 25)/[1 + ¥src (T — 25)] per cent, where
T,, is the irradiance-weighted mean panel temperature in °C. For Bacau T, = 34.0 °C, which
gives 0.94% in Section 3.7. At a site where T, is 10 K higher, the sensitivity would be about
2.1% per 0.1%/°C, and the uncertainty of a spot-measured coefficient would weigh more
than twice as heavily. Measurements on identical PV technologies operated in Cyprus and
Germany [51] illustrate this dependence of temperature-related performance on climate.
For a PVT collector, T,, may also depend on the inlet-fluid temperature and the operating
conditions of the cooling circuit, so the sensitivity of electrical yield to the temperature
coefficient may vary with how the recovered heat is used.

4.4. Limitations

The study rests on one collector at one site, measured on three spring days with ten
observations per day. The actual coolant flow rate was not measured, although the pump
was operated at the same speed setting throughout the three campaigns, and its nominal
flow exceeds the range recommended for the collector. Possible flow-rate variations could
have affected heat removal and the temperature distribution within the collector. Panel
temperature was estimated from infrared measurements of the front-glass surface at five
locations rather than from direct cell-temperature measurements. The temperature differ-
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ence between the glass surface and the photovoltaic cells may vary with irradiance, ambient
conditions and coolant operation. In addition, infrared measurements are sensitive to the
assumed emissivity, reflected radiation and viewing geometry. The sensitivity scenarios
in Section 3.6 do not establish bounds on these condition-dependent measurement errors,
which were not independently quantified. Wind speed and relative humidity were not
measured during the experimental campaigns, and their potential influence could not be
assessed independently. Irradiance was read with a handheld meter, and power was taken
from a charge controller whose charging stage was not available. No correction was made
for spectrum or angle of incidence. The covariate terms are linear, and other functional
forms might fit equally well. The eleven specifications were not fixed before the data were
examined, so the spread of estimates should be read as a description of sensitivity and
carries no formal confidence level. The annual calculation relies on a panel-temperature
relation that ignores the fluid loop and on extrapolation beyond the measured conditions,
and it should be read only as a statement of sensitivity.

5. Conclusions

Thirty outdoor observations on a liquid-cooled 240 Wp PVT collector were analysed
to estimate its power temperature coefficient and assess the sensitivity of that estimate to
the analytical approach. The findings are summarised below against the four aims stated in
the Introduction.

(i) The conventional approach, consisting of first-order irradiance normalisation fol-
lowed by pooled regression on front-glass surface temperature, yielded —0.64%/°C
(95% CI: —0.82 to —0.46%/°C), apparently steeper than the declared —0.45%/°C. Resid-
ual diagnostics did not reveal major violations of the fitted model’s assumptions,
although they cannot establish that the model was correctly specified.

(ii) The assumption that first-order irradiance normalisation fully removes irradiance
dependence was not supported by the data. Irradiance and front-glass temperature
were strongly correlated (r = 0.84), normalised power retained a dependence on
irradiance (p = 0.043), and including irradiance in the regression changed the es-
timated coefficient to —0.40%/°C (95% CI: —0.72 to —0.09%/°C). The independent
contribution of ambient temperature could not be reliably separated from the other
correlated variables.

(iii) The first observations of each campaign were influential in the single-day fits, and
excluding them steepened the pooled estimate to —0.79 and —0.97%/°C. When mean
heat-transfer fluid temperature was used as the temperature variable, the estimates
were —1.08%/°C without and —0.33%/°C with the irradiance term. Across the eleven
specifications, the estimates ranged from —0.33 to —1.08%/°C, and all specifications in-
corporating irradiance or time-of-day effects yielded confidence intervals that included
the datasheet value. Under hypothetical scenarios involving a +2 °C temperature offset
and a +2% proportional temperature-scale error, the estimated coefficients changed by
less than 0.02%/°C. These scenarios illustrate sensitivity to selected perturbations but
do not quantify condition-dependent infrared measurement errors or uncertainty in
the difference between front-glass and cell temperatures.

(iv) In an hourly calculation for 2023, a change of 0.1%/°C in the assumed temperature
coefficient altered the calculated annual electrical yield by approximately 0.94%. The
half-widths of the covariate-adjusted confidence intervals, ranging from approximately
0.3%/°C for the better-constrained specifications to 0.7%/°C when additional covariates
were included, translate into approximately +3 to £7% variation in calculated annual
electrical yield under the assumptions of the simulation. The sensitivity may be greater
at sites with higher irradiance-weighted operating temperatures.

https://doi.org/10.3390/en19215204


https://doi.org/10.3390/en19215204

Energies 2026, 19, 5204

19 of 22

The measurements also revealed limitations of the experimental setup. Recorded
power exceeded the nameplate-based expectation by up to 26%, revealing an unresolved
discrepancy whose origin cannot be established from the available data. In addition,
the thermal efficiency estimates relied on a nominal coolant flow rate that was not
independently measured.

Overall, the measurements do not contradict the datasheet temperature coefficient
of —0.45%/°C, which remains a reasonable input for modelling this collector. A more
reliable field determination requires continuous in-plane irradiance measurements, cell-
side temperature measurements, verified maximum-power operation, direct measurement
of coolant flow rate, and an experimental protocol that varies temperature independently of
irradiance. The liquid-cooling circuit of a PVT collector offers a means of implementing such
a protocol. Parallel measurements on an otherwise comparable uncooled module would
also help establish whether active cooling affects the apparent temperature coefficient.
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Abbreviations

The following abbreviations are used in this manuscript:

A Gross collector area (m?)

a; Intercept of campaign j (W)

b Temperature slope of normalised power (W/°C)

c Irradiance coefficient of normalised power (W per W/m?)

k Assumed glass-to-cell temperature gradient (K per W/m?)

Cp Specific heat capacity of the heat-transfer fluid (J/(kg-K))

E Annual electrical energy (kWh)

G In-plane global irradiance (W/m?)

Gy Reference irradiance, 1000 W/m?

1 Mass flow rate of the heat-transfer fluid (kg/s)

P PV power reported by the charge controller (W)

Porm Irradiance-normalised power (W)

Prorm ref Fitted normalised power at reference conditions (W)

Py Rated power (W)

Q Heat removed by the fluid (W)

r Ratio of measured power to nameplate expectation; correlation coefficient where
stated

t Time of day (h)

T, Ambient air temperature (°C)

T, Irradiance-weighted mean panel temperature (°C)
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T, Ty Fluid temperature at collector inlet and outlet (°C)
Tm Mean fluid temperature (°C)
T panel Panel front-surface temperature (°C)
0% Power temperature coefficient (%/°C)
Ytield Field-derived power temperature coefficient (%/°C)
YstC Declared (datasheet) power temperature coefficient (%/°C)
Te1 Electrical efficiency, P/ (G A)
/s Thermal efficiency, Q/(G A)
ot Overall efficiency, 7o + 7y,
AIC Akaike information criterion
ANCOVA  Analysis of covariance
CI Confidence interval
MPPT Maximum power point tracking
PV Photovoltaic
PVGIS Photovoltaic Geographical Information System
PVT Photovoltaic-thermal
SE Standard error
STC Standard test conditions (1000 W/m?, 25 °C, AM 1.5)
VRM Victron Remote Management
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