B Loughborough
University

This item was submitted to Loughborough’s Institutional Repository
(https://dspace.lboro.ac.uk/) by the author and is made available under the
following Creative Commons Licence conditions.

@creative
ommon

COMMONS D EE D

Attribution-NonCommercial-NoDerivs 2.5
You are free:
» to copy, distribute, display, and perform the waorlk

Under the following conditions:

Attribution. ¥ou rmust attribute the wark in the manner specified by
the author or licensor,

MWoncommercial. vYou may not use this work for commercial purposes,

Mo Derivative Works, vou may not alter, transform, or build upon
this work,

& For any reuse or distribution, vou must make clear to others the license terms of
this work,

® Any of these conditions can be waived if you get permission from the copyright
holder,

Your fair use and other rights are in no way affected by the above.

This is a hurman-readable summary of the Legal Code (the full license).

Disclaimer BN

For the full text of this licence, please go to:
http://creativecommons.org/licenses/by-nc-nd/2.5/




UNCERTAINTY ANALYSIS OF SOLAR PHOTOVOLTAIC
ENERGY YIELD PREDICTION
B. Goss', T. Betts, R. Gottschalg',
Email: b.goss@Ilboro.ac.uk web: www.lboro.ac.uk/crest

Centre for Renewable Energy Systems Technology (CREST), School of Electrical Electronic
and Systems Engineering, Loughborough University, LE11 3TU, England
Subject area: Photovoltaic systems, including system modelling, design and components.

Abstract

Developers of photo-voltaic (PV) systems need better information about the uncertainties in energy yield
predictions, since the uncertainty in the return on investment is a financial risk which the financier will
deflect back to the developer in higher cost of finance, thereby adding to the project lifecycle costs.
Therefore better understanding of PV modelling uncertainty is needed to inform development of more
accurate measurement and modelling. This paper reviews the uncertainty of all input parameters used
for the CREST PV energy yield model. More detailed tolerance data in PV module datasheets is
proposed, in addition to a more accurate ohmic and fault loss analysis of the AC (alternating current)
sub-system using a simple classification of utility connection type.

Introduction

The uncertainty of commercially available PV

system performance models is not published with

the models, so the onus is currently on the system

developer to try to quantify this uncertainty, albeit

with limited information available. Indeed many

developers may be unaware of the magnitude of

uncertainty. Therefore it is imperative for the PV

industry to

e Accurately quantify the
performance predictions

e |dentify the major sources of uncertainty &
develop more accurate models

e Clearly publish performance uncertainty with
software tools.

uncertainty in

Comparison between PV performance models
and outdoor measurements identified bias
uncertainties of 5% or more for certain
technologies[1]. In real terms in the case of the
5MW Lanhydrock solar farm in Cornwall, with a
predicted capital cost of £10-12M; this would
represent a £0.5M difference in project profit
yield'. A 5% variation in performance presents a
significant risk for investors, which would be
passed back to the developer in higher interest
payments or penalty clauses, thereby increasing
the cost of capital. Previous research identified
that incorrect identification and selection of project
parameters can be a significant contribution to
energy vyield (EvieLp) uncertainty[1].

To make further improvements in the accuracy of
Evelo models, a greater understanding of the
uncertainties in individual parameters is needed.
This paper reports on a comprehensive survey of
model parameter tolerance data. This data will
inform a better understanding of the uncertainty in
PV performance prediction and identify how the
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accuracy of
improved.

performance prediction can be

The uncertainty analysis by CanMet (Canada
Centre for Mineral and Energy Technology)
reported a 7.9% combined uncertainty for
modelled average Eviep over the PV system
lifetime based on Monte-Carlo simulations
(breakdown of components shown in Figure 1)[2].
However the uncertainty in the measurements
themselves has been reported by CREST at
4.5%[3].
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Figure 1: Chart showing breakdown of PV model
uncertainties, based on data from [2].

Uncertainty in Irradiance data

Table 1 details the typical uncertainties identified
for the meteorological datasets most commonly
used for solar energy performance prediction.
Recent research at CREST compared data from
MeteoNorm and PV GIS with measured data from
the UK Met offices Sutton Bonington site and from
CREST's Loughborough monitoring station [4].



Database & |RMSE| MBE Period| Time
availability (%) resolution
PVGIS 47 -0.5 | 1981- | Monthly
Europe [5] 1990 | average
Meteonorm 6.2 0 1981- | Monthly
6.1 [6] 2000 | average
ESRA ~7.5 - 1981- | Monthly
[7] 1990 | average
NASA SSE 6| 8.7 0.3 | 1983- | 3-hourly
[8] 2005

Satel-Light 21 -0.6 | 1996- | 30-minute
[9] 2000
HelioClim-2 25.3 2.2 | 2004- | 15-min
[9] 2007

Table 1: Uncertainties in commonly available Met
datasets, courtesy of [10].

In the CREST analysis, Classic PVGIS had a
lower average percentage difference in
comparison to measured data in average daily
irradiation throughout the year (7.64%) than
Meteonorm (9.84%). However for annual total
irradiation, Meteonorm varied from measure data
by only 0.45%, compared with 7.7% for classic PV
GIS [4]. MeteoNorm data is usually averaged from
10 or 20 year datasets, longer datasets will not
increase accuracy due to the long term trend for
increasing global irradiance, as shown in Figure 2.
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Figure 2 Long term trends for Global Irradiance in the
UK from measured data

The diffuse component of irradiance is reducing;
therefore the direct portion must be increasing
(Figure 3).
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Figure 3 Long term trends for Diffuse Irradiance in the

UK from measured data
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Uncertainty in module power

PV module datasheets typically only give
tolerances for the maximum power at STC (Pypp)
and not for the other parameters. However IV
translation using the single diode model also
requires the current and voltage at maximum
power point (lypp and Vypp) and the short circuit
current (lsc). Analysis of flash test data for 4800
PV modules from 6 different manufacturers was
analysed to identify any relationships between the
deviation in the different parameters. Figure 4
shows the frequency distribution of the %
deviation of the flash test results away from the
datasheet Pypp
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Figure 4 Distribution of the % deviation from datasheet
power rating (PMPP).
The vertical bars in Figure 4 indicate the Pypp
tolerance specified by the manufacturer in the
datasheet.
From the manufacturer's flash data in Figure 4,
the Pypp for most modules was evenly spread
over the tolerance range. However spot checks of
small samples of modules from PV installers by
Ipsol Energy have indicated that most production
modules are within 1% of the lower end of the
tolerance range (When the manufacturer would
not have been aware of any study).
Figure 5 from the same dataset shows there is
close correlation between the deviation in Is¢c and
Pwrp
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Figure 5: Chart showing correlation between deviation
in maximum power (PMPP) and deviation in maximum
current (ISC).

However there is little correlation between the
deviation in Pypp and Vyep or lypp (Figure 6 and
Figure 7), likewise between Iwep and Isc).
Therefore distinct tolerance bands for lype , Vmee



and Isc are needed to assess their impact on
EYIELD Uncertainty.
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Figure 6: Correlation between deviation in voltage at
maximum power (VMPP) and deviation in maximum
power (PMPP)
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Figure 7: Correlation between deviation in current at
maximum power (lwpp) and deviation in maximum
power (PMPP)

Variation in module ageing

Recent research at CREST has analysed 570
results from 86 distinct projects which reported
results for PV ageing[11]. The results of this study
enable the CREST EvgL.p model to predict module
ageing based on the users cell technology
selection.

Uncertainty in AC voltage

Solar PV inverters stop generating if the AC
voltage is outside the proscribed range (207-264V
in the UK for <50kW PV) to prevent damage to
appliances [12]. The AC cabling in a PV system
must be sized to prevent this inverter
disconnection due to excessive voltage drop and
to minimise ohmic energy loss from the system.
The impact of the cable size will depend on the
voltage supplied by the network operator.

The nominal AC supply voltage in the UK is 230V
+10%-6% (formerly 240V+/-6%). Data on the
actual voltage range experienced at point of use in
the UK is not readily available so voltage data
from 8 properties with solar PV systems was
analysed.

The results for individual sites are shown in Figure
8and the UK average results are shown in Figure
9. The sites can be divided into 2 classes, those
averaging around 238V and those averaging
around 245 volts.
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Figure 8: Distribution of AC Voltage for 8 locations in
England and Wales2.
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Figure 9: Average distribution of AC Voltage for
monitored locations in England and Wales.

Location Geography |RMSD% |MBD%
Machynlleth Rural (C) 2.47 -2.17
Loughborough |Suburban (C) [1.28 -1.08
Stroud Rural (R) 1.49 -0.88
Private network summary |2.43 -1.81
Loughborough |Suburban (R)|3.88 3.76
Toddington Rural (R) 1.42 1.04
Lipscombe Rural (R) 2.77 2.66
Ashby Rural Town|3.27 2.89
R
Mansfield f:%u)ral village|1.32 0.99
R
Small (chnnections 3.09 2.80
summary

Table 2: Analysis of UK AC voltage distribution.

(C) Commercial / large property; (R) Residential
property

The sites averaging 245 volts are all small
residential properties connected directly to the LV
utility network. Whereas those averaging 238V are
special cases, either large sites with private
networks or other non-standard installations.

2 Data courtesy of Nick Mils (Dulas Ltd); Jaise
Kuriakose (Centre for Alternative Technology); Carl
Benfield (Prescient Power Ltd); Shiva Beharrysingh and
Murray Thompson (CREST)




Better information about the supply voltage would
enable improved value engineering of cable costs
by designers rather than following a one size fits
all specification, in this case the maximum 1%
voltage drop [13].

Recommendations & conclusions
Developers of PV systems need better information
about the uncertainties in Eygp predictions in
order to reduce the cost of financing systems.
More information about PV module tolerance is
required for accurate modelling; therefore PV
module datasheets need to show tolerance values
for lyep, Vmpp and lgc in addition to the tolerance
given for Pyep. At present this information can only
be deduced from flash test data of large batches
of PV modules.

Analysis of AC voltage data, suggests there are 2
distinct classes of AC connection type, A) small
properties with direct connection to the utility
network B) Special cases (large sites with private
networks or other non-standard installations). This
classification would allow the user of PV modelling
software to select connection type, and enable
more accurate Eygp modelling and better inform
cable sizing decisions. Models currently use the
nominal AC voltage (230V) for modelling.

References

[1] S. Ransome, "Updated status on
discrepancies between measured and
modelled outdoor performance,” in

Photovoltaic Science Application and
Technology (PVSAT-7). Heriot Watt
University, Edinburgh, 2011.

[2] D. Thevenard, A. Driesse, S. Pelland, D.
Turcotte, and Y. Poissant, "Uncertainty in
long-term photovoltaic yield predictions,”

Natural Resources Canada, Canmet
ENERGY Varennes, QC, Canada March
31, 2010.

[3] M. B. Strobel, T. R. Betts, G. Friesen, H.
G. Beyer, and R. Gottschalg, "Uncertainty
in Photovoltaic performance parameters -
dependence on location and material,"
Solar Energy Materials and Solar Cells,
93, 1124 (2009).

[4] A. Thirkill, "A Comparative Evaluation of
Solar Irradiance and Insolation Datasets."
Loughborough, UK: CREST, Centre for
Renewable Energy Systems Technology,

2011.
[5] M. Suri, T. Huld, E. D. Dunlop, and T.
Cebecauer, "Geographic Aspects of

Photovoltaics in Europe: Contribution of
the PVGIS Website," Selected Topics in
Applied Earth Observations and Remote
Sensing, IEEE Journal of, 1, 34 (2008).

[6] J. Remund, "Quality of Meteonorm
Version 6.0," in Proceedings of 10th

(7]

(8]

(9]

(10]

(1]

(12]

(13]

World Renewable Energy Conference,
vol. 6. Glasgow, Scotland, 2008, pp. 1.1.
H. G. Beyer, G. Czeplak, U. Terzenbach,
and L. Wald, "Assessment of the method
used to construct clearness index maps
for the new European Solar Radiation
Atlas (ESRA)," Solar Energy, 61, 389
(1997).

NASA_Earth_Science_Enterprise
_Program, "Surface meteorology and
Solar Energy (SSE) Release 6.0
Methodology, draft version 1.005," 2008.
P. Inneichen, ‘"lrradiance  products
validation and comparison against 13
ground stations, Working document of the
MESoR project,” MESoR - Management
and Exploitation of Solar Resource
Knowledge 2000.

M. Suri, J. Remund, T. Cebecauer, D.
Dumortier, L. Wald, T. Huld, and P. Blanc,
"First steps in the cross-comparison of
solar resource spatial products in
Europe,” in 1st International Conference
on Solar Heating, Cooling and Buildings,
EUROSUN 2008. Lisbon, Portugal, 2008.

D. Wu, J. Zhu, T. Betts, and R.
Gottschalg, "PV module degradation
mechanisms under different
environmental stress factors," in 8th

Photovoltaic Science, Applications and
Technology = Conference  (PVSAT-8)
Newcastle, England., 2012.
Energy_Networks_Association,
"Engineering Recommendation G83/1:
The connection of small-scale embedded
generators (up to 16A per phase) in
parallel with public low voltage distribution
networks," vol. G83/1. London, UK:
Energy_Networks_Association, 2002.
Sundog_Energy, Halcrow_Group, and
Energy_Saving_Trust, "Photovoltaics in
Buildings Guide to the installation of PV
systems 2nd Edition," 2nd ed. London: UK
Government, 2006.



