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Abstract — Investment risks of utility-scale PV systems may
arise from a wide range of sources: political stability in a region,
interest rate levels and currency exchange rates or future energy
price. However, the presence of stable political and economic
conditions and feed-in tariffs or power purchase agreements may
limit interest and price risks to acceptable levels. The technical
risk of deviations between expected and actual life-time energy
yield of a PV power plant is mostly influenced by the quality of
energy Yyield predictions in case that system components
correspond to their datasheet and guaranteed values and the
maintenance concept is applied as expected. Recent publications
estimate the standard uncertainty of life-time energy yield
predictions to about 8%, which directly contributes to overall
investment risk.

In this paper we analyze two different strategies to reduce the
influence of uncertainties of energy yield predictions on
investment risks. The first strategy is diversification of risk, i.e.
investing in a portfolio of systems. The second strategy is related
to adjusted investment periods. It is concluded, that both
strategies as well as the combination of these strategies are able
to significantly reduce uncertainties. The resulting uncertainty of
the lifetime energy yield for the combination of both approaches
is estimated to about 3%.

Index Terms — utility-scale PV, investment risk, yield
prediction.

I. INTRODUCTION

Very large investments into utility-scale PV systems are
usually driven by financial rules. Before any investment is
undertaken, these rules dictate that risks are either ruled out or
that an interest rate penalty is imposed, if the risk is deemed
acceptable at an increased interest rate. Many risks are in fact
not attributed to PV technology at all, for example political
stability in a region, current and anticipated interest rate
levels, currency exchange rates or the predicted future value
of electricity in the region in question.

From a technical perspective, the origin of financial risk is
easy to summarize: the most important factor is a potential
lack of energy yield. The high relevance of PV energy yield
predictions is therefore widely accepted.

Yield predictions are amongst the aspects deemed
obligatory by the financing sector dealing with utility-scale
PV projects, despite the fact that it is unclear, what risk
penalty is added precisely. In energy yield prediction reports,
the solar resource at the given location, the performance and
the energy production over the expected life time of the PV

power plant are detailed, using state-of-the-art knowledge in
PV energy yield and solar resource modelling.

Many studies in very diverse research areas have already
contributed to more accurate yield assessments. However until
now only a few publications are dealing with uncertainties of
the predicted lifetime energy yield of PV systems, e.g. [1-3].

In this paper, we detail the uncertainties of state of the art
lifetime energy yield predictions for PV systems and analyze
the potential of different investment strategies to mitigate
investment risk.

Il. METHODOLOGY AND GENERAL APPROACH

Based on an assessment of uncertainties for yield
predictions of individual PV power plants, we identify and
assess two different strategies to reduce uncertainties and
mitigate risks for an investment.

The first strategy is straightforward and well-known: risk
diversification, i.e., investing in a portfolio of PV power
plants rather than a single system as to distribute and thereby
lower overall risk.

In the second strategy, we consider investments are made
for PV power plants that are already in operation. Here, the
investment period is limited to a selected duration. The idea of
how risk might get mitigated this way is illustrated in Fig. 1.
As shown, some of the uncertainties involved in energy yield
predictions arise due to a lack of detailed knowledge of site
conditions and system behavior, before the system is
operating. These uncertainties can be reduced after some
years of operation by using on-site meteorological
measurements and sSystem monitoring data. After first
operational experience and preparation of a site and PV
system adapted yield prediction the PV power plant is sold to
an investor (or transferred to a yieldco). Other causes of
uncertainty, however, are related to long-term effects and
therefore become relevant only towards longer operational
durations of the PV power plant. Consequently, we presume
that there exists a period in between, which offers lower
investment risks. As an example we will analyze an
investment period lasting from the 4" to the 15" year of
operation. After this period the system could be resold to less
risk-averse investors. Uncertainties of the future value of the
PV system and the reselling price (as well as correlations



between the end of the investment period and this price) exist
and have to be taken into account. However, they are outside
the scope of the present paper.
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Fig. 1. Technical risks over the lifetime of a PV plant.

I11. DETAILING UNCERTAINTIES OF YIELD PREDICTIONS

In a recent study on uncertainties in PV energy yield
predictions, we summarized our current estimates on the
combined uncertainty of predicted yield over the entire
lifetime of a PV power plant [2]. As there are long-term
factors that influence expected yields as well as uncertainties,
this estimation separates initial and long-term effects and
includes an estimation of the development of the uncertainties
over the lifetime of the PV system. Typical results of such an
assessment for a system equipped with crystalline silicon
modules and a moderate (middle European) climate are shown
in Fig. 2. Note that all uncertainties within this paper are given
as standard uncertainties.

The initial uncertainty of 5.6% for the first year of plant
operation shown in Fig. 2 results from the combination of
uncertainties of the initial solar resource assessment (4.2%)
and uncertainties arising from initial performance ratio (PR)
modelling (3.6%). Uncertainties for the solar resource consist
of a 3% uncertainty from the assessment of global horizontal
irradiance (GHI) at the location under consideration and
another 3% for transposition to irradiance in plane of array
(GPOA). For initial PR modelling the uncertainties consist of
uncertainties of the system modelling itself with 3% and an
estimated uncertainty of 2% for potential differences between
nominal and actually installed STC power [See 2, Table Il
for more details].

Long-term solar resource trends [4, 5] as well as long-term
degradation [6] and possible reversible PR changes (e.g. due
to soiling) affect energy yields and uncertainties of the
prediction over the plant lifetime.

There are a few publications, that analyze possible future
changes in the solar resource based on projections from global
climate models [7, 8]. However such projections based on the
current generation of climate models are still subject to
considerable uncertainties. For this reason, up to now

projections of long-term changes in irradiance are not
considered in the calculation of expected yields, but are
included as uncertainties. The magnitude is estimated to a
possible change rate of 3%/decade [9]. Long-term changes in
PR are estimated as a linear change rate of -0.5%l/year, the
uncertainty is assumed to be 0.5%/year.
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Fig. 2. Expected lifetime energy yield and uncertainties for a PV

plant. The dotted line shows the mean expected development of the
yield compared to initial yield (interannual variations not included);
uncertainties are shown as blue plane.

Initial and long-term uncertainties (increasing with time) are
combined for all single years of the expected lifetime of the
system (20 years in Fig. 2). The resulting combined
uncertainty for the expected energy yield integrated over the
lifetime of the system is about 8.5%. Initial, long-term and
combined uncertainties will vary depending on environmental
conditions and details of the PV power plant under
consideration. Especially they maybe higher for regions closer
to the equator, were a growing number of PV power plants are
built today.

It is important to note, that Fig. 2 shows expected energy
yields in typical years. Interannual variations in energy yields
due to the variability of the solar resource are not included in
the uncertainty estimation. The aim of the assessment is to
derive an estimate on the overall yield over the lifetime of the
PV system. The magnitude of these variations is site specific
(e.g. lower at locations with general high irradiance conditions
as in arid climates). For 26 PV systems analyzed in [2] the
standard deviation of annual yields from their trend-corrected
mean is about 5% in average (see Fig. 3 for a visualization of
all measured deviations for these systems). This means that
actual annual yields may deviate from the expected yield in a
typical year by about +10% for the first years of operation and
by more than £15% in the last years of operation.
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Fig. 3. Annual deviations of measured energy yield from expected
initial yield for 26 systems located in Germany and Spain. Note, that
the years of installation are different for these systems. As a result,
true correlations between energy yields in individual years maybe
underestimated for this example.

IV. ASSESSMENT OF RISK MITIGATION STRATEGIES

Based on the uncertainty assessment for a single PV power
plant over the entire technical lifetime in the previous section,
we will now assess the potential to reduce uncertainties with
the two aforementioned strategies and a combination of both
strategies.

A. Diversification by Investment in a Portfolio of PV Systems

Often investments risks are spread by a pooling of different
investment objects. This is also the case for the PV industry as
the recent trend to yieldco’s show. The investment in a
portfolio of systems may also be an option for risk-averse
investors, such as pension funds or assurance companies. In
the following we will assess the implications of such an
investment strategy on the uncertainty estimation from
section I11. Note that it is assumed that the portfolio consists
of a reasonable large number of systems. The assessment (as
well as the assessment in the following sections) can only
provide typical estimations. The estimated uncertainty may
vary depending e.g. on the number, the location and the
distribution of the systems, the module technology used and
the system configuration. It is possible to estimate the
uncertainty of the energy yield of the PV system portfolio by
using statistical methods and existing yield predictions and
uncertainty estimations for all single systems. Here, we will
instead discuss the influence on the standard uncertainty for
every source of uncertainty and derive the combined
uncertainty for the whole portfolio from these estimations.

The advantage for an energy yield assessment of multiple
systems is that random errors may cancel out. Based on
literature, it can be assumed that this applies to the assessment

of GHI [10, 11] as well as on the transposition to GPOA.
With the estimation of a 2% uncertainty for both factors the
combined uncertainty of the initial solar resource assessment
is reduced to 2.8% (compared to 4.2% for the estimation in
section 11l for a single location, the numbers from the base
case in section Il will be given in brackets for all changed
assumptions in the following). It can be assumed that a
reduction will also occur for initial PR modelling, both for the
modelling itself [12] as well as for deviations between actual
and nominal STC power. We estimate the uncertainty to 1.5%
(3%) for system modelling and to about 1% (2%) for power
deviations.

The use of different module types and system configuration
may also slightly reduce the uncertainty of PR changes. With
distributed locations, also a slight reduction of the
uncertainties resulting from possible future changes in the
solar resource may occur. We estimate these uncertainties to
0.35%/year (0.5%/year in section I11) for the PR changes and
to 2.5%/decade (3%/decade) for solar resource trends.

The results of the uncertainty assessment of the energy yield
for a portfolio of PV systems are shown in Fig. 4. The
combined uncertainty for the expected energy yield of the
system portfolio integrated over the lifetime is about 5.8%,
which is a reduction by about one third compared to the
uncertainty of the yield for a single system. The expected
reduction of uncertainty is in line with the observed reduction
of the mean deviations compared to the deviations of single
systems in [2].
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Fig. 4.  Expected uncertainties for a portfolio of PV systems

An additional advantage of the pooling of systems is the
drastic reduction of the interannual variability due to
smoothing effects. As an example, the measured variability of
the mean annual yield for the portfolio of 26 systems from
Fig. 3 is shown in Fig. 5. This smoothing will result in a more
continuous cash flow not only on annual but also on seasonal
basis especially for a portfolio with systems located at both



sides of the equator. The magnitude of this smoothing effect is
dependent on the number, the location and the spatial
distribution of the systems.
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Fig. 5. Annual deviations of measured energy yield from expected
initial yield for a portfolio of 26 systems located in Germany and
Spain. See Fig. 3 for the variability of the individual systems. As for
Fig. 3 true deviations in individual years maybe higher, than in the
example.

B. Adjusted Yield Predictions and Investment Periods

For the second strategy we assume, that three years of high
quality monitoring data is available for the system under
consideration. These local measurements can be used to adjust
the time series of irradiance and temperature, which used for
the prediction of energy yields. As we assume that only three
years of measurement data are available, the measured data
itself cannot be used to predict future yields due to the high
influence of interannual variations.

For this reason, usually satellite derived irradiance time
series with a minimum time span of 10 years are used to
predict the (remaining) lifetime yields. There are different
approaches to adapt and to combine these data with ground
measurements [e.g. 13, 14] with reasonable high accuracy.
The adapted time series in the monitoring phase can then be
used to train the modelling chain to derive adapted parameters
for PR modelling.

The focus within this procedure is to match the measured
final (annual) energy yield of the system with an appropriate
set of PR modelling parameters in combination with an
adapted time series rather than to match the results of all
modelling steps e.g. GHI, GPOA and PR. Measurement
uncertainties of irradiance and PR are considerably higher
compared to uncertainties of energy meters one the one hand
and on the other hand this allows to perform the adaption in
cases were no high quality meteorological measurements (or
no such measurements at all) are available. The match of
measurement with simulation should be checked for annual

and monthly energy yields to ensure that the variability of the
energy yield is covered by the modelling. If modelled monthly
yields in the training phase match considerably well, it is
likely, that the derived set of parameters is able to predict
annual system outputs for the whole time series. We estimate
that a detailed analysis of the system and measurement data
will allow a considerable reduction of the initial uncertainties
for annual energy yields to about 2%. Systems at locations
with higher soiling losses will have higher initial uncertainties
compared to the estimation of 5.6% in section I1. It should be
possible to hold the estimated reduced uncertainty of about
2% also in these cases if adapted cleaning procedures are
applied.

Long-term uncertainties may not be reduced by the
availability of three years of measurements. For this reason,
our basic assumptions for long-term uncertainties remain
unchanged (3%/decade for solar resource trends and
0.5%/year for PR changes, see section Ill). However the
reduction of the investment period will reduce their influence
on the uncertainty of the lifetime energy yield. Shorter
investment periods than the 12 exemplary years chosen here
will further reduce the influence of long-term uncertainties.

The result of the uncertainty assessment for the energy yield
of a single PV system with adapted yield prediction and
investment period is shown in Fig. 6. The combined
uncertainty for the expected energy yield integrated over the
lifetime of the system is about 4.2%, which is a reduction by
about one half compared to the estimated uncertainty from
section I11.
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Fig. 6.  Expected uncertainties for an adjusted yield prediction and

a reduced investment period

C. Combination of Both Approaches

If adapted yield predictions and investment periods are
applied to a portfolio of system, uncertainties can be further
reduced.



For initial PR modelling the uncertainty for the modelled
energy Yyield of the portfolio is estimated to 1%. Long-term
uncertainties are estimated to be unchanged compared to
section 1V A (0.35%/year for PR changes and 2.5%/decade
for solar resource trends). Due to the reduced investment
period, however, their influence on the uncertainty of the
lifetime energy yield is reduced also.

The results of the uncertainty assessment for the
combination of both approaches are shown in Fig. 7. The
combined uncertainty for the expected lifetime energy yield of
the system portfolio with adapted yield predictions and the
selected investment period is about 2.9%. This is a reduction
by about two thirds compared to the estimated uncertainty of
the yield for a single system from section Il1.
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Fig. 7. Expected uncertainties for a combination of both strategies

V. CONCLUSION

We evaluated the potential of two investment strategies to
reduce the uncertainty of the predicted lifetime energy yield.
Both strategies as well as the combination of these strategies
help to significantly reduce uncertainties of lifetime energy
yield predictions. For the combination of both approaches our
estimate amounts to about 3% uncertainty compared to an
uncertainty of about 8% for investments in a single PV system
for the whole lifetime.

Beside-Aside from the reduction of the uncertainty also a
smoothing of the interannual variability and therefore the cash
flow from the investment can be achieved. In combination
with the possibility of insurances, hedging or guarantees for
expected lifetime yields, investments in PV power plants offer
investment possibilities with very low risks.

REFERENCES

[1] E. Drury, T. Jenkin, D. Jordan, and R. Margolis, “Photovoltaic
Investment Risk and Uncertainty for Residential Customers,”
IEEE J. Photovoltaics, vol. 4, no. 1, pp. 278-284, 2014.

[2] B. Miiller, L. Hardt, A. Armbruster, K. Kiefer, and C. Reise,
“Yield predictions for photovoltaic power plants: empirical
validation, recent advances and remaining uncertainties,” Prog.
Photovolt: Res. Appl, pp. n/a,
http://dx.doi.org/10.1002/pip.2616, 2015.

[3] D. Thevenard and S. Pelland, “Estimating the uncertainty in
long-term photovoltaic yield predictions,” Sol Energy, vol. 91,
pp. 432-445, 2013.

[4] M. Wild, “Global dimming and brightening: A review,” Journal
of geophysical research, vol. 114, no. D10, pp. DO0D16, 2009.

[5] M. Wild, H. Gilgen, A. Roesch, A. Ohmura, C. N. Long, E. G.
Dutton, B. Forgan, A. Kallis, V. Russak, and A. Tsvetkov,
“From Dimming to Brightening: Decadal Changes in Solar
Radiation at Earth’s Surface,” Science, vol. 308, no. 5723, pp.
847-850, 2005.

[6] D.C.Jordan and S. R. Kurtz, “Photovoltaic Degradation Rates-
an Analytical Review,” Prog. Photovolt: Res. Appl, vol. 21, no.
1, pp. 12-29, http://dx.doi.org/10.1002/pip.1182, 2013.

[7]1 M. Gaetani, T. Huld, E. Vignati, F. Monforti-Ferrario, A. Dosio,
and F. Raes, “The near future availability of photovoltaic energy
in Europe and Africa in climate-aerosol modeling experiments,”
Renewable and Sustainable Energy Reviews, vol. 38, no. 0, pp.
706-716,
http://www.sciencedirect.com/science/article/pii/S13640321140
04936, 2014.

[8] M. Wild, D. Folini, F. Henschel, N. Fischer, and B. Muller,
“Projections of long-term changes in solar radiation based on
CMIP5 climate models and their influence on energy yields of
photovoltaic systems,” Solar Energy, vol. 116, no. 0, pp. 12-24,
http://www.sciencedirect.com/science/article/pii/S0038092X15
001668, 2015.

[9] B. Miiller, M. Wild, A. Driesse, and K. Behrens, “Rethinking
solar resource assessments in the context of global dimming and
brightening,” Solar Energy, vol. 99, pp. 272-282, 2014.

[10] P. Ineichen, “Long term satellite global, beam and diffuse
irradiance validation,” in Proceedings of the 2nd International
Conference on Solar Heating and Cooling for Buildings and
Industry, Freiburg, 2013, pp. 1586-1596.

[11]M. Sari and T. Cebecauer, “Satellite-Based Solar Resource Data:
Model Validation Statistics Versus User’s Uncertainty,” in
Proceedings of the 43th ASES National Solar Conference, San
Francisco, 2014.

[12] S. Dittmann, G. Friesen, S. Williams, T. Betts, R. Gottschalg, H.
G. Beyer, A. Guérin de Montgareuil, N.J.C.M. Van Der Borg, A.
R. Burgers, T. Huld, B. Miiller, C. Reise, J. Kurnik, M. Topic, T.
Zdanowicz, and F. Fabero, “Results of the 3rd Modelling
Round Robin within the European Project PERFORMANCE -
Comparison of Module Energy Rating Methods,” in
Proceedings of the 25th European Photovoltaic Solar Energy
Conference and Exhibition / 5th World Conference on
Photovoltaic Energy Conversion, Valencia, 2010, pp. 4333—
4338.

[13]J. A. Ruiz-Arias, S. Quesada-Ruiz, E. F. Fernandez, and C. A.
Gueymard, “Optimal combination of gridded and ground-
observed solar radiation data for regional solar resource
assessment,” Solar Energy, vol. 112, pp. 411-424, 2015.

[14] M. Journée, R. Miiller, and C. Bertrand, “Solar resource
assessment in the Benelux by merging Meteosat-derived climate
data and ground measurements,” Solar Energy, vol. 86, no. 12,
pp. 3561-3574, 2012.



	Investment risks of utility-scale PV: Opportunities and limitations of risk mitigation strategies to reduce uncertainties of energy yield predictions
	Fraunhofer ISE, Fraunhofer Institute for Solar Energy Systems, Freiburg, 79110, Germany
	Abstract — Investment risks of utility-scale PV systems may arise from a wide range of sources: political stability in a region, interest rate levels and currency exchange rates or future energy price. However, the presence of stable political and eco...
	In this paper we analyze two different strategies to reduce the influence of uncertainties of energy yield predictions on investment risks. The first strategy is diversification of risk, i.e. investing in a portfolio of systems. The second strategy is...
	Index Terms — utility-scale PV, investment risk, yield prediction.
	I. Introduction
	II. Methodology and General Approach
	III. Detailing Uncertainties of Yield Predictions
	IV. Assessment of Risk Mitigation Strategies
	V. Conclusion
	References


