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h i g h l i g h t s

� A novel method for solar power probabilistic forecasting is proposed.
� The forecast accuracy does not depend on the nominal power.
� The impact of climatology on forecast accuracy is evaluated.
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a b s t r a c t

The energy produced by photovoltaic farms has a variable nature depending on astronomical and mete-
orological factors. The former are the solar elevation and the solar azimuth, which are easily predictable
without any uncertainty. The amount of liquid water met by the solar radiation within the troposphere is
the main meteorological factor influencing the solar power production, as a fraction of short wave solar
radiation is reflected by the water particles and cannot reach the earth surface. The total cloud cover is a
meteorological variable often used to indicate the presence of liquid water in the troposphere and has a
limited predictability, which is also reflected on the global horizontal irradiance and, as a consequence,
on solar photovoltaic power prediction. This lack of predictability makes the solar energy integration into
the grid challenging. A cost-effective utilization of solar energy over a grid strongly depends on the accu-
racy and reliability of the power forecasts available to the Transmission System Operators (TSOs).
Furthermore, several countries have in place legislation requiring solar power producers to pay penalties
proportional to the errors of day-ahead energy forecasts, which makes the accuracy of such predictions a
determining factor for producers to reduce their economic losses. Probabilistic predictions can provide
accurate deterministic forecasts along with a quantification of their uncertainty, as well as a reliable esti-
mate of the probability to overcome a certain production threshold. In this paper we propose the appli-
cation of an analog ensemble (AnEn) method to generate probabilistic solar power forecasts (SPF). The
AnEn is based on an historical set of deterministic numerical weather prediction (NWP) model forecasts
and observations of the solar power. For each forecast lead time and location, the ensemble prediction of
solar power is constituted by a set of past production data. These measurements are those concurrent to
past deterministic NWP forecasts for the same lead time and location, chosen based on their similarity to
the current forecast and, in the current application, are represented by the one-hour average produced
solar power.
The AnEn performance for SPF is compared to a quantile regression (QR) technique and a persistence

ensemble (PeEn) over three solar farms in Italy spanning different climatic conditions. The QR is a state-
of-the-science method for probabilistic predictions that, similarly to AnEn, is based on a historical data
set. The PeEn is a persistence model for probabilistic predictions, where the most recent 20 power mea-
surements available at the same lead-time are used to form an ensemble. The performance assessment
has been carried out evaluating important attributes of a probabilistic system such as statistical
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consistency, reliability, resolution and skill. The AnEn performs as well as QR for common events, by pro-
viding predictions with similar reliability, resolution and sharpness, while it exhibits more skill for rare
events and during hours with a low solar elevation.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Solar photovoltaic power (PV) generation has increased steadily
in several countries in the last 10 years, becoming an important
component of a sustainable solution of the energy problem. In
Italy, for instance, thanks also to substantial government subsides
over the past 5 years, the annual generation by PV has reached
19,418 GWh in 2013, corresponding to 7% of the total Italian
energy demand. The rate of growth is significant considering that
in 2008 the generation from PV was just 200 GWh (0.1% of total)
[1]. During the last 10 years wind power installed capacity has also
followed the same trend in Italy, going from 664 MW to 8551 MW
in 2013 [2], which has led to an annual generation of about 4.7% of
the total Italian energy demand. As a consequence more than 10%
of the total Italian energy production is now made of wind and
solar resources that have a variable nature and a limited pre-
dictability. Astronomical and meteorological factors are the main
causes of PV variability. The former are the solar elevation and
the solar azimuth, which are easily predictable without any uncer-
tainty. The amount of liquid water met by the solar radiation inside
the troposphere is the main meteorological factor influencing the
solar power production. In fact, a fraction of short wave solar radia-
tion is reflected back outside the atmosphere or absorbed by the
cloud water particles and cannot reach the earth surface. A similar
process involves other kind of particles generally defined as aerosols
that have different origins both natural (marine salt, soil erosion)
and anthropogenic (combustion). The interaction between solar
radiation and aerosols increases the amount of the diffused compo-
nent (that still reaches the earth surface contributing to PV genera-
tion) but alters only marginally the reflected and absorbed
components, which become significant only in the case of particu-
larly high aerosol concentrations, such those found in the proximity
of a volcanic eruption or during episodes of high urban pollution. The
PV panel energy efficiency is also related to air temperature (the effi-
ciency decreases at higher temperatures) [3]. Hence, the total cloud
cover (CC), the global horizontal irradiance (GHI) and air tempera-
ture at 2 m above the ground (T2M) are the meteorological variables
directly related to PV production and their limited predictability is
also reflected on PV predictions. Aerosol interactions with solar radi-
ation are generally taken into account by meteorological models, but
the aerosol distribution is based on climatological estimates.

Electricity is distributed over a region via a grid, which is an
interconnected network from suppliers to consumers. To maintain
grid stability at an effective cost, it has now become crucial to be
able to predict with accuracy the renewable energy production
which is combined with other more predictable sources (e.g., coal,
natural gas) to satisfy the energy demand [4,5]. The efforts of pro-
viding an accurate solar power prediction have now been man-
dated by recent legislation in Italy for utility companies, which
have to pay penalties proportional to the forecast errors (defined
as the difference between the day-ahead planned energy and the
actual production). This has now put a greater focus on solar power
forecasting (SPF). Even though the first methods for wind power
forecasting (WPF) and SPF were both developed in early 1980s
[6,7], the number of publications focused on WPF is much higher.

Predictions can be categorized into deterministic and proba-
bilistic forecasts. A deterministic forecast consists of a single

predicted value of the variable for each prediction time, while
probabilistic forecasting provides probability density functions
(PDFs) from which probabilities of future outcomes can be esti-
mated. Probabilistic forecasts also provide information about
uncertainty in addition to the commonly provided single-valued
(best-estimate) power prediction.

There are many examples of how probabilistic predictions can
provide a higher value than deterministic ones. For instance, one
example is estimating the optimal level of reserves that need to
be allocated to compensate for wind and solar power variability
and their limited predictability, as discussed in [8]. Another signif-
icant application is when renewable energy is traded in day-ahead
electricity markets. In [9–11] it is shown that trading future wind
energy production using probabilistic wind power predictions can
lead to higher economic benefits than those obtained by using
deterministic forecasts alone. Indeed, the maximum income for a
producer is obtained by offering in the day-ahead market an
amount of energy that can be different from the most expected
one.

Two reviews of the status of forecasting GHI on different time
scales for energy generation are reported in [12] and [13], while
different forecasting techniques for PV power are evaluated and
compared in [14], and a full review of SPF can be found in [15].
In this work we focus on short-range PV forecasting, i.e., 0–72 h
ahead. An approach to forecasting on this time range can be based
on applying statistical or machine learning techniques directly to
historical time series of PV production data. Several applications
of this kind can be found in the literatures [16–18]. In [19] it is
shown that for forecasts up to 2 h ahead the most important input
is the available observations of solar power, while for longer hori-
zons numerical weather prediction (NWP) model output becomes
crucial for a better accuracy. Even though there are several contri-
butions on the topic of probabilistic WPF [20–23]for probabilistic
PV forecasts only a few methods have been proposed in the litera-
ture. [24] and [25] propose probabilistic forecast systems for GHI
only. In [24] the system is based on a stochastic differential equa-
tion framework together with NWP for modeling the uncertainty
associated with the solar irradiance point forecast. In [25] the
GHI forecast system is based on studying the correlation of uncer-
tainty to local meteorological conditions describing synoptic-scale
atmospheric flow. The direction and magnitude of geostrophic flow
were used as an indicator of coastal cloud cover probability to pro-
duce regime-dependent forecast intervals.

In [26] PV energy probabilistic forecast for 1-h ahead are based
on a Bayesian auto regressive time series model without using
NWP. In [27] a normal distribution with zero mean and a standard
deviation dependent on the solar zenith angle and the cloud situ-
ation is assumed to describe forecast errors of GHI. In this paper
we propose the Analog Ensemble (AnEn) as a novel method for
PV power forecasting over the 0–72 h lead time period. It has been
originally proposed by [28] and [29] for deterministic and proba-
bilistic meteorological forecasting, by [30] for WPF, and by [32]
for wind resource assessment applications. The AnEn technique
provides a set of likely PV predictions (i.e., an ensemble that is a
Monte Carlo approximation of the PDF associated with future
power production) using an historical dataset of observations
and deterministic NWP. For each forecast lead time the ensemble
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