<]
TUDelft

Delft University of Technology

The climatological renewable energy deviation index (credi)

Stoop, Laurens P. ; Van Der Wiel, Karin; Zappa, William; Haverkamp, Arno; Feelders, Ad J. ; van den
Broek, M.A.

DOI
10.1088/1748-9326/ad27b9

Publication date
2024

Document Version
Final published version

Published in
Environmental Research Letters

Citation (APA)

Stoop, L. P., Van Der Wiel, K., Zappa, W., Haverkamp, A., Feelders, A. J., & van den Broek, M. A. (2024).
The climatological renewable energy deviation index (credi). Environmental Research Letters, 19(3), 1-11.
Article 034021. https://doi.org/10.1088/1748-9326/ad27b9

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1088/1748-9326/ad27b9
https://doi.org/10.1088/1748-9326/ad27b9

ENVIRONMENTAL RESEARCH
LETTERS

LETTER « OPEN ACCESS You may also like
. . . . - A two-stage insulation method for
The climatological renewable energy deviation Sbiressing il Gitsszal i
microarray sensitive units
|ndex (Cred |) Shining Z\r/m, Xin li, Zhengjie Luo et al.

- Nanostars—decorated microfluidic
sensors for surface enhanced Raman
scattering targeting of biomolecules
Caterina Dallari, Caterina Credi, Elena
Lenci et al.

To cite this article: Laurens P Stoop et al 2024 Environ. Res. Lett. 19 034021

- Nanostructured Thin Films of TiO2
. . . Tailored by Anodization
View the article online for updates and enhancements. Marcos Luna Cervantes, Duilio
Valdespino-Padilla, Jesus M Siqueiros
Beltrones et al.

Fourth edition

DOWNLOAD THE FREE E-BOOK

This content was downloaded from IP address 62.45.98.97 on 26/02/2024 at 08:54


https://doi.org/10.1088/1748-9326/ad27b9
/article/10.35848/1882-0786/ad2b00
/article/10.35848/1882-0786/ad2b00
/article/10.35848/1882-0786/ad2b00
/article/10.1088/2515-7647/ab869a
/article/10.1088/2515-7647/ab869a
/article/10.1088/2515-7647/ab869a
/article/10.1088/2053-1591/ad2a89
/article/10.1088/2053-1591/ad2a89
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsvYgjPev9Z6uvNNCrdXciz2zx_lo-Lu0-MhW84bkCFa-8thXP_OgKNeX1ajzB8ZJ8kgaKeknrZ5HzzMgYMU3TolWwsYS9VhHHH-agR7d2IUJ15RIfn4Sfy3IwsrFQjYliETBTjQUA6fs24dkzVfrr0rorLE362VDZI1AxEH17kHm-RRuedJzsBVtEqrQugN4BW7vCJShsDTrCnUOSwHW6-q8l7HBeOBb9SvejKzVyyy3VooR2c37SqWKQD5KObjG3Vd1GB6Nac5e-9PvMyMPh7PdHhjZry4MCYPownyBrzaAccV32Nhespu6j6E7KF002HzCjFgCfrjtQ&sig=Cg0ArKJSzCIf9uXza-BP&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.owlstonemedical.com/breath-biopsy-complete-guide/%3Futm_source%3Djbr%26utm_medium%3Dad-b%26utm_campaign%3Dbb-guide-bb-guide%26utm_term%3Djbr

I0P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
19 July 2023

REVISED
23 January 2024

ACCEPTED FOR PUBLICATION
8 February 2024

PUBLISHED
20 February 2024

Original Content from
this work may be used
under the terms of the
Creative Commons

Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

Environ. Res. Lett. 19 (2024) 034021

ENVIRONMENTAL RESEARCH
LETTERS

LETTER

https://doi.org/10.1088/1748-9326/ad27b9

The climatological renewable energy deviation index (CREDI)

Laurens P Stoop"”>* (), Karin van der Wiel*
and Machteld van den Broek’

, William Zappa’

, Arno Haverkamp’©, Ad J Feelders'

Information and Computing Science, Utrecht University, Utrecht, The Netherlands
Copernicus Institute of Sustainable Development, Utrecht University, Utrecht, The Netherlands

Royal Netherlands Meteorological Institute (KNMI), De Bilt, The Netherlands
Faculty Technology, Policy, and Management, Delft University of Technology, Delft, The Netherlands

1
2
3 TenneT TSO B.V., Arnhem, The Netherlands
4
5

Author to whom any correspondence should be addressed.

E-mail: laurens.stoop@tennet.eu

Keywords: resource droughts, resource adequacy, renewable energy drought, dunkelflaute, wind drought

Supplementary material for this article is available online

Abstract

We propose an index to quantify and analyse the impact of climatological variability on the energy
system at different timescales. We define the climatological renewable energy deviation index
(CREDI) as the cumulative anomaly of a renewable resource with respect to its climate over a specific
time period of interest. For this we introduce the smooth, yet physical, hourly rolling window
climatology that captures the expected hourly to yearly behaviour of renewable resources. We
analyse the presented index at decadal, annual and (sub-)seasonal timescales for a sample region
and discuss scientific and practical implications. CREDI is meant as an analytical tool for researchers
and stakeholders to help them quantify, understand, and explain, the impact of energy-
meteorological variability on future energy system. Improved understanding translates to better
assessments of how renewable resources, and the associated risks for energy security, may fare in
current and future climatological settings. The practical use of the index is in resource planning.
For example transmission system operators may be able to adjust short-term planning to reduce
adequacy issues before they occur or combine the index with storyline event selection for improved

assessments of climate change related risks.

1. Introduction

The energy system is changing. This is due to the
increased deployment of renewable energy generat-
ors, like wind turbines and solar panels; changes in
electricity demand, from increased use of heat pumps
and electric vehicles; and climatic changes influencing
the weather dependent parts of the system. It is crucial
to understand the full dynamics of the (future) energy
system, both for policy making and energy security
reasons [1].

Knowing the impact of and link between the
energy system and weather-related variability on daily
to inter-annual and decadal timescales is vital for
robust design and planning of future energy sys-
tems [1-3]. Meteorological variability leads to tem-
poral variability. Not only in renewable energy pro-
duction, but also in energy demand, changing the

© 2024 The Author(s). Published by IOP Publishing Ltd

way energy systems have to be operated and con-
trolled [1].

Energy system models are vital to capture the
impact of this variability [4]. However, their com-
plexity results in high computational burdens that
grows exponentially with the simulation period [1,
5-8]. Incorporating large climate datasets that cap-
ture energy-meteorological variability in operational
hourly energy system models is thus, as of yet, unfeas-
ible [1, 7, 9]. Even so, understanding the scale of this
variability, can aid system operators in their task to
ensure both short- and long-term energy security [1,
7, 10]. Therefore, alternative approaches are needed
to assess energy-meteorological variability [1, 11].
While a number of methods exists to model and/or
select challenging high impact events using basic stat-
istical principles (e.g. [10, 12-18]), we aim to define
a physics based and intuitive to understand metric
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Figure 1. Illustration of climatological renewable energy deviation index. Given the climate of a renewable resource (black line in
panel (a)), the instantaneous anomaly can be calculated (orange/teal bars in panel (a)). Positive anomalies (orange) increase, and
negative anomalies (teal) decrease the index, which starts at zero at the start of period of analysis (panel (b)). The illustration
shows solar potential anomalies for 2021 with respect to a 1991-2020 climate, and the SOLAR CREDI with a starting point at

1 March. Two meteorological forecast ensemble members converted to CREDI are shown to indicate a use-case for grid-operators.

to quantify energy-meteorological variability across
timescales.

In developing this metric, we were inspired
by the hydrological sciences. For drought mon-
itoring, a number of indices have proven useful
for both scientific assessment and operational use.
These drought indices, such as the climatological
water balance (CWB; [19, 20]), the standardised pre-
cipitation index (SPI; [21]), and the standardised
precipitation-evapotranspiration index (SPEL; [22]),
are based on precipitation deficits (anomaly of pre-
cipitation, or anomaly of the difference between
potential evapotranspiration and precipitation) and
are used to assess the temporal development of dry
or wet periods. Furthermore, they have been used
to assess the influence of inter-annual to multi-
decadal variability, and of climate change on the tem-
poral variability of hydrological drought (e.g. [23—
26]). As Allen and Otero [18] showed, some aspects
of these indices and their use in assessing hydro-
logical variability can be transferred to the energy-
meteorological domain. However, where Allen and
Otero [18] developed direct analogues of the SPI and
SPEI metrics using probabilistic descriptions, we took
inspiration from aspects of these metrics, their use in
operational applications, and combined this with the
need for physically grounded storylines in energy sys-
tem operation.

We define the climatological renewable energy
deviation index (CREDI) as the cumulative anomaly of
a renewable resource with respect to its climate over
a specific time period of interest (figure 1). Given this
definition, this study addresses the following consid-
erations: (a) how do you define the climatic behaviour
of a highly variable renewable resource, like wind or
solar? and (b) how do you analyse the CREDI score
at different timescales; like (sub-)seasonal, annual, or
multi-decadal?

The paper is structured as follows. In section 2,
we define the hourly rolling window climate and the
index. In section 3, we indicate the data used. In
section 4, we analyse the index at different timescales
and discuss the best starting point. In the section 5
we discuss our definition of the index. Finally, in
section 6, a synthesis of our findings is presented
and potential use cases in research and/or operational
application are outlined. Supporting information (SI)
with additional figures and observational analysis is
available online.

2. Definition of the climatic
characterisation and index

Within the atmospheric sciences the climate of a
region is defined as the statistical-mean weather
conditions prevailing in that region [27]. The
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Figure 2. Comparison of different methods for computing the climate of the potential generation for wind (top), and solar
(bottom), for the period 1991-2020. Figures (a) and (c) show the hourly generation potentials for each year in this period (light
blue for wind and orange for solar), the simple average-based climate (grey, see main text for details) and the hourly rolling
window climate (blue and red, for wind, solar, respectively). Figures (b) and (d) show the same, but specifically for the period
3-10 April 2003. For clarity only 13:00 for each day of the year is shown in figure (c).

World Meteorological Organization (WMO; [28])
has a standardised method for calculation of the
climatological normals, which comes down to cal-
culating monthly or daily mean values over a 30-year
period. The climate, or mean expected behaviour,
of renewable resources could be defined similarly.
However, monthly or daily climatological values
are not suitable due to the highly variable nature
of renewable resources like wind and solar energy,
and the need to balance the power grid at shorter
timescales.

We can distinguish four relevant timescales that
cover the main modes of energy-meteorological vari-
ability. Namely:

1. annual to decadal timescales: variability caused
by interactions in the coupled ocean-atmosphere-
system, e.g. modes of variability like the El-Nino-
Southern Oscillation (ENSO; [29]) or the North
Atlantic Oscillation (NAO; [30]),

2. seasonal timescale: variability caused by the
revolution of the Earth around the Sun and the
directly related variation of the solar declination
angle,

3. sub-seasonal timescale: variability caused by the
cumulative interplay at various timescales, associ-
ated with the passing of weather systems and the
changes in their persistence and occurrence,

4. daily timescale: variability caused by the revolu-
tion of the Earth around its axis, and the directly

related times of sunrise, sunset, and the solar elev-
ation angle.

When studying the generation potential of wind
or solar, all these timescales of variability should be
considered.

2.1. A climatology of renewable resources and the
use of hourly rolling windows

The highly variable nature of the wind and solar
resources makes that a straightforward 30-year daily
mean does not result in a useful definition of their
climate (see SI section A). The same holds for
an initial estimate by averaging each ordinal hour
over 30 years (figures 2(a) and (c)). Though this
simple average-based climatology does capture the
mean expected behaviour on annual timescales, the
random fluctuations from day-to-day and hour-to-
hour cannot be explained by physical processes in
this climatological definition. To remove these ran-
dom fluctuations more data would be needed to
obtain the desired, physical, smooth , but physical,
climatology. However, considering a period longer
than 30-years is ineffective, as climate change would
start to influence the result [28]. Applying a simple
running mean to this simple average-based climate
timeseries is undesirable, as that would remove the
diurnal cycle, which has a physical origin and is of
large importance for our application in the energy
sector.
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We therefore define an hourly rolling window cli-
mate, meaning that we first group the same time of
day, and then, for each ‘hour-of-the-day’-group, we
apply a 30-year running mean (see SI section A.2).
The hourly rolling window climate (C) of a renewable
resource potential P for hour-of-the-year h is com-
puted by:

1 o P(y,h')
=3 > SATT
=1 nrefhyoudyi=ta
h=1,2,...,8760 (1)

where # is the number of years, h is the hour of the
year from 1 to 8760, A is half the window size (days)
and P(y,h’) is the generation potential for hour ' of
year y. In line with [27] an unweighted average and
n = 30 years are used. See figure 2 for a comparison
between the different methods.

It should be noted that two details where omitted
in formula (1). First, the hour-of-the-year is cyclic in
nature, meaning that the first hour of year y follows
the last hour of year y — 1. While this is implemen-
ted, for reasons of clarity this is not included. Second,
to deal with leap years, we discard 29 February when
computing the climatology. The climatology of each
hour of the day for 29 February is then defined by the
mean value of that hour of the day of 28 February
and 1 March. This addresses the lack of data for
29 February and keeps a simple formalism.

The choice for the size of the rolling window is
somewhat arbitrary. Sensitivity tests indicate that the
window size should be bigger than 20 days to smooth
any remaining nonphysical day-to-day variability, but
smaller than 60 days to avoid over-smoothing the
annual cycle (SI section A.3). Within this range the
exact size of the window does not affect the use of the
index. Here, we choose a window size of 40 days.

By using the hourly rolling window climate, both
the importance of the various timescales and the need
for more data points to get a smooth climatological
function are addressed. It is essential that the cli-
matological definition used in the calculation of the
deviation index for wind or solar energy is physical
(i.e. does not contain random fluctuations), such that
anomalies represent variability due to the weather,
decoupled from the climate.

2.2. The crepI

We define the CREDI to be the cumulative anomaly of
a renewable resource with respect to its climate over
a specific time period of interest from a chosen start-
ing point in two steps (figure 1). First, we determine
the anomaly of a renewable resource, as the differ-
ence between the hourly generation potential of that
resource and its climate (i.e. its expected value), taken
from the computed hourly rolling window climate.

L P Stoop et al

Second, from an initial chosen starting point we sum
these anomalies over a time period of interest.

More formally: let P(y,h) denote the generation
potential for ordinal hour 4 of year y, and let Cp(h)
denote the climate for ordinal hour h for that poten-
tial P. The anomaly Ac(y, h) of a renewable resource
for ordinal hour & of year y is then defined as:

Ac(y,h) =P(y,h) — Cp(h). (2)

The CREDI over a given period of time is defined
as the cumulative sum (or running total) of Ac over
that period. For example, if we align the starting point
with the start of the year, the CREDI on the ith hour of
that year (y) is:

creni (y,1) = ZAC (y,h),
h=1
i=1,2,...,8760. (3)

When interpreting the index, the following should
be considered. A change in CREDI over time is an indic-
ation of either an excess or deficit of the renewable
resource potential with respect to its climatic normal
(figure 1(b)). A stable CrEDI over a period indicates
nominal renewable resource potential with respect to
its climate.

Specifically, the CREDI score has the unit full load
hours (FLH) and at a given time informs the user of
the cumulative surplus or deficit generation potential
over the period considered with respect to its nom-
inal behaviour. So given a fixed time window, the dis-
tribution of the CREDI score calculated then provides
insight into the properties of a connected storage unit,
like the (dis-)charge potential. FLHs depend on the
installed capacity, therefore if the installed capacity
of a resource is known or assumed, the index allows
for direct assessment of the storage volume and power
needed to always generate nominally within the fixed
time window used.

For clarity, when the index is applied to a specific
resource, we first refer to the resource before the index
acronym is given. For example, the WIND CREDI refers
to an assessment of the CREDI of wind energy potential,
and similarly for solar.

2.3. The use of storylines in analysing CREDI

The index can be used to assess the temporal devel-
opment of anomalous renewable energy generation.
In line with the application of hydrological drought
indices, a physical storylines approach [31, 32] could
be used. This approach can use regional climate
change information while avoiding the strict limita-
tions of a normal confidence-based approach applied
in climate science. Storylines can be used to gain
more insight into the driving processes, identify event
analogues, and investigate similar events in altern-
ative energy systems or under future climate condi-
tions. Utilising these insights in, for example, resource
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adequacy assessments or system design studies, will
likely lead to a more robust energy system.

Selection of relevant events can be based on his-
torical adequacy assessments (like the [33] Adequacy
Outlook). As shown by Van der Wiel et al [12, 32],
event analogues can then be found in large energy-
climate datasets that incorporate climate change [1,
11]. By studying these analogues the physical pro-
cesses and likelihood of these events can be assessed.

To demonstrate the index at different timescales
and to highlight relevant considerations in the applic-
ation of the CREDI, we selected the years 1996, 1998,
2003 and 2016 as storylines. The year 1996 was chosen
specifically, as one of the most challenging years for
resource adequacy in the Netherlands and Germany
in a future net-zero emission energy system [33, p 56].
In the analysis of the potential for hydrogen gener-
ation from wind, 2003 and 2010 where found to be
anomalously low [33, pp 58—61]. Both 1998 and 2016
where chosen as they represent the most anomalous
years of the index for solar and wind, respectively.

3. Data

We used the preliminary 4th version of the Pan-
European Climate Database to demonstrate the
CREDI in this paper (PECDv4.0; [11]). This database,
developed by Copernicus Climate Change Services
(C3S) in cooperation with the European Network
of Transmission System Operators for Electricity
(ENTSO-E) will be the new standard database used
for all common transmission system operator (TSO)
studies. The full database will be openly available as
part of the new C3S-Energy dataset, expected in late
2023 (https://climate.copernicus.eu/energy/).

To showcase the developed index all figures
show data from the preliminary PECDv4.0 of
the northern region of the Netherlands. This
region is the NUTS statistical region ‘NLI’ and
covers the provinces of Groningen, Friesland
and Drenthe, see: https://en.wikipedia.org/wiki/
NUTS_statistical_regions_of_the_Netherlands.
While the region is named ‘NLO1’ in the PECD data-
set, the NUTS-code is used here. While we focus in
the main paper on the NLI region, in the supple-
ment we show additional regions reflecting some
of the diversity within Europe. Further details in SI
section F.

4. Application of the crepI at different
timescales

In this section we show the application of the index
at decadal, seasonal and sub-seasonal timescales in
the context of modelling future energy systems. The
considerations associated with choosing a starting
point for the creDI calculation is especially relevant
at (sub-)seasonal timescales, and will be discussed.

L P Stoop et al

On daily timescales the weather is extremely vari-
able, but it depends on local conditions and short-
term battery storage comes into play [34]. For most
regions the maximum cost-effective storage based on
the surplus charging capacity from wind and/or solar
is in the order of 8 h to 4 days [34-36]. For these reas-
ons, we make no assessment on daily timescales here.
However, due to the relevance of short-term events
for the energy system, an example of a eight-day study
window in CREDI is provided.

4.1. Annual to decadal variability in CREDI

At annual to decadal timescales the index can be
used to assess the impact of large scale oscillations
in the ocean and atmosphere on the availability of
a renewable energy resource. These long-term devi-
ations from the climate are relevant, e.g. because they
offer sources of meteorological predictability [37, 38],
or because stakeholders look at 10 year time periods
to estimate return of investments [33].

Over the past 30years, large inter-annual vari-
ation is observed in the wiND CREDI (figure 3(a)). The
cumulative effect of variations at seasonal scales res-
ulted in higher than expected wind generation poten-
tial from 1991 to 2002, while from 2010 onwards WIND
CREDI declined indicating lower than expected wind
generation potential. These general variations are in
line with those found by Stoop et al [15] and Wohland
et al [39].

Similarly, the SOLAR CREDI shows inter-annual vari-
ability. From 1991 to 2003 SOLAR CREDI shows a gen-
eral decrease, indicating less than average potential
generation from solar. Within this period, a strong
reduction in the periods 1993-1995 and 1998-2002
is observed (figure 3(b)). In the period 2005-2018,
SOLAR CREDI is flat, showing that the solar potential was
as expected from climate. After this period a steady
increase in the SOLAR CREDI is observed, indicating
higher than expected potential generation.

The values of SOLAR CREDI are generally lower than
those of the winD CrepI. This is directly related to
the diurnal cycle, which by definition gives zero solar
potential at night and low values in the morning and
evening. Consequently, the sum of the anomalies over
a given period is smaller than for wind potential,
which has values for all 24 h in a day.

Finally, while the impact of the relative observed
variability depends on the ratio of installed capa-
cities, we observe that the inter-annual energy-
meteorological variability is mainly driven by the
wind resource in the analysed region (i.e. the north-
ern of the Netherlands). And though the wiND and
SOLAR CREDI s show strong anti-correlated behaviour
during some years (e.g. from 1991 to 2002), in oth-
ers this is not the case (e.g. from 2004 to 2005). At
decadal timescales, wind and solar balance the system
somewhat, but they are not suited to fully negate the
variability of their counterpart.


https://climate.copernicus.eu/energy/
https://en.wikipedia.org/wiki/NUTS_statistical_regions_of_the_Netherlands
https://en.wikipedia.org/wiki/NUTS_statistical_regions_of_the_Netherlands

10P Publishing

Environ. Res. Lett. 19 (2024) 034021

L P Stoop et al

Wind CREDI [FLH]

o

|
u
o

—100

—150

Solar CREDI [FLH]

—200

o o 2 1

period, by definition the CREDI sums to zero over the full period.

Figure 3. Hourly wind (a) and solar (b) cReDI over the period 1991-2020 for ‘NL1’. As the climate was calculated over the same

2 2 2

400

a)

200+

Wind CREDI [FLH]
=)

|
N
o
o

~400+

Ry N N ¢ Ry

Figure 4. Hourly WIND CREDI per analysis year over the period May 1991 to April 2021 for ‘NL1’. Figure (a) shows the specific
progression of WIND CREDI for each year (blue lines). Figure (b) shows the distribution of the wiND cREDI for each hour of the year,
namely the 50th percentile (blue line), the 25-75, 10-90 percentile and min-max range (shaded blue, see legend). Four exemplary
storylines are shown, namely 1996 (red), 1998 (green), 2003 (purple) and 2016 (black).

4001

b)

200

—200

—-400+1— . . . .
R oo W <e® Ry

4.2. Seasonal variability in CREDI

When assessing the seasonal energy-meteorological
variability using the CRED], the starting point determ-
ines the way the temporal development of the index
is perceived. In line with definitions of hydrological
drought, the starting point determines the separa-
tion between energy surplus (wet) and deficit (dry)
years. As the index is intended to capture the energy-
meteorological variability, the start date is picked
such that the biggest range if creDI at the end of, and
throughout, the year is observed.

Comparing CREDI starting points for each month
of the year, we found that these should not be the same
for wind and solar (SI section B). We use May 1st as
the starting point for wind, as it gives the widest distri-
bution of the index at the end of the analysis window

in this particular region. For solar no clear distinc-
tion is found between a December or January starting
point, we chose to use January 1st here.

For the yearly WIND CREDI, it is obvious that an
individual year can either be anomalously positive or
negative, and that variations throughout a year are
large (figure 4(a)). This results in a wide range of
yearly storylines. The 25%-75% spread of the index
grows to +180 FLH over a year (figure 4(b)). The
most extreme negative year in the period considered
for WIND CREDI was 2016. In that year, from about
September onwards, the wind potential was almost
consistently below expected with 350 less FLHs at the
end of the analysed period.

As an example of the use of WIND CREDI for
storyline analysis we look at 1996. From May to
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Figure 6. Hourly winter WIND CREDI per season (Sep.—Apr.) for 1991-2021 for ‘NLI Figure (a) shows the specific progression of
WIND CREDI for each summer season (blue lines). In addition, four example storylines are represented, namely those starting in
1996 (red), 1998 (green), 2003 (purple) and 2016 (black). Figure (b) shows two storylines (1996, 2003) and the hourly
distribution of the wiND CREDI, namely the 50th percentile (blue line), the 25-75, 10-90 percentile, and min-max range (shaded

blue, see legend).

October the index is relatively flat, indicating that
the wind potential was as expected from its climate
(red line in figure 4(b). Then, a strong reduction is
observed in the wiIND CREDI from December to the
end of January, indicating much lower then average
potential generation from wind. Part of this devi-
ation is compensated by higher than normal gener-
ation potential in February of 1997.

As noted earlier, values of yearly SOLAR CREDI are
smaller than of wIND CREDI (figure 5(a)), with an aver-
age spread (25%—-75%) of 18 FLHs, and uncommon
spread (10%—90%) of £35 FLHs spread over a year
(figure 5(b)). This indicates that ~18 FLHs of total
energy is needed to cover the deficit of the installed
solar capacity in 50% of years and ~35 FLHs to cover
80% of years (figure 5).

The most extreme year of high solar potential was
2003; the most extreme year of low solar potential was
1998. Especially 2003 is remembered for its extremely
warm and sunny summer [40].

4.3. Sub-seasonal variability in CREDI

At sub-seasonal timescales, similar to seasonal, the
start point determines the way the temporal devel-
opment of the index is perceived. We use ‘energy’-
seasons to capture the large scale changes on sub-
seasonal timescales. For wind we define two sea-
sons of interest: September to March, and April to
August. For brevity, only the results found for wind
in the winter ‘energy’-season are shown here, see SI
section C for the other and solar. Alternative defin-
itions of ‘energy’-seasons can be relevant, especially
for regions that have different sub-seasonal behaviour
then the ‘NL1’-region shown here.

It is obvious that different years show quite differ-
ent characteristics (figure 6(a)) and individual winter
seasons can differ greatly. As expected, the sub-
seasonal timescale is emphasised more. For instance,
the anomalous index-development in 1996 described
in section 4.2 is more clearly visible. Especially the
strong reduction in WIND CREDI from December to the
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end of January stands out as a period of much lower
than normal wind generation potential.

4.4. A short-term study window for event-based
CREDI

Finally, short-term events, e.g. Dunkelflautes, can
pose significant risk to highly renewable energy
systems [12, 41-44]. A 8-day window for CREDI aligns
with previous work [33], and is investigated here, see
SI section D for additional figures and the top 50
eight-day events.

For short-term event analysis we do not pre-
define the start point, all eight-day windows are
considered. Overlapping events that share a five or
more days, are removed from the analysis. While we
only consider the lowest final crepr value for our
event selection, other impact selection methods as
described by Van der Wiel et al [32] can be used.

Again we noted the large weather-caused variabil-
ity between different eight-day periods (figure 7(a)).
The computed spread in figure 7(b) considers events
throughout the year. This can also be investigated on
a seasonal basis for winter or summer-specific event
information, or for shorter or longer events.

The most extreme event is from 16-24 January
2017 and the analysis year 2016 is present three times
in the top 50 events. While the specific eight-day event
found in TenneT [33] is not the most extreme event,
the analysis year 1996 does show up four times in the
top 50 events. Indicating that the analysis year 1996
indeed stands out as quite exceptional.

5. Discussion

The presented index is defined as the cumulative
anomaly of a renewable resource with respect to its
climate. The method of determining the climate is
thus vital and, as shown, should take into account the
strong diurnal and annual cycle present in renewable
energy resources. The calculation of the climate used

here has a dependence on the size of the rolling win-
dow, which was primarily based on expert judge-
ment. A longer timeseries, covering many decades,
could be used for a cross-validation check to obtain
the optimum rolling window size, but the data source
should be selected with great care, due to poten-
tial inconsistencies [39, 45, 46]. In previous work
a climatic definition on harmonics has been effect-
ive [47-49], but we found it unsuitable here (see SI
section A.3).

CREDI should not be confused with the standard-
ised energy indices recently introduced by Allen and
Otero [18]. While we have been inspired by indices
for monitoring hydrological droughts, their stand-
ardised energy indices are direct analogues. Meaning
that those indices are a pure statistical assessment
of the observed variance that rely heavily on the
empirical distribution functions used (see section 2
[18], pp 2-3). However, in energy system operation
and control, the specific sequence of observations
and the deviation with respect to the expected pat-
terns matter. The CREDI presented incorporates these
aspects.

When combined with weather forecasts, indices
for hydrological drought can help policy makers
make early decisions regarding societal risks [23-26].
However, the operation of the electricity grid requires
balance on very short timescales [1, 33]. While we
presented our index with an hourly resolution, fur-
ther research is needed to investigate if the CREDI can
also be applied on these very short timescales. The
examples provided, however, do already show CREDI’s
usefulness in resilience planning, resource adequacy
assessments, and as a metric for selecting events for
robustness analysis.

In this introduction of the index, we applied it to
the northern region of the Netherlands. However, as
shown by Pickering et al [50], energy-meteorological
variability is strongly region dependent. Therefore,
the crepI should be calculated and analysed for each
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region separately. Due to the ease of application, and
the intuitive analysis and interpretation of the index,
this application to other regions is relatively straight-
forward (see SI section E for a few additional regions).

6. Conclusion

Drawing inspiration from the work on drought mon-
itoring indices, we have presented the hourly rolling
window climatology and CreDI. Given the relevance
of both the diurnal and annual cycle in meteorology
for energy applications, we recommend a simple but
suitable definition of the background climate using
an hourly rolling window approach. This new index
is meant as an analytical method for researchers and
stakeholders to help them understand and explain
the impact of the variable nature of the weather on
the energy system. The index computes the cumulat-
ive deviation or anomaly from the climatology for a
chosen period.

The index can be used when understanding of
energy-meteorological variability is key. For example,
the CREDI can be used as part of a resource adequacy
analysis from TSOs to identify events which are likely
to be a challenge in maintaining security of sup-
ply in a (future) power system driven by renew-
able energy sources. At the same time, the CREDI
could be used to assess the volume and power out-
put of back-up resources needed for a given times-
cale, region, and energy system design. Then, by using
the event selection and analysis, as e.g. in Van der
Wiel et al [32] for hydrological extremes, detailed
event descriptions can be developed, systems can be
stress tested, and further insight could be gained into
energy-meteorological variability.
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