<]
TUDelft

Delft University of Technology

TulipaProfileFitting.jl
A Julia package for fitting renewable energy time series profiles

Tejada-Arango, Diego A.; Siqueira, Abel S.; Ozdemir, Ozge; Morales-Espafia, German

DOI
10.1016/j.s0ftx.2024.101844

Publication date
2024

Document Version
Final published version

Published in
SoftwareX

Citation (APA) . .

Tejada-Arango, D. A., Siqueira, A. S., Ozdemir, O., & Morales-Espafia, G. (2024). TulipaProfileFitting.jl: A
Julia package for fitting renewable energy time series profiles. SoftwareX, 27, Article 101844.
https://doi.org/10.1016/j.s0ftx.2024.101844

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/10.1016/j.softx.2024.101844
https://doi.org/10.1016/j.softx.2024.101844

SoftwareX 27 (2024) 101844

journal homepage: www.elsevier.com/locate/softx

Contents lists available at ScienceDirect

SoftwareX

Original software publication

TulipaProfileFitting.jl: A Julia package for fitting renewable energy time

series profiles

Check for
updates

Diego A. Tejada-Arango ", Abel S. Siqueira ¢, Ozge Ozdemir ¢, German Morales-Espafia "

2 TNO Energy & Materials Transition, Radarweg 60, Amsterdam, 1043 NT, The Netherlands

Y Instituto de Investigacién Tecnoldgica, Escuela Técnica Superior de Ingenieria, Universidad Pontificia Comillas, C. Alberto Aguilera, 23, Madrid, 28015, Spain
¢ Faculty of Electrical Engineering, Mathematics and Computer Science, Delft University of Technology, Mekelweg 5, Delft, 2628 CD, The Netherlands

d The Netherlands eScience Center, Science Park 402, Amsterdam, 1098 XH, The Netherlands

¢ PBL, Bezuidenhoutseweg 30, Den Haag, 2594 AV, The Netherlands

ARTICLE INFO ABSTRACT

Keywords:

Renewable energy profiles
Capacity factors

Energy modeling
Availability profiles

Full load hours

Renewable source potential

This paper introduces the TulipaProfileFitting.jl package, a tool developed in Julia to generate renewable
energy profiles that fit a given capacity factor of full load hours. It addresses the limitations of naive methods
in adjusting existing profiles to match improved technology efficiency, particularly in scenarios lacking detailed
weather data or technology specifications. By formulating the problem mathematically, the package provides
a computationally efficient solution for creating realistic renewable energy profiles based on existing data. It
ensures that the adjusted profiles realistically reflect the improvements in technology efficiency, making it an

essential tool for energy modelers in analyzing future energy systems.
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1. Motivation and significance

Energy system models, like SpineOpt [1] and PyPSA [2], are widely
used to analyze different scenarios and pathways for transitioning
towards CO,-neutral energy systems. A significant part of this transition
depends on weather-dependent renewable energy sources, such as wind
and solar. Therefore, renewable energy profiles, which represent the
available production of these resources, are crucial inputs for these
models. Practitioners use raw weather data, such as wind speed and
solar radiation, to determine these profiles [3]. Then, they determine
the availability profile according to the technology characteristics, such
as turbine type and height for wind and tilt and tracking system for
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solar [4]. It is important to highlight that operational capacity factors
in the real world will be influenced by market dynamics, outages, and
limitations in power flow physics, such as capacity and voltage con-
straints, see [5]. This work aims to determine a renewable resource’s
maximum availability profile without curtailment, i.e., the capacity
factor of full load hours or renewable source potential. Therefore,
the capacity factors of full load hours are the mean values (in p.u.)
of these availability profiles in a year, which indicate an efficiency
measure of the technology in producing energy. Renewable energy
resources with higher capacity factors of full load hours are more
efficient in producing more energy from the weather resources. With
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improvements in renewable technology, capacity factors of full load
hours are expected to increase by nearly 30% [4].

Regarding how to generate these availability profiles, if an energy
modeler has the raw weather data and knows the technical details of
the new technology, then one can create the new availability profiles
using the methods developed by Koivisto et al. [3] or by Staffell and
Pfenninger [4]. However, if the modeler does not have the weather
data, is unaware of the specific characteristics of the new technology,
or needs a fast but good approximation of the improved capacity factor
of full load hours? A naive approach multiplies an existing renewable
profile by a factor that scales up the data until the target capacity factor
of full load hours is achieved. However, this approach is flawed since
it could result in unrealistic values. For example, if your profile has
values equal to 1 p.u. and you consider an improvement of 5%, you
will end up with a profile value of 1.05 p.u. Even if you end up with
values below 1 p.u. using the naive approach, the higher values still
receive a greater increase than the lower ones, which is unrealistic
since technology efficiency improvements are typically allocated in the
middle values of the profiles.

To overcome this problem, Ozdemir et al. [6] used an optimization
model to obtain new profiles without the drawbacks of the naive
approach. However, this paper presents a way to obtain the same
results without formulating an optimization problem, thus much faster.
Therefore, we introduce the TulipaProfileFitting jl package, developed in
Julia the programming language [7], designed to create new renewable
energy profiles from existing ones, fitting them to a target capacity
factor of full load hours. We define the problem as a mathematical
equation and reformulate it to find a coefficient fitting the existing
renewable profile with a target capacity factor of full load hours.
This approach simplifies the problem, making it more computationally
efficient and relevant for real-world applications. The package includes
a robust algorithm that identifies the most appropriate values for a new
profile, ensuring that the average energy output aligns with the target
capacity factor of full load hours chosen by the user.

2. Software description
2.1. Mathematical background

TulipaProfileFittingjl is a package based on the mathematical equa-
tion (1), which considers a list of m numbers representing potential
renewable energy production values ranging from 0 to 1.

pi=u (€))

3=

i

The primary challenge is finding a power x that satisfies the con-
dition where the mean of these values, each raised to the power of x,
equals a target mean u € (0, 1).

Using (1), we can analyze the following questions to solve the
problem:

Q1. Is it possible to find such a value of x?
Q2. If such x exists, how do we find it?
Q3. if not possible to find such a value of x, what to do?

Notice that both p; and x can be zero, resulting in an undefined
value of pY. Some programming languages, including Julia, define 0% as
1. However, this definition does not make sense for the fitting profile
application, as the p; values are fixed while x is variable. As a result,
we define the function ¢ as ¢ : [0, 1] X [0, ) to avoid this issue.

p*, ifp>0,
o(p,x) = . 2
0, otherwise.

This allows x — o(p, x) to be continuous for any value p € [0, 1].
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Therefore, the problem can be redefined as finding x such that

m
>
= ) o(p;,x) = .
m i=1

However, to avoid this notation, we can assume, without loss of
generality, that there are r non-zero p;, i.e., p; > -+ > p, > 0, and
Prat = =Py = 0.

This simplifies the problem of finding x such that

r

1 Y _

;Z:‘p, = H.
i=

Let us define S(x) = %ZLI pF to help us with the notation. To
visualize the problem, we are going to use four sets of possible profile
values:

Set 1. A set containing one 0 and one 1

Set 2. A set containing a lot of zeros and ones (25% each)
Set 3. A set that only contains numbers from 0 to « < 0.5.
Set 4. A set that only contains numbers from (1 — «) to 1.

First, let us visualize the effect of p¥ on these sets. Fig. 1 displays the
original values in lightblue, sorted from the maximum to the minimum.
The mean value of the original data is indicated in blue. In addition,
the value for x = 0.5 is indicated in pink, and the corresponding new
mean is depicted in red.

Furthermore, Fig. 2 shows the function S for each set.

Answer to QI: Since p° = 1 for positive p, then S(0) = i S is
non-increasing since

.
S(x) = % prlnp,. <0.
i=1

And assuming that there are n values such that p; = 1, then:
lim S(x) = =.
X—00 m

This means that there is a solution to the problem if 2« u< L.

Answer to Q2: Assuming S decreasing and u in range,”\l/ve can solve
the problem by looking for an interval [a, b] such that S(x) — u changes
sign. This can be done by creating an increasing sequence of points
U1, Vs, ..., such that v; = 0, and v, > v; with lim; , v; = . For
instance, the sequence 0,1,2,4,38,.... Since S is decreasing, and y is
in range, then either S(v;) = u for some v;, or S(x)— u will change sign
in some interval [v;,v;,;]. Given the interval, we perform a bisection
search using Root.jl [8].

Answer to Q3: If y > % then x = 0 will yield S(0) = % which is
the closest to u. Alternatively, if u < ﬂ, then S(x) - 2 asx — 0. In
this case, we select a reasonably large value for x.

Fig. 3 shows the results of each set with a target mean of u =
0.65. The plots on the left-hand side highlight the target value in red.
Meanwhile, the plots on the right-hand side depict the interval % <pu<

L . We can observe that the function .S of each set of values intersects
m,
with the target value.

2.2. Software architecture

The package was developed in the Julia programming language [7].
For instructions on installing and running Julia code and packages,
please visit https://julialang.org/. The package uses the following main
dependencies: Root.jl [8] and Statistics.jl. In addition, it is registered in
the official registry of general Julia packages and can be installed using
the following commands in the Julia REPL.

1 using Pkg
> Pkg.add('"TulipaProfileFitting")


https://julialang.org/
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Fig. 2. Function .S for each set of values.

2.3. Software functionalities

The package has the following functions or methods:

» TulipaProfileFitting.find_search_interval: Returns an interval
such that f(a) - f(b) < 0. It could be 0 for either endpoint, but
it is not positive, ensuring that there is a root in [a, b].
TulipaProfileFitting. find_solution: Finds x such that S(x) = u
if possible, where S(x) = ﬁ Zpe pips0 P If not possible, return
either 0 or 1000, depending on what is most appropriate.
TulipaProfileFitting.validate_profile: Validates if the values of
profile P are within 0 and 1. If not, it throws an error message
and stops the calculation.

Set1 Set 2
1.00 1.00 amlnm%m
;' Q%%Og oo
5 075 g, 0.75 | O%o%%
v Ty @y
= % N X
o 0.50 [ o 0.50 r 5o}
> qu o
2 o xp
5 0.25 Ombo ® 0.25
o Cayy o
OOO L 1 L 1 1 % 000 [y 1 1 1 mmm
0 10 20 30 40 50 0 10 20 30 40 50
Set 3 Set 4
1.00 1.00
S
o 075 0.75
]
S
< 0.50 - 0.50
>
3 % Or
B 025 ¢ 0.25 ———1ean
2 % ® O p’s
Bt ) —mean
000 _I 1 L 1 %u@ 000 _| 1 L L 1 1
0 10 20 30 40 50 0 10 20 30 40 50
profile data points profile data points
Fig. 1. Example of sets of values.
1.0 Table 1
Set 1 Sample of available tools to generate base renewable profiles.
——Set 2 Name Reference Website
0.8} —Set3 Renewables Ninja [4] https://www.renewables.ninja/
SEt 4 CorRes [3] https://corres.windenergy.dtu.dk/
: __; j 0.5 Atlite [9] https://atlite.readthedocs.io/en/latest/
0.6
E
n 3. Illustrative examples
0.4 1
) —_ TulipaProfileFittingjl is a package designed to fit power availability
—_ — production profiles of renewable sources, such as wind and solar, from
0.2} an existing base profile. These base profiles can be generated using
— different options and tools. Table 1 lists three of them. In this example,
oo | we generated a time series for a wind power plant’s power production
0.0 0 50 0 using the Renewables Ninja tool. The code below shows the link to the

generated base wind availability profile and illustrates how to use the
package to fit it to a new target capacity factor of full load hours.

1 # Load packages

3 using CSV

4 using Plots

5 using DataFrames
6 using HTTP

s plotly )

10 # File location

> using TulipaProfileFitting

11 file_url = "nhttps://raw.githubusercontent.com/
TulipaEnergy/TulipaProfileFitting.j1l/main/docs/
src/files/wind_power_profile.csv"

13 # Read file

14 df = DataFrame(CSV.File (HTTP.get (file_url) .body,

header=4))

16 # Get the profile from the dataframe
17 profile_values = df.electricity


https://www.renewables.ninja/
https://corres.windenergy.dtu.dk/
https://atlite.readthedocs.io/en/latest/
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S(x)

S(zx)

S(x)

S(x)

Set1l
5 1.00 t
= ooom%
o 0.75 0000000,
n 050 | Soo0q
v %
> 025 f %m%oocoo
g 0.00 & . L . 1 (226]
0 10 20 30 40 50
Set 2
= 1.00 | ©oocooo000000,
3
S 075 | %%m%
n 050 f — 0
(0]
3 0.25 =
g 0.00 Eu o B 3 [000 000000000000
0 10 20 30 40 50
Set 3
3: 1.00
o 0.75 r
g 0.50 ¢
S 0.25 | 0000000000000000000000m00Ese
g 0.00 Eu L L - J00000000000000000
0 10 20 30 40 50
Set 4
S 1.00 | ©O000000000000000,,,.,
: o PIaB00000000000000000000
a 0.75
g 0.50 r
> 0.25
g 0.00 L L . ! 1
0 10 20 30 40 50

profile data points
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1.00 r
0.75
0.50 r =
0.25
0.00 t . . .

1.00 r
0.75 =
0.50 =
0.25 r
0.00 t . . .

1.00
0.75
0.50 r
0.25 1
0.00 E I —

0.75 |

0.50 | —

0.25 |

0.00 E - . . . ;

00 25 50 75 100 125
X

1.00 \4

Fig. 3. Results for four sets of values with a target mean of u = 0.65.

19 # Current capacity factor of full load hours (e.g., mean

value)
20 current_cp = round(sum(profile_values)/8760;digits=2)

22 # New capacity factor of full load hours as definition
23 target_cp=0.6

25 # Obtain the coefficient that fits the values to the
target.
26 coefficient = find_solution(profile_values, target_cp)

28 # Determine the fitted profile
20 fitted_profile = profile_values. coefficient

31 # Plot chronological values
32 plot(profile_values, label="profile'")
33 plot!(fitted_profile, label="fitted")

35 # Plot sorted values
36 plot(sort(profile_values,rev=true), label="profile")
37 plot!(sort(fitted_profile,rev=true), label="fitted")

The example results are shown in Figs. 4 and 5. It can be noticed
that the fitted curve mainly affects the middle values within the entire
range, while the values closer to 0 or 1 remain relatively unchanged.
This outcome is expected since the package’s main objective is to adjust
the middle values, increasing or decreasing the capacity factor of full
load hours. In addition, this and one extra example are available as a
notebook in TulipaProfileFitting.jl/notebooks to help new users execute
the package and explore the results.

Finally, Since the package uses well-known numerical methods, so-
lution times are less than a second and can be parallelized for multiple
profiles.

4. Impact

The package is designed to provide a quick and reliable method to
generate new renewable energy profiles based on existing ones. It is

particularly useful for complex scenarios that involve a combination
of high- and low-output renewable sources. The package is a practical
tool for modelers who work with energy system models and wish to
analyze multiple scenarios with several availability profiles with dif-
ferent capacity factors of full load hours for renewable energy sources.
These availability profiles are used as the upper limit for renewable
energy production in energy system models. This bound allows the
models to optimize production and handle any necessary curtailment of
renewable energy sources. In these situations, the operational capacity
factor should be lower than the capacity factor of full load hours
determined using this package.

The impact of the proposed methodology is evident in two recent
studies that utilized this package and a previous version of it [10].
Jimenez et al. [11] examined whether the energy-only market enables
resource adequacy in a decarbonized power system, while Morales-
Espaiia et al. [12] studied the impact of large-scale hydrogen electrifi-
cation and the retrofitting of natural gas infrastructure on the European
power system. Both studies have created new renewable scenarios
for analysis using our proposal, based on fitting existing availability
profiles to new target capacity factors of full load hours.

5. Conclusions

This package provides a mathematical representation and an in-
tuitive solution to generate new scenarios of availability profiles of
renewables from a base profile, accounting for changes on the capacity
factor of full load hours quickly and reliably. Its rigorous mathematical
foundation, combined with its practical application in energy system
models, positions it as a valuable tool for researchers and practitioners
in the energy modeling field. Using Julia as a programming language
provides the package with the advantage of being in an open-source
environment, allowing for further development and future research
opportunities.


https://github.com/TulipaEnergy/TulipaProfileFitting.jl/tree/main/notebooks
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1 1 1 L L 1 1 I

48 96 144 192 240 288 336 384 432 480 528 576 624 672

Hours

Fig. 4. Example of the hourly profile for one week.

10 R

Profile values [p.u.]

0.0 1 1 L 1 1

original
fitted

il 1 L 1 1 L

730 1460 2190 2920 3650 4380 5110 5840 6570 7300 8030 876(
Hours of the year

Fig. 5. Sorted values for the profile in the year.
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