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Abstract. This work presents a basic forecast tool for predicting direct normal irradiance (DNI)
in hourly resolution, which the Solar-Institut Jilich (SI1J) is developing within a research project.
The DNI forecast data shall be used for a parabolic trough collector (PTC) system with a con-
crete thermal energy storage (C-TES) located at the company KEAN Soft Drinks Ltd in Limas-
sol, Cyprus. On a daily basis, 24-hour DNI prediction data in hourly resolution shall be auto-
matically produced using free or very low-cost weather forecast data as input. The purpose of
the DNI forecast tool is to automatically transfer the DNI forecast data on a daily basis to a
main control unit (MCU). The MCU automatically makes a smart decision on the operation
mode of the PTC system such as steam production mode and/or C-TES charging mode. The
DNI forecast tool was evaluated using historical data of measured DNI from an on-site weather
station, which was compared to the DNI forecast data. The DNI forecast tool was tested using
data from 56 days between January and March 2022, which included days with a strong vari-
ation in DNI due to cloud passages. For the evaluation of the DNI forecast reliability, three
categories were created and the forecast data was sorted accordingly. The result was that the
DNI forecast tool has a reliability of 71.4 % based on the tested days. The result fulfils SIJ’s
aim to achieve a reliability of around 70 %, but SIJ aims to still improve the DNI forecast quality.
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1. Introduction

In the current project Smart Solar System (S3), funded by national and regional funding organ-
isations in the European network SOLAR-ERA.NET, the Solar-Institut Julich (S1J) is develop-
ing a weather forecast tool which can predict direct normal irradiance (DNI) in hourly resolution
for the next 48 hours, but in this work only a 24-hour forecast is relevant and discussed. The
DNI forecast data is important for optimising the operation of a parabolic trough collector (PTC)
system with a concrete thermal energy storage (C-TES) located at the company KEAN Soft
Drinks Ltd in Limassol, Cyprus. Fig. 1 shows a photograph of the PTC plant with C-TES which
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is currently being upgraded with smart features in project S3. The PTC system provides solar
generated process steam for KEAN Soft Drinks Ltd.

Figure 1. View of the PTC system and C-TES at KEAN Soft Drinks Ltd (Photograph
© Protarget AG).

More details on the PTC system and C-TES are described in [1], [2] and [3]. The DNI
forecast data as well as other parameters will be used by a main control unit (MCU), which will
be developed and realised in the S3 project by project partner Protarget AG, such that smarter
decisions for an optimised control strategy of the PTC plant and C-TES for the next 24 hours
can be made (the relevant forecast time is 6 a.m. local time in Cyprus until after sunset). The
DNI forecast will be automatically carried out daily at a specific time whereby the forecast data
shall be automatically transferred to the PTC’s control computer in Cyprus.

With the DNI forecast data and other input parameters, the control strategies shall be
applied in a smarter way such that, for example, not only the C-TES can be charged and
discharged in a more efficient way, but also the amount of steam production increases. With a
smart operation, the energy yield will be optimised for the months of November, February,
March and April, which are months with frequent cloud passages (in December and January
the PTC system is not in operation due to bad weather and low energy generation possibilities).
With the DNI forecast data as one of several inputs, operation strategies for winter/cloudy
months shall be realised for the PTC system. For the development of the DNI forecast tool,
SlJ is using freely available (or very low-cost) weather forecast data from the internet.

Although a high prediction accuracy is always desirable, this work concentrates more on
whether or not the DNI forecast is principally correct with respect to basic pre-defined criteria
that are important for selecting the different modes of operation (the criteria are described in
chapter 3). Furthermore, it should be noted that DNI forecast data is available commercially
with higher forecast accuracy than the DNI prediction presented in this work, but here the aim
is to use free or very low-cost weather forecast data.

In this work, the mode selection based on the DNI forecast in hourly resolution shall be
realised for a day beginning at sunrise and ending at sunset. It is also considered that steam
production at the KEAN factory only takes place until the early afternoon. This means that at a
certain time in the early afternoon either the C-TES would be charged or the plant is switched
off, i.e. if the DNI is too low for charging.

One example scenario, which highlights the importance of the DNI forecast, is as follows.
The DNI forecast shall avoid that the PTC system operates in steam production mode on days
with fluctuating DNI due to cloud passages when DNI is <400 W/m2. The reason is that on
such days the thermal power is insufficient to produce saturated steam at certain pressure and
temperature (specified by the consumer, KEAN). In this case, the PTCs boiler would heat up
the water but the energy in the boiler would remain unused because KEAN can only accept
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saturated steam at a certain specific pressure and temperature. On such days, it would be
more energy efficient to store the energy from the PTC system directly in the C-TES in order
to then discharge the C-TES at another time for producing steam at the required pressure and
temperature e.g. during cloud passages, before sunrise/after sunset.

The DNI forecast is influenced by the variables that are used as input. Zhu et al. (2019)
[4] state that clouds and surface meteorological variables have an impact on the DNI. They
then used historical measured variables including DNI, wind speed, wind direction, clouds and
the relative humidity in their study (both time-series data and images were given as input).

2. Forecast tool development

In the work presented here, a DNI forecast in hourly resolution for the same day from 6 a.m.
local time until after sunset is of most importance. The SlJ’s approach is to first predict the DNI
from cloud cover forecast data in combination with clear-sky DNI reference data and to then
optimise the DNI prediction using the typical weather data variables from historical weather
data (both forecast and measured). Typical weather forecast variables are the cloud cover,
relative humidity, wind direction, wind speed, ambient pressure, ambient temperature and, if
available, also fog and dew point. Accordingly, a new forecast tool for predicting DNI was cre-
ated with the Python programming language. In a first step, the tool automatically downloads
weather forecast data and subsequently calculates the DNI forecast values. The used weather
forecast data contains cloud cover data for the three altitudes low, medium and high. The
relation between the calculated DNI and the described parameters is shown in equation (1).

DNI=f(DNl,K) (1)
where DNl is the clear-sky reference DNI [W/m?] and K is the cloud cover [%].
To calculate the DNI via the DNI, the cloud cover K and the solar radiation reduction

efficiency n for three cloud layers, i.e. low altitude clouds (LAC), medium altitude clouds (MAC)
and high altitude clouds (HAC), the following equations (2) to (4) are used by the forecast tool:

DNiiac=DNlgs (1-(Kitac-(1-ypc)) ) (2)
DNhyac=DNlyac (1'(KMAC'(1"7MAc))) (3)
DNiiac=DNIac ( 1-(Kiac*(1-10))) (4)

The final value of DNI| ac is the final value for the DNI forecast for a specific hour for which the
forecast was carried out. Regarding the values of n,,, and n, ,., values from [5] were taken
and for ny,,c @ value was chosen based trial and error with respect to the effect it had on the
DNI prediction. To calculate the DNI when weather forecast data with only a single cloud value
is available, then the following shorter equation (5) is used by the forecast tool:

DNI=DNics (1-(Ks:(1-1))) (5)

where Ks is the single cloud cover value and ng is the solar radiation reduction efficiency for a
single cloud cover value. Another method for calculating DNI from clear-sky reference DNI and
cloud cover data is described in [6].

To further improve the quality of the DNI forecast, more parameters from the weather
forecast data are used, namely the wind speed, wind direction, relative humidity and final value
of DNI ac is therefore further optimised. The optimisation step is currently carried out with
MATLAB® but it is foreseen to implement the optimisation algorithms in the Python forecast
tool. The optimisation of the DNI forecast quality includes equations that take the change of
wind direction (i.e. like a gradient) as well as the magnitude of the wind speed and humidity
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into account. The wind direction was simplified by means of rounding the wind direction value
to either 0° (i.e. 360°), 90°, 180° or 270°, where 0° is north, which made data analysis and the
optimisation process significantly easier. A time delay effect from wind direction onto the DNI
was identified in the data and is included in the algorithm in order to increase the forecast
accuracy. The correction of the DNI from relative humidity data was partly also made depend-
ent on the wind speed. In the early DNI forecast tool development, also the gradient of the
wind speed change over time was taken into account. The wind speed gradient is currently not
used but may be included again in a further optimisation process. The relation between the
calculated optimised DNI value and the parameters wind speed, wind direction and relative
humidity used in this work is shown in equation (6) below:

DNI=f(DNlcs,'K; VWind!B! X) (6)

where DNl is the clear-sky reference DNI [W/m?], K is the cloud cover [%] Vying is the wind
speed [m/s], B is the wind direction [°] and x is the relative humidity [%]. Other weather param-
eters are not yet included.

3. Reliability of the DNI forecast

Altogether 56 days between January and April 2022 were evaluated, which are months in
which cloudy weather conditions occur (data from November and December 2021 could not
yet be evaluated). For the forecast tool is it not always essential that the hourly values of the
DNI in the forecast perfectly match the measured DNI, e.g. if the forecast predicts a DNI of
600 W/m? but in reality the DNI is 800 W/m? then there is no impact on the operating strategy
for the PTC plant (e.g. steam production, charging of C-TES). Rather, it is important to identify
in the forecast time spans with sufficient DNI for steam production or for charging the TES (i.e.
>400 W/m? for several continuous hours). Therefore, the DNI forecast can be reliable even if
the forecast accuracy is not that exact. For the evaluation of the forecast accuracy, three cat-
egories were used which are described below. In Figure 2, Figure 3 and Figure 4, examples
of days for DNI forecasts of categories (1) to (3) are presented as an orientation with respect
to the three described categories. In the legends, “DNI meas” stands for “measured DNI” and
“DNI fc” stands for “DNI forecast”. The categories (1) to (3) are:

e Category (1): Steam production mode
o high measured DNI >400 W/m? and high predicted DNI >400 W/m?
o steam production from morning until the afternoon and/or charging of C-TES in
the afternoon for more than 4 hours possible

o Category (2): PTC plant off mode or charging of C-TES mode
o predicted and measured DNI is mostly below threshold of 400 W/m?
o on some days charging of C-TES possible for a few hours based on real-time
DNI measurement

e Category (3): Very low forecast quality
o often high overestimation or high underestimation of predicted DNI
o on some days with highly underestimated predicted DNI, the real DNI would
have been sufficient for potential steam production
o on some days charging of C-TES possible for a few hours based on real-time
DNI measurement

The DNI forecast data was compared with the measured DNI for each of the 56 days and the
forecast days were sorted into one of the three categories. The results of the evaluation of the
reliability of the DNI forecast based on categories (1) to (3) are shown in Table 1. Categories
(1) and (2) can be regarded as having a sufficient DNI forecast reliability and comprise alto-
gether 40 days (71.4 %) of the 56 days. Category (3) forecasts can be regarded as bad quality
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forecasts, which accounts to 16 days (28.6 %) of the 56 days. This result already fulfils SlJs
minimum aim to achieve a DNI forecast that leads to a reliability of 70 %, but SIJ aims to still

improve the DNI forecast quality.

Table 1. Evaluation of reliability of DNI forecast based on categories (1) to (3).

1000
800
600
400
200

DNI [W/m2]

1000
800
600
400
200

DNI [W/m?]

1000
800
600
400
200

DNI [W/m2]

03:00

03:00

03:00

Category No. of days Share in %
(1) 31 55.3
(2) 9 16.1
(3) 16 28.6
Total 56 100
- -0- = DNI meas 1000 - -0- - DNI meas
P —e—DNI fc —e— DNIfc
— 800
e
= 600
=3
— 400
Z
0 200
> 0
o o o o o o o o o o o o
Q = e e Q Q S < = e Q Q
~ - Te} (o)} ™ ™ Io0) ~ - Te} o)) ™
o ~ ~ ~ AN (e») () (e») ~ ~ ~ AN
Time (local) [HH:MM] (Day #1) Time (local) [HH:MM] (Day #2)
—=o— DNI meas 1000 - -0- - DNI meas
' - - - DNI fc —e— DNI fc
. (\E 800
Jea P S 600
\ ('Y —_—
L L4 — 400
% ! \
Y 200 g o,
0 <] QU
o o o o o o o o o o o o o
e e e e Q e e e = e e e e
N~ - Te} (o)) ™ ™ ™ N~ -~ Te} » ™ ™
o ~— -~ ~ AN o o o ~— ~ -~ AN o
Time (local) [HH:MM] (Day #3) Time (local) [HH:MM] (Day #4)
- -0- - DNI meas 1000 - -0- - DNI meas
. 800 —e— DNl fc
E
= 600
=
— 400
Z
0O 200
0
o o o o o o o o o o o o o
e e Q e e e Q e S Q e e e
N~ - Te} (o)) I¢) ™ ™ ~ - Tel » ™ ™
o ~ — ~ N o o o ~ ~ — (q\] o

Time (local) [HH:MM] (Day #5)

Time (local) [HH:MM] (Day #6)

Figure 2. Six examples of category (1) forecast days showing graphs of DNI vs. local time
for the location Limassol, Cyprus.
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Figure 3. Four examples of category (2) forecast days showing graphs of DNI vs. local time
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Figure 4. Four examples of category (3) forecast days showing graphs of DNI vs. local time

for the location Limassol, Cyprus.
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As seen in Figure 2, Figure 3 and Figure 4, the accuracy of the DNI forecast is in some cases
varying greatly and especially for category (3) unsatisfactory. Exemplarily, Table 2 below
shows the average DNI deviation between measured and predicted DNI over the day for the
days presented in Figure 2, Figure 3 and Figure 4 as well as the cumulative daily solar energy
data for the DNI prediction and measurement. The DNI forecast accuracy will be evaluated
further within the research project.

Table 2. Evaluation of the average (avg), maximum (max) and minimum (min) deviation in
the unit W/m? between the measured DNI and the predicted DNI over the day for the pre-
sented days in the above Figure 2, Figure 3 and Figure 4. Also, the prediced (Ei) and meas-
ured (Ems) cumulative daily solar energy in the unit kWh/m? is shown as well as the difference
between the predicted and measured cumulative daily solar energy (Eur).

Category 1: Category 2: Category 3:
Day # Day # Day #

#1 | #2 | #3 | #4 | #5 | #O | #7 | #8 | #O | #10 | #11 | #12 | #13 | #14
Avg | 141 | 132 | 309 | 310 | 137 | 119 | 210 | 258 | 120 | 188 | 225 | 201 | 327 | 434
Max | 296 | 330 | 520 | 548 | 414 | 344 | 545 | 592 | 258 | 686 | 443 | 484 | 510 | 910
Min | 2 6 23 | 10 1 1 14 | 46 2 12 3 14 6 1

E«: |54 6158|8555 5523|3221 ]19|38 50|77 |64
Ews |49 | 54194 41|53 |65 37|07 |13]01|33]65]|31]03
Es | 05|07 |-36|44|02|-10|-14|25 08|18 |05 |-15|46 | 6.1

4. Outlook for the DNI forecasting tool

Within the scope of the research project, the presented approach shall be further optimised.
The optimisation includes, for example, the analysis of potential similarities between forecast
days that fall into category (3) such that a method can be developed for improving the forecast
quality. Furthermore, other weather forecast parameters such as the air temperature, air pres-
sure and fog may also be included in the algorithm to determine their impact on the DNI fore-
casting accuracy. Another option to improve the accuracy of the presented DNI forecast tool
with respect to predicting DNI for the next 24 hours is to implement satellite cloud image data
and by possibly combining that with wind direction forecast data.

Parallel to the ongoing work on developing own algorithms for the DNI forecast, the SIJ
also tested several standard regression models from MATLAB in order to assess if standard
regression models (amongst others also neural networks) lead to more accurate results. So
far, regression models showed a mix of good and bad DNI forecasts for a selection of forecast
days that were tested. The SIJ is currently exploring the possibility of DNI forecasting with a
Long Short-Term Memory (LSTM) network as well as other deep learning methods, but exten-
sive results are not yet available for publication.
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