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Foreword

In its World Energy Outlook 2020, the International Energy Agency predicts that renewable
energy will more than double by 2030 for achieving global net zero emissions by 2050.
Renewable energy is about to replace a significant proportion of fossil fuels, which are
expected to decline by more than 35% compared to 2019. Under the same scenario, it is
expected that 58% of car and light truck sales will be electric- and fuel cell-driven by 2030.
Such developments would represent a significant reduction in CO, emissions, while at the
same time easily stored carriers become replaced with inflexible and geographically as
well as temporally unevenly available alternatives. Such a transformation puts the existing
electrical energy system under stress and requires an increasing degree of capacity and
flexibility, both short-term and seasonal, at regional, national and international levels.

From October 19 to 20 2020, 78 experts from industry, administration and academia
discussed for the fourth time the effects, prospects and solutions of grid services for a
transforming electricity system. With 15 scientific papers and 17 invited presentations, the
symposium dealt with market developments, international cooperation, operation and
enabling technologies, virtual power plants and flexibility providing technologies. The
European perspective on energy transition and the flexibility roadmap were delved into
along with national perspectives for the implementation of harmonized grid services
markets, where their orientation and implementation also took account of national
circumstances. Expanding flexibility products, digitalization, risk hedging and advanced
market design were pointed out as ways of increasing market liquidity. Crucially as
important, improved weather and load forecasting algorithms for reducing the balancing
gap was covered.

With Corona influencing the way people met, the symposium had to be transferred to a
virtual space at short notice. Although questions to the speakers had to be asked in the
live chat room, no quality and quantity compared to previous years was lost. The
discussions between the participants took place in break-out sessions, where personal
contacts could be made. Despite travel restrictions, a very diverse and valuable exchange
between experts from industry, administration and science could ultimately still take place.

This gives the base and the motivation to reorganise the growing Grid Service Market
symposium. Due to the shift of GSM 2020 in to autumn, the GSM 2021 will be a shorter,
attractive reunion of the experts also in autumn. However, GSM 2022 is planned to be a
fully physical networking and exchange event in summer in Lucerne again. Naturally the
virtual attendance will be one of the new features allowing participating from all over the
world, when travelling is restricted due to any reason. Enjoy now the proceedings of GSM
2020 and seek for upcoming releases.

Sincerely
Prof. Christoph Imboden & Dr. Michael Spirig
HSLU EFCF
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A specially formed International Advisory B oard (IAB) assured constant high quality and
a strong focus on industry challenges. The members of the IAB are:

Davor Bognjak, HEP

Prof. K. Andreas Friedrich, Deutsches Zentrum fur Luft- und Raumfahrt e.V. (DLR)
Prof. Nikos Hatziargyriou, National Technical University of Athens (NTUA)

Prof. Christoph Imboden, Lucerne University

Thomas Kudela, drsted A/S

Prof. Carlo Alberto Nucci, Uni Bologna

Dr. Bastian Schwark, Swissgrid AG

Andreas Svendstrup-Bjerre, Vestas Wind Systems A/S
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Sebastian Ziegler, 50 Hertz
The following pages contain the paper contributions accepted by the IAB.

The GSM 2020 was again supported by:
1 the Swiss State Secretariat for Education, Research and Innovation (SERI)
under contract No 17.00009

1 the Fuel Cells and Hydrogen 2 Joint Undertaking
under agreements No 735485 and 700339

1 the Lucerne University of Applied Sciences and Arts UAS HSLU, www.HSLU.ch

European Fuel Cell Forum AG, www.EFCF.com
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G0501

Balanc ing markets and DERs in the Italian regulatory
framework: | nsights ont he UVAM Case Study

A. Rossi (1), F. Bovera (1), G. Rancilio (1),
D. Falabretti (1), A. Galliani (2), M. Merlo (1)
(1) Dept. of Energy, Politecnico di Milano, Milano/Italy

(2) ARERA, Milano, ltaly
Tel.: +39- 026556 - 5558
arianna.rossi@polimi.it

INTRODUCTION

The renewable energy generation and distributed energy sources rise has led to new
challenges on electric system operation to guarantee its reliability and the real-time
balance between electricity consumed and supplied. Transmission System Operators
(TSOs) are in charge to procure ancillary services; historically, the suppliers of these
services were large conventional (hydro and thermoelectric) power plants. However, with
the progressive decarbonization, a large part of thermoelectric units risks to be out of the
market due to their high marginal costs and environmental impact; hence new flexible
resources are required. Moreover, the unpredictability of renewables (mainly wind and
solar based) and lack of observability of distributed generators are causing an increasing
volume of capacity reserve needs and of the amount of energy moved for balancing
purposes, as shown for the Italian case in Figure 1.

[TWh] [€/MWh]

40 160

140

10

2012 2013 2014 2015 2016 207 2018

Upward average accepted Downward average

B 15D total volumes =Q= " © .
price accepted price

Figure 1: energy (AMSD total volumeso) a@l@and20i8cHs tr e

To date, in Italy, only conventional generating units equal or larger than 10 MVA are
enabled (and obliged) to provide ancillary services. However, in 2017, the Italian
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Regulatory Authority (ARERA) issued the resolution 300/2017/R/eel [2]. This launched a
widespread experiment throughout the national territory aimed at innovating dispatching
regulation by enabling distributed and not programmable resources to provide ancillary
services by means of pilot projects. This experimental and transient regulation aims at
leading the evolution of electricity balancing in the direction of integrating Distributed
Energy Resources (DERs) and inverter-based systems in network dispatching; this is
made in accordance with the European provisions on the access of RES, storage and
demand to the energy markets 7 ancillary services market included (lastly, with the
Regulation EU 943/2019 [3] and the Directive EU 2019/944 [4]). The overall integrated
dispatching reform, and the corresponding regulation, is currently underway and the first
consultation [5] has been published by the Italian Authority in summer 2019.

Pilot projects are gathering useful elements for this dispatching reform to make new
resources promptly available, thus opening the market to all network-connected units,
applying a principle of technology neutrality.

Actually,the t er m @A pi | o tronpthegpaktw tésbthe dediabilityvardsaffofdability
of the new dispatching resources and subsequently review the ancillary services market
(named MSD in Italy, which is an Integrated Scheduling Process based on a central
dispatch system) rules and the Italian Grid Code prescriptions.

The first pilot project, which started in 2017, made it possible to test the voluntary
participation to MSD of UVAC (enabled virtual units consisting only of consumption units)
[6] [7] and UVAP (enabled virtual units of production, including energy storage systems) [8]
[9]. Since November 2018, UVAC and UVAP pilot projects were merged into the UVAM
pilot project [10] [11], featuring mixed virtual enabled units, which is still ongoing.

UVAM PILOT PROJECT

A UVAM' is composed of one or more among electricity consumption, generation and
storage systems (including e-mobility charging stations). These are connected to the grid
at any voltage level and fall within the same perimeter of aggregation defined by Italian
TSO (Terna): aggregation perimeters cannot exceed the market zone and are defined in
order to avoid that the movements of the units included in the UVAM violate network
constraints. The minimum bid size to be qualified for the selection process and then
offered on the market is 1 MW,; a further reduction up to 0.2 MW is actually under
discussion [12].

There are two types of UVAM:

1. UVAM-A, characterized by the presence of the so-cal | mod-sif@ni fi can
generating units (< 10 MVA), significant generating units ( O 1 0 nd Wbliged to
participate in the MSD sharing the point of connection to the grid with one or more
consumption units (the total measured power input at the connection point shall not
exceed 10 MVA), and consumption units;

2. UVAM-B, characterized by the presence of significant production units, not obliged
to participate in the MSD, with a power input at the grid connection point equal to or
exceeding 10 MVA, and consumption units that share the same connection point.

An UVAM, at the moment, is enabled to provide only certain ancillary services: congestion
management, balancing and tertiary reserve. These services can be supplied upward
and/or downward independently?. Table 1 reports the technical requirements for each
service.

! Unita Virtuale Abilita Mista
% Secondary reserve is under evaluation.
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Table 1: UVAM pilot project technical requirements

Service Minimum bi d size Response time Delivery duration
Congestion management 1 MW within 15 min at least 120 min
Tertiary spinning reserve 1MW within 15 min at least 120 min
Tertiary replacement reserve 1MW within 120 min at least 480 min
Balancing 1MW within 15 min at least 120 min

In case of UVAM project, according to EU codes, the Balancing Service Provider (BSP),
l.e. the party responsible for trading and supplying balancing services on the MSD, is an
independent aggregator. The BSP does not necessarily have to coincide with the
Balancing Responsible Party (BRP). In fact, the BSP provides services directly to the TSO,
while the BRP is responsible for scheduling and payment of imbalance fees with respect to
its scheduled injection/withdrawal program.

In the pilot projects, the UVAM aggregation is relevant only for the participation in the
MSD, and not for energy markets (day-ahead and intraday markets). This means that
UVAM may be made up by units included in different dispatch points, whereas each
traditional significant unit mandatorily enabled to MSD must have each own dispatch point
and must participate to energy markets and to MSD without any kind of aggregation.
Consequently, for the definition of schedules and for the imbalance settlement, each unit
belonging to an UVAM keeps remaining inserted in the existing dispatch points and on
day-ahead the BSP has to communicate a baseline for the UVAM, i.e. the overall net
power profile expected for the units included within the UVAM for every quarter-hour of the
delivery day (baseline is then different from schedules). The baseline is corrected by TSO
according to the injections/withdrawals measured in the previous quarter-hour (see Figure
2). The corrected baseline plus the sum of upward or downward quantities accepted on
the MSD determines the final program to be respected by UVAM?.

Mw

Baseline

Figure 2: baseline, corrected baseline and accepted quantity (example) [13]

Finally, since the control actions on MSD must not affect imbalances paid by the BRP, the
BSP has to communicate to TSO the units belonging to the UVAM and selected in order to

3 Different solutions aimeat defining UVAM aggregations relevant both for the participation in the MSD, and in
energy markets are under evaluatibh These solutions will probably avoid differences between schedule and baseline
and will probably simplify the managent of UVAM (but they imply the innovation of the actual dispatch points).
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operate the offers accepted on MSD. This enables the Italian TSO to proportionally correct
the schedules resulting from the energy markets of the dispatching consumption and/or
generation points.

In UVAM projects, for the first time in Italy, remuneration is based on two different
mechanisms: the first linked tothe e ner gy act i vat adecohd) stavt¥dhin

and

2019, linked to the expected availability of the regulation (capacity-b ased, G/ MW/ per i

the latter one, Terna procures a certain quota of capacity by means of forward contracts;
such capacity is allocated through auctions on a fixed premium varying from 15,000
a/ MW/ yeat o 30, 00 Qitha payastbid emechanism. Auctions are on yearly,
infra-annual and monthly base, up to capacity-quota saturation. The premium is paid by
Terna to the BSP upon a commitment to present offers for the overall contracted capacity
for upward balancing service during peak hours (from 2 p.m. to 8 p.m., from Monday to
Friday); the premium varies from two (150 00 0/ MM yoer aconsecutive hours
(30, 000 u ) ofwids ypresantation at a price no greater than a strike price, which is
setto4 0 0 U / TM&\htroduction (inltaly)of a r emuner ati on in
the experimentation phase: to facilitate the aggregation and the involvement of large
costumers, the remuneration of the activated energy only is not sufficient to bear fixed
investment costs for installation and calibration of the required equipment and the yearly
operational management costs [14].

RESULTS

According to [15], at the end of March 2020, 231 UVAM are enabled (of which 165 with
forward contracts with remunerationint / MW) f or a t ot a1348PwaVifar
the upward service and 207 MW for the downward service, managed by 34 BSPs. All
UVAM are enabled to provide upward services (for power ratings between 1 MW and 62
MW); only 28 of them are also enabled to provide downward services (for power ratings
between 1.5 MW and 28 MW). Almost 80% of UVAM are made up of at least one
consumption unit, capable of modulating its electricity withdrawals through internal
production variation, and programmable (like CHP) or semi-programmable (like run-of-river
hydro plants) production units. Regarding not programmable RES, able to provide
downward services, there are no UVAM made up only by these resources. In Italy, in fact,
PV and wind power plants benefit of incentive schemes linked to the produced or injected
energy (in a/ MWh) : therefore, producers

incentive. Moreover, 58 UVAM are made up of a single unit (31 of a single production unit,
27 of a consumption unit), whereas only 8 UVAM are made up of at least 10 units.
Probably, this is due to the fact that it is easier to manage flexibility of one or a few units.

Regarding the procedure for the forward procurement of dispatching resources through
UVAM, in 2020 the maximum quantity that can be contracted is 1,000 MW, divided
between Area A (consisting of the North and Centre-North market zones), equal to 800
MW, and Area B (consisting of the remaining market areas: Centre-South, South, Sicily
and Sardinia) for the remaining 200 MW. The quota in Area A has been saturated with the
yearly auction, ata priceof 26, 122 0/ MW/ year , whereas t
saturated with the infra-annual auction for the period April-December at a price of 9,500
a/ MW/ year (t he rmatheeyearlyg auctignrini Area B fwas equal to 28,745
a/ MW/ year) .

The results for the period November 1% 2018 i March 31% 2020 are listed in the following
[15]:
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1 UVAM have been used by Terna exclusively to provide the real-time balancing
service, both upward, for a total amount of energy equal to 1043.25 MWh, and
downward, for a total amount of energy equal to 234.83 MWh. Figure 3 and Figure
4 report the distribution of the activated energy in the considered period,
respectively for the upward and downward services. UVAM aggregated units have
been selected for about 221 hours in the considered period for the upward service
and for almost 59 h for the downward service. Figure 5 and Figure 6 report the
number of quarter-hours per each month, respectively for the upward and
downward services;

GSM 2020 proceedings www.GridServiceMarket.com 12/171
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Flgure /: average price ul accepled oner Figure 8: average price of accepted offer
for upward service for downward service

9 the bids submitted for the upward service by the BSPs, especially in the case of
UVAM with forward contracts (e.g. for January 2019), are characterized by very
high prices, close to the strike price ( 4 0 0 U /wNI&k lhefluces the probability that
they will be selected by Terna, partly frustrating the purpose of the project (in 2018,
the upward average price in MSD was about
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presented by BSPs i see Figure 1). In particular, from Figure 9 it can be noted that

the price of the offers for the upward service was about 80 4/MWh, in the period 6™
November i 31 December 2018, about 351 G/MWAh, in the period 1* January i

31 December 2019, and then increased furthertoabout 380 G/ MWh i n
1% January i 31% March 2020. Figure 7 reports the trend of the average price of
accepted bids for upward service;

1 the accepted bids by Terna for the upward service in numerical terms represent
3.2% of the submitted bids submitted, while the accepted quantities (in MWh) are
0.02% of the quantities offered (in MWh) throughout the entire considered period
and are characterized by average prices of about 76 U/MWh in the period
November 6™ i December 31% 2018, slightly higher than 95 G/MWh in the entire
year 2019 and equal to the strike price in the period January - March 2020;

1 the bids submitted for the downward service by the BSPs are characterized by
prices of about 2 5 /MWh in the period November 6™ - December 31%' 2018, about
2 2 /MWh in the period January 1% - December 31% 2019, and about 1 6 /MVh in
the period January 1% - March 31 2020 (see Figure 10). Figure 8 reports the trend
of the average price of accepted bids for downward service;

1 the bids accepted by Terna for the downward service cover 0.5% of the total bids
submitted, while the quantities (MWh) accepted by Terna represent 0.04% of the
overall quantities offered throughout the entire considered period; moreover, Terna
accepted bids witMWwhpf fer price of 30 0/

1 in the case of the accepted offers, UVAM have shown a good degree of reliability,
with an average compliance with dispatching orders of 83.5%;

1 the UVAM economic regulation (comprehensive of both energy and availability
payments, and of non-performancepenal ti es) entailed a tota
Despite this, given the role of balancing capacity provision in creating reserve
margin during the Integrated Scheduling phase of MSD, the advantages of UVAM
introduction into the market have been repeatedly highlighted by the Italian TSO.
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Figure 9: Offered and accepted prices and quantities for upward balaning service [15].
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Figure 10: Offered and accepted prices and quantiti  es for downward balaning service  [15].

CONCLUSION

The UVAM pilot project, still ongoing, represents the first integration in Italy of distributed
energy resources for the provision of ancillary services. The results reported in this work
show positive outcomes of the project and give useful elements for next regulatory
improvements: several UVAM have been created, mainly constituted by a single
consumption or production unit, while lots of BSPs are involved in the project. This is an
important innovation for Italy because the active aggregator figure for the provision of
ancillary services (essential for the security of the system) did not exist before these pilot
projects.

However, Terna has accepted very few of the submitted bids by BSPs. This is probably
due to the fact that such bids are characterized by very high prices, much higher than the
average price of MSD. In particular, it is interesting to note that in the first few weeks of the
pilot project, bids were characterized by prices much lower than the period 1% January
2019 i 31° March 2020. In these first few weeks, in fact, forward contracts i linked to the
fixed availability premium upon a commitment to present offers in a certain hours at a price
lower than the strike pr i ce ( 4-Oh@d nat/yad¥l Bédrted. This might indicate that
BSPs create a UVAM, facing investment and operation costs, only to receive the
availability premium. In order to avoid this possible distortion and improve the
effectiveness of the project, the regulator could review the strike price downwards. In fact,
both the availability premium and the strike price have been introduced due to the
experimental nature of this project. The availability premium has been defined to foster the
creation of UVAM, covering part of the fixed costs related to the necessary equipment,
whereas the strike price has been introduced to allow their effective participation in the
MSD, reaching in this way two goals: test the affordability and reliability of UVAMs and
limit the system costs. As the first goal has not yet been achieved (probably because of
the too high bids), the strike price could be reviewed.

Furthermore, since the capacity quota scheduled in 2020 (1 GW) has been saturated with
the first few auctions in both Areas, the Italian Regulator could envisage an increase in the
quota.
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Abstract

Electrical energy plays a vital role in our everyday lives. Modern lives are unimaginable
without a reliable and secure power supply. As electricity generation and consumption
have to be always in a balance, the task of planning an accurate day-ahead electricity
consumption and generation is of the utmost importance. Electricity consumption forecast
is a challenging task, especially in countries with a poor industrial development where the
households take the majority of share in the total load. This paper analyzes some of these
cases with very variable electricity load, due to volatile household behavior, on cases of
Croatia and countries in the region. Additionally, results are compared with the electricity
load of North Italy whose economy and industry are far better developed. Electricity
consumption is an ever changing curve that is very sensitive to a variety of external
factors. Thus, even minor change can drastically change its shape and volume. The main
part of this paper focuses on the analysis of the COVID-19 impact on the demand curves
of Croatia, but a brief overview of the countries in the region was presented as well. A
variety of restrictive, governmental, and epidemiological measures have been gradually
introduced and this paper attempts to detect how they affected the total load and the
shape of the demand curve in each analyzed country. Historical electricity load data has
been gathered for Croatia and five other neighboring countries and the analysis of COVID-
19 impact has been carried out. External conditions such as weather and social impact
have been taken into account for the analysis in the case of Croatia, but since the category
of consumers that contribute in total load (industry, households, entrepreneurship, etc.)
were unfortunately unavailable, it is hard to find out whose consumption habits have been
changed the most during the lockdown. Some unpredictable, stochastic parameters

influenced the demand curve, hence, sometimesi t 6 s behavi or cannot

Results have shown the severe impact of the COVID-19 on the demand curves of every
analyzed country. The highest electricity load decrease, in all of the examined countries,
has been during the lockdown measures. Moreover, analysis shows that the regions with
more significant industry share in total load and more developed economies are starting to
recover faster (e.g., North Italy) in terms of electricity load, while the countries with a lower
share of industry (in the total load) struggle with such a recovery. The results of this paper
highlight the sensitivity of electricity consumption, the significance of COVID-19, and any
future possible pandemics in electricity consumption forecast as well as the correlation

bet ween countriesdéd economic devel opment and
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1. Introduction

This research aims to investigate the impact of the COVID-19 on the shape of
Croatian load curve and the consumption of electricity in general. Furthermore, a brief
analysis of a situation in the region was carried out and the results will be presented.

Many people claim that the corona crisis in Italy and Europe escalated after the
Champions League match in Milano on 19" of February 2020 where Atalanta hosted
Valencia. Suddenly, a few days after that match Italy became, by far the most affected
European country and the city of Bergamo one of its worst-hit towns.
The first case of COVID-19 infection in Croatia was confirmed in the last week of February,
precisely on 25™ of February 2020. As the patient number zero was marked a young guy
who attended that football match in Milano. As time was passing, the number of people
infected by the coronavirus disease was growing daily, but fortunately, the exponential rise
of new cases was mitigated [1].

Consequently, the National crisis management was set up to fight the coronavirus and
slow down the spreading of the virus among the population [2]. In cooperation with the
government some new rules, that completely changed the way most of the citizen's life,
have been adopted.

These rules and restrictions incorporated not only the suspension of lessons in all
schools and all universities but also temporarily end of work in all kindergartens.
Furthermore, employers were forced to enable working from home to most of their
employees, if it is anyhow possible. Otherwise, they had to reduce the number of people
sitting in the office at the same time. All public meetings, public occasions, sports
competitions, trade fairs, and gatherings for the purpose of religion were strictly forbidden.
In addition to this, service activities that are not essential for the functioning of the
community were also stopped. Hence all museums, theaters, disco clubs, libraries, gyms
and fitness centers, bars, hairdressers closed their doors. Permission to work but with
strict rules had only supermarkets, bakeries, restaurants with food deliveries, and
pharmacies. Furthermore, all kinds of public, city, and intercity transport were suspended.

Living under these lockdown restrictions completely changed our daily routines and
past habits, thus we had to forget the life we had before. Therefore, it is likely to expect
significant changes in electricity consumption.

This research focuses on gathering and analyzing electricity consumption data for Croatia
and neighboring countries during the COVID-19 pandemic.

GSM 2020 proceedings www.GridServiceMarket.com 18/171




GRID SERVICE MARKETS 19-20 October 2020 GSM DOI 10.5281/zenodo.4284325 ISBN 978-3-905592-81-8

4™ European Symposium  Lucerne/Switzerland ﬁm www.zenodo.org/communities/LORY www.EFCF.com/Lib

2. Electricity demand forecasting

Electricity load forecasting is a complex task which incorporates a variety of variables
that directly or indirectly affect the demand for an electricity [3]. Electric energy
consumption is the actual energy demand in the real time made on existing electricity

supply [4].

Electricity consumption is a vital part of economic activity and an irreplaceable part of
our daily needs. Thus, electricity load profile ([5], [6], [7]) refl ects fan
the hearth of a nation, r egi on8.  surely reglasants

holistic pulse of customers at an observed moment.

Accurate planning of the day-ahead electricity load can also significantly help system
operators with less activation of ancillary services in the real time. Thus, it is important to
have a reliable method for electricity consumption prediction and consider time
decomposition which includes long, medium and short-term framework [9] . A variety of
factors mentioned in [10] in long-term and medium-term load pattern forecasting, such as
population, economic development, climate, etc. influence the total electricity load of one
country. There are plenty of existing load forecasting methods that can be used for a day-
ahead consumption planning. An overview and review of such electricity consumption
planning methods were given in [11]. Generally, models could be divided into intelligent
non-linear models that incorporate advanced technologies such as Artificial Neural
Network ([12],[13]), grey prediction models [10], and statistical analysis models. Moreover,
there are also a variety of other hybrid models. One of such developed models is
presented in this chapter. This model consists of factors divided into three key categories:
weather dependent factors related to the load, social factors connected to the load, and
stochastic factors that affect load changes [14]. This is presented by the following
equation:

0o |20 0 1200 o @)

Where:

f 0 O i total electricity load in a certain period

f 0 0 weather dependent factor of the total load

T 1 coefficient correlated with the weather dependent factor

0 0 social dependent factor of the total load

1 1 coefficient correlated with social dependent factor

177 constant for estimating stochastic load changes

Furthermore, each of these variables, which behave like independent or partly dependent
functions is then further decomposed and analyzed in individual sub-functions. For
example, a weather dependent factor incorporates air temperature, wind speed and
direction, cloudiness as well as type and intensity of a precipitation. Furthermore, there is
also a humidity (dew point) which affects a load curve in cases of high and low
temperatures. This is presented in following equation:

0 0 | z°Yo | 2606 | zdio | zRQO | zY | ¢
Y@ | 206 @)
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Where:

0 6 weather dependent factor of the total load
“YO external temperature dependent factor

0 0 cloudiness dependent factor

wi 0 wind speed dependent factor

w'Qo  wind direction dependent factor

YOO precipitation type dependent factor

Y'@Q precipitation intensity dependent factor
‘O0 humidity (dew point) dependent factor

| hl hl hl hl h h coefficients for estimating load changes with
correspondent weather dependent factors

=4 =4 =4 -4 -5_45_48_4_-2

This example is just one of the multiple ways of forecasting electricity consumption that

illustratesitsc omp | exi t y. Such challenge can be
and Asocietyo during a timeline which af
curve. Naturally, in countries with higher industrial development and lower share of
househo| ds o6 el ectricity consumption, | oad f

since a household consumption can be very fluctuating and unpredictable. An example of
such a country where a load forecasting is a tremendous challenge is Croatia where the
majority of the electricity demand consists of households. Thus, when forecasting the
electricity demand curve a special consideration for social factors (holidays, weekends,
semi-working days, public events, lockdown restrictions, etc.) has to be taken into account.
Even the slightest weather or social changes can significantly impact the total load curve.
The main analysis of this paper considers the impact of COVID-19 and corresponding
lockdown measures on the electricity demand curve and how to read its data. Such
pandemic has significantly affected behavior of demand curves and it has to be taken into
account while analyzing realised electricity load curves during such period and forecasting
electricity load curves in ever similar period in any stage in the future.
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3. Analysis of electricity demand curves

This chapter will describe and analyze gathered data for Croatia and neighboring
countries in terms of electricity consumption as well as give an overview of restrictive
lockdown measures and how they affect overall electricity consumption. The analysis will
be carried out and results compared to the previous historic data in the following
subsections. In addition, the analyses was expanded to the case of Sweden which,
although is not in the region with others, is an interesting case to compare with due to its
complete opposite approach in national strategy of not imposing the restrictive lockdown
measures.

Period of analysis is 14 weeks and exact periods of each week are presented in Table

1.
Table 1. Analyzed period

Week 1 25.2:3.3. 24.2-1.3.
Week 2 4.3-10.3. 2.3-8.3.

Week 3 11.3:17.3. 9.3-15.3.
Week 4 18.3-:24.3. 16.3-22.3
Week 5 25.331.3. 23.3-29.3
Week 6 1.4:7.4. 30.3-5.4.
Week 7 8.4-14.4, 6.4-12.4.
Week 8 15.4:214. 13.4-:19.4.
Week 9 22.4:28.4. 20.4-26.4.
Week 10 29.4:5.5. 27.4:3.5.
Week 11 6.5-12.5. 4.5-10.5.
Week 12 13.5:19.5. 11.5-17.5.
Week 13 20.5:-26.5. 18.5-24.5.
Week 14 27.5:2.6. 25.5:31.5.

Table 2. Total number of new weekly confirmed COVID-19 cases

Week 1 1557 7 0 0 0 0 13

Week 2 5686 5 8 16 2 1 189
Week 3 16605 36 31 237 19 54 829
Week 4 35158 187 128 189 141 133 874
Week 5 38551 478 280 321 251 553 1794
Week 6 31259 469 297 258 368 1167 3130
Week 7 27415 418 714 191 292 1722 3653
Week 8 22609 271 526 123 267 2688 | 3902
Week 9 18703 159 599 72 248 1724 4255
Week 10 13042 66 452 38 358 1422 3677
Week 11 8353 91 249 16 212 650 4005
Week 12 6365 39 251 6 161 496 3821
Week 13 4423 18 221 2 97 549 3316

Week 14 3161 2 120 6 118 253 4083
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Along with weekly total load data, the number of weekly COVID-19 positive cases has
been gathered for each of analyzed region. Table 2 presents data of new weekly
confirmed COVID-19 cases for each of the analyzed region.

However, due to a vast difference in sizes of countries, and thus a much higher
number of confirmed cases for larger countries, for purpose of this analyses it is better to
look at number of cases per 10 000 residents.

New weekly COWI® cases per 10 000
residents

e |{gly e Croatia Slovenia Serbia essB&H es=sHungary essSweden

4.5
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Figure 1. Number of new weekly COVID-19 positive cases per 10 000 residents for each
respective region

As seen in Error! Reference source not found. Sweden has the highest rate of
COVID-19 positive cases per 10 000 residents and their trend from week 7 to week 14 is
not declining as it is the case for other countries in this analysis. The main reason for this
is that Sweden is the only European country that decided to take a different approach in
the battle with the COVID-19 pandemic. They decided against the majority of restrictive
measures or a complete lockdown that was introduced in other countries. Instead, they
decided to try to overcome the pandemic by acquiring a herd immunity effect. Considering
their specific approach, it is very interesting to include Sweden in the total load analyses
and comparison with the rest of the countries in the region.
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3.1. Electricity demand of Croatia

Forecasting the load curve of Croatia is a challenging task. As there is a significant
lack of industry, compared to the leading European countries, the highest share of the load
comes from the end-consumers and households. Thus, the forecasting of electricity load
curves has a wide range of options due to the stochastic and fluctuating behavior of
househol dsd consumption as well as exte
impact. Observation of Croatian total load was made for 14 weeks starting from the last
week of February to the end of May. During the first three observed weeks, there were no
signs of the impact of corona virus on the demand curve. Despite the COVID-19's
presence in Croatia, there weren't any new rules or restrictions that would change people's
lives and daily habits. Life was as usual as before, but things started to change in the week
4 (16.3.2020.-22.3.2020.) when the National crisis management decided to close all
schools, universities, and kindergartens to mitigate the spreading of corona virus. From
Thursday 19.3.2020., all public events and gatherings were forbidden. Only necessities
such as supermarkets, pharmacies, and restaurants with food delivery options have had
working permits. All other service activities had temporarily locked their doors. From the
Sunday of week 4 (22.3.2020.) all kinds of public transport were stopped. Some of these
restrictive rules, such as suspending tram and train traffic, closing the majority of shops
and markets, were an obvious cause for the decrease in the electricity consumption. On
the other hand, it is hard to estimate how the school closing has affected electricity
demand because all pupils and students had to follow the lectures using TV, tablets, and
computers.

The demand curve shows that the total load fell off or decrease in regards to the
previous week when restrictions haven't been yet adopted. Contrary to what might be
expected, the total load of the fifth week has increased. However, it is mostly due to harsh
weather conditions that incorporate extreme coldness for this period of the year, snow, and
wind during most of the week which can be seen in Error! Unknown switch argument. and
Error! Unknown switch argument. On the demand curve, it can be noticed that even
though the temperatures were very low, electricity consumption fell in mornings hours, and
increase significantly later, around noon, during afternoon and in the evening. The shape
of the demand curve had completely changed and the daily peak was almost as high as
the evening peak which is uncharacteristic to previous historic data. In nearly all hours
(exception of the morning), consumption was higher than the one in the previous weeks,
which can be interpreted by the fact that people woke up later and postponed their usual
morning activities and habits since most of them worked from home. In certain hours total
load was similar to the period before restrictions. In the sixth observed week, temperatures
were also under average, however, the total load has decreased. Summertime calculation
(Day-light saving time) led to reaching the evening peak in the twenty-first hour, and more
daylight affected consumption too.

During the seventh week, the consumption continued to fall, and it was nearly 32
GWh lower than the previous week. This has marked the highest difference of realized
load between two continuous weeks which can be explained by the fact that it was Easter
week, and the holiday has significantly impacted total load. Monday of eights' week was a
holiday as well, and the total load was also lower than the previous week. However, the
demand curve had almost the same shape. It was slightly translated in the downwards
direction.
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The ninth week was very similar to the previous with an insignificant rise in total
consumption. Restrictive rules, adopted during the lockdown, have been cleared starting
from week ten. At the beginning of week ten, supermarkets started to reopen, except for
the ones in shopping centers. Furthermor e, C €
close contact between people have also started to reopen along with public transport.
However, the lowest consumption was achieved in this week, and from that point, the load
started to slowly recover in the upcoming weeks. From the eleventh week, it was allowed
for all services activities to reopen their doors (hairdressers, barbers, beauticians, etc.).
The last phase of restrictions clearing started in week twelve, when shopping centers,
bars, and restaurants were reopened. In the last three weeks, the shape of the demand
curve changedmostlyi n t he afternoon Agapfi when the tot
evening consumption reached a peak in the twenty-second hour.

2700

Comparison of weekly demand curves in Croatia

2500

Electricity consumption [GWh]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hours

week 1 -=-week2 -=-week 3 - week 4 -=week 5 -*-week 6 <#=week 7 =week 8 -#=week 9 -*-week 10 -e=week 11 -e=week 12 -e=week 13 -*-week 14

Figure 11. Average weekly demand curves of Croatia

Electricity consumption, in general, is mostly dependent on external conditions such
as weather. Some of these parameters are, as already mentioned in the Chapter 2, air
temperatures, cloudiness, precipitation, wind speed, wind direction and humidity. A
comparison of all of these parameters would be too complicated and nearly impossible,
hence, only the air temperature will be taken into consideration in future analysis and
comparison with previous historical data.
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Following figures (3-6), present average daily temperatures in cities of Zagreb and
Split during 14 weeks (98 days) in the year 2019 and 2020.

ZAGREB

——2019 —»—2020

Temperatures
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Figure 12. Average air temperature in Zagreb during first seven weeks
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Figure 13. Average air temperature in Split during first seven weeks
ZAGREB
25
——2019 —=—2020
20
% 15
§ 10
5
’ L Je3 | J70 | ] 77\ J | J
49 | | 56 63 70 77 24 | | a1 9
I | | I | | |
week 8 week 9 week 10 week 11 week 12 week 13 week 14
Figure 14. Average air temperature in Zagreb during second seven weeks
’s SPLIT
——2019 —»—2020
g_ 10
Y Jss | Jos | j L Joa | Jon L )
43 56 62 70 | |77 84 91 98
[ I [ [ [ I [
week 8 week 9 week 10 week 11 week 12 week 13 week 14

Figure 15. Average air temperature in Split during second seven weeks
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Almost in all weeks during the lockdown the total load has decreased in regards to
the same period in the previous year which can be seen in Error! Unknown switch
argument.. Only in week five, electricity consumption has risen by 1,57% in comparison
with the previous year, even though the new restrictive rules have been adopted. The main
reason was certainly weather conditions and very low temperatures as it is shown in
Error! Unknown switch argument. and Error! Unknown switch argument.. The impact of
new restrictive measures on electricity consumption can be seen in a total load of week six
when temperatures were also lower than the ones a year ago, but the total load fell by
2,44%. After the restrictions have been released, the total load started to slowly recover.
However, it was almost insignificant. There was still a big difference between the same
period of the previous year because previous May has been much colder as it can be seen
in Error! Unknown switch argument.5 and Error! Unknown switch argument. 6.
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Figure 16. Comparison of weekly total load of Croatia for 2019 and 2020
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3.2  Electricity demand of Northern Italy

North Italy was the worst-hit region of the country. Coronavirus spread rapidly after
the Champions League match between Atalanta Bergamo and Valencia that was held in
Milano, on the 19" of February. It is believed that it is the main reason why Bergamo has
become the epicenter of the pandemic. North Italy is the most developed part of the
country and it i ncorporates t he foll owing
Lombardia, Trentino, Veneto, Friuli Venezia Giulia, and Emilia Romagna. A significant
contribution to a total load of North Italy is the industry and it is a major reason why
electricity consumption decreased significantly during the lockdown. Error! Unknown
switch argument. shows that the total load has not instantly decreased within the first two
weeks of COVID-19 appearance in Northern Italy. However, as the number of confirmed
COVID-19 cases grew, restrictive measures were introduced. Moreover, the downwards
trend of total load continued from week 3 to week 6 where it reached its minimum with
roughly 35% of the total weekly load decrease in comparison with the previous year.
Furthermore, week 7 in 2020 includes Good Friday and Easter Sunday holidays, while in
2019 such week was in week 8. These holidays in most of Europe significantly influence
the shape of the load curve and Italy especially. As can be seen in , from weeks 7 to 14,
the total weekly load has begun to recover reaching roughly 10% of the total load
decrease in week 14. However, this assertion has to incorporate influence of different
dates and weeks of Eastern holidays when we make concl usi ons about exa
pointodo when and why the | oad curve started to
According to Instituto Superiore di Sanita, almost 80% of the total confirmed cases
by 3" of June 2020 were from the regions listed above. Thus, this paper focuses on North
Italy rather than the entirety of Italy. Due to the strong economy and developed industry,
the recovery of the total load is significantly faster in comparison with other regions
analysed in this paper.
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Figure 17. Comparison of weekly total load of North Italy for 2019 and 2020
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3.3  Electricity demand of Slovenia

Similar to the case of Croatia, Slovenia decided to tackle the COVID-19 pandemic with
strict restrictions and lockdown. The first cases appeared in roughly the same period, and
as previously shown in

Figure 11. Slovenia had one of higher rates of COVID-19 infections per 10 000
residents. However, with their governmental measures, they managed to control and stop
further growth of cases. From week 7 and on, their measures proved efficient, and the
decline in newly infected people started has started.
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Figure 18. Comparison of weekly total load of Slovenia for 2019 and 2020

Error! Unknown switch argument. presents a comparison of the Slovenian total load
in 2019 and 2020. A clear impact of COVID-19 can be seen in the decrease of the total
load which has peaked in week 7. A peak difference between these two years is roughly
20% of the total load. This is also the period where the number of new cases has peaked.
As the pandemic has been put under control, from week 8 and on, the total load has
started to slowly recover. However, their recovery is at a moderate rate and the aftermath
of COVID-19 is still present in significantly lower consumption (roughly 15% lower).
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3.4  Electricity demand of Serbia

Although the first cases of COVID-19 in Serbia arose in a similar period as the rest
of the region, the first 6 weeks marked the total load increase in comparison with the
previous year. One of the reasons for this is that their national strategy has decided to wait
with restrictive measures and lockdown, and the weather impacted the total load.
However, once the number of cases has significantly risen, they introduced strict
restrictions and a complete lockdown. Furthermore, a police hour has been enforced
during some weekends where people were not allowed to leave their homes unless it was
a must. This can be seen in Error! Unknown switch argument. where their total load has
decreased by nearly 10% in week 8. From this point on, their load was slightly lower in
comparison with the previous year.
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Figure 19. Comparison of weekly total load of Serbia for 2019 and 2020

The case of Serbia shows signs of COVID-19 pandemic consequences on the total
load, however, they are not as significant for the total load as the previously analyzed case
of North Italy. Moreover, the analysis has not been as in-depth as the case of Croatia as
the goal was to present overall total load data comparison.
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3.5  Electricity demand of Hungary

The first cases of COVID-19 in Hungary appeared in the second analyzed week. In
comparison with other countries in the region, the initial situation in Hungary appeared well
as they counted one of the lowest amounts of COVID-19 cases in the first few weeks

Figure 11 graphically shows that they had one of the slowest starts in COVID-19
cases. However, the peak in new cases peak was also later than in other countries.
Naturally, the restrictive measures were also implemented in a different time period from
other countries. The situation is also translated into the total load curve. In the first three
weeks, Hungary marked an increase in the total load in comparison with previous years.
Moreover, as the number of cases grew and restrictive measures had been introduced, the
decline of the total consumption had begun. Similar to the cases of Croatia and Slovenia,
Hungary also experienced the lowest total load in week 7. The total load had decreased by
nearly 15% in comparison with the previous year. From this point on, the difference has
been fluctuating but it has never recovered above the 7% decrease in the total load.
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Figure 20. Weekly total load comparison of North Italy for 2019 and 2020.

The case of Hungary is similar to other analysed cases where the COVID-19
pandemic significantly decreased countries' total load due to restrictions.
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3.6  Electricity demand of Bosnia and Herzegovina

The case of Bosnia and Herzegovina is challenging to analyze. Despite other countries in
the region marking economic and electricity consumption increase, Bosnia and
Herzegovina marked a total load decrease even in weeks before the COVID-19 pandemic.
Considering their total load decrease before the pandemic, it is hard to judge exactly how
huge is the impact of COVID-19.

Data presented in Table 2. shows a similar trend between the number of cases in Bosnia
and Herzegovina as in Croatia and Hungary. Interestingly, the number of weekly cases
has not gone above 1.25 per 10 000 residents which is the lowest in the region, besides
Italy.
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Figure 21. Weekly total load comparison of Bosnia and Herzegovina for 2019 and 2020.

Error! Unknown switch argument. shows a total load decrease in all of the 14
analyzed weeks which is not the case for any other country analyzed in this paper. The
COVID-19 pandemic peaked between weeks 4 and 11, and the highest decrease in the
total load was in week 11 (20% decrease in relation to the previous year). Generally, their
load is very fluctuation and there are no signs of its recovery in this analyzed period.
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3.7  Electricity demand of Swede n

As previously mentioned at the beginning of Chapter 3, Sweden decided to take a
different approach in battle with this pandemic. Rather than introducing serious restrictive
measures and enforcing a lockdown, it was decided that the national strategy was to try to
acquire the herd immunity effect. Naturally, this meant that the number of COVID-19
positive patients was much higher in comparison with other countries which can be seen in
Figure 11. Contrary to other observed countries, the number of infected people has not
declined in upcoming weeks either which is an expected outcome due to the lack of
restrictive measures.

However, this strategy meant that the Swedish economy and industry would not
take such a hit as other countries observed in this paper. Thus, it is expected that the total
load should not massively decline either.
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Figure 22. Weekly total load comparison of Sweden for 2019. and 2020.

As seen in Error! Unknown switch argument. the total load of Sweden was very
similar in the majority of weeks for the years 2019 and in 2020. Undoubtedly, some
differences in the total load are always going to exist due to a vast variety of external
factors. However, when compared to other analyzed countries in this paper, there is no
significant decline besides week 7. The main reason for this are the temperatures which
were extremely low in that period in 2019. Temperature data is presented in Error!
Unknown switch argument. where the average weekly temperature in 2019 was around 1
Celsius degree while the temperature in 2020 was around 8 Celsius degree which is more
standard for that period of the year. Consequently, a total load of week 7 in 2019 was
significantly higher than it would have been with regular temperatures. Thus, the
conclusion is that the main reason for the decline was not COVID-19 pandemic but the
extreme weather conditions in the previous year.
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Figure 23 Temperature differences in week 7 and week 11 for Stockholm, Sweden.

Moreover, the total consumption has even increased in weeks almost two-thirds of
the weeks.

With Swedends different approach, it can b
affected during the pandemic as much as it was in other analyzed countries. Furthermore,
judging from the total load, their economy and industry have not suffered either.
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4. RESULTS AND DISCUSSION

Analysis and data provided in chapter 3 indicate how sensitive a total load of a country

is. A variety of external factors significantly affects the consumers' behavior, and thus, the
electrical energy consumption. This paper focuses on the social dependent factor
connected to the load i COVID-19 pandemic.
The most in-depth analysis was provided for the case of Croatia which is characterized by
a very volatile total load. Although the weather-dependent factor is important and cannot
be completely neglected, a detailed analysis of it was not provided for cases besides
Croatia.

Initially, this paper was meant to include only Croatia and its region (surrounding
countries). However, the case of Sweden is extremely interesting and useful for
comparison and evaluation of what affects the load the most.

Results indicate that the COVID-19 pandemic caused significant load decrease
throughout Europe which was foremost in the period of harsh working restrictions or
lockdowns. Cases of Croatia, North Italy, Slovenia, Hungary, and Serbia all suffered a
significant load decrease in comparison with previous years. The period of first COVID-19
appearance was similar and each of these countries started to introduce restrictive
measures.
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Figure 24. Comparison of total load differences between 2019. and 2020. for analyzed
countries
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A graphical display of the load difference of the three most interesting cases
(Croatia, North Italy and Sweden) is provided in Error! Unknown switch argument.. The
highest load decrease was present in North Italy (up to 35% decrease in comparison with
previous years), while Croatia, Slovenia, Hungary, and Serbia all experienced load
decrease up to 15%. This only further confirms how strong the industry of North Italy is in
terms of the load consumption as it drastically decreased in the period of harsh restrictions
and lockdown. On the other hand, it can also be seen that a load of North Italy also has
started recover significantly faster than the load of any other analyzed country which once
again supports the premise that the industry has a significant share in the total load.
Nevertheless, it must not be forgotten the influence of different dates and weeks 7 and 8 in
2019 and 2020 which partly contribute to such steep decline and rise while comparing
those two years.

The rest of the countries in the region have also started to recover in terms of load,
however, it is at a more moderate rate. For the case of Bosnia and Herzegovina it is rather
difficult to provide the right judgement. The results of the analysis imply that they have not
suffered a significant load decrease in comparison with previous year which can be
somewhat expected due to their poor relative industry contribution in total load share and
partly due to different holidays during weeks 7 and 8 comparing most of other countries.
However, there are also uncertainties regarding the data.

Contrary to all of the 6 cases, Sweden has taken a completely different approach
and introduced nearly no strict restrictions or lockdowns. Their total load is slightly
fluctuating, and even increasing in some weeks. They had the highest number of COVID-
19 positive cases (per 10 000 residents) of all 7 analyzed countries, and their numbers
have not been declining either. This indicates that it is not the number of COVID-19
positive cases that directly and significantly affect the load, but the governmental
measures that affect it the most.

Generally speaking, it is expected that the higher number of positive cases would
force countries in such restrictive measures and lockdowns which will result in a significant
load decrease. However, the case of Sweden proved to us that there are exceptions and
that some countries deploy different national strategies. Hence, it is of the utmost
importance to keep in track with all national decisions regarding the restrictions, strategies,
or lockdowns measures when planning a day-ahead (or further) load.

Moreover, the analysis shows that there are a lot of similarities between countries in
the region, especially the ones with similar industrial development. It can be useful to
observe their overall situation regarding the load trend, however, it is dangerous to blindly
replicate their strategies as it was shown that load is extremely sensitive to all external
factors.
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5. CONCLUSIONS

This paper clearly shows the complexity of load forecasting and how the stochastic
behavior of many influential factors can significantly contribute to the shape of realized
load curve. Although there are usually many more examples of a weather influence on the
load shape, this particular example teaches us all how social influence can also be
important. Its significance is even more influential due to several reasons:

1 Such events like sudden pandemic spread and adequate lockdown measures
like in those several weeks usually cannot be foreseen in a year ahead, a
guarter ahead, or even a month ahead load forecasting process and as a such

could be marked as[l5.Bl ack Swano effect

1 Nevertheless, such rare cases with significant impact, no matter how rare they
are, must never be underestimated, especially if they have already occurred
several times in the history [16] and when contemporary power systems,
economic systems, and the whole globalized society are vulnerable [17], [18] to
such outbreaks and potential lock-down measures

1 Consequences of such measures jeopardize lives and livelihoods [19] of most
of the electricity cust omemotson a endrgy iinf
motiono[20] is applied to all customers in a portfolio or a country, an electricity
demand response can be significant, sudden and sometimes even long-lasting,
usually depending on the economic strength of the observed country [21] or
customerés portfolio

1 Such sudden electricity demand response has directly affected electricity prices
[22] and the whole electricity sector [23] as well as the entire power sector [24].

Therefore, this case can be very useful for understanding the sensitivity of the load curve,
its importance in vital technical and economic processes in the globalized world, and

necessary adjustments t o [25]lwhichimighd last forsome tinie 0

in the forthcoming future and affect most of the electricity customers.
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Abstract

Making flexibility of power plants on distribution grids available for resolution of
congestions is one of the future challenges for smart grids. There is a development of
understanding flexibility as a prognosis-based quantity ([1] 4.2). In Germany redispatch 2.0
(see novella of NABEG [2]) is a first step to integrate this concept in distribution grid
operation. NABEG demands that forecasting and control for CHPs (KWK-Anlagen) and
RESs (EEG-Anlagen) of installed electric power bigger than 100 kW is provided to the
distribution system operator (DSO). In this non voluntary sense, the knowledge about
future flexibility is of highly statistical nature. This seems to be a controllable problem with
big powerplant portfolios. Nevertheless, flexibility on distribution grids is of highly local
nature. In many cases only a small number of power plants can provide flexibility and the
accuracy of forecasted values underlies a higher uncertainty.

The FlexA process suggested by the Consolinno Energy GmbH directly addresses this
challenge. FlexA uses not only read and write access to current power generation or
consumption, but also a minimal number of states needed to provide a linearized model of
the actual energy system. It continuously provides schedules, which may be used as
forecasts by the DSO and as set points for the energy system. In this manner the process
serves as a bridge between system automation of the power plant and the DSO. It
therefore maximizes the certainty of flexibility provided to the DSO. FlexA takes the role of
the operational manager (Einsatzverantwortlicher) known from large scale power plants on
the transmission grid and brings it as a fully automated software agent to the distribution
grid.

FlexA models sector coupled energy systems based on electric, thermal and fuel energy
flows connected to controllable and statistical prosumers and storage systems. There are
two ways to integrate flexibility in the FlexA runtime process: Contracts and price signals.
Runtime contracts ensure that FlexA keeps schedules stable in near future. This
mechanism considers that energy suppliers may only sell energy at certain times of the
day and therefore must assume schedules being stable in the meantime. External
contracts allow partners to post preferred schedules and price signals allow for example
spot price optimization or own consumption maximization.

FlexA continuously provides flexibility tables for external partners containing schedules
together with positive and negative power and energy, which describe how much the
system may deviate from the schedule at each time and for how long. In this way voluntary
flexibility can be offered on platforms ([1] 4.2.2, [3] 1.2.2, [4] p.38/39). As a service for
DSOs and TSOs these platforms aggregate flexibility and call the demands from system
operators. Such calls are integrated by FlexA as external contracts. FlexA enables a fully
automated communication between system operators and platforms. A similar approach
could be realized with energy suppliers trading flexibility intra-day.
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Architecture

Besides the separation of cloud and field level, the main principle of the FlexA architecture
IS the separation in small distinct services. This follows the software architecture paradigm
of microservices. The microservices to be defined shall reflect different fields of expertise
necessary to implement a FlexA service and guarantee maximum independence between
the components.

Message Broker

The message broker is the central communication bus for life data. Typical I0T-
communication protocols are for example mqtt or amgp. From the perspective of field

devices, the message broker i s -efdtpbirgforcheio ud

communication: The field devices send their metrics to the message broker and receive
possible set point values from there. More precisely, the broker provides topics, in which
messages may be queued. Services may publish messages to these topics or subscribe to
these topics. In the sense of FlexA these topics must reflect all the telemetry- and control-
data-end-points necessary to control an energy system. A tenant management must be
implemented on the topics to control which services may publish or subscribe to which
topics. The topics of the energy systems reflect then the current state of the energy
systems.

Forecast services

The Forecast services provide prognosis for all statistical, this means not controllable data,
in the energy system. FlexA needs forecasts for thermal and electric energies for all
statistical producers and consumers. Then it matches demand and production using the
controllable energies in an optimal way. The forecast services must provide forecasted
data in predefined time windows and resolution.

Contract service

The contract service serves as an interface, where external partners may, after
registration, publish their preferred schedules, which the energy system should try to
realize on certain sensors. Requests for contracts are posted as time series. The contract
service also must decide priority if competing request of different partners occur.

Price services

Price services may provide price forecasts, such as forecasts for epex prices, or integrate
external pricing signals in runtime via an interface as time series. Nevertheless, the price
services must transform or scale the price signals in such a way that the optimization
service may understand them. This means that it must be possible to transform price
signals to time series which may be put on flows to price each kWh of energy being
transported at a certain time step.

Optimization service
The optimization service provides optimized schedules for energy systems, i.e. proposals

for set point values. To do so, the optimization service processes an abstract configuration
of the energy system as input considering pricing, contracts, forecasts, and initial energy
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values. The optimization service unfolds the abstract configuration and parses it into an
optimization problem understandable by a solver. The optimization may be done by linear
optimization. The schedule optimization tries to fulfill contracts first and follows the price
signals second.

Flexibility service

Like the optimization service, the flexibility service uses the abstract configuration of the
energy system together with a schedule at the electric network transfer point, which FlexA
currently tries to fulfil. The flexibility service calculates then at each time step the maximal
positive and negative deviation from the schedule, the energy system may provide. More

precisely, the flexibility service returns
Aenerpdyuso, fAprice_pluso, Apower _ minuso, HAener
gives the power in kW the system may deviate in positive direction from the schedule at a

ti mestep, whereas fAenergy_plusodo gives the

by schedule deviation. #Aprice_pluso is the

gives the information how much and how long the system may deviate from the schedule
at given time steps. The flexibility table may be communicated to external partners, who
may then request the offered flexibility from the contract service.

Digital twin service

The digital twin service is the central service coordinating the optimization of the energy
system in runtime. The digital twin service has the task to build up the abstract
configuration of the energy system and to publish it. Therefore, the digital twin must collect
the current forecasts, prices, and contracts as well as the initial values of the energy
system. Moreover, it has the task to generate runtime contracts for the stabilization of
schedules in the nearer future. This means for example that a schedule of a chp shall not
deviate from the former schedule in the next say two hours. The digital twin service should
be configured by an abstract schema file of the energy system. Beside the system
configuration, this schema must also contain the necessary configuration of the runtime
environment: length of the time window of the schedules, time grid of the schedules,
runtime contracts, frequency of optimization. In this way the whole stack of the FlexA
service may be generated by a script for each individual energy system.
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lllustration 1: Microservice communication of FlexA via topics on message broker
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Modelling

The modelling describes the implementation of the optimization service as well as the
definition of the abstract configuration of the energy system. There are several object-
oriented frameworks for linear optimization of energy systems available, such as OEMOF
for python [6]. OEMOF is based on modelling optimization problems of energy systems by
means of energy flows. It is therefore very suitable for the modelling of the optimization
service as described above.

Abstract Configuration of the energy system

The abstract configuration of the energy system contains all devices and flows, which are
necessary to model the energy system. On flows variable prices may be put as time series
as well as maximal power flow constraints. Devices are defined by their parameters, such
as maximum power and electrical efficiency for a combined heat and power plant (chp) or
current energy and maximum energy for storage systems. Moreover, devices representing
statistical producers or consumers are defined by power forecast in the form of time series.
Contracts are put on devices as time series.

Flow and energy conservation modelling

Energy conservation is defined on each device. This means, that on each device and on
each time step the sum of energies flowing to the device must equal the energies flowing
away from the device. In this manner flow constraints may be considered and via putting
prices on flows optimization may find the optimal power flow. The optimal power flow gives
than the optimized schedules.

Constraint modelling

Devices are modelled as linear energy transformers. This means, that a chp transforms on
each time step according to its parameters a certain amount of fuel provided by an energy
flow to a certain amount of thermal and electric energies, which must be consumed by
flows. Devices, even if controllable, may often be modulated in a certain power range. The
linear model must take this into account by using binary variables. Statistical producers
provide a fixed energy value at each time step, which must be consumed by a flow,
similarly for consumers. These energy conservations are modelled as hard constraints and
may therefore yield unsolvable optimization problems. Therefore, artificial sources and
sinks need to be added to the systems providing energy flows at very high costs to ensure
solvability. Similarly, external and runtime contracts are modelled as soft constraints on the
electric production of devices. This means that deviation from a contract in L1-Norm is
puni shed with high costs. " Higho weatyhighert hat
than Areal o flow costs.

Flexibility modelling
Flexibility is modelled on the electric flows at the electric network transfer point. At a given
time step the optimization tries to maximize the deviation and to hold it constantly as long

as possible. This means, that the flexibility service will maximize deviated energy as an
ARenergy bl ocko.
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loT-Connection to the local EMS

The system architecture interprets FlexA as a cloud service. This means that FlexA is not
a replacement of the energy management system (EMS) on field level. FlexA offers
forecast based optimization with help of a simple model and a minimal number of data-
endpoints to be implemented. The communication with the EMS of the actual energy
system on field level works is implemented via the messaging broker.

Data normalization service

In the ideal case the local EMS already talks to the cloud with the corresponding cloud
protocol (for example mqtt) and uses the topics and payloads as explained above. But
most of the time this will not be the case and there will be the need to integrate energy
systems in the sense that a data normalization service has to be implemented translating
the communication to a cloud protocol as exemplary defined above.

Requirements for the local EMS

For the FlexA service to work the local EMS must provide the described telemetry data in
order to build up a linear model. This must be done by a cloud integration as described
above. The EMS must then integrate external set point values for devices to be scheduled
optimally. This integration of set point values is not meant in a sense, that the FlexA
service may just override the set point value of the local EMS. This may cause a
disturbance of the operation by conflicting signals. The local EMS should be able decide
whether it executes an external schedule with respect to internal constraints (minimal
runtimes and downtimes etc.) to ensure a smooth operation. On the other hand, FlexA
already should try to respect such constraints by modelling them as runtime contracts or
hard constraints for the devices.

Conclusion

The FlexA service as described above is a modular software stack to realize optimization
and to provide flexibility of complex energy systems in a scalable way. FlexA has been
deployed on chps by the authors optimizing day-ahead scheduling. The FlexA service is
running reliably and operational corrections by the local EMS are only necessary on
connection loss to the FlexA service due to rolling updates of schedules. The integration of
contracts in runtime has been tested within Csells [4],[5]. Nevertheless, there are several
obstacles to efficiently stabilize electric grids with FlexA services. The integration of
existing energy systems is a major task, as the implementation of data normalization
services and the compatibility with the local EMS must be considered. The streamlining of
this integration process seems to be the most important task for those to offer flexibility
services. Moreover, interfaces for offering and requesting flexibility as well as the
corresponding processes must be standardized. In Germany, this problem is tackled in the
project Connect+ [7]. Connect+ tries to standardize the communication of schedules and
flexibility between DSO, TSO, and the operational manager of the system. Connect+ tries
to provide a modern framework where redispatch may be performed on the distribution
grid level in a fully automated manner. FlexA can then be used as the service enabling the
operational manager to provide fully automated redispatch transactions. But this only
considers integration of voluntary flexibilities with respect to a fixed given schedule. FlexA
still may optimize the initial scheduling process offering the possibility to adjust production
and demand. This potential is still free for the market to be used.
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Abstract

Facing the energy transition, decentralized renewable sources of energy as well as
decentralized consumers can lead to congestion situations both horizontally at the
transmission grid level and vertically within the areas of distribution grids.

Grid-supportive flexibility is a solution to mitigate such congestions. In order to roll-out a
standardized process for congestion management, Austrian DSOs (distribution system
operators) conducted the project Active Distribution Grid Management (ADGM) in early
2020 in order to test if the existing data communication infrastructure can be re-used to
offer and activate flexibility, to simulate typical congestion scenarios, and finally to
visualize the impact on involved asset managers and grid operators.

This paper presents the ADGM project results and how it is applied to a distribution grid

congestion scenario. It specifically shows how a distributed flexibility management process
is implemented.

GSM 2020 proceedings www.GridServiceMarket.com 46/171



mailto:merz@ponton.de

GRID SERVICE MARKETS 19-20 October 2020 GSM DOI 10.5281/zenodo.4284325 ISBN 978-3-905592-81-8

4™ European Symposium  Lucerne/Switzerland ﬁm www.zenodo.org/communities/LORY www.EFCF.com/Lib
Introduction

Facing the energy transition, decentralized renewable sources of energy as well as
decentralized consumers will lead to congestion situations both horizontally at the
transmission grid level and vertically within distribution grids.

Grid-supportive flexibility is a solution to mitigate such congestions. In order to roll-out a
standardized process for congestion management, Austrian DSOs (distribution system
operators) conducted the project Active Distribution Grid Management (ADGM) in early
2020 in order to test if the existing data communication infrastructure can be re-used to
offer and activate flexibility, to simulate typical congestion scenarios, and finally to
visualize the impact on involved asset managers and grid operators.

There are various ways to organize the allocation of flexibility T many are market-based
such as Enera [1], GOPACS [2] or NEW 4.0 [3], using a central or decentral platform to match
orders between producers and consumers of flexibility. Others are based on bilaterally offering
flexibility to the local DSO as being currently implemented in Germany, following the Redispatch
2.0 model, which is, in turn, based on the NABEG legislation [4] (Grid Expansion Acceleration Act,
German: Netzausbaubeschleunigungsgesetz).

From an Austrian perspective, it is important to address the requirement for a market-
driven allocation of flexibility as 100% of the energy production will be renewable by the
year 2030, at least balance-wi se (this i s the target of
Austrian way, as it is foreseeable today, follows first a decentralized approach, similarly to
Redispatch 2.0, but allows, secondly, also the trading of flexibility on a market platform.

The rationale for the ADGM project is to explore the process, data formats, data exchange
protocols, and scenarios for the interaction between asset operators (also called FSP i
Flexibility Service Providers), DSOs and the TSO.

This paper reports on the results of the project and is organized as follows: In section 1,
the ADGM process is described. Section 2 focuses on the technical set-up for the project
itself plus the existing EDA data communication infrastructure [5], which is re-used by
ADGM. Section 3 introduces a simplified grid modelling language while Section 4 finally
presents a simulation scenario together with the visualization of the data exchange and
activation of flexibility.

1. Flexibility Offering and Activation Process

The offering and activation of flexibility is performed in the following way: On the day prior
to delivery (D-1) FSPs from the production and consumption side submit their asset
production schedules to their respective DSO. At the same time, the simulation sets the
demand for flexibility for both DSOs and TSO, expressed by a demand schedule. This is
created on D-1 as well for each grid operator.

For the processing of the offered flexibility, a cycle may be defined for data processing,
e.g., 2 or 4 hours. On the delivery day, this cycle is used to process submitted data in
order to calculate the activation for the ahead period. As an example, using a 2-hour cycle,
the target period 14:00 7 16:00 is calculated at 12:00h. Flexibility that is offered intraday
prior to this cut-off time can still be used for the target period.

Whenever a DSO calculates the target period, the own flexibility demand, grid restrictions
and available flexibility from FSPs is used to determine the volume required per 15 minute
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period within the grid area of the DSO. Any further volume that is not required by a DSO is
forwarded to the next-higher grid operator as an anonymized merit order list (MOL).

The TSO, as the operator of the highest level in the grid hierarchy, calculates the own
demand for flexibility, also based on the own grid restrictions, and maps it against the
MOLs received from underlying DSOs. As a result, the TSO sends an activation message
back to each DSO from which flexibility is requested. The latter aggregate demand for
flexibility of the TSO and of their own and finally send an activation message to the
selected FSP.

Cycle 1 Q 1. Submit ,FlexOffer*

2. Calculate grid restrictions O

[2])
3
Cycle 2 3. Submit ,MOL —» g
L
4. Calculate grid restrictions 2 °
|
2
[ 5a. Submit ,FlexRequest" E
TSO > DSO S e o
On demand — O
5b. Submit ,FlexRequest"
- DSO - FSP < e
v
Delivery Period
B 6. Actual values *——r
t
v Post Delivery {7, verification O
8. Settlement «—e *—>

Figure 1: Process Model

2. Technical Setup
The ADGM project builds uponthe exi st i ng EDA i nfrastructure.
Data exchange in Austriao which represents th
Austrian market processes. Originally, EDA was established in the year 2012 to provide a
unified, standardized, and decentralized data communication infrastructure for the supplier
switching process. As the regulator demanded, a switching process had to be
accomplished within 12 business days, while the individual message transfer between
process participants had to be accomplished within 5 seconds. So a reliable data
communication service was introduced that allows for interoperability between a large
number of participants and processes.
In turn, this required a standardized end-to-end communication with full digitalization and
process automation. EDA has addressed this by using exactly the same communication
endpoints for all participants in the entire energy sector, including TSO, DSOs, suppliers,
customers, and many other market roles. Thanks to the high level of standardization, EDA
allows for over 99 percent of the switching processes to be accomplished within seconds.
In case of EDA, there is no tight link between a given functional process layer (such as
Asupplier switchingo) and t thee EDA eammunitdtiana t i o n
infrastructure can be re-used for any other business process. This helps minimizing the
implementation cost for new processes such as, e.g., the management of flexibility.
For this reason, EDA could easily be utilized for any data exchanged in the ADGM process
model described above: Each simulated player uses an EDA communication endpoint as
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illustrated in Figure 2. As part of the ADGM project, only the role-specific, functional logic
of the FSP, DSO and TSO needed to be implemented. In addition to interacting through
the EDA infrastructure, all participants reported monitoring data to a further participant, the
Visualization Server. This is used to collect, synchronize, and illustrate input data from all
process participants.

SimuDSO

Web GUI
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T T

'\\'II'\\'II'H‘|I-.||Hr|Im,“
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(DSO / TSO) (FSP) (FSP)

: . Time Series
Simulation Parameters {son)

Figure 2: Technical Setup

Whenever a message is exchanged between process participants, it is also copied to the
visualization server, leading to an update of the status display for available and demanded
flexibility for the given time interval.

The simulation project allows to set parameters for all types of time series involved:
Production schedules, flexibility demand and supply curves. With these parameters, any
congestion situation can be defined at any location in the simulated grid. Time series are
defined using an Excel sheet that is transformed into schedules represented in the JSON
format.

3. Simplified Grid Modelling Language
The interconnection of participants is described using a simplified grid modelling language.
This language has been developed to model
- the grid hierarchy of the TSO and DOSs with its basic resources,
- the connection of production and consumption assets within the grid topology, and
- the sensitivity of assets. Production / consumption may have a different impact on grids as
distribution grids and assets at the 110 kV layer may be connected through redundant lines to the
transmission grid, this is called sensitivity.
Usually, a grid modelling language such as GGM (Common Grid Model) and its exchange
format CGM-ES (CGM Exchange Standard) [6] could be used for the ADGM project.
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MARKETS

However, as the runtime was only four months, we preferred to develop an own, simplified
language with still provides enough expressive power so that the modelled grid and its
participants could be sufficiently described.

This simplified grid modelling language is used to define the following building blocks:

- ALineso, representing lines at the differe

- ACPs o, representing vertical or horizont
hierarchy out of individual lines. In order to model congestion flows, the TSO grid is
separated into horizontal lines which are also connected through a connection
point. Alternatively, a connection point links a lower grid element to a higher one.

- MAsset so ( pr osdnecs)are $inkeal to @ line in the grid hierarchy.

- Should a distribution grid be connected to more than one TSO line, the sensitivity
needs to be defined as well per connection point. As can be seen from Figure 3, the
impact of the left 110 kV grid towards the left UHVG line is 30% and towards the
right is 70%.

- TSO/DSOs. The operator of a grid is attached to a Line element. Naturally, it is the
TSO attached to the two UHVG lines, while DSOs are attached to distribution grid
lines. If a high-level DSO is attached to a 110 kV line without any further DSOs
being attached to subordinated lines, then all subordinated distribution grids are
controlled by this DSO. In all (more realistic) other cases, subordinated grid layers
may be controlled by second- or third-level DSO. If these exist, they are just
attached to the lower grid such that a hierarchy of multiple DSOs can be formed.
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Figure 3: Simplified Grid Model

The grid layout displayed in Figure 3 is constructed from a list of definitions as the
following example shows:
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FlexProvider { Name2d&,; flBiartd efrNeuhofeno Type AProsum
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Fl exProvider { Name = fABiogas Bauer Bunygpeed ;AFLriondeu cieHifinjt er hof en o
FIl exProvider { Name = AEl ektrolyseur Erwin Egenhof e

}

4. Simulation Run

ro; Line AKr

In the course of the ADGM project, a couple of simulations have been performed. Some of
them focused on horizonal congestions at the transmission grid level and the possibilities

t o

help mitigate them from a

DSO0OO6 s

perspect.

category of a vertical congestion, it is characterized by a high load from decentralized
production at the lower grid layers. As means for mitigation there are various possibilities

given:

Increase local consumption close to the affect grid layers,
Decrease production in the grid layers,

And/or involve the TSO to support with flexibility activated at locations beyond the

distribution grid.

The following Figure shows a vertical grid hierarchy with anonymized idenitifications:

APG West
APG

TSO AT 000000

APG

DSO Netzexyz abcdfge
ATXXXX
(Producer)

FSP

ATxxxXY Valley)

ATXXX-Site
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ATxoox KgGas Turbine
ATxxx{W Quarten

Laufwasser (Producer)

Bakery(Consumer) Small LGZ
ATxxx8t. Polten c|iemconsumer

Figure 4: Simulation of a vertical Congestion

The following daily cycle visualizes the congestion situation and measures to mitigate it:

Early in the morning, there is demand for redispatch to increase production (green
DSO curve between 10:00 and 12:00). This leads to the activation of positive
flexibility (displayed in violet color), offered by the two FSPs AT002001 and
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AT002002. The offered flexibility has been requested by the DSO at 08:00 in the
morning.

- Around noon, there is demand on the TSO side to reduce production. Different
offers from FSPs are available as they have been sent from the DSOs to the TSO
as a MOL. Consequently, the TSO requests its demand of 1 MW for four 15
minutes intervals from the DSO, which, in turn, activates FSP AT002001 (displayed
as reduced production in light blue color).

- For the afternoon, positive flexibility is requested again by the DSO and activated at
both FSPs (violet bars).

- The time interval after 18:00 is not yet covered by the process as this is still more
than one cycle ahead of the simulated time. Flexibility offers are still available here
(green for positive and red for negative flexibility).
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Figure5: Simulation output

5. Conclusions
The main gain in knowledge of the ADGM project lies for the involved grid operators in the
following points:

1. The existing EDA infrastructure can be re-used for the process of flexibility
management in a decentralised manner without any severe adaptation effort.

2. The chosen process is capable to let FSPs offer their flexibility for day-ahead or
intraday time intervals and to let grid operators decide on the selection and usage of
flexibility based on the location, volume and price of the given offers. The cycle
interval can be flexibly adjusted.

For PONTON, the project delivered valuable insights in how flexibility offers and
activations can be efficiently and securely exchanged between market participants and
grid operators. It was also insightful to simulate the activation of flexibility based on a grid
model which has a drastically reduced complexity compared with CGMES, but which is
sufficiently flexible to model various congestion situations.
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As a next step, Austrian grid operators may apply the gained knowledge to advance a
common standard process for flexibility management across all grid layers and possibly
also with partnering EU member states.

An interesting extension would also be to intensify a market-based redispatch mechanism
which applies within the given cycles of two or four hours: As soon as the allocation for a
cycle is finalized, market participants may continue to offer and activate the trading of
flexibility in a way that is known from the spot market, i.e., on a quarter-hourly basis.
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Abstract

Increasing penetration of power electronics interfaced generation (PEIG) raises several
challenges for the operation, control and protection of power systems. Due to the rapid
transition towards renewable energy sources (RES) based power systems, conventional
generation facilities using synchronous gener at or s ( SG) tend to
associated reduction of SG based generation leads to a decreasing network time constant
(Ta), which corresponds to the overall inertia in the system. Contrary to SG based
generation, which provides inertia to the system inherently and therefore effectively
counteracts large gradients in the system frequency (rate of change of frequency, RoCoF),
PEIG by default do not provide inertia. As a result, power systems will become more prone
to frequency instabilities as conventional frequency containment reserves (FCR) will not be
able to stabilize the frequency in the event of a sudden power imbalance. In order to
address future frequency stability problems different long- and short-term mitigation
measures exist.

This paper investigates options for the implementation of fast control reserves in the
Continental European (CE) power system, which are being developed and examined
within the frame of the R&I project Advanced Balancing Services for Transmission System
Operators (ABS4TSO).

In the first part of this paper, the fast control reserve concepts FCR+, Enhanced
Frequency Response (EFR), Synthetic Inertia (SI) and Fast Active Power Injection (FAPI)
are described. Furthermore, their impact on the frequency stability is evaluated based on a
simulation model of the CE power system, considering a reference incident (imbalance)
equal to 3 GW as defined in the System Operation Guideline.

In the second part of this paper, the fast control reserve concepts are evaluated with
regard to market and regulatory aspects. The pros and cons of the different
implementation options are presented and a possible implementation roadmap is shown,
based on current observations, future scenarios and simulation results of the CE power
system.

Keywords: Fast Control Reserves, Enhanced Frequency Response, Synthetic Inertia, Fast
Active Power Injection, Frequency Containment Reserves, Balancing services
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MARKETS

Introduction

Historically, power systems are primarily based on conventional generation facilities, which
feed into the grid via synchronous generators (SG). SG possess a rotating mass that helps
to limit large gradients in the system frequency (rate of change of frequency, RoCoF) in
case of sudden power imbalances in the system. However, recent trends show a decrease
of the share of conventional generation facilities and an increasing penetration of power
electronics interfaced generation (PEIG) [1] [2]. Unlike SG, PEIG do not inherently provide
inertia, unless they are operated under specially designed control schemes. This trend
leads to a decrease of the network time constant (T,), which is a measure for the overall
inertia in the system. As a result, power systems will become more prone to frequency
instabilities [3] and the question arises, whether the conventional frequency containment
reserves (FCR) will be sufficient to adequately stabilize the frequency in the future.

Figure 1 shows simulated frequency curves for a simplified model of the Continental
European ( CE) power s y s@Ee Design dypotlsesisb e r [i A]g
conventional FCR for different values of T, but not taking into account further emergency
functionalities of the power system such as shedding of industrial loads or pumps above
49 Hz. For values of Ta < 10 s the frequency drops below the dynamic security limit of
49.2 Hz, if the power imbalance is equal to the reference incident of 3 GW, as defined in
the System Operation Guideline [5]. For values of Ta < 6 s the frequency drops below
49 Hz, which is the current limit for load shedding in the CE power system. Since such
values of the network time constant are likely to occur in the future, different long- and
short-term mitigation measures should be considered.

i
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w

A

TA=ds

TA=35

T,=2s

48.4 o

TA— 1s
48.2 L 1 L 1 1 i d
0 10 20 30 40 50 60
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FIGURE 1: SIMULATED FREQUENCY QURVES FOR DIFFERENTNETWORK TIME CONSTANTS (SYSTEM SIzE= 150 GW, SELFREGULATING
EFFECT OF THE LOADS= 1 %/Hz, POWER IMBALANCE =3 GW)

The aim of this paper is to investigate and summarize options for the implementation of
fast control reserves in the CE power system, which are developed and examined within
the frame of the R&l project Advanced Balancing Services for Transmission System
Operators (ABS4TSO) [6].

1. Development and evaluation of fast control res  erve concepts

This section theoretically describes four novel fast control reserve concepts: FCR+,
Enhanced Frequency Response (EFR), Synthetic Inertia (SI) and Fast Active Power
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Injection (FAPI). Firstly, the frequency and time characteristic curves as well as the range
of the related parameters are defined. The influence of these parameters is investigated by
means of a single-area simulation model (MATLAB/SIMULINK) of the CE power system. A
reasonable range for each parameter is selected with regard to technical feasibility
considerations and finally a base value is chosen after conducting a sensitivity analysis. In
addition, the effectiveness and technical aspects of the different fast control reserve
concepts are evaluated.

FCR+ and EFR

FCR+ and EFR are both designed to be activated proportional to the frequency deviation.
FCR+ is intended as part of the already existing FCR (3 GW) but is activated significantly
faster than conventional FCR, which have to be fully activated within 30 s in the CE power
system [5]. Accordingly, the current FCR would be separated into conventional FCR and
FCR+. Contrary to FCR+, EFR in this paper is intended as an independent fast control
reserve that is only activated at a frequency deviation of more than + 200 mHz.
Accordingly, EFR would be added to the already existing FCR. The corresponding
characteristic curves and parameters of FCR+ and EFR are shown in Figure 2 and
Figure 3.
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Sl

Sl is intended to emulate an inertial response through a change in power, dependent on
the RoCoF (passive synthetic inertia [7]). The corresponding characteristic curves and
parameters of Sl are shown in Figure 4. Sl power is activated whenever both the
frequency deviation and RoCoF are outsidethei r r es pect i vgea ndde a(dgbfal/ nagolts)
The activation dynamics of Sl are based on a first order behavior. Since a number of PEIG
already try to emulate an inertial response provided by SG, their behavior may be altered
by modifying their control scheme in order to improve its effectiveness. One option to
achieve this is to implement a zone-selective control of Sl, dependent on both the

frequency deviation (e&f) and the RoCoF (e&f/ et
AP (ADAY AlPg (ATAD
PR]“‘“‘ ])SLTm‘gcl
(AﬁAl]:lh mf"m)..mx
‘ > SI,Baseline -
-(AfAY C(AFAY | 1 ATAL T
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FIGURE 4: CHARACTERISTIC CURVESAND PARAMETERS OF SI

FAPI

FAPI is intended to support existing control reserves by means of a static power
adjustment, which is triggered by exceeding a defined frequency deviation. Since FAPI is
triggered once the frequency deviation exceeds a certain threshold, it has an activation
curve, however no frequency-dependent characteristic curve. The corresponding time

response upon activation and parameters of FAPI are shown in Figure 5.
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FIGURE5: TIME RESPONSE AND PARMETERS OF FAPI

Sensitivity analysis and evaluation results based on a CE single

model

-area simulation

To gain a deeper understanding of the effectiveness of the fast control reserve concepts
and assess the impact of their parameters, a sensitivity analysis has been conducted. This
section presents only an excerpt of the sensitivity analysis conducted in [9]. The power
values Pecr+maxs PEFrmax, Psimax @nd Prapimax have been determined for selected parameter
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sets via simulations with the single-area model, by identifying the required power to
maintain a frequency above 49.2 Hz. The results are shown in Figure 6.
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FIGURE 6: FREQUENCY AND POWER ©RVES FOR DIFFERENFAST CONTROL RESERVEEONCEPTSYSYSTEM POWER= 150 GW, SELF
REGULATION EFFECT OFTHE LOADS = 1 %/Hz, POWER IMBALANCE=3 GW, Ty =5Y9)

The results of the sensitivity analysis show that both FCR+ and EFR represent robust and
fast control reserve concepts, as slight variations of the critical parameters do not have
considerable impact on the overall performance. For this reason, FCR+ and EFR would be
well suited for use as a fast control reserve. However, it has to be noted that the full
activation time of FCR+ and EFR should not be set too high (Tw> 7.5 s) as this would
lead to a significantly higher amount of required control reserves. The same principle
applies to t hgyeanpdasoaf BFERt er s  of

Figure 6 shows that Sl can improve the frequency stability and thus can help to keep the
frequency above the 49.2 Hz dynamic security limit. Furthermore, it is clearly visible that SI
improves the inertial response of the system as it limits the RoCoF and delays the
frequency nadir. However, without a zone-selective control, it also delays the frequency
recovery after the nadir since it limits the RoCoF during the recovery period. Generally, it
can be concluded that the definition of the SI characteristics and the specification of its
parameters, especially those regarding the frequency gradient, is not a trivial task and
requires thorough research. In addition, Sl requires a rather high sampling rate and robust
filtering of both frequency and power. Possible measurement delays or outliers could
otherwise lead to undesired instabilities [3].

Compared to the other fast control reserve concepts, FAPI shows both the largest
dependence on the simulation cases examined and the largest influence of specific
parameters on the frequency response. This is due to its static and uncontrolled activation
as well as to the recovery period, which causes a second frequency nadir. In particular, the
choice of the parameters Prapimax (Precovery IS given by this) and Trecovery has a strong
influence. Too high values of Prapimax and hence Precovery CoOuld even lead to a critical
second frequency nadir, thus counteracting the existing control reserves and endangering
the whole power system. These aspects may lead to the conclusion that FAPI tends to be
less suitable to be implemented as a fast control reserve in the CE power system.
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2. Options for the Implementation in the CE power system

Besides the theoretical development of fast control reserve concepts, the question arises
how they should be introduced in a power system. According to Figure 7, two general
options exist to achieve the desired system behavior.

Market-based procurement of fast control reserves Connection requirements
Principle of demand and supply Obligation for frequency dependent reaction of new units
Market rules and requirements needed Results in better behavior of the total system
Requires: Requires compliance tests
* Prequalification
+ Monitoring
+ Settlement

FIGURE 7: OPTIONS FOR THE IMPEMENTATION OF FAST ®@NTROL RESERVES IN RE CE POWER SYSTEM

The first option guarantees the desired system behavior via a market-based procurement
of fast control reserves i similar to already existing markets (e.g. for FCR). To organize a
market, several aspects have to be considered, in particular the product design
(maximum/minimum bid size, product period, conditional products, indivisible/divisible
products, activation trigger, settlement, penalties, etc.), the prequalification of providers /
reserve providing units (RPU) / technical entities (TE) and the monitoring of activation.
Apart from that, the necessary regulatory framework (including respective market rules)
has to be established. Experiences with existing control reserves have shown that such
development processes require adequate time and comprehensive cooperation between
the relevant transmission system operators (TSO) and stakeholders. For example, if a new
fast control reserve product is intended to be used in an entire synchronous area (SA),
TSOs need to compile several aspects, such as common technical requirements,
dimensioning rules for the total required amount, allocation keys and possible restrictions
for the distribution. Furthermore, market participants would most likely request TSOs to
organize a single market for the entire SA, which introduces additional challenges (e.g.
establishment of a central tendering/optimization platform, cross-border procurement and
settlement, harmonization of boundary conditions, etc.).

While markets have the advantage that TSOs are able to constantly procure and monitor
the necessary amount and quality of fast control reserves they may also introduce cost-
inefficiencies, if the respective product design and remuneration system are not well
suited. In addition, an illiquid market could potentially lead to operational challenges due to
missing bids and hence insufficient amounts of fast control reserves.

To address these issues the second option is to mandatory require the necessary system
behavior (technical capability) from new and substantially modified RPU/TE. This can be
achieved with the introduction of new or extended connection requirements in dedicated
Connection Network Codes (CNC) [10] [11]. The implementation of this option might be
easier, as it does not require additional market rules. However, an agreement on
harmonized connection requirements for the entire SA is also a time-consuming task,
which needs to be well organized. Within this context, the scope (size and/or technology of
RPU/TE) and a general framework (trigger for activation, parameters for the activation
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itself, etc.) has to be first set up on a SA level and then specified in national grid codes.
Besides, the current CNC legislation [10] [11] would also require the TSOs to validate the
compliance of RPU/TE in the course of the connection process. Contrary to a market
where the required behavior may be organized by aggregation (pooling) of individual
RPU/TE with different connection points, mandatory connection requirements can only be
defined on the level of a single RPU/TE.

Summarizing the mentioned aspects, it is not yet clear which option should be prioritized
as a mitigation measure. Probably, a combination of a market-based procurement and
new or extended connection requirements could be developed to find the most efficient
and technology-neutral solution in the CE power system.

Description of the CE -2030+ implementation scenario

In order to obtain future recommendations for the introduction of fast control reserve
concepts, different implementation scenarios have to be developed and evaluated. This

section presents an analysis of an exE-gOgd+aYyy i
which is based on parallel developments in other SAs [12] [13] and estimations of the

network time constant in the CE power system.

In this paper, the network time constants (Tx), for the CE-2030+ implementation scenario,

are estimated with a dedicated electricity market model of the CE power system (Electricity

Dispatch Optimization & Balancing Market Model [14]). The input data for the market

model is derived from the TYNDP 2020 s ¢ e n a National Tréndso0 ( NT )Globah d 1
Ambitono ( GA) [ 15] . For the pur posggforthd yearso20lar i s
to 2019 have been additionally performed using CE generation data from the ENTSO-E
Transparency Platform [16].
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FIGURE 8: ANNUAL DURATION CURVES OF THE CURRENT ANCFUTURE NETWORK TIMECONSTANT

Figure 8 shows a comparison of the annual duration curves of T, for the years 2017 to
2019 and the CE-2030+ implementation scenario, which takes into account the TYNDP
2020 scenarios Ndtional Trendso ( N T )GlolzhAdnbitdno ( GA) [ 15] . As cC:
the implementation scenario shows a significantly decreasing and more volatile network
time constant. The decrease and the greater volatility of T, is directly linked to the
increasing amounts of PEIG/RES. For approximately 30 % of the scenario years NT2030
and GA2030, Tn becomes smaller than 6 s, which could potentially lead to critical
frequency drops below 49 Hz (see Figure 1), if no other mitigation measures are active.

GSM 2020 proceedings www.GridServiceMarket.com 61/171




GRID SERVICE MARKETS 19-20 October 2020 GSM DOI 10.5281/zenodo.4284325 ISBN 978-3-905592-81-8

4™ European Symposium  Lucerne/Switzerland ﬁm www.zenodo.org/communities/LORY www.EFCF.com/Lib

Correspondingly, the number of possible critical frequency events increases up to
approximately 40 % in the scenario years NT2040 and GA2040.

To gain a deeper understanding of future characteristics in the CE power system, a
detailed distribution analysis of the network time constant has been additionally performed
with the existing data basis. The distribution of T, in the year 2019 and in the GA 2030
scenario is shown in Figure 9.

Distribution of Ta (2019) Distribution of Ta (GA2030 scenario)
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FIGURE 9: DISTRIBUTION OF THENETWORK TIME CONSTANT IN THE YEARS2017TO 2019AND IN THE GA 2030SCENARIO

In the year 2019, a decrease of Ta (dark spot in the center of the graph) is already slightly
visible, which is mainly caused by the infeed from inverter-based photovoltaic (PV)
installations. With the increasing number of inverter-based PV installations in the CE
power system, this effect becomes more evident in the scenario year GA2030.
Furthermore, the pattern of Ta in the scenario year GA2030 additionally reveals dark
vertical lines, which can be characterized by a high infeed from wind power.

The estimations of the future network time constant in the CE power system, shown in
Figure 8 and Figure 9, clearly indicate the need of adequate mitigation measures to ensure
frequency stability. Similar to [12] [13], the CE-2030+ implementation scenario assumes
the introduction of either FCR+ or EFR via a market-based procurement as the most cost-
efficient and effective mitigation measure. A detailed sensitivity analysis has shown that Sl
and FAPI are not necessarily required as long as Ta is greater than approximately 3 s [9].
Therefore, SI and FAPI are not utilized in the CE-2030+ implementation scenario, whereas
they may be considered as additional mandatory connection requirements in long-term
scenarios. Besides, based on the findings of Figure 9 and similar considerations from
other SAs [12] [13], it can be assumed that FCR+ or EFR are more likely to be procured
Adynamicall yo on a seasonal or, where appropr
to be noted that a highly dynamic and short-term dimensioning and procurement approach
could potentially threaten reliability and planning security.

Evaluation of fast control reserve concepts in the CE -2030+ implementation
scenario

The previous chapters and sections have shown that both FCR+ and EFR are technically
suitable to be introduced via a market-based procurement in the CE-2030+
implementation scenario. Based on a detailed sensitivity analysis [9] the recommended
technical values and necessary maximum amounts for the implementation of FCR+ and
EFR are summarized in Table 1.
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Parameter FCR+ EFR
Full activation time 5-75s 5-75s
Maximum amount of fast control reserves | 800 - 1400 MW 650 - 1400 MW
Conventional FCR 2200 - 1600 MW 3000 MW
Total amount of reserves 3000 MW 3650 - 4400 MW

TABLE 1: RECOMMENDED TECHNICALVALUES AND NECESSARYMAXIMUM AMOUNTS OF FCR+AND EFR

In this section, the fast control reserve concepts FCR+ and EFR are further evaluated with
regard to market and regulatory aspects in the CE-2030+ implementation scenario. The
results of the qualitative analysis are summarized in Table 2.

Aspect

FCR+

EFR

Level of implementation

As part of conventional FCR, FCR+ is a
product for the entire SA.

Similar to FCR+, EFR can be primarily seen
as a product for the entire SA. EFR may also
be introduced at national level, if specific
operational boundary conditions require
faster control reserves (e.g. TSOs at the
border of the system with high shares of
RES).

Regulatory framework

Market rules
(terms and conditions)

The introduction of FCR+ at least
requires amendments of the System
Operation Guideline and the SAFA
(Annex A-1 Dimensioning rules for FCRO
and A-2 Additional properties for FCRO )

However, further necessary amendments
of legislation (e.g. Balancing Guideline)
cannot be excluded.

FCR+ can be integrated in the existing
FCR market rules.

The introduction of EFR as a product for the
entire SA requires similar amendments as in
the case of FCR+ and new market rules.

The introduction of EFR as a national product
may only require the establishment of new
market rules.

Prequalification

FCR+ can be integrated into the existing
FCR prequalification procedure. Existing
RPU/TE can be also classified for FCR+
after a proof of the faster full activation
time.

As a new separate product, EFR needs a
dedicated prequalification procedure (it can,
however, be structured similarly to the
procedure of FCR).

Dimensioning approach

A dynamic dimensioning approach
(based on forecasts) can be applied (this
will, however, also have implications on
the current FCR dimensioning approach).

A too dynamic and short-term
dimensioning approach could potentially
threaten reliability and planning security.

A dynamic dimensioning approach (based on
forecasts) can be applied.

A too dynamic and short-term dimensioning
approach could potentially threaten reliability
and planning security.

Amount of fast reserves

FCR+ replaces a part of conventional
FCR, the overall amount of reserves
remains the same (3 GW).

EFR is used in addition to conventional FCR,
the overall amount of reserves increases
accordingly.

Deployment

Similar to conventional FCR, FCR+ is
almost continuously active.

Wi t R =#200 mHz EFR is only activated
in usually rare events.

Energy-to-power (E/P)-
ratio

FCR+ providers shall ensure to fully
activate FCR+ continuously for a
predefined time period (15/30 min). The
E/P-ratio is determined according to this
requirement.

Due to the fact that the frequency will recover
and enter the range 50 * 0,2 Hz almost
immediately after the activation of EFR, it can
be assumed that the E/P-ratio can be low.

Expected costs

The additional costs of FCR+ can be
partly compensated with the decreasing
costs of conventional FCR.

The introduction of EFR generates additional
costs (based on the remuneration system,
however, the additional costs may be
negligible).

Business Model

Existing FCR providers can alternatively
offer FCR+ or participate in the energy
market.

EFR may be used as a product for new
providers with alternative technologies, due
to the low E/P-ratio and less activations.

Due to the different product design of EFR, it
can be assumed that EFR is not likely to be
provided by existing FCR (RPU/TE).

TABLE 2: EVALUATION OF FCR+AND EFRIN THE FRAME OF MARKET AND REGULATORY APECTS
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From the findings in Table 2, it can be concluded that both FCR+ and EFR share common
aspects and include equivalent advantages and disadvantages. FCR+ could be offered by
some existing FCR providers, as different RPU/TE (e.g. battery storage) are capable to act
faster than required by conventional FCR, without any or only minor modifications.
Accordingly, this could simplify the market access and the prequalification process of
FCR+, as only the faster full activation time needs to be adjusted and proved in the frame
of an already well-established FCR prequalification process. Contrary, EFR could be a
promising product for new providers with alternative technologies (e.g. fast switchable
loads or storages with a low E/P-ratio). In this context, it has to be highlighted that this
product may be designed asymmetrically to ensure the participation of a sufficient number
of providers. Furthermore, EFR would require the establishment of a dedicated
prequalification procedure.

3. Conclusions and recommendations

Recent trends show a decrease of the number of conventional generation facilities and an
increasing penetration of PEIG. The associated reduction of SG, which inherently provide
real inertia, leads to a decreasing network time constant and thus challenges in adequately
maintaining the frequency stability in a power system. A possible way to counteract
possible frequency stability issues could be the implementation of fast control reserves,
which could be also provided by PEIG.

The fast control reserve concepts, developed in the frame of the R&I project ABS4TSO,
consider either frequency-proportional (FCR+, EFR), RoCoF-proportional (SlI) or static
(FAPI) control strategies. As presented in this paper, all of the above-mentioned fast
control reserve concepts can improve the frequency stability and can thus help to keep the
frequency above the dynamic security limits. Regarding the technical aspects, FCR+ and
EFR both represent robust and fast control reserve concepts, as slight variations of the
critical parameters do not have a considerable impact on the overall performance.

To ensure the desired system behavior, either a market-based procurement of fast control
reserves or the introduction of new or extended connection requirements may be
considered.

An exemplary i mpl ement ation-2686majio whinCkhk IS
developments in other SAs and estimations of the network time constant, shows that the
introduction of either FCR+ or EFR via a market-based procurement can possibly be a
cost-efficient and effective mitigation measure in the CE power system. The results of a
gualitative analysis conclude that both FCR+ and EFR share common aspects and include
equivalent advantages and disadvantages with regard to market- and regulatory aspects.
FCR+ could be offered instantly by some existing FCR providers, whereas EFR could be a
promising product for new providers with alternative technologies.

At this stage, a clear recommendation for a comprehensive implementation scenario in the
CE power system cannot be provided. For all possible aspects, there is a need to consider
a balance between the system needs, the capability of different technologies, the
expectations from market participants and social welfare. Taking this into account, national
or regional pilot projects, including TSOs, market participants, manufacturers and
regulators, could serve as a promising basis to demonstrate the cost-efficiency and
effectiveness of different fast control reserve concepts. Additionally, the outcomes from
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such pilot projects could be also used for the development of future regulatory frameworks
in the CE power system.
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Abstract

Operators of distribution grids will be confronted with new challenges caused by a high
share of distributed fluctuating generators (PV, wind) together with new load profiles of a
fleet of electric vehicles (EV), decentralized storage systems or electricity-heat-converters
(like heat-pumps or direct heaters). Conventional grid reinforcement is an expensive and
inflexible way to handle upcoming grid problems like the violation of voltage limits or the
thermal overloading of operating equipment. By controlling flexible components (like on-
load tap changers or reactive power generation from inverters) grid operators can
counteract violations of operational limits.

A grid simulation study has been performed to compare benefits of intelligent multi-
voltage-level grid control with single-voltage-level control solutions and conventional grid
control methods. The starting point for this work was a number of scenarios for the future
grid penetration by PV, wind and EV. Representative type grids consisting of
interconnected grid segments for rural and municipal distribution grids were modelled
within a probabilistic load flow calculation framework. To quantify the probability of voltage
violations or thermal overload situations, a probabilistic assignment of grid components
(PV, wind, EV) to grid nodes was implemented. Four grid control approaches have been
studied by use of the simulation, representing different distributed and centralized control
methods.

The results of the investigation show the benefits of multi-voltage-level grid control for
distribution grids with a high share of distributed wind, PV and EV. While conventional grid
operation solutions might be able to counteract local voltage problems, a combined control
algorithm for the LV and MV grid segments is able to prevent the violation of given voltage
and current limits in many cases quite effectively. The effectiveness of using transformers
with variable on-load tap changers (OLTC) might improve significantly if communication
based multi-voltage-level grid control concepts are applied. Overloading of cables resulting
from solving local voltage maintenance problems by means of reactive power injection can
be avoided. Multi-voltage-level grid control avoids or delays grid extension and increases
grid capacity towards the installation of additional PV, wind or EV-charging units.

Keywords: Distribution Grid, Load Flow Analysis, Probabilistic Simulation, Grid Control.

The presented results are part of the project "Green Access", funded by the Federal
Ministry of Economics and Energy under the funding code 03ET7534.
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Introduction

The ongoing transition of the electricity supply system towards sustainable energy
generation accompanied by a partial decentralization of power plants causes serious
changes in the geographic and temporal distribution of power flows in the transmission
and distribution grids. This trend is amplified by alterations in consumption profiles caused
by trends like self-supply via local power generation or the transition of the transport sector
towards electric vehicles (EV). Especially distribution grids are increasingly being required
to absorb and distribute the decentralized energy volumes and load flows (e.g. resulting
from wind and photovoltaic systems). The high volatility and the low full load hours of
renewable energies (RES) require rethinking the planning and operation of the distribution
networks. A reliable, stable and therefore sustainable integration of renewable energies is
only achievable by adapting the distribution network as quickly as possible to the
constantly changing conditions.

I n a German research project fAGreen Accesso |
German grid operator EWE NETZ has for four years been testing existing solutions for the
automation of medium and low-voltage networks with partners from industry and science -

because most wind and solar systems are connected to these two network levels. The

project examined how the components of an intelligent network work together efficiently,
developed them further and then compared the performance of intelligent and
conventional network sections with one another.

Using methods of probabilistic simulation carried out by Fraunhofer ISE, sensitivities
regarding the penetration of electric vehicles and renewable energies were simulated for a
representative medium-voltage network with subordinate low-voltage networks. On the
basis of these simulations and derived key figures, the advantages and disadvantages of
cross-voltage network planning processes were assessed.

The remainder of this paper is as follows. After the introduction the investigated electrical
grid and scenarios are described. Then control strategies are introduced which shall be
evaluated with load flow calculations presented in the following chapter. In the last chapter
short conclusions are drawn.

1. Type grids and Scenarios

Based on real distribution grids, EWE NETZ has typified low-voltage and medium-voltage
networks and described the corresponding characteristics of these networks. The following
five type grids were defined:

- Rural MV type grid,
- Village LV type grid with high feed-in / LV grid with low feed-in,
- Rural LV type grid with high feed-in / LV grid with low feed-in.

The four LV type grids are shown in Figure 1. For the simulation the placement of PV
power plants, EV charging stations, heat pumps and small storage systems was
determined statistically in probabilistic simulations. Points whose load curve was analyzed
in detail are marked by green circles. The green lines mark the lines whose current load
was analyzed in detalil.
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Figure 1: Type grid T1-T4 of EWE NETZ AG.

Figure 2 shows the rural medium voltage grid. This is a medium-voltage grid in normal
switching state. Possible redundancies from neighboring grids were not included in the
illustration and considered. In the medium-voltage grids, different consumers and
generation plants are directly connected. In addition, the low-voltage type networks T1-T4
were assigned to the individual local network stations. The combination of MV and LV
grids was realized in accordance to findings in [2].
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Figure 2: Grid topology of the rural MV grid

Simulated and real time series for loads and generators were integrated into the
probabilistic grid simulation framework. A sensitivity analysis regarding the penetration of
the grids with PV and wind on the one hand and special types of loads and storage system
on the other hand was carried out at the beginning of the project. It started from the status
guo in 2015 with 39 GW PV and 39 GW windpower installations and assumed expansion
scenarios with an increase of PV capacity by 44%, 88% and 173%, and an increase of
wind power capacity by 45%, 90% and 150% (related to type grid specific comparative
values).

These scenarios with different RES penetration were combined with a different assumption
regarding the perspective EV penetration. Three EV penetration rates (related to
connected customers) were evaluated: 1% EV, 17% EV and 50% EV. For all of these
combined scenarios load flow simulations of the type grids were carried out for one year in
order to determine events violating limit values for the voltage or resource overload of lines
and transformers.

2. Grid Control Strategies

In the past there was no classic control system of the kind that exists at the high and extra-
high voltage levels, but at the medium and low voltage levels. Access to the field level of
medium-voltage grids was provided via proprietary ICT that were limited to one application
(e.g., grid protection, monitoring of substations). At the MV level, with the exception of
substations and the RES plants connected to the control system in accordance with
corresponding laws, there was usually hardly any actuator and sensor technology. With
transformers with variable on-load tap changers (OLTC) and controllable generation
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plants, new actuator technology was increasingly introduced at the low-voltage level,
which had an increased potential for monitoring and control.

A central active power control has already been used by network operators in the course
of feed-in management. However, this was limited to the control of large plants, which are
mainly located at the medium voltage level. There was no individual control of the plants
finely tuned to the current grid situation.

If all components in the distribution network are to be centrally coordinated across voltage
levels, this can only be realized at great expense. Decentralized control systems were
already used to a limited extent for reactive power control in the past. This was usually
limited to the grid connection point of a generating plant (Q(P) or Q(U) control). As a rule,
there was no interaction between the control systems of the generation plants that was
adapted to the current grid situation or to an entire grid area.

There were already regulators for the active and reactive power control of individual PV
systems and wind parks to maintain current and voltage bands and reactive power
specifications at grid connection points. Controllers were limited to individual plants or
parks and were not part of an adaptive system and thus not interchangeable with other
controllers.

The key target of the project Green Access was to design the distribution grid automation
to control the power grid across voltage levels (medium and low voltage) in such a way
that no violations of current and voltage limits occur under the conditions of a very high
penetration of volatile generation facilities and a changing load structure. An important
prerequisite for this is a safe and reliable ICT structure, which was also developed, tested
and field-tested within the project. The intention of the simulation work reported in this
paper was to identify the benefits of across voltage levels control and compare different
approaches for more or less centralized control concepts.

Four different control scenarios depending on the position ofthefic ont r o | i nt
defined for that purpose:

- Distributed control (status quo): the decentralized plants have local measuring
sensors and control their reactive power feed-in on the basis of the local grid
situation depending on the current feed-in power (PV and wind energy plants) or the
voltage ratio (adjustable local grid transformers, OLTC).

- STATCOM control: The reactive power actuators are assumed to have STATCOM
(static synchronous compensator) properties and systematically regulate the
reactive power on the basis of the node voltage measured at the grid connection
point, independent of their feed-in power, and there is no limitation by a power
factor specification.

- Hierarchical, autarkic control:  all actuators of a voltage level are connected to a
controller for communication purposes. Low-voltage and medium-voltage controllers
take measures independently of each other to maintain the voltage band and avoid
overload of equipment.

- Central control: By means of communication between low and medium-voltage
controllers, a central control algorithm of the medium-voltage controller can transmit
active and reactive power specifications to the low-voltage controller, so that an
overall optimization of both network levels is achieved.
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Figure 3visualizes the concept for the fAcentral
multi-voltage level distribution grid.

Centralized medium voltage control(ZMC) ZMIC

B State estimation

B Coordinated operation

Centralized low voltage control (ZLC)
B Higher level control

B Coordinate operation of LV actors
Local node control (LNC)

B Reactive power control

B On load tap changer

Figure 3: Adaptive control strategies for distribution grids

3. Load Flow Simulation

The results presented in this Chapter are mostly generated by probabilistic load flow
calculations. Figure 4 illustrates the basic approach of this method. The intention was to
identify situations, where the distribution of loads and generation in the grid leads to critical
power flows and voltage levels. Probabilistic load flow analysis is an efficient tool to access
the performance of the power system considering the uncertainties of the load demand
and generation at the single grid nodes.

External chta

v

AP Controler| ¢—=

Ql_ Model ‘Fl
o per node

:| Random 1— Dmaz » | Deterministic Load Flov " — » Voltage V

" Sampling Controler Calculation Resource
Model T utilization
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Figure 4: Method of probabilistic load flow calculation

As an example for the simulation results Figure 5 shows the probability for a need of
(conventional) grid enforcement because of the violation of limit values (either thermal
overload or over-/undervoltages) depending on the different control concepts and with or
without the use of a OLTC.
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Figure 5: Probability for grid expansion requirement in percent of the probabilistically
investigated combinations (left part of the bars: without OLTC control, right part of the
bars: with OLTC control). For this simulation, EV charging stations were connected to the
LV voltage level only.

The advantage of the central control concept is clearly visible here, as it allows the number
of limit value violations to be reduced to a minimum, even with a very high penetration of
renewable energy sources and charging stations for electric mobility.

To asses the dependency of the impact of EV charging stations from the voltage level they

are connected to, the same simulation had been carried out with MV connection of the EV
chargers. The result is shown in Figure 6.
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Figure 6: Probability for grid expansion requirement in percent of the probabilistically
investigated combinations (left part of the bars: without OLTC control, right part of the
bars: with OLTC control). For this simulation, EV charging stations were connected to the
MV voltage level only.

It is remarkable to see that even with a very high penetration of EV almost no need for grid
expansion was found and almost all problems were generated from PV and wind feed-in.

The detailed evaluations of the simulation investigations have led to a number of core
theses which describe the occurrence of or the control strategies for dealing with limit
value violations:

With the current and short-term expected penetration of the distribution networks
with PV and wind as well as electric mobility, thermal problems and overvoltages in
the network infrastructure are only to be expected selectively, which can be
controlled by means of local control (e.g. Q(U) control). The use of OLTC can
postpone the need for network expansion, but the installed OLTC are rarely used in
operation.

In case of a high penetration of the distribution networks with renewable energy
producers (EE), thermal overloads occur more frequently in the distribution
networks, but rather less voltage band violations. A high degree of electromobility
penetration also leads to considerable voltage band violations. However, if the
penetration of EV and RES is high at the same time, the number of thermal limit
value violations can be significantly reduced.

If the EV charging stations are shifted to medium voltage (and medium RES
penetration), hardly any voltage band violations occur and there is no need for
network expansion or networked control solutions.
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Communication-based control systems reduce the need for grid expansion with
high penetration of renewable energy systems and electric vehicles, and are
significantly more effective than control concepts without communication. Locally
acting STATCOM controllers (e.g. in charging stations for electric vehicles) can
often solve local voltage band problems, but in certain situations they can increase
the number of line overloads. The effectiveness of OLTC increases significantly
when it is integrated into communication-based control concepts. However, it has to
be decided in each individual case whether an OLTC should be installed, since in
the vast majority of cases a communication-based control concept avoids overloads
even without OLTC.

With an intelligent communication-based combined control system at low and
medium voltage level, network expansion can be avoided completely in some
cases, even if there is a high penetration of renewable energies and electric
mobility. On the other hand, a self-sufficient control of the medium and low-voltage
grids can result in negative effects (especially a higher number of limit value
violations at the low-voltage level).

The aim of the additionally performed individual case simulations was to evaluate the
effectiveness of individual types of control measures or combinations of measures beyond
the extensive simulations. The investigations regarding the input variables were limited to
selected critical combinations of loads and generators, whereby complete annual
simulations with 10 min time steps were executed. Key figures were determined describing
a number of aspects linked to the grid control scenarios.

A number of overall conclusions were drawn from the key figure evaluations:

By means of a networked central control system, the probability of voltage band
violations can be reduced practically to zero, independent of the use of OLTC.

Beyond the elimination of voltage problems, both autonomous and central control
concepts do not lead to any change in the distribution and magnitude of the voltage
values at the individual selected network nodes.

When the charging stations are connected on the medium voltage level, both
autonomous and central control concepts can compensate for all operating medium
overloads independent of the action of an OLTC. If connected on the low voltage
level, however, central control concepts can lead to an increase of the overloads in
case of fixed tap position of the transformer.

An autarkic or networked central control does not lead to a change in the utilization
of grid components during normal network operation. In the case of network
problems, an increase in resource utilization can occur, which is also possible in the
case of distributed control and STATCOM operation.

By using adaptive networked controllers, there is no increase in annual grid losses.

The use of adaptive networked controllers does not lead to an increase in inverter
losses; compared to STATCOM concepts, the losses are slightly lower.

By using adaptive networked controllers, there is no significant change in the
balance-sheet current flows between the high-voltage level and the subordinate
networks.
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- When using adaptive networked controllers, the reactive power requirement is
slightly lower compared to purely distributed control, but higher compared to
STATCOM control (in the order of 10 ... 15%).

- By using adaptive networked controllers, there is no significant change in the
maximum positive and negative power flow at the network connection point to the
high-voltage level.

- The use of adaptive networked controllers significantly increases the capacity of the
distribution grids for including additional renewable energy generation units
(multiplication!).

- The use of adaptive networked controllers does not lead to any significant changes
in the amount of energy shedding, which is negligible (less than 0.1%) relative to
the energy fed into the grid in the scenarios studied.

4. Conclusion

The probabilistic load flow simulations and further investigations of the selected type grids
clearly show advantages that can be achieved by multi-voltage-level grid control in
situations with grid infrastructure overload or voltage control problems. Somewhat
surprising was the result that those type grids (representing the current stat-of-the-art for
distribution grids) showed a rather high free capacity for the connection of additional RES
as well as EV charging points without provoking a high probability for overload problems.
Even though the central control concept with communication between the LV and MV
controller units clearly is the most efficient means for avoiding grid expansion, local control
measures might be sufficient in many cases to avoid voltage problem provided that they
do not lead to thermal overload problems themselves. OLTC might be helpful to postpone
grid extension but seem to be dispensable in many situations where STATCOM control is
applied.

For scenarios with very high RES and EV penetration, multi-voltage-level grid control
clearly is the first tool of choice to shift or avoid grid expansion, and probability levels of
grid overload could be lowered from 100% to rather small values (that perhaps could be
handled by involving decentral flexibilities) for the investigated scenarios.
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Abstract

The historically grown centralized energy system is undergoing massive changes due to
the transformation from centralized energy production with large assets (e.g. fossil-thermal
power plants) towards a sustainable, clean and decentralized energy system. This
transformation is based on the inclusion of renewable energy sources (RESs) (e.g., wind
and solar) into the classical systems. However, as the energy production stemming from
RESs is extremely volatile and thus challenging to predict, new approaches have to be
found in order to guarantee a successful integration of RESs into the existing
infrastructure.

In the Austrian state of Burgenland approximately 1,000 MW of wind capacity is available.
As already mentioned above, the high volatility of wind energy together with forecast
uncertainties hinders the optimal integration of this RES into the existing energy system.
Furthermore, the successful deployment of wind turbines was based on an attractive but
timely limited subsidy scheme with a fixed feed-in tariff. As these subsidies now come to
an end for more and more wind turbines and future support systems will rely on market
premiums and tendering models, new approaches and business models have to be
devised in order to sustain the rapid transformation of the classical energy systems.

In the research project HDH Demo in close cooperation with the city of Neusiedl am See,
Burgenland, Austria, the aim is to integrate wind energy into the existing district heating
grid of the city. This is realized by utilizing power-to-heat technologies, e.g., heat pumps.
However, an economically feasible and successful integration is based on accurate
forecasts for both, wind production and district heating demand as well as the actual
energy prices.

Therefore, this work evaluates the applied data-driven forecasting methods. In particular,
ensemble approaches that combine autoregressive models with artificial intelligent
techniques are used to exploit the strengths of different methods (e.g. stability, flexibility).
To compare the model performance, an overview on the accuracy and efficiency of the
ensembles by using appropriate score metrics (e.g. RMSE, MAPE, R?) is given.
Furthermore, a mixed integer linear optimization model is presented for computing
optimized schedules for the different components (e.g., heat pumps, energy storage units,
biomass boiler) of the district heating grid. Together, these two approaches, forecasting
and optimization, are used to investigate and evaluate different business models, which
help to ensure the future market integration of wind production.

Keywords: forecasting, optimization, MILP, renewable energy sources.
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Introduction

The transformation of the centralized energy system relying mostly on fossil fuels towards
decentralized and sustainable systems is based on the rapidly rising amount of production
by renewable energy sources (RESs). One of the most prominent RES is wind energy,
followed by photovoltaic (PV) systems. Contrary to fossil fuel based power plants, which
are available at a moment6s notice and can
demand, RESs are characterized by totally different and highly volatile production
characteristics. For example, wind turbines provide energy only in times of wind and PV
systems rely on the incident solar radiation, which can vary highly depending on daytime,
weather and cloud conditions. Subsequently, it is rather challenging to accurately predict
the energy production stemming from RESs. Furthermore, it is possible that, depending on
the weather, the production from RESs exceeds the predictions. In such situations the
excess energy has to be sold at a very low or even negative price and/or is causing
balancing energy costs directly affecting the economic viability of the specific renewable
energy system, for instance, wind turbines.

In Austria the economic viability of wind turbines is heavily dependent on the subsidies
(i.e., fixed feed-in tariffs) from the Austrian settlement agency for green energy (OeMAG).
However, these subsidies are limited by law to 13 years resulting in economically
challenging situations for wind park operators after the subsidy period [1]. Hence, it is
economically and environmentally utterly important to develop new business models and
thus keeping the wind turbines in operation. Otherwise, the ambitious goals of
transforming the energy system is jeopardized due to economically unsuitable legal
conditions. A long-term economic perspective for wind turbines affects not only the
continuing operation of already existing systems but incentivizes also the construction of
new modern wind parks, even for community-based systems.

The presented work focuses on the development of the aforementioned novel business
models and their underlying technical and economic requirements, such as forecasting
approaches and computational optimization models. These requirements are essential to
evaluate prospective business models before testing them in a real-world test bed, i.e., the
Austrian city Neusiedl am See. Neusiedl am See is a city in the eastern federal state of
Burgenland, located directly at the northern shore of the lake Neusiedl. The city is a
perfect test bed as there are numerous wind turbines located in its direct vicinity, which are
already at the end of their subsidy period and are already marketed on the liberated
electricity market.

Additionally, there is a district heating system in the city providing a test scenario for
evaluating sector coupling options for the electric, the heating, and the gas system. The
sector coupling allows for an integration of the RES wind into the district heating system of
Neusiedl am See, for example, via heat pumps creating already one novel business
model.

Hybrid Energy System of Neusiedl am See

The hybrid energy system of the city of Neusiedl am See is comprised of the electric
system, consisting of the local wind parks, which are directly connected to an electric
storage system (ESS) and four different heat pumps (HPs). The ESS is used as a backup
solution for safely shutting down the HPs in cases where abrupt changes in wind power
occur and thus insufficient energy for powering the HPs is available and for bridging short
term undersupply. Two of the aforementioned HPs are air-to-water HPs (denoted as 'O
and "O) delivering heat energy to a first thermal storage unit operating at low temperature
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(LT) (i.e., 30-40 °C and with a volume of around 14.000 liters). The remaining two HPs are
water-to-water devices (‘O and "O) transferring energy from the first storage unit to a
second thermal storage unit operating at 60-85 °C and containing about 18.000 liters. This
second storage is directly linked to a thermal buffer unit, which is providing the heating
energy for the district heating grid. If the HPs alone cannot meet the district heating
demand, several options exist to provide backup solutions: 1) A biomass boiler (BB)
connected to 2) a flue gas condenser (FC), and 3) a gas burner (GB). The aforementioned
components of the hybrid energy system operate in two different modes denoted as
summer and winter mode. In summer mode, the air-to-water HPs directly provide energy
to the low temperature storage unit, whereas in winter mode they transfer the energy
directly to the thermal buffer unit. Furthermore, the BB and GB directly provide heating
energy in winter mode for thermal buffer unit and the FC transfers heat to the low
temperature storage unit. Additionally, the optimization model utilized in this study is able
to include an electrolyzer into the hybrid energy system, extending the sector coupling
options to power-to-gas applications. Figure 1 gives an overview of the different
components of the hybrid energy system.

$

Figure 117 Overview of the hybrid energy system of Neusiedl am See

Forecasting Approaches

To ensure an economically feasible and successful integration of RESs, accurate
forecasts for district heating demand is needed. Research shows that the weather as well
as the social behavior has most influence on the heat load in district heating grids [2]. The
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outdoor temperature as well as the humidity correlates the most with the heat demand in a
district heating grid [3]. Hence, these parameters are chosen as inputs for the investigated
models. The social behavior is taken into account implicitly by using the day of the week
and the current month as an additional input [4]. To capture the dynamics of the buildings
which are connected to the heating grid also past values of outdoor temperature and
humidity are used. The similar but different model structures, i.e., Al and NARX models,
are summarized in Figure 2.

[ Temperature ]—>
[ Humidity ]—> - s s
T @ [ Day of the week ]—> _E' E g —| Heat load
[ Month ]—>
T
[ Temperature ]—»
[ Humidity ]—> » s 5
[ Day of the week ]—) _E' E g ——| Heat load
b
o) [ Month ]—>

1

Figure 2 1 Model structures of (a) Al and (b) NARX models

These models are used to generate realistic heat load forecasts for a specific time, based
on weather data for the project region. In particular, three stationary artificial intelligence
(Al) algorithms [5,6] i.e. Random Forest (RF) [7,8], k-Nearest Neighbor (k-NN) [9,10] and
Artificial Neural Networks (ANN) [11,12], and a Nonlinear Autoregressive Exogenous
(NARX) model [13] are utilized for creating the load models. Details on the models and
their evaluation can be found in [14]. In this work, static ensemble approaches that
combine these models to exploit their strengths due to flexibility of Al algorithms and
stability of autoregressive models, i.e. mean ensemble (MENS), weighted mean ensemble
(WENS), and seasonal weighted mean ensemble (SWENS) are used.

Static approaches assign a weight to each model in the ensemble, which is constant for all
observations. MENS is the most common static approach, as it is the simple arithmetic
mean of the predictions of the available models [15]. Furthermore, ensemble approaches,
i.e., WENS and SWENS, which are weighted means and seasonal weighted means of the
available models are applied. WENS uses the root mean squared error (see equation (1))
of the available models as weighting factor. SWENS additionally distinguishes between
different seasonal errors.

The heat load was measured for a whole year in intervals of 15 minutes. 75% of the data
are used as training set, whereas the remaining 25% of test data was split into four
seasonal intervals. To compare the ensemble method performance, the metrics root mean
squared error (Y0 "YYOmean absolute error (0 6 ) and mean absolute percentage error
(0 6 0)Qas well as the coefficient of determination (Y ) are calculated, given by:
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where w is the predicted load, w is the observed load, wis the mean of the observed
loads, and ¢ is the number of samples modeled.
Whilst the maximum heat demand in the district heating system is 785.70 kW, the average
heat load of the network measured is 159.76 kW. As expected, the average heat load
during summer is lower (68.64 kW) than in winter (409.51 kW).
Table 1 provides a comparison between the introduced ensemble models in terms of four
statistical metrics that represent each model performance. In addition, the scores of k-NN
as best performing individual model is listed as a baseline to compare the performance of

the ensembles.

Table 11 Evaluation of different approaches

q q  Testseason q
I Met T Met 1 Win 1 Spri f Sum Fall  Ove
ric hod ter ng mer rall
1T RM T k-NN 1T 31 1T 20 T 51 29 1 214
SE A 9 0 .8 4
2 7 3
1 [kw T MEN T 29 1 18 T 43 28 1 19.6
] S 7 .0 4 4 0
3 6 9
1 1T WE 1T 29 1 17 1T 41 28 1 193
NS .5 .8 9 3 3
2 7 8
bl 1T SWE 1T 29 1 17 1 4.0 28 1 19.3
NS .6 9 8 4 4
2 0 0
1T MA 1 Kk-NN 1 17 1 10 T 31 17 T 11.0
E g 3 4 2 5
2 6 9
1 [kW 1T MEN 1 16 1 8. 1T 29 15 T 9.82
] S 3 96 4 9
9 1
bl T WE 1 16 1 8. T 2.8 15 1 9.54
NS .0 75 2 g
3 6
i T SWE 1 16 1 8. 1T 26 15 T 951
NS A 78 7 v
9 8
1T MA T k-NN 1 4. 1T 9 1T 57 5. 1 8.62
PE 98 23 9 81
1 [%] T MEN 1 4. 1 8. 1 45 4. T 6.91
S 17 40 1 65
il T WE T 4. 1 8. 1 4.3 4, 1 6.68
NS 07 16 1 45
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bl 1T SWE 1T 4 1 8. T 4.0 1 4 1 6.62
NS 12 19 9 38

1 R? 7 k-NN 17T .9 7 .9 T .90 7T .9 1 .96
6 5 4

i T MEN T 9 T 9 T .92 T 9 T .98
S 8 7 7

1 T WE T 9 T 9 T .92 T 9 1 .98
NS 8 8 7

1 1T SWE T 9 T 9 T .93 T 9 1T .98
NS 8 8 7

Table 1 reveals that all ensemble approaches outperform the single k-NN model in terms
of each measure. In winter and fall, comparatively high values of MAE are determined
while values of MAPE indicate better forecast properties for winter. Due to a reduced heat
demand, RMSE and MAE measures in spring and summer are comparatively small. In
terms of MAPE, spring measures compared with winter and fall are even worse, indicating
a poorer adequacy for prediction. Spring seems to be the most difficult season for
predictions regarding heat demand.

Figure 3 indicates the performance of MENS and SWENS models in a one-week-time
span in winter and spring. The graph shows that MENS (dotted orange line) yields slightly
less accuracy than SWENS (dashed grey line) in both seasons. In winter MENS is not able
to reach some of the peaks and tends to underestimate the average heat load. In
comparison to the other models, the most precise model regarding the error measures
appears to be SWENS as it catches the observed values in winter quite well. However,
problems can be detected in cases of daily peaks in winter. On the one hand, viewing the
accuracy on Saturday in the test week, heat demand is rather underestimated. On the
other hand SWENS ignores lower heat load peaks on Wednesday and Thursday. The test
week in spring shows that MENS rather underestimates the daily peaks. In contrast,
SWENS shows more accuracy in spring. However, some predictions still remain different
from the observed values, confirming the reported error rates.
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Figure 317 Exemplary heat load values for a week in (a) winter and (b) spring.

Optimization Model

In order to model and simulate energy systems, various different approaches and methods
exist. These range from using simple spreadsheet programs for small scale problems up
to specifically designed modelling languages (e.g., GAMS [16], AMPL [17]) utilized to
describe larger or more detailed systems. At the very core of each of these methods is the
mathematical description of the system components. As the computational complexity is
often directly affected by the number of components, it is of utmost importance to either
keep the total number of modelled technical components as small as possible or to find
simple but accurate mathematical descriptions of their behavior. The first approach is,
however, not always possible as, for example, some systems of interest consist of
numerous different components where their interaction is of major interest. Hence,
different approaches for modelling the components are pursued in most of the scientific
investigations

One prominent representative of these mathematical optimization or mathematical
programming approaches is the so-called mixed integer linear programming method
(MILP) [18]. Generally, a MILP optimization problem consists of an objective function and
various constraints. The former is either minimized or maximized, whereas the latter define
the value ranges for the variables. In a MILP formulation both, the objective function and
the constraints, are linear with the particularity that some variables can only take integer
values. For example, a variable denoting the status of a power plant can either be 0 or 1
for on and off, respectively. However, despite their often relatively straightforward
formulation, MILP optimization problems are NP-hard [18] and thus potentially require
enormous computational resources for optimally solving the mathematical optimization
problem, depending on the actual problem formulation.

In order to evaluate the hybrid energy system in the city of Neusiedl am See, a MILP
optimization model [19] has been developed to include various different sector coupling
approaches, e.g., HPs and electrolyzers. At the core of the model in the research project is
the objective function [19]
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Here, the first three terms describe the cost of the BB (biomass costs, variable costs and
ramp up costs). The fourth term models the costs of the GB, and the following two terms
reduce the overall system costs (i.e., selling excess energy and hydrogen). The last two
terms model the electricity costs for the four different HPs.
As already mentioned above, the linear formulation of the objective function and
constraints in a MILP optimization model is critical. Nevertheless, in reality there are
numerous different examples of non-linear relationships. For example, the coefficient of
performance (COP) value of a HP is denoted as

0 O6060YD c¢h
where 0 0 is the thermal energy, & 0 0Y the temperature dependent COP, and 0 the
consumed electrical energy. Equation (2) is obviously a non-linear relationship and, thus,
cannot be used as constraint in a MILP problem. Fortunately, utilizing a piecewise linear
approximation, for example, as implemented in the pyomo framework [20], circumvents
this particular issue. Although linearization is an approximation that comes with a certain
error, choosing a suitable number of pieces for the piecewise approach proved to be a
feasible option in preventing non-linearities in the MILP formulation of the hybrid energy
system. For example, in Figure 4 two different linearization strategies are depicted for the
summer and winter operation mode of one of the HPs in the hybrid energy system in
Neusiedl am See. As the figure depicts, minor deviations between a simple linear
approximation and the piecewise linear approach exist. Hence, for the given HP data the
choice of the linearization method has negligible effect on the optimization outcome.
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Figure 41 Piecewise linearization (PW) and approximation using a linear function (LI) for
an exemplary heat pump.

Another challenge occurring often while modelling energy systems is the description of
minimal up- and down-times, for example, as it is the case for a BB. To formulate these
constraints with linear equations the so-called Big-M method is utilized [18]. This
formulation yields several inequalities given in equations (2)-(7).
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i 0 "D denotes the status of the switching operation at timestep o (i.e., -1 for switching
off, 0 for no action and 1 for switching on) and the binary variable ¢ €€ "Q'Qgives the
status of the BB at a specific timestep. Furthermore, i 0 @ ® and { 0 WD w are
binary variables stating if a switching-on or 7 off operation is conducted at timestep o.
Eventually, the minimum up- and down-times can now be formulated as constraints using
sums over the binary variablesi 0 "@ wandi 0 @ @ .

Evaluati on

In order to show the applicability of the forecasting and optimization approaches to the
real-world test bed of Neusiedl am See, several different scenarios and business models
for the hybrid district heating system of Neusiedl am See were set up. The first scenario
utilizes only the HPs as consumers of the electric power provided by the regional wind
parks. In the second scenario a 1.75 MW ESS is applied, whereas in the third scenario the
ESS is replaced by a 17 MW electrolyzer as consumer. Finally, a fourth scenario with both,
ESS and electrolyzer, is analyzed.

As first evaluation metric of the different scenarios the amount of excess energy is
analyzed. This is the surplus energy from the regional wind parks around Neusiedl am
See, which cannot be consumed in the hybrid district heating system. Figure 5 depicts the
total excess energy over the course of a year. As the data indicates, the energy system
extended with a 1.75 MW ESS experiences similar excess energy amounts as without an
ESS. This is due to the fact that the capacity of the ESS is small compared to the amount
of exceeding wind energy, particularly in times of high wind production. Additionally, for a
real-world application the limited amount of charging cycles has to be taken into account.
This particular property of ESSs is not reflected in the mathematical optimization model.
Regarding the electrolyzer, the computational study shows that operation such a power-to-
gas device reduces the amount of excess energy by a factor of about two. This seems
quite promising, as the produced green hydrogen (i.e., production consuming electrical
power originating only from renewable sources) can be used, for example, for regional
public transport systems or sold to commercial customers. This alleviates the negative
effects of dealing with unpredicted or enormously high excess energy on the balancing
market. However, this simple analysis lacks a proper evaluation of the total expenditures
for a power-to-gas technology would have to include operational expenditures (OPEX) as
well as capital expenditures (CAPEX). As with today, these costs are one of the major
obstacles of including hydrogen electrolyzers in existing energy systems. Fortunately, with
further research effort and improvements the OPEX are going to decrease in the future.
However, the CAPEX can still remain an issue, as high initial investments have to be
amortized in a reasonable amount of time, otherwise electrolyzers will suffer from little to
no economic attractiveness.
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Figure 51 Excess energy in the different scenarios.

Conclusions

The presented work shows how modern forecasting methods in their various forms
together with mathematical optimization methods and techniques form a solid bases for a
data-driven evaluation of future-fit energy systems, i.e., the hybrid district heating system
of the Austrian city Neusiedl am See. A particular focus was lying on the integration of
wind power via power-to-heat technologies, i.e., heat pumps, into the district heating
system. However, a major share of wind energy has still to be sold on the regular energy
market causing low or negative prices in some cases. Hence, different future technological
options are evaluated, including the integration of an electrolyzer and an ESS. A
computational analyses shows that utilizing a 17 MW electrolyzer reduces the amount of
excess energy by a factor of about two, whereas a 1.75 MW ESS has negligible influence
on the excess energy. Nevertheless, ESS are highly important components as they are
used for safely shutting down wind power driven HPs when abrupt changes in wind power
availability occurs. Furthermore, the work concludes that at the moment investment costs
of electrolyzers pose the main challenge for including these power-to-gas technologies in
existing energy grids. Therefore, political entities have to design appropriate and attractive
subsidies or market structure to guarantee the ongoing transition of our classical energy
systems. A successful implementation of funding opportunities helps to overcome the
challenges of high initial costs for novel technologies as electrolyzers and, in addition,
stimulate further research efforts in these directions. Together with novel business models
and marketing strategies for unsubsidized wind energy the goal of a sustainable and fossil
fuel free energy system can be successfully pursued.
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Abstract

Short-term load forecasting (STLF) has been playing a key role in the electricity sector for
several decades, due to the need for aligning energy generation with the demand and the
financial risk connected with forecasting errors. Following the top-down approach,
forecasts are calculated for aggregated load profiles, meaning the sum of singular loads
from consumers belonging to a balancing group. Due to the emerging flexible loads, there
Is an increasing relevance for STLF of individual factories. These load profiles are typically
more stochastic compared to aggregated ones, which imposes new requirements to
forecasting methods and tools with a bottom-up approach. The increasing digitalization in
industry with enhanced data availability as well as smart metering are enablers for
improved load forecasts. There is a need for STLF tools processing live data with a high
temporal resolution in the minute range. Furthermore, behin-the-meter (BTM) data from
various sources like submetering and production planning data should be integrated in the
models. In this case, STLF is becoming a big data problem so that machine learning (ML)
methods are required. The research proj ect AGal NO investigates t
STLF quality of an energy utility using BTM data and innovative ML models. This paper
describes the project scope, proposes a detailed definition for a benchmark and evaluates
the readiness of existing STLF methods to fulfil the described requirements as a reviewing
paper.

The review highlights that recent STLF investigations focus on ML methods. Especially
hybrid models gain more and more importance. ML can outperform classical methods in
terms of automation degree and forecasting accuracy. Nevertheless, the potential for
improving forecasting accuracy by the use of ML models depends on the underlying data
and the types of input variables. The described methods in the analyzed publications only
partially fulfil the tool requirements for STLF on company level. There is still a need to
develop suitable ML methods to integrate the expanded data base in order to improve load
forecasts on company level.
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Introduction and Motivation

The German energy market changes in view of the energy policy objectives of a
sustainable energy system with guaranteed security of supply at low prices. Top-down
organized power plant parks with one-dimensional flow of electricity to the consumer must
change to a system of power generating prosumers who consume their own generated
electricity and manage their own demand. In an energy system focused on decentral
generation, prosumers can now trade energy and charge costs, act in a micro grid
connected to the power grid or join together as a self-sufficient community in a closed
micro grid [1].

Prosumers, renewable energy and changes in load flow increase the complexity in terms
of security of supply. In this context, the balancing group is the central coordination
element to ensure the quarter-hourly balancing of electricity load and generation. All
electricity consumers and electricity suppliers are organized in balancing groups, for each
of which a balancing group manager bears the economic responsibility. In the balancing
group, area forecasts are prepared, broken down by profile and measured end customers
like industrial companies. Thus, even today, an improved forecast has a direct impact on
the security of supply and on the costs of balancing energy. In an energy system focused
on prosumers, the demands on the quality of the forecast are growing, due to the different
electricity flows. Especially short-term load forecasting including knowledge of behind-the-
meter (BTM) data will become more important for improving the load forecasting task of
energy providers [2].

Regarding the industrial sector, load forecasts in industrial energy systems will become
more important in the future. This is due to upcoming relevance of energy flexibility
measures [3], where load forecasts serve as a basis for flexible energy consumption
behind the utility meter in the micro grids of the production facilities. Currently, demand
side management in Germany mainly focuses on company internal management of single
controllable loads, which enables to reduce fees for grid use and, therefore, focuses on the
prediction of load peaks. For the offering of flexibility in grid and system flexibility markets
each single load must be controllable through external management [4] and, therefore, the
focus is currently mainly on large industrial loads. Elements of energy sensitive production
planning and control concepts [5] are already implemented by fast movers [6] to enable
the use of upcoming variable tariffs offers [7]. This approach needs an integration of
energy and production data. Besides demand flexibilities, there is also a growing capacity
of distributed generation and storage technologies in these micro grids, where new control
strategies on systems [8] are based on short-term load forecasting (STLF) with a need for
high accuracy. Beside the described applications of STLF in an industrial company there is
also a growing relevance for high quality load forecast on the grid connection point for
distribution system operators (DSOs), for enabling the optimal grid integration of these
emerging flexible loads into the upstream mid-voltage grid of these DSOs [9].

Our research hypothesis is that energy utility companies can, even today, improve their
forecasting accuracy in STLF using the bottom-up approach through integrating BTM data
from load measurement systems of individual industrial customers. This would be a first
step towards the above listed future needs. Currently, utility companies cannot access
BTM data. Though in Germany there would be a significant theoretical rollout potential for
this improvements, as there are already up to 70.000 licenses for energy managing
software [10] and we assume that these licenses are used to manage BTM data. The
potential is even predicted to grow, as on the European level a market forecast estimates
a market volume tripling for this product segment until 2025 [11].
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The research project nAnGal NO devel ops and
future requirements for STLF forecasts in industry. The objective is to improve the
accuracy of forecasts on company level by using real-time data with higher temporal
resolution than the current standard as well as submetering behind the utility meter and
production planning data. Methods which are able to integrate the new data types and
sources are required. Further requirements to the methods are an automated
implementation and an applicability for a large number of company types.

A wide-ranging review of load forecasting methods was already published in 2010 [12] and
in 2020 [13]. In [14], commercial software tools are reviewed including a comparison on
forecasting method level. Other than existing reviews, this paper focusses on industrial
load forecasts on company level. The objective is to review state-of-the-art methods that
totally or partly meet the requirements of the GalN project mentioned above. The paper is
structured as follows: Section 1 describes basics for defining and evaluating forecasting
models. Section 2 and 3 review classical and Machine Learning methods, respectively,
with regard to the project requirements, in order to assess the readiness. Section 4
concludes the work and gives an outlook regarding future work.

1. Basics of Load Forecasting Models

In none of the analyzed research papers, a detailed definition of load forecasting terms
and factors influencing the load of industrial companies is contained. This chapter gives a
comprehensive definition of terms and basic load forecasting principles.

1.1 Load forecasting terms and definitions

Relevant forecasting terms are demonstrated in Figure | and explained in this section. In
STLF, a load profile is predicted at time o for a forecasting period up to one week ahead
[15]. The forecasting period is the time interval between the first forecasted value at time 0
and the forecasted value furthest in the future at time 0 . Forecasting models require an
equi distant t e mpneanad a unire dnteval between i@gut data points.
The model output is a f or easthsihpatdn cpse thdt molreal
time data exists, a time lag of the last available load measurement results, which is
denoted as’Q The forecasting horizon "Qdescribes the time interval between the last
available load measurement and the forecast furthest in the future. Load forecasts are
updated with an actualization frequency which depends on the frequency of input data
transfer.

t in hh:mmcss: time of
forecast calculation

—— Load measurement
""" Load forecast

=

h in min: forecasting horizon

Ac | ' | d in min: time lag of last
I i available measurement

z in min: forecasting period
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FIGUREI. LOAD FORECASTING TERMS
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1.2 Load influencing factors

Factors influencing the load profile of industrial companies can be either static factors or
relevant variables [16]. Static factors like the company building size or the number of work
shifts in a week are normally not changing routinely [16] and, therefore, they are not
considered in STLF models. Relevant variables, in contrast, change by routine [16] and
cause daily, weekly and seasonal fluctuations of load profiles. Inputs for forecasting
models can be both endogenous inputs which are previous load values, and exogenous
inputs which are the relevant variables. The relevant variables for the electric load are
dependent on weather, on production or on work shifts. The individual factors are further
specified in this section.

Components of the technical building equipment have a mainly weather-dependent load
[17]. The load of heating and cooling systems depend on the out- and inside temperature
and the solar radiation. For ventilation systems, the load is mainly influenced by the out-
and inside temperature and the relative humidity. The electric load of lighting depends on
solar radiation. Weather service companies provide both historical weather data and
forecasts. The available variables and temporal resolution depend on the provider [14].

In addition to weather influences, the building occupancy and the user behavior as well as
the thermal loads through lighting [18] and the production process influence the electric
load of technical building equipment.

A further influence on the electric load of industrial companies is the production quantity,
which is affected by the economic situation. A typical load profile of a production process is
disturbed both by irregularities predictable in the long-term (company holidays, public
holidays or extra off days) and by short-term irregularities (short-term change of order
situation or machine failure).

In case of self-generation plants for electricity, the purchased electricity depends on the
self-produced amount, which is another irregularity. For companies with photovoltaic (PV)
plants, the grid load is reduced in case of higher PV power generation, which is mainly
influenced by solar radiation. Electricity storages and charging stations for electric cars are
additional irregularities on the grid load [19].

The portfolio effect describes that irregularities of individual customers can balance each
other out causing a more uniform load profile for balancing groups [20]. Thus, if the load is
forecasted with the top-down approach, not all the mentioned influencing factors need to
be included in a model in order to get accurate forecasts [21i 25]. However, forecasts on
company impose new requirements thus STLF models including the relevant variables
mentioned above are needed.

1.3 Load measurement, data acquisition and preprocessing

In Germany, metering with a temporal resolution Y0 of 15 min is obligatory for companies
with an annual electricity consumption exceeding 100.000 kWh [26]. Energy utility
companies receive metering data of the preceding day with a delay Q BTM data from load
measurement systems of transformators on secondary level or even on machine level are
currently not accessible to energy utility companies. They usually cannot access
production data and company holidays as standards for transferring the data are not
implemented. Furthermore, privacy issues complicate the use of company-specific data.

In forecasting models, data from different sources need to be converted to a uniform
format. In data preprocessing, resampling methods like interpolation are applied to achieve
equidistant time series. Missing and implausible data need to be identified and replaced
with imputation methods [27]. A common source for implausible data are measurements
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equal to 0, when the company actually takes electricity from the grid. BTM data can help to
identify those. Further model specific preprocessing steps, which are required mainly for
ML models, are explained in sections 2 and 3.

1.4 Evaluation metrics and benchmark

While implementing a forecasting model for a use case, metrics serve to compare different
model types. Furthermore, metrics are required to monitor and evaluate the forecasting
accuracy of a load forecasting service in operation. A wide range of metrics are applied in
STLF research papers while no consensus about a standard metric exists [28].

The target quantity for energy utility company is the balancing energy that corresponds to
the absolute error of forecasted load integrated over time. As this value is dependent on
the observation period, the mean absolute error (MAE) [28] is a more comparative metric.
The objective functions of optimization algorithms in regression models generally apply the
mean squared error (MSE) [28]. If using the MSE as a metric, the model is evaluated for
the optimization criteria. Moreover, the MSE raises importance of the highest errors, thus,
it is recommended if high errors are particularly harmful. The root mean squared error
(RMSE) converts the MSE to the same unity than the target.

Relative metrics are calculated as an attempt to evaluate the forecasting accuracy more
independent of absolute load values. The mean absolute percentage error (MAPE) is the
most common relative metric [28]. It is mathematically undefined if the load measurement
equals 0 and emphasizes errors on load measurements with low values. This argument
gains importance for forecasts of individual customers where the load profile is less
uniform than for balancing groups. For forecasts of individual customers, the relative MAE
or RMSE are, therefore, recommended as relative metrics rather than the MAPE.

After developing new forecasting models, a benchmark is important, as the forecasting
result depends on both the model and the data set. Comparing relative metrics to
reference values from literature calculated on different data sets is, therefore, insufficient
to evaluate the ability of a model to outperform state-of-the-art models. Furthermore,
evaluating a method on data sets from multiple companies can prove its generalization to
different use cases.

2. Classical Forecasting Methods

As a first step, STLF models are classified into classical and ML methods based on a
literature review. Among the classical approaches presented in this section are reference-
based, statistical and analytical methods. Journal publications were systematically
reviewed evaluating the readiness of the models to be used as forecasting tool for
industrial companies. The temporal resolution of both input and target data as well as the
types of input variables serve as evaluation criteria. In addition, the possibility for
deployment of the models is evaluated amongst others by online learning methods [29].
Publications with benchmark of their presented method to at least one state-of-the-art
model are favored in terms of comparability. As a result, a tabular overview of publications
focusing on classical forecasting methods and their accordance with the evaluation criteria
is given in Table I.
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Authors Analyzed object Industrial | Submetering | Production At <15 Online Applied methods
load? data used? planning min? learning or models (ML
data used? method methods in bold)
Bracale et al. Transformator Yes No No No No SN, LR
factory
Bruce-Boye etal. | Aggregated load of | No No No No No Reference-based,
households ES, ARIMA
Clesle et al. Only method Yes Yes No No No Analytical
descrption
DIN SPEC 91366 | Only method Yes Yes Yes No No Analytical
description
Emde et al. Industrial company | Yes No No No No Reference-based
Schmidtet al. Factory for Yes Yes Yes Yes No Analytical
electricity network
components

2.1 Reference -based methods

Reference-based methods address the cyclic behavior in load profiles. The load at time 0
is defined by a reference value with similar characteristics.

In a seasonal naive (SN) model, the forecasted value is equal to a measured value of a
preceding day, week or year, depending on the historical data and the cyclic behavior. In
[30] an SN model with reference value of the preceding week is used as benchmark for a
linear regression model. In moving average (MA) models, the reference value is the
average load of a predefined number of preceding days, weeks or years. The number of
preceding time steps for calculating the average depends on the load fluctuation and the
desired smoothness. MA models are used in a commercial forecasting software to roll out
load profiles with special considerations of public holidays [31].

Another common reference-based method is to forecast the load of a subsequent day with
a comparative profile. This profile can be either a standard load profile or customer-
specific. Energy utility companies forecast the load of small-size customers with nine
different standard load profiles for each customer type considering differences between
weekdays and the weekend and seasonal differences in load. If a load measurement is
provided, customer-specific profiles can be calculated and the number of reference profiles
can then be adapted to the use case. A case study on aggregated household data
demonstrates that with a higher number of reference profiles the forecasting accuracy is
improved compared to the standard of nine profiles. Scaling reference profiles with recent
load measurements enables to integrate real-time data in the model and reduce the
forecasting error by 9 % [20].

In [32] the load of an industrial company is forecasted with a reference-based method
including temperature forecasts as exogenous input. In the presented method, the
identical day of the week and the lowest mean daily temperature difference to the
forecasted day within the preceding weeks is defined as reference day. The forecasts then
correspond to the measurements at that reference day. In this use case, the load is rather
cyclic and temperature-dependent. The method was not tested yet for use cases with
higher irregularities in load profiles.

Reference-based methods find wide-ranging application in industry are reliable if the load
behavior is cyclic. The ability to integrate exogenous variables in reference-based models
Is restricted. Therefore, regression models are more appropriate for load profiles with
higher irregularities and unusual influencing factors than reference-based methods.

2.2 Statistical methods

Statistical forecasting methods are classified into univariate and multivariate methods.
Applying univariate time series modelling, a time series is forecasted exclusively based on
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preceding values of the identic variable. Exponential smoothing (ES) models give more
weight to recent compared to earlier values introducing the smoothing parameter | . In [20]
it is demonstrated that in ES models the forecasting accuracy drops significantly with the
steps ahead predicted. The forecasting error is higher than with the reference-based
method for forecasts of more than two steps ahead. ES models are, therefore, not suitable
for forecasting load profiles one day ahead with high temporal resolution.

ARIMA usually defines a model family of univariate time-series modelling. The order of
autoregression (AR), integration (I) and moving average (MA) are adapted to the data set
within model calibration. If the order of a part is equal to 0, the part is left out in the model
denotation, so that AR or ARMA models belong to the ARIMA family. For multi-step-ahead
forecasts the output calculation is proceeded recursively resulting in a propagation of
forecasting errors [12]. Similar to ES models, the ARIMA models are not accurate for multi-
step-ahead forecasts, which is evaluated in [33].

Univariate regression models can produce accurate forecasting results if the load depends
only on one exogenous variable. Univariate regression models are often applied for
heating or cooling load with temperature as relevant variable [32]. Depending on the type
of correlation, linear, polynomic or spline regression is appropriate. In [20], an univariate
linear regression (LR) model with different regression parameters for every time step at
each day type is applied to forecast household data with the top-down approach. No
significant accuracy improvement is achieved compared to the reference-based method
due to low temperature dependency of the load. In [34], the load of a research factory is
forecasted with 47 relevant input variables. A multivariate regression model is not suitable
for this application due to the high input vector dimension. In several other papers, linear
regression models are used to benchmark Machine Learning methods [22, 35, 36]. If the
load has irregularities and if exogenous variables are available, Machine Learning
methods are more accurate than regression models.

Time-series modelling and LR is combined in ARIMAX models. In [37] is demonstrated
that for forecasting the load of electric cranes, an ARIMAX model with crane movements
and moved weights as exogenous inputs outperforms an ARIMA model with a MAE
reduced by factor 3,7 as the load is correlated with those two relevant variables.

2.3 Analytical methods

In [38] an analytical method is described comparing control parameters of planned
production processes with historical control parameters. The load profile with the smallest
deviation in control parameters is used as reference profile for the forecast. Thus, the
forecast is based on a comparison of control parameters and without a sophisticated
mathematical model.

In [39], an analytical method to assign a factory load to products using resource data is
described. A detailed measurement concept is required in order to obtain load series for all
relevant manufacturing steps. A product-specific load is identified by matching the load
with the resource data. Applying the method for forecasting, production and resource
planning data is needed. The load part, which is not assignable to a product but to a
machine, is forecasted depending on the operating status of machines. The remaining
load is forecasted with reference-based or statistical methods. [40] describes a
comparable method with a detailed strategy for measurement and analysis strategy for
different machine classes as well as the possibility to use CAD Data for replacing missing
production planning data. The application on a factory for electricity network component
shows that machines are classified into categories in a non-automated way. Furthermore,
the definition of model parameters is not automated and thus require data analytics effort
and some degree of expert knowledge.
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Due to the mentioned effort for data analytics and required expert knowledge, STLF with
analytical methods is discarded in the GalN project. Machine Learning methods are
preferred as the model flexibility and degree of automation is higher, which is further
specified in section 3.

3. Machine Learning Method s

Table Il gives an overview of publications with ML methods applied for STLF.

When applied for forecasting, the task of Machine Learning (ML) models is to solve a
regression problem, like in statistical regression models. The difference is that ML models
compute a nonlinear function between the input and output. The model parameters are
optimized in an iterative way during model training. ML models are thus characterized by a
higher model complexity compared to linear models. The models achieve a higher ability
to generalize regression results to new data and, therefore, a higher performance on time
series with irregularities. If a single model is applied for regression, high-dimensional input
vectors can cause overfitting problems, meaning that the model has a low capability to
generalize to unseen data. This can be solved combining multiple regressors either in
parallel or in series in an ensemble or hybrid model [41].

OVERVIEW OF PUBLICATIONS FOCUSSING ON MAEINE LEARNING METHODS WITH REGARD TO PROECT REQUIREMENTS

Authors Analyzed object Industrial |Submetering |Production At<15 Online Applied methods or
load? data used? planning data |min? learning models (ML
used? method methods in bold)
Alasaliet al. Electric cranes Yes No Yes Yes No ARIMA, ARIMAX,
MLP
Benedettiet al. Building No No No No Yes MLP
Buch et al. Only method Yes No Yes No No MLP
description
Chahkoutahietal. | Region No No No No No SARIMA, MLP,
ANFIS, Hybrid
model
Charytoniuk et al. | Customers of No No No Yes Yes MLP
energy ulility
Chenetal. Aggregated load of | No No No No No Ensemble, ANN,
households Hybrid model
Dietrich et al. Research factory Yes Yes No Yes No ANN
Fan et al. Distribution grid No No No No No SVR, Hybrid model
He et al. Milling and Yes Yes No Yes No CNN
grinding machine
Kim et al. Aggregated load of | No No No No No ARIMA, GPR, SVR,
households NARX, LSTM,
Hybrid model
Lietal. Region No No No No No Ensemble
Mori et al. Not named No No No No No MLP, DTR,
Ensemble
Petrosanu et al. Industrial bakery Yes No No No No NARX, LSTM,
Hybrid model
Renner et al. Airport No No No No No LR, Ensemble
Setiawan et al. Region No No No No No LR, SVR, MLP
Waltheret al. Research factory Yes Yes No Yes No LR, Ensemble

3.1 Single model approaches

In [22], the load of a region is forecasted five minutes ahead comparing a Multilayer
Perceptron (MLP) and a Support Vector Regression (SVR) model, both ML models with an
LR model and a naive benchmark. An MLP belongs to Artificial Neural Networks (ANN),
which are mathematical models inspired by biological nervous systems with
interconnected computational units, the so-called neurons. Multiple ANN types exists
differing in architectures. SVR is an ML model using nonlinear kernel functions as decision
boundaries. The load is predicted using the four preceding load values and the values
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from corresponding times of the previous day as features. Calendar variables as additional
features do not improve the forecasting accuracy in this use case. Regression is superior
to the naive approach of setting the forecasted value equal to the last measurement.
Neither the SVR nor the MLP outperform the LR model in terms of accuracy, however the
training time raises significantly. The hyperparameters which define the model
architecture, regularization or the training algorithm, are set as fixed values in [22].
Hyperparameter tuning and evaluation of different combination on a validation data set
with data not contained in the training set enables to adjust the values to a use case. With
hyperparameter tuning, the ML results could, therefore, be further improved. The proposed
method is only valid for a one-step ahead prediction. For multi-step forecasts, recursive
predictions would be required leading to a propagation of forecasting errors.

In [37], an MLP is benchmarked to time series models (section 2.2) to forecast the load of
an electric crane, which is an industrial application. The MLP architecture is defined by two
hidden layers with node numbers optimized with grid search. Compared to an ARIMAX
model, the MAE is reduced by 8 % with an MLP. This study proves that ML models can be
advantageous compared to statistical model in terms of accuracy. Furthermore, providing
context data (crane movements and moved weights) that is correlated with the load,
results in significantly lower forecasting errors. However, it is assumed that values for
those variables are already certain at the forecasting time for 24 hours ahead.
Furthermore, an upscale on industrial company level would enlarge the data amount and,
therefore, the input vector dimension. A single model is then likely to cause overfitting
problems.

Recurrent neural networks (RNN) are an ANN type with feedback connections which help
to capture dynamic behavior of time series. In [33], LSTM and NARX models, which are
both types of RNN, are compared to an ARIMA model to forecast the load of a business
building. The load is forecasted exclusively on endogenous variables. Seasonal effects
and periodicity in the load series are identified using decomposition as feature extraction
method. The LSTM outperforms the ARIMA model for different forecasting horizons, while
the NARX model achieves no improvement. When combining an LSTM with Virtual Mode
Decomposition, the forecasting error is reduced significantly compared to the LSTM
without decomposition. The proposed method takes the latest load measurement as initial
state, which is the input for the first LSTM that forecasts the load at 0. For multi-step
ahead forecasts, multiple LSTMs are stacked receiving inputs from upstream LSTMs. This
enables a recursive prediction up to 72 hours ahead. For forecasts with multiple input
variables, the model would need to be extended to incorporate additional time series.

In [42] the load on machine level for both a milling and a grinding process is predicted
using one minute machinery data series as inputs. The local outlier factor (LOF) is applied
to determine implausible data. It is demonstrated that a novel feature extraction method
based on a Convolutional Neural Network (CNN) outperforms both a statistical method
and a principal component analysis. A CNN-based regression model outperforms an
Extreme Learning Machine (ELM), which is an ANN with one hidden layer relatively fast to
train, on calculating the instantaneous load as function of the features for both the grinding
and the milling machine. Furthermore, the CNN outperforms an SVR and a Gaussian
Process Regression (GPR) model. The presented approach thus allows to predict a load
based on multiple time series of the preceding minute. Using the approach as forecasting
method would require the forecasted machinery data in addition to instantaneous and
historical data.

3.2 Multi model approaches

Regression models are combined with the idea to profit from the strength of each base
regressor to build a more performant model. In ensemble learning, base models are
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homogenous, meaning that the model type is the same. The base models differ in
architecture or in their initial random model parameters. A third approach is to use different
subsamples of the training set for each base model [36].

Base models can be combined by bagging, by stacking or by boosting. In [41] an
ensemble learning model is presented where the base models are MLPs with identical
architecture trained with different subsamples. The ensemble learning model is
constructed in a parallel structure either by bagging the base models, where the output is
the mean of the base model outputs, or by stacking them, where the base model outputs
are weighted. The daily average load of a household is forecasted one day ahead. The
proposed stacking approach leads to a lower forecasting error with a MAPE of 14 %,
which is lower than with bagging (15 %) and with one MLP as single model (18 ). All
considered ML models have a significantly lower MAPE than the SN model (30 %). The
load is mainly influenced by time stamp variables and temperature, which is not the case
for industrial applications. A modification of the method in [41] would therefore be required
to apply it on company level.

Decision trees are likely to cause an overfitting problem like in [43] where the forecasting
error is significantly higher compared to an MLP. The python scikit-learn framework offers
ensemble learning models with decision trees as base regressors which are supposed to
reduce the overfitting problem of decision trees. Among those are Random Forests (RF)
and Extremely Randomized Forests (ERF), which both are bagging methods. Gradient-
Boosting Regression Trees (GBRT) is a boosting approach meaning that individual base
models are added in series depending on the results of preceding base models. In [34] the
load of machines in a research factory is forecasted 15 minutes ahead with a temporal
resolution of one minute. The data set consists of measurements from 1670 sensors. The
model input are sensor measurements shifted by 15 minutes. With feature selection, the
input dimension is reduced to 47 relevant features. The load is forecasted with RF, ERF
and GBRT using hyperparameters tuned with randomized search. All models lead to a
comparable forecasting accuracy, but the GBRT is favorable in terms of training time. In
order to develop the final model, feature engineering is conducted with moving average
features. The input dimension is then doubled and hyperparameter tuning is repeated for
the GBRT. The general load course is forecasted accurately but the model suffers from
recognizing short peaks.

[44] is a further development of [34] by considering multiple forecasting steps between 0
and 100 s and by adapting the proposed method on four different machines. An ANN with
one hidden layer is used for prediction as it is superior to RF in terms of accuracy. Besides
moving average features, time lag features from multiple step in the past are used. The
randomized search is refined with a subsequent grid search in the area of the best
hyperparameters proposed by the randomized search. The time when short peaks occur
are correctly forecasted, but the peak values are erroneous as the sampling rate is not
high enough. The proposed method is able to generalize for multiple machines, but the
hyperparameter tuning needs to be repeated for each machine. Especially the test
performance declines significantly with an increased forecasting horizon. The authors
conclude that including production-planning data in the model could improve the result
especially for higher forecasting horizons. For an application in GalN, the proposed
method would need to be adapted for much higher forecasting horizons up to a day and
for forecasts on company level.

In contrast to ensemble learning, hybrid models consist of heterogeneous base models. In
[45] the daily load of an industrial bakery is forecasted by a NARX with calendar variables
as exogenous inputs. An LSTM is trained in a decoupled way using time stamp variables
and the daily load as input to forecast the hourly load. The hyperparameters defining the
NARX and LSTM architecture are tuned with a grid search, both for three different training
algorithms. In test mode, the NARX and LSTM are connected in series to build a hybrid
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model where the LSTM receives the NARX forecasts of daily loads. The proposed
approach leads to an RMSE reduced by factor 10.3 compared to a NARX as single model
for month-ahead hourly forecasts. In reference to an LSTM as single model, the
forecasting error reduction factor equals 16.8. This method allows to build a model which
is relatively fast to train, as the base models are trained independently of each other.
Furthermore, the hybrid model provides accurate multi-step ahead forecasts. In order to
apply the method for STLF on company level, further exogenous inputs would need to be
included in the model.

The hybrid model proposed in [25] consist of self-organizing maps, which classify days in
normal and unusual days, and 24 SVR models for each day type. Each SVR forecasts an
hour of the day resulting in an hourly temporal resolution. The model receives endogenous
inputs of more than 24 hours before the forecast, meaning that the forecasting horizon is
24 hours. The temperature forecast of the corresponding hour is used as exogenous input.
With this approach, the MAPE is reduced by 25 % compared to a single SVR model. The
SVR outputs rather uniform daily load profiles while the hybrid model is able to identify
days with lower load. With the proposed configuration, no real-time data is included, as the
endogenous input are at least 24 hours past for each forecasted time step. Different input
configuration for the parallel SVR would enable the method to forecast multi-step ahead
with real-time data.

In [24], one ELM is used to forecast the load of a region for each hour of a day. Thus, 24
ELM are stacked to an Ensemble. The load series preprocessed with wavelet
decomposition and two exogenous inputs, which are the temperature and the day of the
week, are selected as input variables. Due to the parallel structure of the Ensemble model,
less training examples per ELM are available. However, the Ensemble has separate
regression parameters for each hour of the day. Furthermore, different inputs can be
defined for each hour, which enables to forecast 24 hours ahead based on real-time data.
The proposed model leads to a MAPE reduced by 20 % compared to a Wavelet-ELM as
single model. Moreover, it is demonstrated that stacking is slightly better in terms of
accuracy than bagging. The proposed method is evaluated on five data sets from
literature. In all cases, it forecasts the load more accurately than state-of-the arts
approaches. However, with the proposed input configuration the model is restricted to
loads where calendar variables and temperature are the main influences. The model
would need to be adapted to include further relevant variables.

3.3 Online learning methods

The presented methods in 3.1 and 3.2 result in static models: While testing the model, no
retraining with new data is conducted. Retraining a model during the operation as
forecasting service enables to consider changes in the load behavior not contained in the
training data. In [15] a method with daily retraining is presented for a model constructed
with one MLP for each forecasted time step. The retraining method is growing training:
The model is updated using the whole data set. In [46], event-based retraining is
presented where the model parameters are updated once the forecasting error exceeded
a threshold. Growing training is compared to mobile training where the training set is
shifted to have a uniform length for all training periods. For the presented STLF of a
business building, growing and mobile training lead to similar forecasting errors.
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4. Conclusions and Outlook

There is a wide range of short-term load forecasting methods which are classified in
reference-based, statistical, analytical and Machine Learning methods. Reference-based
methods provide accurate forecasts if the load behavior is cyclic without bigger
irregularities. This is the case for top-down forecasts rather than for load profiles on
company level. Statistical methods like univariate time series models are used if no
relevant variables are identified or available, but not suitable for multi-step ahead
forecasts. Linear regression models lead to accurate results if the load depends on a
relatively low number of relevant variables. Analytical methods are non-adaptive and high
effort is needed for implementation.

The review shows that selecting the relevant inputs is crucial for obtaining an accurate
forecast. Machine Learning methods are suitable for high-dimensional input vectors.
Relevant variables can be identified with automated feature selection. Feature extraction
methods enable a load forecast of based on multiple time series with measured or
forecasted values. Machine learning methods provide high flexibility in choosing a model
type for a special use case, especially if base models are combined in ensemble learning
or hybrid models.

The reviewed publications are summarized with regard to the GalN project requirements to
assess the readiness of existing STLF methods. To the knowledge of the authors, there is
no method which fulfills all the requirements for industrial load forecasts on company level.
The most promising approach is presented by Dietrich et al. [44] due to the high number of
measurements reduced to an input vector with the most relevant ones applying automated
feature selection for a load prediction at multiple forecasting steps. A combination with a
CNN-based feature extraction method proposed by He et al. [42] could improve the
forecasting results by extracting features not only from single past measurements, but
from complete preceding time series. Additionally, a combination with an online learning
method as it is proposed by Benedetti et al. [46] would be required and production
planning data is not yet considered in the model. Finally, the proposed methods are
usually benchmarked on only one company. Therefore, generalization of methods for
different companies is not approved. In the GalN project however, generic methods
applicable for multiple industrial companies are required in order to develop generic tools.
All the analyzed papers show point forecasts. Recently, in other forecast applications
probabilistic forecasts gained importance. Probabilistic forecast methods should also be
developed for industrial load in order to evaluate the risk for inaccurate forecasts. Further
work focuses on the integration of selected models in an ML-framework in order to
benchmark different methods on up to ten industrial use cases and to assess potential
adaptions of the state-of-the-art methods. In addition to the listed requirements, the
readiness of STLF also requires a reasonable application effort for the life cycle processes
[29] from the ramp-up of the models to the operation for different industrial use cases.
Therefore, the development goal for the framework is to offer a forecasting service for
industrial companies and their energy utility for enabling them to evolve from single load
management measures to an active prosumer with a variety of controllable energy
flexibility measures.
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Abstract

The energy sector demands a new way for managing the growing number of distributed

power producers of renewable energy. For this purpose, Virtual Power Plants (VPP) and
Power-to-Gas (P2G) are two important technologies to ensure the stability of the power

grid. On one hand, VPPs can help controlling and monitoring distributed assets to ensure

the stabilization of the grid. On the other hand, P2G plants may contribute to enhance the

power systemb6s flexibility, to balance gener a
provides a case study that outlines the possibiliies and complexity of monitoring and
controling a P2G plant through a VPP. Greenpeace Energy runs the project in
collaboration with Next Kraftwerke GmbH and the municipal utility Stadtwerke Hal3furt

GmbH of the city of Hal3furt, Germany.
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Introduction

The energy sector is undertaking a profound transformation to shift towards cleaner
energies. For this reason, there is a growing number of distributed power producers of
renewable energy, which results into a more complex energy system. This demands for a
new way of managing such distributed energy resources effectively and efficiently.

On one hand, a Virtual Power Plant (VPP) can help controlling and monitoring DER to
ensure the correct operation of the grid by keeping the generation and the demand
balanced. On the other hand, Power-to-Gas (P2G) is the process of supplying electricity to
an electrolysis process in order to convert the energy available into hydrogen. The
hydrogen generated can be converted back to electricity, mixed with natural gas [1][2] or
used for other purposes. Thus, P2G plants are flexible energy resources that can
contribute to enhance the flexibility in the system, when managed properly. Therefore, the
combination of VPP and P2G technologies offers several possibilities to ensure the
stability of the grid. [3]

To explore such capabilities, this paper provides a case study that outlines the possibilities
and complexity of monitoring and controlling a P2G plant through a VPP. The study was
conducted in the local distribution grid of the city of HaRRfurt, where renewable electricity
generation from wind parks surpasses significantly local consumption. The goal of the
study was to evaluate the possibility to locally use the excess renewable generation, and
reduce exports of this electricity form the distribution system to the transmission system.
For this purpose, a P2G plant was implemented to be operated according to the demand
and availability of renewable energy fed into the local electricity grid of the municipal utility
Stadtwerke Hal3furt GmbH. The hydrogen produced in the P2G plant is either stored in the
storage tank, injected into the natural gas pipeline or directly delivered to a malt house.
Aside from using the excess renewable energy to produce hydrogen, the electrolyser also
provided grid frequency control for the TSO in the region.

1. Background - The electricity and gas sector of the city of Hal3furt

In the Haffurt distribution network, the local consumption is largely covered by
renewables. The electricity consumption of the city of Hal3furt, which is between 4 MW and
a maximum of 13 MW, is offset by a supply-dependent, renewables-based generation of
almost 50 MW. According to Stadtwerke Half3furt, this leads to large local surpluses in the
distribution network. So far, the surplus electricity has been fed into the upstream
transmission grid.

The basic idea behind the project is to use this "green" surplus of electricity in a P2G plant.
The P2G plant uses the resulting part of the surplus of electricity to produce synthetic
hydrogen. By activating the P2G plant, the local consumption is increased, thus reducing
the outflow of electricity into the transmission grid.

The P2G plant in Hal3furt consists of an electrolysis unit, with a maximum power capacity
of 1.25 MW, a gas storage facility, with a volumetric capacity for 1750 m3; and two
accesses to the local gas piping system, one for the gas network and a direct one for the
malting plant. The P2G system is connected to the medium-voltage level of the distribution
network. The installed capacity of 1.25 MW peak corresponds to about 10% of the peak
load of the total electricity consumption of the city of Haffurt. The electricity from the
medium voltage level is used to split water into hydrogen and oxygen in the electrolysis
unit. The resulting hydrogen is fed into the gas storage tank where it is temporarily stored.
The hydrogen produced in the P2G plant is to be fed into the gas network of the city of
Haf3furt, so that it can be added to the gas supply of the local industry. The gas can be
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previously stored in the P2G plant storage tank, with a capacity of 50 m3, to improve the
generation flexibility of the P2G plant. The economy in Hal3furt is characterised by small
trade and commerce. Household and commercial customers mainly drive the electricity
consumption. Moreover, the municipal utility itself consumes electricity to power larger
water pumps, which are used in the city's water supply system. There are no large
industrial enterprises with distinctive individual power consumption patterns.

On the other hand, ordinary household and commercial customers as well as a big malt
house mainly drive the gas demand in the municipality. Household and commercial
customers mainly use the purchased natural gas taken from the gas network for normal
household applications such as cooking, heating or hot water supply. In the gas network
supplying the households, it is possible to add up to 5% hydrogen to natural gas. Under
the given circumstances, this is possible because the feed-in point of the P2G plant is
located in a different network branch than the natural gas filling station, for which only a
hydrogen admixture rate of 2% would be permitted. The household gas consumption
varies between 100 m3/h in summer and about 1000 méh at peak consumption times in
winter.

Moreover, the malting plant requires large amounts of heat to dry the malted grain. The
process heat is provided by several cogeneration units, which are operated with natural
gas. These cogeneration units are compatible with the hydrogen content in the natural gas
up to 10%. The gas consumption of the malt house is very regular and has almost the
same structure every day of the year.

Stadtwerke Hal¥furt is responsible for the technical management of the P2G plant, the
construction, the planning and the implementation. Next Kraftwerke was chosen as the
partner for the operation schedule control and power supply of the plant. Next Kraftwerke
integrated the plant into their VPP Pool. This makes it possible to optimize the plant

operationinal5-mi nut e basis and provide control ener
headquarters.

Greenpeace Energy is electricity and gas retailer. They offer to their climate-conscious
customers special tari ff called oOowind gasbéb

natural gas. The clients have an opportunity to support the project via special tariff and can
then burn the mixture of natural gas and green hydrogen in their gas heaters without any
upgrades in their homes [4].

2. Technical specifications of the P2G plant

The PEM electrolyser for the P2G plant is particularly suitable to take advantage of the
surpluses of renewable electricity as the electrolysis can be controlled nimbly and without
restrictions. Any operating point can be reached within 20 seconds. Thus, the P2G plant
can be ramped up at full capacity, 1.25 MW, within 20 seconds [5]. This results in a load
change gradient of 4 - 6 MW/min. The P2G plant is capable of producing 225 m3/h of
hydrogen at full capacity. The conversion efficiency from electric energy to chemical
energy stored in the Hydrogen goes up to 70%, if the calorific value of the hydrogen is
considered 3.54 KWh/m3.

The hydrogen produced has a high purity and is therefore suitable for feeding into the
public gas network. The water required for electrolysis is taken from the public water
supply of HaRfurt. This water is purified and treated before it is fed to the electrolyser. To
produce one cubic meter of hydrogen, 1.5 litres of water are needed. At full load, the
electrolyser needs 340 litres per hour [5]. In order to prevent possible failures of the water
treatment, a buffer tank between water treatment and electrolyser was also installed. Heat
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losses occurring during the operation of the plant, at the efficiency of about 70 % and at a
full load of 1250 kW, result in a thermal output of 375 kW [5]. This waste heat is dissipated
to the surrounding because practical use of the waste heat is not yet possible due to the
low process temperatures.

A buffer storage tank was installed between the electrolyser and the device feeding the
hydrogen into the gas network to enable a flexible operation of the plant. The hydrogen
produced is first fed into the gas storage tank and from there it is independently fed into
the gas injection devices. The gas storage tank has a volume of 50 m3 and can be
operated with a pressure of up to 35 bar. Therefore, the storage tank has the capacity of
storing 1750 m3 of Hydrogen in gas phase at atmospheric pressure, which approximately
corresponds to 1 bar. This means that operating at full capacity the P2G plant could fill the
gas tank in less than 8 hours. Once the gas volume reaches the upper limit of the storage
tank, the electrolysis process stops automatically. In case of an emergency, such as
exceeding the upper storage limit, the pressure relief valve of gas storage tank releases
hydrogen.

The gas storage tank of the P2G plant is continuously discharging the stored hydrogen.
The gas network and the local industrial consumer, the malting plant, are supplied
separately due to the different hydrogen tolerances - 10 % for the malt house, but only 5 %
for the public gas network. Since the P2G plant is located in the immediate proximity of the
malting plant, it was possible to build a direct gas pipeline from the P2G plant with a
reduced budget. The feed-in device continuously measures the natural gas volume flows
in the pipelines of the public gas network and the malt house, because it influences the
feed-in capacity of the hydrogen from the P2G plant.

3. Input data for optimisation of operation

The operation of the P2G plant aims to maximize the amount of renewable energy
consumed at the lowest possible prices. The electricity prices directly relate with the share
of renewable generation injected in the power system at every moment. The lowest prices
correspond to the largest shares of renewables in the system. It is assumed that
renewable generation follows similar production profiles both nationally (Germany) and
locally (in the region of Hal3furt). Therefore, maximizing the P2G plant consumption with
the lowest electricity prices also entails aligning the consumption when the production of
renewable generation is higher, in Germany and in the local wind farms and solar PV
parks in the region of Hal¥furt. For this purpose, the plant is continuously optimized in a 15-
minute basis.
The following routine is carried out: First, the information about the status of the electricity
distribution grid in HaRfurt is updated every 15 minutes to verify the amount of available
excess electricity. This is calculated by comparing the forecast of local consumption
against the local generation forecast of wind and solar PV. These three load curves are
used to forecast the electricity surplus in the region for the next 36 hours with a 15-minute
resolution, according to following formula:

T EPEtC T T m L Fr VO Dmmaferred @i T Vol O ¥
The wind forecast has a special S|gn|f|cance for the forecast of the surplus of electricity, as
the generation from the wind power plant in the municipality of Haf3furt has the greatest
influence on the accessible amount of electricity to power the electrolysis. In fact, as soon
as the wind power plant reaches 30% of its maximum capacity production, it exceeds the
average consumption of the city. This means that the excess of renewable electricity
generated is available for the P2G plant.
To predict precisely the available electricity, Next Kraftwerke uses short and medium-term
wind power generation forecasts. On one hand, the short-term forecasts help determine
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the wind feed-in for the last tradable product of the intraday. On the other hand, the
medium-term forecasts attempt to foresee the wind generation in a time horizon of 3 to 36
hours. The wind forecasts were prepared under the assumption that there is a correlation
between the wind feed-in in Germany and the wind feed-in in the distribution grid Hal3furt.
The forecasts of solar generation were prepared with data published by Stadtwerke
Haffurt, who provides live values of the current solar feed-in in the entire distribution
network. These data include the feed-in from smaller roof systems as well as the feed-in
from the four large open space installations in the region. The solar forecast is not as
defining to determine the surplus of energy available in the region as the wind forecast.
This is motivated by the fact that the solar capacity installed in the region is relatively small
in comparison to the wind power installed capacity. Moreover, the generation profile of the
PV feed-in corresponds accurately with the consumption load curve, which means that the
PV feed-in can be consumed locally more efficiently. For this reason, minor forecasting
errors identified during the operation of the system could be neglected, as they would not
heavily affect the overall optimization of the P2G plant operation.

The third important parameter to be defined was the electricity consumption in Hal3furt,
which could not be directly measured. Therefore, the measured parameter instead was the
bidirectional power flow between the transmission grid and the distribution grid. This,
combined with the renewable generation, together with the known parameter of the power
consumption by the electrolyser was used in the following formula to define the electricity
consumption in Hal3furt.

Tm" ->=|=-Tr LR R
Thus, the power consumption can be determined. This method is subject to several
inaccuracies and errors that need to be considered. The grid equation is a simplified
assumption and was made based on the available data. In addition to household and
commercial customers, the distribution network contains several larger, individually
controlled consumers, such as groundwater pumps, whose consumption were not reported
to the forecast provider. The consumption values considered here were therefore not
exclusively standard load profile customers, making the creation of reliable forecasts more
complicated.

The forecasts are recalculated iteratively every 15 minutes and they are used to re-
evaluate and optimize the operation schedule of the plant. Next Kraftwerke receives the
updated forecasts and optimizes the operation of the plant accordingly. Then, the new
operation schedule is checked and transmitted to the plant remotely. The reliability and
degree of automation were given special consideration when setting up the operation
schedule optimisation.

The actual values of hydrogen production of the electrolyser are calculated based on the
efficiency characteristic curve. The efficiency of the electrolyser varies depending on the
power range, reaching maximum efficiency in the medium power range and the lowest
efficiency values in minimum load (125 kW) or maximum load (1250 kW) [5]. Key data
points of the efficiency curve were recorded and adjusted to fit a regression function. Thus,
it is possible to assign a hydrogen production quantity to each power value. Therefore, the
performance schedule of the plant is directly converted into specific quantities of hydrogen
production using the transfer function.

Natural gas and hydrogen consumption limits the permitted production of hydrogen in the
P2G plant. Therefore, apart from the available energy to power the P2G system, the limits
for producing hydrogen are also forecasted. The forecast of gas consumption in the
municipality takes into consideration the residential users in the city as well as the malt
house.

On one hand, the forecast of gas consumption in the municipality was complex to obtain
because historical gas consumption data were only available from the main node in the
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gas network, meaning from the entire city of Hal3furt. The gas load curve data show a
strong annual seasonality and temperature dependency as the natural gas is mainly used
for heating purposes. There is a strong hourly pattern every day. Additionally, slight
changes in weekend or holiday patterns can be observed. A regression analysis of the
daily mean values of gas consumption with respect to the mean daytime temperature
shows that gas consumption is linearly dependent on the outside temperature.
On the other hand, the gas consumption forecast of the CHP unit of the malt house was
based on high quality historical data showing a very regular gas consumption. The load
profile follows a classic daily pattern. It rises daily from base load between 7:30 and 8:00
a.m. and increases over the course of the day up to midnight. It then drops rapidly and
reaches the baseline in the early morning hours. Apart of the distinctive daily pattern, it has
a specific weekly pattern, which repeats regularly during the year.
The two natural gas consumption patterns combined with the current filling level of the
hydrogen storage tank and the fixed operation schedules of the electrolyser were used to
forecast the available level of gas storage capacity. The change in the gas storage level
results from the volume flow of hydrogen produced by the electrolyser, minus the outflows
of hydrogen to the malting plant and the gas network as shown in the following formula:
M+ ve rtluly memt <> s Tydrtvg<c: sy Ofale o vg™
Then, the current filling level of the gas storage tank is used to calculate the gas storage
tank filling level for the next quarter of an hour with the predicted hydrogen flows.
Additionally, the forecast respected the limits of the hydrogen absorption in the gas
network that were calculated according to the following formulas:

. |
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3. Interaction of the P2G with electricity markets

Electricity in Germany is traded in a liberalised market. The procurement and delivery of
electricity therefore takes place under free competition. There are two basic ways of
procuring electricity. In direct, bilateral operation schedule deals with electricity producers,
the so-called over-the-counter deals, and via an electricity exchange. Various products are
available for procurement in the electricity exchange, all of which differ in terms of duration
and trading time. There is the futures market, the day-ahead market and the intraday
market. The most price-volatile market is the intraday market, as it has the shortest trading
times and the electricity is traded just up to 5 minutes before the dispatch. Therefore, the
electricity powering the P2G system is procured in the intraday market due to the short-
term required activation times of the electrolyser, which needs to take advantage rapidly of
the short-duration events in which the excess of electricity is available [6].

With the help of the forecast of excess electricity and the predicted available volume of gas
storage, the system was optimized to take advantage of hourly price differences in the
intraday market. As explained above, the low electricity prices are directly related with
renewable generation in the system. For this reason, concentrating the consumption of the
plant during the time slots with lower electricity price also implies consuming the greenest
energy. Furthermore, in this case the green electricity is produced locally in the distribution
grid by the wind farms and solar parks in the region. For this purpose, it was crucial to
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optimise the production operation schedule to adjust the operation profile of the plant as
accurately as possible to the available electricity as well as low prices on the wholesale
market. The aim of the optimisation is to generate a maximum amount of regenerative gas
at the lowest possible cost.

Additionally, the electricity needed to satisfy the base load band is procured in the day-
ahead auction. Whenever a quantity has been procured for the system, the corresponding
schedule is sent to the Next Boxof t he P2G system. The Ne
hardware-based solution to aggregate power plants in its VPP. The Next Box is a remote
technical unit, composed by a programmable logic controller, a modem and an antenna.
This guarantees that there are no discrepancies between the plant schedule and the
guantities traded.

Another important market in the German energy system is the balancing energy market,
which enables electricity generators and consumers to provide flexibility to the
transmission system operator (TSO) and thus generate additional revenue [7]. The TSO is
obliged at all times to ensure a balance between electricity generation and consumption.
For this purpose, the TSO uses control power of different quality, with different call-up
duration, call-up principle and time activation duration. The main differentiation criterion is
the speed and duration of activation. [8]

The P2G plant is also available to provide balancing services to the TSO. In fact, the P2G
plant provides the three main products of the balancing services market: Frequency
containment reserve (FCR), automatic frequency restoration reserve (aFRR) and manual
frequency restoration reserve (mMFRR) [9]. For this reason, apart from gas consumption
and the storage capacities in the natural gas network, the production plan of P2G system
was based on the predicted periods, during which the installation could be used to provide
balancing services to the grid operator. Due to the organisation of the balancing market in
Germany, it is required to create forecasts for 13 days ahead, including weather forecasts
and forecasts of ambient temperature, which strongly influence the gas consumption of the
residential users.

4. P2G operation optimisation logic

The operation optimisation consists of two components: on the one hand, there is a base
load consumption and on the other hand, there is a controlled peak consumption in case of
surplus scenarios. The achievable production of hydrogen in oversupply scenarios is
greater than the consumption capacity of the gas network and the malt house. Therefore, it
is necessary to optimize the amount of hydrogen produced with regard to the absorption
capacities of the gas network and the malting plant and the filling level of the gas storage
tank. To create the operation schedule, a linear optimization problem is solved. The main
assumptions are that hydrogen production of the electrolyser increases the filling level of
the gas storage tank. Hydrogen intake from the gas network and malt house reduces it.
First, the electricity required to cover the base load is acquired in the day-ahead market for
every hour of the next day. The amount of energy acquired refine the base-load operation
schedule of the P2G plant for the following day.

A different logic leads the optimisation of the P2G system to provide balancing services. In
this case, it is necessary to keep storage capacity free. The free availability of storage
capacity is only necessary for the provision of negative balancing energy. In order to
provide negative balancing energy, the P2G facility increases its power consumption and
produces more hydrogen. According to prequalification criteria, no energy may be wasted
for the provision of balancing energy. Therefore, it is necessary to keep sufficient storage
capacity available so that all the hydrogen generated can be temporarily stored in the
storage tank. On the contrary, no storage capacity is required for the provision of positive
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balancing energy. In this case, the electrolyser reduces the output, produces less
hydrogen and the storage tank empties. Different storage capacities are required
depending on the type of balancing product- for the provision of aFRR, required storage
capacity must be available for 4 hours of production [10][8].

The optimization problem has the following structure: The transfer function is used to
calculate the amount of hydrogen the electrolyser can generate in each quarter of hour
above the base load. The maximum hydrogen production scales up to 56.25 m?2 for each
guarter. Nevertheless, the absorption capacity of hydrogen of the malting plant and the
gas network permits a maximum hydrogen production of the electrolyser of about 60 m3/h
in base load operation, which corresponds to a reference power of 330 kW. The
absorption capacity of the gas network is therefore not sufficient to store the entire excess
flow in the form of hydrogen in the event of a prolonged availability of excess renewable
electricity. Therefore, the optimisation problem is solver to choose favourable quarters to
produce hydrogen in the case of large surplus quantities. For this purpose, a matrix with
the quarter-hour values for the hydrogen absorption capacity of the malting plant and gas
network, the amount of hydrogen produced with energy surpluses, the initial gas storage
forecast and the forecast electricity prices is created. The optimisation function solves the
optimisation problem and returns an operation schedule that provides a maximum of
hydrogen production at minimum cost. The optimization tries to produce as much
hydrogen as possible within the given optimization horizon, usually all quarter-hours
available in the intraday market, and to fill the gas storage as much as possible.

5. Results of the optimization

The successful optimization implemented in the production schedule and control of the
P2G system was proved by monthly issued reports verifying the quality of the forecasts
and of the operation of the control system. The gas storage tank of the plant was filled
during favourable quarter hours. During the entire optimisation period, over 70% of all the
guarter-hours, the renewable electricity generation exceeded the consumption of Haf3furt.
At first, the system was optimized to make use of excess electricity in all available quarter
hours. However, the prices were relatively high with this operation regime. Therefore, the
optimisation only selected individual favourable quarter-hours in order to make full use of
the absorption capacity of the gas network at the lowest prices. During the favourable night
hours, the system worked at full capacity and filled about half of the gas storage tank. On
the following day, the PV feed-in in Germany was very high and led to favourable prices in
the midday hours. The optimization algorithm made use of them and filled the gas storage
in the noon hours at low prices.

Following the initial intraday auction, the operation schedule is further optimised in the
continuous intraday operation. For this purpose, the previous schedule of the plant is
transferred to the optimization problem. In contrast to the initial optimization, the
continuous intraday optimization determines the operation schedule based on supply and
demand prices (selling and purchasing bid prices).

6. Conclusions and discussion

Although, the P2G plant in Hal3furt was a pilot project, it can compete on the market under
current economic conditions as one of the very first projects of this kind. The practical
implementation of its integration into the VPP was successful in terms of both control
technology and operation without any major complications. However, some aspect of its
operation and the technological process behind the P2G systems require critics and
discussion.
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Firstly, the efficiency of conversion of electricity to hydrogen in the electrolysis is around
65%. The remaining 35% of waste heat is extracted at relatively low temperatures, can no
longer be used for further energetic purposes and must be dissipated to the environment.
The hydrogen obtained in the process powers CHP unit of the malt house that generates
electricity with an electrical efficiency of 35% and the remaining 65% of energy is used for
heat application.

Second, household and commercial customers use the hydrogen injected into the gas
network of the city for heat applications. The efficiency of this process is lower than use of
gas heaters delivering heat at an efficiency of 90%. In these circumstances, it would have
been possible to use more efficient and cheaper power-to-heat plant, which converts
electricity directly with an efficiency of 95% into heat at any temperature level. However,
the intention of this project was to promote and further develop P2G technology delivering
value to more vast set of stakeholders, meaning transmission and distribution network
operators, industrial users and residential users.

From this point of view, this project must be seen as a research project that successfully
demonstrated the functionality of the technology, its value proposition to an energy
industry and provided experience valuable in design of future energy scenarios.

7. Practical implications

The P2G plant is economically successful due to the operational optimization applied
remotely by Next Kraftwerkebds trading team.
aggregated to Next Kraf t wer keds VPP. Note that the plant
according to the customer's wishes as this is a joint collaboration.

Technically, the P2G plant works under almost no restrictions, apart from the limited
absorption capacity of the gas network. Therefore, on top of delivering balancing services

and contributing to the reduction of local surpluses, it has also proved useful in peak
shaving and in the management of balancing groups. These modes of operation could be
replicated in other P2G installations.

First, P2G plants can be used to limit power transfer to the transmission network. It would

be conceivable to use the plant specifically to cut the peaks in exports of electricity from

the distribution network in Hal3furt to the transmission network. This approach reduces

costs for the operation of the distribution network, which depends on the maximum
capacity requested via a connection point between the distribution network and
transmission network.

Another possibility would be to use the P2G plant for balancing group management, using
unexpected surpluses of renewable energy. This approach minimizes the risks related with
deviations between the forecasts and actual generation of energy. In this case, the P2G

plant would activate not to deliver electricity as a balancing service, but to ensure balance

in the balancing group.
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Abstract

Biomass-to-electricity or -chemical via power-to-x can be potential flexibility means for
future electrical grid with high penetration of variable renewable power in future. However,
biomass-to-electricity will not be dispatched frequently due to the high operating costs. The
economic benefit of biomass-to-energy might also be limited by low annual operating
hours. This issue can be addressed by integrating biomass-to-electricity and -chemical in
one single plant with the solid-oxide cell stack, which can work either as fuel cell or
electrolyzer with the same stack. Therefore, a triple-mode grid-balancing plant with flexible
switch among power generation, power storage and power neutral (with chemical
production) modes is proposed to realize high annual operating hours. Its economic
potential relies on grid-flexibility needs, biomass supply, and plant design and operation.

In this paper, the potential of this type of grid-balancing plants have been evaluated with
an optimization methodology combining flexibility need prediction, biomass potential
identification, optimal plant design, optimal grid integration with plant sizing and
scheduling, supply chain optimization and CAPEX target calculation. The DK1, DK2,
Bornholm island in Denmark and SUD in Italy have been chosen as the renewable energy
dominated zones. It is found that the theoretical flexibility needs reach up to several tens of
GW for the selected zones and several to tens of TWh in terms of energy. The
characteristics of the flexibility needs for different zones vary a lot. Local exploitable
wastes are in the same order of magnitude of the theoretical flexibility needs, indicating
enough biomass to support the grid balancing. Different optimal plant designs have been
obtained with the efficiencies reaching up to 501 60% (PowGen), 72i 76% (PowSto) and
47155% (PowNeu). It can offer different designs according to the flexibility-need
characteristics. With more plants installed with optimal sizes, the imbalance can be
reduced; however, it becomes less profitable, since more plants are coordinated to
operate under less efficient PowNeu mode. The CAPEX target of the W2G plant obtained
with the limited case studies is within 1300-2 750 0/ kWe PowGenil@@o wer
U/ kWe PowSto power.
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Introduction

Tuning wastes into a resource is a key factor for a circular economy. However, in EU 28,
the wastes recycled or backfilled are still less than half in 2016. Only 10% of the total
wastes are recovered as energy, mainly by combustion-based power generation; while the
remaining, over 45%, goes to landfill and incineration [1]. In the electricity sector, the fast-
growing intermittent renewable power asks for increased grid flexibility, thus more flexibility
means [2]. However, when the contribution of intermittent renewable power becomes high
enough, biomass power plants with high operating costs (because of the biomass supply
chain) will not be dispatched frequently and become even more unprofitable due to low
annual operating hours [3]. Thus, there is a strong need for innovative biomass utilization
for future energy-system scenarios.

Biomass can be an effective, low carbon alternative for power storage and grid balancing.
This could be achieved by gasification based biomass-to-chemicals enhanced by power-
to-x capability. By injecting renewable-derived hydrogen into gasification-derived syngas to
adapt its composition, the expensive, energy-intensive carbon capture unit equipped in
conventional biomass-to-chemicals can be avoided.

Waste-to-electricity and waste-to-fuel can be merged into one single plant with the unique
feature of solid-oxide cell stack, i.e., the same stack can work either in fuel cell mode for
power generation or electrolyzer mode for power storage. Wastes are gasified first into
syngas, which is used in the stack for power generation when electricity is needed by the
electrical grid or converted to methane when excess renewable power is available from the
grid as shown below. Such plants have the advantages of gaining additional profit of grid-
balancing services, enhanced annual operating hours (nonstop over the year), reduced
CAPEX, and enhance power storage capability and capacity.

The EU project Waste2GridS (W2G) aims at evaluating the economic feasibility for the
large-scale deployment of such plants in 2030 by answering three critical questions, the
technical potential, business cases, and bottlenecks at different levels. This paper focuses
on the investigation of the technical potential with a newly proposed optimization
methodology.

1. The overall deployment methodology

Due to the complexity of the optimization problem, we have proposed a decomposition-
based methodology for the overall deployment of the W2G plants, as described in detail in
Ref. [4]. The key idea is briefly given in Fig. 1 with the following procedure:

(1) Identification of (future) grid flexibility needs. Based on the multi-timescale data-
driven method presented in Ref. [5], for the zone considered, hourly timeseries of
the fluctuating discrepancies between variable renewable energy production and
electricity consumption are generated for step (4).

(2) Identification of (future) biomass availability. In compliance with the classification
schemes and methodology applied in the projects like BEE [6], S2Biom [7] and
BIOMASS FUTURE [8], the biomass streams in the zones interested are assessed
with further available Directives, Regulations and Reports, to build the geodatabase
with their weight, characteristics and location coordinates for step (5).

(3) Optimization of conceptual plant design. The design points of the components,
particularly the stacks, strongly affect the thermodynamic performances of the plant
and further the economics of the overall application. Therefore, instead of one
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single design, a pool of trade-off designs is generated for each process option for
step (4).

(4) Optimization of design selection, plant sizing and scheduling to satisfy the flexibility
needs. With hourly flexibility needs from step (1) and multiple plant designs from
step (3), the Dispa-SET platform has been modified to determine the number,
design, size and scheduling of the W2G plants employed to maximize the gain from
grid-balancing services and the sale of SNG by subtracting the costs of auxiliaries
to assist the continuous operation of all W2G plants. Note that the capital
expenditures (CAPEXs) of the plants are not considered at this step. The input
biomass energy needed for each plant is provided to step (5), while the gain is fed
to step (6).

(5) Optimization of the biomass supply chain. With the biomass geodatabase from step
(2) and the biomass energy needed for each plant from step (4), the costs of
biomass supply chain and pretreatment are minimized with the superstructure-
based method presented in Ref. [91 11] and fed to step (6).

(6) Identification of target capital expenditure. The target CAPEX of the grid-balancing
plants employed can be further calculated based on the gain from step (4) and the
costs related to biomass collection from step (5).

(7) Identification of the feasibility of the case study. With the plant details from step (4),
the CAPEX of each plant is evaluated at different conditions, e.g., different specific
investment costs of the stack, to determine the prerequisites for business cases.

Case with real geographical zones (3) Plant design optimization
Predicted power-
generation and -demand Trade-off designs
(1) Grid flexibility need Pool of optimal plant designs

Imbalance profile Pre-selected designs with
to be handled thermodynamic performances

(4) Optimal design selection, plant sizing and scheduling (mode switching)

+ Plant number & size = Plant design selected
+ Biomass needs + Plant size & schedule
= Storage size & schedule
= Annual performances

(2) Biomass availability and distribution

(5) Supply chain optimization

Optimal supply cost of each plant

(6) Target CAPEX identified for the plants employed
Target CAPEX

(7) Business case and prerequisites identification via detailed CAPEX
evaluation under different conditions

Figure 1 The overall decomposition-based methodology to identify feasible business cases
for the grid-balancing plants [4].

2. Grid flexibility needs in 2030 (Step 1)

Demark and Italy were chosen as representative situations with high wind power and solar
power, respectively. The grid flexibility needs in 2030 have been predicted with historical
power generation and consumption data, and official energy development plans, etc.,
according to the methodology given in Ref. [5]. Six potential RES dominated zones were
identified as given in Fig. 2. A general approach has also been developed in Ref. [5] to
investigate the scenarios of flexibility needs by considering novel ancillary services that
could exist in the future, as well as a specification of the data analysis used to match the
scenarios and the future situations in the defined RES-dominated zones in Denmark and
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Italy. After the quantification of the perspective power balancing needs in 2030, four of
these zones (DK1, DK2 and Bornholm in Denmark and SUD in Italy) have shown
significant flexibility needs. For each of these four zones, hourly profiles of renewable
power generation and demand have been generated, from which statistical analysis has
been performed to characterize the flexibility needs, e.g., the Bornholm island (DK) in Fig.
3. The analysis of all zones (Fig. 4) has concluded that the maximum capacity of
UP/DOWN regulations of the flexibility needs in 2030 may reach 4.0/8.0 GW for DK1
(DK), 2.5/2.0 GW for DK2 (DK), 43/114 MW for Bornholm island (DK), 4.0/9.0 GW for
SUD (IT), and 3.0/2.0 GW for SICI (IT) . The flexibility needs (the shapes of the stair
curves in Fig. 4) are also quite different between different zones. Thus, in terms of
energy, the flexibility needs become 4.8/17 TWh for DK1, 7.1/1.0 TWh for DK2, 90/110
GWh for Bornholm island, 6.4/14 TWh for SUD and 7.8/1.6 TWh for SICI. Considering
the electricity demand and biomass transportation, the zones, DK1, DK2, Bornholm and
SUD, are selected for further investigations in the steps afterward. Note that the flexibility
needs do not stand for the real grid balancing needs (market) since part of the flexibility
needs will be handled by cross-border transmission and conventional power plants. Their
contributions rely on the prediction from local Transmission System Operators (TSOSs),
e.g., Elia Group report [2] for Belgium and Energinet report [12] for Denmark. The Italian
TSO, Terna, has not released any official report, thus the numbers used refer to Refs.
[2,12]. When the flexibility needs are scaled to the balancing needs to be handled by the
balancing service party, the characteristics of the UP/DOWN regulations are kept the
same.

R WY W | Y

hlL..hLﬂ.ﬁ‘mL:.;gmnm

Figure 3 The hourly generation-demand profiles of 2018 and the prediction for 2030 (left),
based on which the characteristics shows the regulation needs (right): UP indicates
generation needed while DOWN indicates storage needed.
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Figure 4 The grid flexibility needs of DK (left) and IT (right) in 2030. The residual load is
defined as load (demand) minus renewable power, thus equivalent to the flexibility needs.

3. Waste availability in 2030 (Step 2)

The sustainable potential of organic waste and residual biomass available for zones
including and surrounding the selected RES-dominated zones was quantified for 2030.
Four different aggregations of Biomass have been evaluated: Agriculture Residues (Straw
and Pruning), Forest (net increment and residues), MSW (organic, wood and paper
fraction) and Bio-Waste. The data source used is national inventories, satellite-derived
data COPERNICUS, EU project S2Biom. Using validated methodologies at the EU level,
the Base Potential of the waste stream is derived for 2030 with the consideration of legal
restrictions such as constraints from management plans in protected areas and
sustainability, restrictions from REDII (Renewable Energy and Climate Directive) and EU-
Waste Directive. Denmark is divided into 3 RES-Dominated zones with the 2030 biomass
base potential for forest residues of around 1850 k.t. d.m, agriculture residues of 1484 k.t.
d. m, bi owaste of 1931 k.t-aroumdol S&UDy (sbet h e
have the 2030 annual base potential of 826,384 t.d.m straw, 1,221,102 t.d.m Prunings,
3,317,461 tons of forest increment, an additional stream of 1,287,385 tons of MSW organic
fraction. The evaluated Biomass potential is allocated on CORINE land Cover using QGIS
software, to obtain a geo dataset with geo reference, shape and raster format, with the aim
to have a spatial explicit distribution with geographical cover, the advantages are data
interoperability with other software and geo portals, SQL (Standard Query Language)
guery capabilities, and dynamic maps visualization. For municipal solid waste of Denmark
where the detailed distribution is not available, the gross data is assigned according to the
publication distribution. All wastes distributions have been provided as visualized in Fig. 5
(with high resolution up to 100 m).

Biowaste Base potential 2030
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curope_nutso Municipal solid waste *

organic (2030-2017) (t) o %, LR S
I 5320 s gg £
Bl -0 ﬁ" i
101 - 200 pe
B Y 201 - 500 e

%
[ g )
B e
X a FPol . A
A R 501 - 5000
L by
- g I 5001 - 156621

g
. o . ¥

/5L

Figure 5 Exam'ple of Wasté ﬂziv”éilability in 2030 (Iéft i biowaste base potential in Denmark,
right 7 the municipal solid waste organic fraction in South Italy).
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The gross wastes excluding forest wastes have been given in Fig. 6 (left). It shows that the
local exploitable agri-wastes (straw and prunings) and municipal solid wastes (organic
fraction, paper and wood) are in the same order. With the representative lower heating
values of each type of wastes, the waste base potentials for each zone in Fig. 6 (right) are
in the same order of magnitude of the total energy needed to cope with the flexibility needs
obtained in section 2. Considering that the real balancing market is significantly smaller
than the theoretical flexibility needs and other flexibility means are also available [2,12], it
can be concluded that local exploitable wastes could be enough to support W2G
plants for providing grid balancing services as much as possible.
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Figure 6 Local exploitable wastes excluding competing use (left) and comparison with the
flexibility needs in terms of energy (right).

Base potential, kton d.m.

4. Pool of optimal plant design (Step 3)

4.1. Plant concept

Biomass-to-syngas part is expected to operate without load shifting, while the clean
syngas produced is converted in three modes, thanks to the coordination of two RSOC
blocks:

1 Power generation (PowGen) mode: biomass-to-electricity with both RSOC blocks
under the fuel cell (FC) mode.

1 Power storage (PowSto) mode: biomass-to-chemical with both RSOC blocks under
the electrolyzer (EL) mode to enable the power-to-x capability powered by excess
renewable electricity.

1 Power Neutral (PowNeu) mode: biomass-to-chemical with one RSOC block under
the FC mode to power the other block under the EL mode for chemical production.
No external electricity is needed.

4.2. Pool of optimal plant designs

A well-developed optimization method has been employed to investigate the optimal
conceptual design of the W2G plants considering (1) various combinations of different
types of drying units, gasifiers, syngas cleaning and conditioning, electrolysis mode, etc.,
(2) key operating variables of the stack and components, and (3) multiple objective
functions including PowGen efficiency, PowSto efficiency and specific cell area per kW
biomass input (dry basis). Detailed analysis has been given in Ref. [4] with the key results
given in Fig. 7:
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Figure 7 The design pools of different process options illustrating the trade-off between the
efficiency and specific cell area needed per kW-LHVdb biomass EFG, TOR, HC, CC, SE,
CE, STN, TRF, FICFB standing for entrained flow gasifier, torrefraction, hot gas cleaning,
cold gas cleaning, steam electrolysis, co-electrolysis, steam turbine network, tar reformer,
twin fluidized-bed gasifier. Each point indicates an optimal plant design with one specific
combination of components, design variables.

It is concluded that the increase in efficiency results in an increased cell area for a given
biomass feed. There is no big difference (less than 5% points) in efficiency among various
process options of the same type of gasifier. The efficiencies reached can be up to 5071
60% (PowGen), 72i 76% (PowSto) and 47i55% (PowNeu). Those with fluidized bed
gasifier can realize higher efficiencies than those with entrained flow gasifier. The design
pool in Fig. 7 offers alternatives to best handle different grid balancing scenarios with
power generated or needed, methane produced, and oxygen balance per kW-LHVdb
biomass.

5. Grid integration with design selection, sizing and scheduling (Step 4)

With the preselected plant designs from Fig. 7, an optimization is performed by varying the
number, size and operation of the W2G plants to maximize the profits from energy
balancing and capacity reserving with typical constraints implemented in the Dispa-SET
platform and W2G specific constraints.

The flexibility needs obtained in section 2 are first characterized in repetitive typical days to
reduce computation time. Since the contributions of cross-border transmission and other
flexibility means are not available, four scenarios are defined with different balancing
needs handled by the W2G plants, referring to Refs. [2,12]: (SO) All flexibility needs, (S1)
The flexibility needs excluding interconnections (66% of the total UP regulation, 68% of the
total DOWN regulation), (S2) The flexibility needs excluding interconnections, batteries
and classic plants (14% of the total UP and 30% of the total DOWN), and (S3) 30% of the
S2 (4% of the total UP and 9% of the total DOWN) indicating that the remaining are
handled by other competing technologies.
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Figure 8 Optimal grid integration of the case (EFG, SUD, S0): (left) balancing profit versus
plant number and size, (middle) plant schedules of the case with 4 plants, (right) plant
schedules of the case with 6 plants.

The case implementing EFG plant designs for SO and Italy SUD, represented as (EFG,
SUD, S0) is used in Fig. 8 to illustrate the main findings. By implementing more plants
with optimal sizing, the profits obtained fro m the balancing services increases (Fig.

8 left) due to the decreased imbalance (Fig. 8 middle & right). When most of the
imbalance is taken, further increasing plant numbers does not affect the profit
significantly. It is also found that the more the plants used, the longer the PowNeu mode
will be operated due to the optimal plant scheduling for specific balancing profile. Similar
conclusions have been confirmed with the calculation of all other scenarios S1i S3. For
each case study in Fig. 8, the plant sizes and the corresponding biomass needed are fed
to the biomass supply chain optimization (Step 5).

6. Supply chain optimization (Step 5)

Due to high computation efforts, biomass supply chain optimization has been performed to
minimize supply costs for 8 cases up to now: (FICFB, SUD, S2, (1, 4, 7, 10)) and (EFG,
SUD, SO, (1, 4, 7)). The optimization considers the production of agri-wastes and
municipal solid wastes, biomass storage & transportation, and superstructure-based
biomass pretreatment. The waste distributions were provided from section 3 (Step 2).

Two cases are taken as examples as shown in Fig. 9. The plants tend to locate in the
major cities with more municipal solid wastes available. Thus, biomass transportation
costs can be minimized.
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Figure 9 Example of the optimal biomass supply chain for the case studies (FICFB, SUD,
S2, 7) and (FICFB, SUD, S2, 10) considering only municipal solid wastes. Note that the
small dots distributed between different types of biomass are not comparable due to
different scaling factors.

7. Target CAPEX calculation (Step 6)

The CAPEX targets have been calculated for the two cases with supply chain optimized. It
Is given on different bases as shown in Fig. 10. The larger the target, the easier the plants
to earn profits. The increase in the number of plants installed to reduce the imbalance
reduces the CAPEX targets (Fig. 10 left), which means it becomes less profitable with
more plants installed. This is because with more plants installed, the duration of PowNeu
operation becomes longer, which is not beneficial due to low efficiency. The difference
between the two figures is mainly due to that the S2 case selects the plants with a higher
ratio of PowSto power/PowGen power.

The CAPEX targets obtained are within the range of 130012750 U/ k We PowGen po
The CAPEX of the conventional biomass power generation with fixed and fluidized bed

gasifiers has been reported within 2140715700 USD/kWe [13], while the state-of-the-art

SOFC based small combined heat and powerproduct costs over 4000 a/
to decline to 1000 0/ kWe in the future. Il n ge
manufacturing costs of the key components. Detailed CAEPX calculation for the W2G

plants with different sizes of each case study will be done in the future to have a better
comparison.
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Figure 10 The CAPEX target calculation for the case (EFG, SUD, SO0) (left) and (FICFB,
SUD, S2) (right).

8. Conclusions

The potential of triple-mode biomass gasifier and reversible solid-oxide cell stack based
grid balancing power plants has been evaluated with an optimization methodology
combining flexibility need prediction, biomass potential identification, optimal plant design,
optimal grid integration with plant sizing and scheduling, supply chain optimization and
CAPEX target calculation. The DK1, DK2, Bornholm island in Denmark and SUD in Italy
have been chosen as the renewable energy dominated zones. Due to the heavy
computation load, the CAPEX target was calculated for several scenarios of SUD. The
major findings are
1 The theoretical flexibility needs reach up to several tens of GW for the selected
zones and several to tens of TWh in terms of energy. The characteristics of the
flexibility needs for different zones vary a lot.
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