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Summary
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Loealized vs. synchronized exports across a highly
renewable pan-European transmission network

Futhors Awthomn and eflistions

Folanda A. odrigoaz, Magnus Dahl, Sarah Backar, Martin Graisar[=]

Abstract

Background

A firture, highly renswahble alactricity system will be largely bas=d on finctnating renswablas.
The intezration of wind and sclar photovoltaics presents 2 major challange. Transmiszion can
be used to lower the nead for complementary generatien, which ve term backnp in this article.

Methods

Generztion data based on historical weather data, combined with real load data, determine
hourly mismeteh timeseries for all Enropean countries, connected by physical power flows. Two
re discuszed, which export only

renewable expass power, bat no backop power, and are compared to a synchromized export

localined export schemss determining the powar flows

scheme, which exports renswahble sxcess power and also badmp pawer.
Fesults

Comparad to ne or very limited power transmis

sico, nmconstrained power flows acToss 2 highly
renevwable pan-Enrcpean slectricity network significantly reduce the overall amaount of required
annual backup enerpy, but ot necessarily the required backup capacitias.

Conclusions

The rednction of the backup capacities turos cut to be sensitive to the choics of export scheme.
Besults suggest that the synchronized export of local backnp powar to other countries is
important to significantly save on installed backnap capacitias.
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Best PhD Presentation Award is donated by Kamstrup

The PhD felows making presentations at this year's conference on Smart Energy Systems
and 4th Generation District Heating will ail D2 competing for the Best Presentation Award
sponsored by Kamstrup. Kamstrup will be donating the PhD Award worth 1000 Euro to an
aspiring researcher with excellent communication kilks.

The sward ceremony will take place on the second conference day at 3.30 pm in the Ez-
mont Hall.

Last year, Magnus Dahi from incustrial FRO feliow at Asrhus University and AffaicVarme-
Asrtvus won the award for his presentation “Applications of a heat load forecast with cy-
ramic uncertaintes .
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Abstract

A plobal electricity prid may offer 2 oumber of advantages in a fotare highly renevable energy
system dominated by wind and solar power. In this paper, we provids quantitative estimates for
the benefits and costs of an intercontinental HVDC grid connecting a number of highly
populated super regions in the Northern Hemisphete The modeling is basad ca hourly time
series of wind and sclar power generation calenlated from high-reolution global weather data
using the Global Renevabls Ensrgy Aflas. Taking a Enropean point of view, wa find that the
annual nead for backup energy can be reduced from 18 to 10 % of the load by conpecting to
HMorth Africa, the Middle East and Bus=ia. A forther reduction to 7 % is found for 2 grid
spanning the whole Morthern Hemisphers at the expansa of substantial increase in
transmiszion capacities. Comparing the ecooomical benefits to the additional cost of
intarcontinental transmission lines, we sstimats that connecting Europe to its geoeraphically
nearest nejghbors may reduce the total cost of electricity. Lomger distance connections to Morth
AmeTica or Asia, on the other hand, would require transmission costs to fall to 15—20 % of
carrent levels.
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Applied Energy
Volume 193, 1 May 2017, Pages 455-465

ELSEVIER |
Using ensemble weather predictions in district heating operation

and load forecasting
Magnus Dahl 2 8 5 & Adam Brun &, Gorm B. Andresemn

B Show more
https:\doi.org10.1018( apenergy. 2017 _02.066 Get rights and content
Highlights
. Ensemble weather predictions are introduced in district heating operation.
. A heat load forecast model with dynamic weather-based uncertainties is
developed.
. Dwnamic forecast uncertainties are applied to the operation of area
substations.
. The supply temperature can be lowered while retaining security of supply.

. Area substations with smaller pumping capacity benefit most.
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Cost sensitivity of optimal sector-coupled district heating production systems

Magnus Dahl, Adam Brun, Gorm B. Andresen
(Submitted on 20 Apr 2018)

Goals to reduce carbon emissions and changing electricity prices due to increasing penetrations of wind power generation affect the planning and operation of
district heating production systems. Through extensive multivariate sensitivity analysis, this study estimates the robustness of future cost-optimal heat production
systems under changing electricity prices, fuel cost and investment cost. Optimal production capacities are installed choosing from a range of well-established
production and storage technologies including boilers, combined heat and power (CHP) units, power-to-heat technologies and heat storages. The optimal heat
production system is characterized in three different electricity pricing scenarios. Historical, wind power dominated and demand dominated. Coal CHP, large heat
pumps and heat storages dominate the optimal system if fossil fuels are allowed. Heat pumps and storages take over if fossil fuels are excluded. The capacity
allocation between CHP and heat pumps is highly dependent on cost assumptions in the fossil fuel scenario. but the optimal capacities become much more robust
if fossil fuels are not included. System cost becomes less robust in a fossil free scenario. If the electricity pricing is dominated by wind power generation or by the
electricity demand. heat pumps become more favorable compared to cogeneration units. The need for heat storage more than doubles, if fossil fuels are not
included, as the heating system becomes mere closely coupled to the electricity system.

Comments: 15 pages, 6 figures
Subjects:  Physics and Society (physics.soc-ph)
Cite as: arXiv:1804.07557 [physics.soc-ph]
(or arXiv:1804.07557v1 [physics.soc-ph] for this version)

2. Ph.D. thesis

(Please see separate file)

11



PRODUCTION PLANNING
OF ENERGY SYSTEMS

COST AND RISK ASSESSMENT
FOR DISTRICT HEATING

MAGNUS DAHL

PHD DISSERTATION
DEPARTMENT OF ENGINEERING
AARHUS UNIVERSITY, 2018

I Higl e ) s
READY == ¥ UNIVERSITY

193






Contents

Résumé . . . . . . . iii
Preface . . . . . . . v
Acknowledgements . . . . . .. ... ix

1 Introduction 1
1.1 District heating: past, present and future . . . . ... ... .. 2
1.2 Risk assessment on different horizons . . . . . . . ... ... .. )
1.3 Heat load forecasting . . . . . . ... .. ... ... ... ... 7
1.4 About this dissertation . . . . . . .. .. ... ... ... ... 9

2 The Aarhus district heating system 11
2.1 District heating in Aarhus . . . . . . .. ... ... ... ... 11
2.2 The heat load data . . . . . . ... ... . ... ... ...... 13
2.3 Heat load and the weather . . . . . . ... ... .. ....... 17

3 Weather-based forecast uncertainties 23
3.1 Motivation . . . ... ... 23
3.2 Methods . . . . . . .. ... ... 24
3.3 Main findings . . . . . . ... . 26
3.4 Using ensemble weather predictions in district heating operation

and load forecasting . . . . ... ... ... ... ... ... 27

4 The human factor 39
4.1 Motivation . . . . . ... 39
4.2 Methods . . . . . . . . 39
4.3 Main findings . . . . ... 41
4.4 Improving short-term heat load forecasts with local holiday data 42

5 Seasonal production planning 59
5.1 Motivation . . . . . ... ... 99
5.2 Methods . . . . . . . . . ... 59
5.3 Main findings . . . . . ... 62
5.4 Decision rules for economic summer-shutdown of production units

in large district heating systems . . . . . . .. .. ... L. 64

6 Production system planning 75
6.1 Motivation . . . ... ... 75
6.2 Methods . . . . . . .. ... ... 75
6.3 Main findings . . . . .. ... 78



6.4 Cost sensitivity of optimal sector-coupled district heating pro-
duction systems . . . . . .. ...

7 Conclusion

Bibliography

ii



Résumé

This dissertation is a collection of research articles that assess economic and
operational risk in production planning of district heating. District heating
systems are typically coupled to the electricity system through cogeneration
and power-to-heat technologies, and production planners must account for
uncertainty stemming from changing weather, demands and prices. Years of
high-resolution data from the district heating system in Aarhus, Denmark have
been used throughout the project to model the system and estimate uncertainties.
Risk management tools have been developed to aid district heating operators
and investment decision makers in short-, medium- and long-term production
planning.

Short-term production planning involves commitment of production units
and trading on the electricity markets and relies on forecasts of the heat load.
Weather predictions are a significant source of uncertainty for heat load forecasts,
because the heat load is highly weather-dependent. I introduce the method of
ensemble weather predictions from meteorology to heat load forecasting and
create a probabilistic load forecast to estimate the weather-based uncertainty.
Better estimates of the weather-based uncertainty can be applied to optimize
supply temperature control and reduce heat losses without compromising security
of supply in heat distribution systems.

Consumer behavior is another substantial, but difficult to capture, source of
uncertainty in short-term heat load forecasts. I include local holiday data in
state-of-the-art load forecasts to improve accuracy and capture how load patterns
change depending on the behavior of the consumers. A small overall improvement
in forecast accuracy is observed. The improvement is more significant on holidays
and special occasions that are difficult to forecast accurately.

In medium-term production planning, there can be substantial economic
potential in performing summer shutdown of certain production units. The
shutdown decision carries significant risk, due to changing seasonal weather
patterns. Based on 38 years of weather data, the uncertainty on the timing of
the optimal decision is estimated. This information is used to develop practical
decision rules that are robust to rare weather events and capable of realizing
more than 90 % of the potential savings from summer shutdown.

Long-term production planning decisions regarding investments in future
district heating production systems are affected by uncertainty from changing
electricity prices, fuel prices and investment cost for technology. The effects of
these uncertainties on a cost-optimal heat production system are explored, using
well-established production and storage technologies and extensive multivariate
sensitivity analysis. The optimal technology choices are highly stable and,
taxes aside, large heat pumps and heat storages dominate the cost-optimal heat
production systems. However, the uncertainty on the exact capacity allocation
is substantial. Excluding heat production based on fossil fuels increases the
uncertainty on the system cost, but drastically reduces the uncertainty on the
optimal capacity allocation.
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Resume

Denne athandling er en samling af forskningsartikler om gkonomisk og ope-
rationel risikovurdering i forbindelse med produktionsplanleegning i fjernvar-
mesystemer. Fjernvarmesystemer er typisk koblet til elsystemet via kraftvar-
meproduktion og el-til-varme-teknologier, og produktionsplanleeggere er udsat
for usikkerheder fra skiftende vejr, varmebehov og priser. I projektet anvendes
adskillige ars hgjtoplgst data fra Aarhus’ fjernvarmesystem til at modellere
systemet og estimere usikkerheder. En raekke vaerktgjer til risikohandtering er
blevet udviklet til at hjeelpe fjernvarmeoperatgrer og energiplanleeggere med
kort-, mellemlang- og langsigtet produktionsplanleegning.

Produktionsplanlegning pa kort sigt indebaerer daglig lastfordeling og handel
pa elmarkederne og er athsengig af varmelastprognoser. En vaesentlig kilde til
usikkerhed i varmelastprognoser er vejrudsigter, idet varmelasten afhsenger af
vejret. Jeg introducerer den meteorologiske metode ensemble-prognoser til brug
i varmelastprognoser og estimerer den vejrafhaengige usikkerhed ved hjelp af
en ensemble-varmelastprognose. Bedre estimater af den vejrafheengige progno-
seusikkerhed kan anvendes til at optimere styringen af fremlgbstemperaturen
i varmedistributionssystemer og mindske varmetab uden at ga pa kompromis
med forsyningssikkerheden.

Forbrugeradfeerd er en anden veesentlig kilde til usikkerhed i kortsigtede fjern-
varmeprognoser, men sveer at modellere. For at forbedre prognosepraecisionen
og bedre afspejle &endringer i varmelastmgnstre afheengigt af varmeforbrugernes
opfgrsel, inkluderer jeg data om lokale ferier og helligdage i varmelastprognoser.
Det resulterer i en lille generel forbedring i prognosepreecision. Forbedringerne i
prognosepraecision er mere markante i skoleferier og pa helligdage, der typisk er
seerligt svaere at prognosticere praecist.

I forbindelse med produktionsplanleegning pé mellemlangt sigt, kan der veere
stort gkonomisk potential i at lukke visse produktionsenheder ned sommeren
over. Beslutningen om sommerlukning indebzerer en veesentlig gkonomisk risiko
pa grund af ssesonbetonede skift i vejret. Pa baggrund af 38 ars vejrdata
estimeres usikkerheden pa den optimale lukkedato. Resultaterne af denne analyse
benyttes til at designe praktiske beslutningsregler, der er robuste over for sjecldne
vejrbegivenheder og i stand til at realisere mere end 90 % af de potentielle
besparelser i forbindelse med sommerlukning.

Langsigtede beslutninger angaende investeringer i fremtidige fjernvarme-
produktionssystemer bliver pavirket af usikkerheder fra sendringer i elpriser,
braendselspriser og investeringsomkostninger for teknologi. Konsekvenserne af
disse usikkerheder for et omkostningsoptimeret varmeproduktionssystem un-
dersgges ved hjeelp af veletablerede produktions- og lagerteknologier og en
omfattende multivariat felsomhedsanalyse. Det optimale valg af teknologi er
yderst stabilt og domineres af store varmepumper og varmelagre, hvis man
ser bort fra skatter og afgifter. Der er dog en veesentlig usikkerhed pa den
ngjagtige fordeling af produktionskapacitet. Ekskluderes varmeproduktion fra
fossile breendsler, s& stiger usikkerheden pa de totale systemomkostninger, men
usikkerheden pa den optimale kapacitetsfordeling falder drastisk.

v



Preface

This dissertation is the result of three years’ work in a research collaboration
between Aarhus University and AffaldVarme Aarhus. AffaldVarme Aarhus is
the municipal district heating company in Aarhus, and it is where I have spent
about 80 % of my time during this industrial PhD fellowship.

Doing research in production planning of district heating, while embedded in
the day-to-day operations of a district heating company has been both invaluable
and highly challenging. I have been given a rare chance to perform a reality check
on my research, both in grand concepts and ideas and in practical complications
that may arise at the implementation stage.

Being a part of both the business development department (Forretningsud-
vikling) and the operations department (Drift) at AffaldVarme Aarhus, I have
had a chance to closely follow how a modern district heating company works
with strategic long-term production planning and optimization of the daily
operations.

Balancing the rigor, reproducibility and novelty required in academic research
against the practical needs of an operational organisation has been challenging
at times. But I am convinced that this potential conflict has qualified my
academic output and made the research more applicable while also benefiting
the industrial contribution of my work.

Industrial contribution

Although the majority of my work these past years has been academic, I have
delivered some lasting contributions to AffaldVarme Aarhus.

In 2017 a new straw-fired combined heat and power (CHP) plant opened in
Lisbjerg north of Aarhus. This plant significantly changed the operation of the
production system, especially during summer. I assisted the engineers in the
Operations department by programming a number of heat storage simulations
to assess the need for storage in this new configuration of the production system.
This work also brought my attention to another interesting production planning
issue and research topic: summer shutdown of production units. Chapter 5
covers this extensively and includes a research article I had published in Applied
Energy about managing risk when shutting down CHP plants over the summer.

My most significant and lasting industrial contribution was the development
of an automatic heat load forecasting system. The system predicts the hourly
heat load with a horizon of 46 h, based on weather forecasts and data from
the heat production system. A machine learning model called support vector



regression performs the load prediction and its performance is competitive with
commercial alternatives.

The final version of the system produces an updated forecast every 15
minutes and runs on a server controlled by AffaldVarme Aarhus. My load
forecast is intended to supplement a commercial production planning system
and assist the system operators in the daily production planning.

I entered a similar load forecasting system into a competition hosted by
another large Danish district heating company, Fjernvarme Fyn. My load
forecast performed very well, both in accuracy and reliability and won second
place in the competition against six other commercial load forecast providers.

Academic contribution

The remainder of this dissertation is dedicated to my academic output, the core
of which is four academic journal articles. I am the first author of these four
articles, and they have a chapter each in the dissertation. In each chapter, the
main research questions, methods and results are outlined and the research is
related to the rest of the project. Besides publishing journal articles I have also
presented my research at conferences and written popular outreach articles. A
short summary of my academic output follows.

Journal articles

In order of appearance in the dissertation:

e Using ensemble weather predictions in district heating opera-
tion and load forecasting by Magnus Dahl, Adam Brun and Gorm B.
Andresen. Published in Applied Energy (Dahl et al., 2017b).

e Improving short-term heat load forecasts with local holiday data
by Magnus Dahl, Adam Brun, Oliver S. Kirsebom and Gorm B. Andresen.
Submitted to Energies.

e Decision rules for economic summer-shutdown of production
units in large district heating systems by Magnus Dahl, Adam Brun
and Gorm B. Andresen. Published in Applied Energy (Dahl et al., 2017a).

e Cost sensitivity of optimal sector-coupled district heating pro-
duction systems by Magnus Dahl, Adam Brun and Gorm B. Andresen.
Submitted to Energy.

For all of these articles, I have performed all calculations, mathematical
derivations and coding, produced all illustrations and written more than 95 %
of the text. No part of this dissertation has previously been considered in
preparation for obtaining an academic degree.
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Conference presentations

e Applications of a heat load forecast with dynamic uncertainties.
Presented at the 2nd International Conference on Smart Energy Systems
and 4th Generation District Heating. 2016 Aalborg, Denmark. This
presentation won the prize for Best PhD presentation.

e Long-term production planning in large district heating systems.
Presented at the 3rd International Conference on Smart Energy Systems
and 4th Generation District Heating. 2017 Copenhagen, Denmark.

e Machine learning techniques for district heating load forecast-
ing incorporating human behaviour. Proceeding presented at the
12th Conference on Sustainable Development of Energy, Water and Envi-
ronment Systems. 2017 Dubrovnik, Croatia.

Public outreach

I have communicated my research in Danish and in English in magazines that
are widely read in the district heating sector, and contributed to the Profile of
the Department of Engineering at Aarhus University:

e Towards realistic production planning by Magnus Dahl. Published
in Hot Cool — International Magazine on District Heating and Cooling,
no. 1 2017.

e Realisér veerdien i at lukke anlaeg ned om sommeren. Published
in Fjernvarmen, Dansk Fjernvarme’s magazine, no. 1 2018.

e Forecasts for cheap and sustainable district heating. Profile 2016,
Department of Engineering, Aarhus University.

Other work

Finally, I have published a book chapter based on my master’s thesis, co-
authored a journal article and written a few internal technical reports and
briefs for AffaldVarme Aarhus. None of these manuscripts are a part of the
dissertation.

e Infrastructure Estimates for a Highly Renewable Global Elec-
tricity Grid by Magnus Dahl, Rolando A. Rodriguez, Anders A. Sgnder-
gaard, Timo Zeyer, Gorm B. Andresen and Martin Greiner. Published in
the book New Horizons in Fundamental Physics (Dahl et al., 2017).

e Multi-criteria analysis of storages integration and operation so-
lutions into the district heating network of Aarhus — a Simu-
lation Case Study by Charlotte Marguerite, Gorm B. Andresen and
Magnus Dahl. Submitted to Energy.

e Simulering af sommerdrift med BKVV, SSV og akkumulator-
tanke. March 2017, AffaldVarme Aarhus.
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e Vardien af SSV-VAK i sommerdrift uden Blok 3. June 2017,
AffaldVarme Aarhus.

e Dokumentation for online varmeprognosesystem. March 2018. Af-
faldVarme Aarhus.
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