Modelling and evaluation of flexible multi-energy
systems for low carbon environment.

Holjevac, Ninoslav

Doctoral thesis / Disertacija
2019

Degree Grantor / Ustanova koja je dodijelila akademski / strucni stupanj: University of
Zagreb, Faculty of Electrical Engineering and Computing / SveuciliSte u Zagrebu, Fakultet
elektrotehnike i racunarstva

Permanent link / Trajna poveznica: https://urn.nsk.hr/urn:nbn:hr:168:933155

Rights / Prava: In copyright /Zasti¢eno autorskim pravom.

Download date / Datum preuzimanja: 2024-07-30

Repository / Repozitorij:

FER Repository - University of Zagreb Faculty of
Electrical Engineering and Computing repozitory

DIGITALNI AKADEMSKI ARHIVI I REPOZITORILII


https://urn.nsk.hr/urn:nbn:hr:168:933155
http://rightsstatements.org/vocab/InC/1.0/
http://rightsstatements.org/vocab/InC/1.0/
https://repozitorij.fer.unizg.hr
https://repozitorij.fer.unizg.hr
https://repozitorij.unizg.hr/islandora/object/fer:6658
https://dabar.srce.hr/islandora/object/fer:6658

FACULTY OF ELECTRICAL ENGINEERING AND
COMPUTING

Ninoslav Holjevac

MODELLING AND EVALUATION OF
FLEXIBLE MULTI-ENERGY SYSTEMS
FOR LOW CARBON ENVIRONMENT

DOCTORAL THESIS

Zagreb, 2019



FACULTY OF ELECTRICAL ENGINEERING AND
COMPUTING

Ninoslav Holjevac

MODELLING AND EVALUATION OF
FLEXIBLE MULTI-ENERGY SYSTEMS
FOR LOW CARBON ENVIRONMENT

DOCTORAL THESIS

Supervisor: Professor Igor Kuzle, PhD

Zagreb, 2019



FAKULTET ELEKTROTEHNIKE | RACUNARSTVA

Ninoslav Holjevac

MODELIRANJE | VREDNOVANJE
FLEKSIBILNIH VISE-ENERGIJSKIH
SUSTAVA U NISKOUGLJICNOM
OKOLISU

DOKTORSKI RAD

Mentor: prof. dr. sc. Igor Kuzle

Zagreb, 2019.



The doctoral thesis was completed at the University of Zagreb Faculty of Electrical Engineering
and Computing, Department of Energy and Power Systems, Zagreb, Croatia

Supervisor: Professor Igor Kuzle, PhD

The thesis has: 145 pages

Thesis number:



ABOUT THE SUPERVISOR

Igor Kuzle was born in Tuzla in 1967. He received B.Sc., M.Sc. and Ph.D. degrees in
electrical engineering from the University of Zagreb Faculty of Electrical Engineering and
Computing (FER), Zagreb, Croatia, in 1991, 1997 and 2002, respectively. From July 1992, he
has been working at the Department of Energy and Power Systems at FER and since 2014 he
has been the Head of the Department. In 2015 he was promoted to a Full Professor and in 2017
he was promoted to a Tenured Scientific Adviser. He is a member of two scientific councils of
the Croatian Academy of Sciences and Arts (Scientific Council for Technological Development
and Scientific Council for Crude Oil and Gas Economy and Power Supply). Since 2017 he has
been an associate member of the Croatian Academy of Engineering. Prof. Kuzle was awarded
Croatian National Science Award for the year 2017 for his outstanding contribution in the field
of smart grid applications in the transmission system. In 2016 he received annual FER’s award

Science for outstanding achievements in research work and innovations in the last five years.

He participated in seven scientific projects financed by the Ministry of Science,
Education and Sports of the Republic of Croatia and three EU FP7 projects. Currently he is a
FER’s coordinator of two H2020 projects (CROSSBOW and IRES-8) and project leader of two
national research projects (FENISG and WINDLIPS) financed by the Croatian Science
Foundation, as well as the Croatia-China bilateral project WIND ASP.

He published 27 papers in A Category journals and over 100 papers in international
conference proceedings in the area of smart grids and power systems dynamics. He also
coauthored over 200 technical studies for utilities and private companies being the project

leader of 75 such projects.

Prof. Kuzle is a member of IEEE (2009-2012 IEEE Croatia Section Chair, 2015-2016
IEEE Region 8 Vice Chair for Technical Activities), an associate member of the Croatian
Academy of Engineering (HATZ), and a member of CIGRE member (2009-2012 Croatian
National Committee CIGRE executive board).

Since 2012 he has been a member of Croatia TSO Coordination Group for Connection
of Renewable Energy Sources and a member of the Advisory Expert Committee of the Ministry
of Environmental and Nature Protection in the evaluation of environmental impact of the
Renewable Energy Sources. He is a member of technical commission for assigning Croatian
quality mark of the Croatian Chamber of Economy and a member of the Croatian Chamber of

Electrical Engineers and a Licensed Engineer since 1994.

i



He chaired three international conferences (IET Medpower 2018, IEEE Energycon
2014, IEEE Eurocon 2013) and was a member of 50 international conferences programs
committees. He serves as an editorial board member for 10 international scientific journals of
which he is a Guest Editor in 4. He has participates in the review process of many scientific

papers.

His scientific interests include problems in electric power systems’ dynamics and
control, maintenance of electrical equipment, as well as smart grids and integration of

renewable energy sources.

i1



O MENTORU

Igor Kuzle roden je u Tuzli 1967. godine. Diplomirao je, magistrirao i doktorirao u
polju elektrotehnike na Sveucilistu u Zagrebu Fakultetu elektrotehnike i ra¢unarstva (FER),
1991., 1997. odnosno 2002. godine. Od srpnja 1992. godine radi na Zavodu za visoki napon i
energetiku FER-a ¢iji je predstojnik od 2014. godine. U sije¢nju 2015. godine izabran je u
zvanje redovitog profesora, a u studenome 2017. izabran je u znanstvenog savjetnika u trajnom
zvanju. Clan je dva znanstvena vije¢a Hrvatske akademije tehni¢kih znanosti (HATZ),
Znanstvenog vijeca za tehnoloski razvoj 1 Znanstvenog vijeca za naftno-plinsko gospodarstvo
1 energetiku. Prof. Kuzle je nagraden Nacionalnom nagradom za znanost za 2017. godinu za

svoj doprinos znanosti u podrucju naprednih mreza u prijenosnom sustavu te Nagradom za

znanost FER-a za svoj izniman istrazivacki doprinos u razdoblju od 2010 do 2015.

Sudjelovao je na sedam znanstvenih projekata Ministarstva znanosti, obrazovanja i
sporta Republike Hrvatske te tri EU FP7 projekta. Trenutno je voditelj istraZzivackog HRZZ
projekta WINDLIPS i koordinator na dva H2020 projekta (CROSSBOW 1 IRES-8) te jednom
bilateralnom projektu s Republikom Kinom WIND ASP).

Objavio je 27 radova u Casopisima A kategorije i viSe od 100 radova u zbornicima
medunarodnih konferencija u podru¢ju naprednih mreZa i dinamike elektroenergetskog sustava.
Takoder, koautor je preko 200 tehnicki studija i elaborata u podrucju energetike od kojih je za

njih preko 75 bio 1 voditel;.

Prof. Kuzle ¢lan je stru¢ne udruge IEEE (2009.-2012. predsjednik Hrvatske sekcije
IEEE, 2015.-2016. dopredsjednik za tehni¢ke aktivnosti IEEE Regije 8), ¢lan suradnik
Akademije tehnickih znanosti Hrvatske (HATZ) te ¢lan stru¢ne udruge CIGRE (2009-2012
¢lan izvrinog odbora hrvatskog ogranka CIGRE). Clan je Odbora za znanost i medunarodnu
suradnju SveuciliSta u Zagrebu te potpredsjednik za znanost Maticnog odbora za elektrotehniku
i raunarstvo Nacionalnog vijeca za znanost, visoko obrazovanje i tehnoloski razvoj. Dodatno,
¢lan je Odbora za prikljucak obnovljivih izvora energije Hrvatskog operatora prijenosnog
sustava (HROTE) te ¢lan stru¢nog savjetodavnog odbora za procjenu utjecaja na okoli$
obnovljivih izvora energije Ministarstva zastite okoli$a i energetike (MZOE). Clan je odbora
za dodjelu znaka ,,Hrvatska kvaliteta Hrvatske gospodarske komore te je ¢lan Hrvatske

komore inzinjera i ovlasteni inZenjer od 1994.

Bio je predsjedavaju¢i tri medunarodne konferencije (IET MEDPOWER 2018, IEEE
Energycon 2014, IEEE Eurocon 2013) 1 ¢lan u vise od 50 medunarodnih programskih odbora

v



znanstvenih konferencija. Clan je uredni¢kih odbora 10 znanstvenih asopisa (u Cetiri je

gostujuéi urednik) te sudjeluje kao recenzent u veéem broju inozemnih ¢asopisa.

Znanstveni interesi prof. Kuzle uklju¢uju dinamiku elektroenergetskog sustava,
odrzavanje energetske opreme te napredne mreze i integraciju obnovljivih izvora energije u

elektroenergetski sustav.



PREFACE AND CREDITS

This thesis is based on results of the research conducted from 2014 to 2019 mostly as
part of the project "FENISG - Flexible Energy Nodes In Low Carbon Smart Grid” funded by
the Croatian Science Foundation under grant number [P-2013-11-7766 and project “IRES-8 —
Instigation of Research and Innovation Partnership on Renewable Energy, Energy Efficiency
and Sustainable Energy Solutions for Cities” funded by European Commission through the
program of "EU-China research and innovation partnership" and supervised by professor Igor

Kuzle, PhD.

This dissertation was completed thanks to the incredible people who helped shaping
it. [ am deeply grateful to my supervisor prof. Kuzle and to my colleague prof. “Cap” Capuder
for the guidance and continuous support during my work. My friends, coworkers and
roommates Matija Zidar and Ivan Pavi¢ must be given huge thanks for numerous discussions,

help and advice provided.

I also finally wish to give my inexpressible thanks to my family. It was a great effort
for them also. Specially for my wife Katarina and our kids Iva, Marta and Lovro. Without their

understanding and smiles this thesis would have not been completed.

vi



SHORT ABSTRACT

Aggregating groups of consumers of different energy vectors and generating units at a
single location with centralized control is known as the concept of multi-energy microgrid
(MEM). However, if those potentially flexible producers and consumers do not have the ability
to balance the variability and uncertainty of their renewable energy sources production within
them, from the system perspective, they are seen as a source of imbalances and potential
problems in maintaining the equilibrium of production and consumption. One of the key
characteristics of the microgrid operation that needs to be achieved is flexibility. Main goal of
this research is to quantify this ability of MEM components to provide flexibility, as well as the
impact different energy vectors have on overall flexibility and to estimate the effect the
configuration of MEM and modelling concepts have on flexibility indicators. This flexibility is
analyzed from two perspectives, defining two operating principles: independently from the
distribution grid in island operation and connected, interacting and responding to signals from
the upstream system. When MEM is connected to the upstream power system its flexibility
manifests as capability to alleviate variability and uncertainty in local production of renewable
energy sources and demand. On the other hand, when operating isolated from the rest of the
system, the main flexibility indicator is minimum energy curtailment while ensuring the
satisfaction of all demand (electrical, heating and cooling). The thesis presents a MILP (Mixed
Integer Linear Programming) model applied under corrective receding horizon approach in
order to capture the value of integrating multiple energy vectors, their optimal operation and

their flexibility potential for low carbon energy system.
Scientific contributions of the thesis are:

e Mixed integer linear optimisation model for planning and estimating long-term
flexibility aspects of multi-energy microgrids;

e Receding horizon corrective scheduling based algorithm for optimal short-term
operation of flexible multi-energy microgrids;

e Model for defining the potential and value of flexibility services of multi-energy

microgrids to a low-carbon power system operation.

Keywords: multi-energy systems, microgrid, flexibility, operational research, mixed integer

linear optimization

vil



EXTENDED ABSTRACT (PROSIRENI SAZETAK)

Modeliranje i vrednovanje fleksibilnih viSeenergijskih sustava u niskouglji¢cnom okoliSu

Agregiranje grupa potrosaca razlicitih energetskih vektora te razli¢itih proizvodnih
jedinica na jednome mjestu pomocu centralnog upravljanja naziva se konceptom
viSeenergijskih mikromreza. No, ako je slucaj da ovi potencijalno fleksibilni potroSaci i
proizvodaci nemaju moguénost balansiranja varijabilnosti i neizvjesnosti proizvodnje iz
obnovljivih izvora energije, onda ¢e, od strane ostatka sustava, biti razmatrani kao izvor
poremecaja u odrzavanju ravnoteze izmedu proizvodnje i potro$nje. Mogucnost ostvarivanje
fleksibilnog odziva u pogonu mikromreza cilj je upravljanja svim elementima mikromreze. Ovo
istrazivanje ima osnovni cilj kvantificirati utjecaj koji razli¢iti elementi viSe-energijskih
mikromreza imaju na fleksibilnost pogona, kvantificirati utjecaj razlicitih energetskih vektora
na fleksibilnost pogona te procijeniti utjecaj koristenja razli¢itih koncepata modeliranja na
indikatore fleksibilnosti. Fleksibilnost pogona je analizirana iz dvije perspektive, definirajuci
dva osnovna principa rada: neovisno o ostatku sustava u oto¢nom radu te paralelno s
distribucijskim sustavom odgovarajuci na razliite signale koji dolaze iz sustava i koje definira
sveukupni elektroenergetski sustav. Kada viSe-energijska mikromreza radi paralelno s ostatkom
sustava njezina fleksibilnost pogona se ocituje kao moguénost smanjivanja utjecaja
varijabilnosti proizvodnje obnovljivih izvora energije 1 ostvarenih iznosa potrosnje. Time se
postize smanjivanje troSkova pogona, smanjuju emisije staklenickih plinova 1 povecava
mogucnost integracije dodatnih kapacitete obnovljivih izvora energije bez velikih zahtjeva . S
druge strane, prilikom izoliranog (oto¢nog) pogona glavni kada mikromreZa mora u svakom
trenutku zadovoljiti sve potrosace bez mogucnost uvoza ili izvoza u ostatak sustava, indikator
fleksibilnosti je najmanji moguci iznos neiskoriStene energije i propustene proizvodnje uz
zadovoljavanje cijelog iznosa potros$nje elektricne energije, toplinske energije i energije za
hladenje). Planiranje rada i dimenzioniranje mikromreze, odnosno opcenito viSe-energijskih
sustava razlikuje se u ovisnosti o ciljevima koje taj sustav treba zadovoljiti na $to utjece
mnostvo ¢imbenika. Kako bi se uvaZili utjecaji svih ¢imbenika na odgovarajuc¢i nacin cijeli
sustav je potrebno egzaktno matematicki modelirati 1 provesti proces optimizacije kako bi se
postigli optimalni rezultati. Razvoj modela koji moZze sagledati mnog ¢imbenike i sagledati viSe
razli¢itih aspekata pogona viSe-energijskih sustava moze doprinijeti ubrzavanju pronalaska
rjeSenja za povecane zahtjeve elektroenergetskog sustava uzrokovane porastom udjela

nepredvidive proizvodnje iz obnovljivih izvora energije. U sklopu provedenog istrazivanja
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razvijen je simulacijski okvir koji koristi optimizacijski postupak spojen s upravljackim
algoritmom. Sukladno tome, doktorski rad opisuje mjeSovito cjelobrojni optimizacijski model
koji je koriSten unutar simulacijskog okvira te koji je proSiren s korektivnim upravljanjem
temeljenim na pristupu pomic¢nog horizonta. Razvijeni optimizacijski okvir uspjesno prikazuje
utjecaj povezivanja viSe energetskih vektora na razli¢itim horizontima planiranja, njihovo
optimalno upravljanje u dnevnom pogonu i planiranju pogona sljede¢eg vremenskog koraka te
konacno potencijal fleksibilnog pogona koji viSe-energijski sustavu imaju u niskougljicnom

elektroenergetskom sustavu.

Prema gore opisanim premisama i osnovnim pretpostavkama, cilj ovog istrazivanja i
doktorskog rada je definirati opsezni i ujedinjeni tehno-ekonomski i okolisni optimizacijski i
upravljacki okvir za evaluaciju i1 ostvarivanje fleksibilnosti pogona razli¢itih vise-energetskih
sustava. Kao najvazniji razmatrani aspekt pomocu razvijenog optimizacijskog okvira i
provedeno istrazivanje koncept fleksibilnosti je prikazan iz dvije perspektive za razliite

konfiguracije viSeenergijskih sustava i za razli€ite ciljeve upravljanja:

a) Fleksibilnost u fazi planiranja — ostvaruje se kao moguénost utjecaja na potencijalnu
dugoro¢nu fleksibilnost viSe-energijskog sustava koja se uz zadovoljenje preduvjeta
moze ostvariti sudjelovanjem na trzistu elektri¢ne energije dan unaprijed i sudjelovanje
na unutar-dnevnom trziStu kroz optimalnu selekciju 1 dimenzioniranje elemenata. Ovim
postupkom ostvaruju se najbolji pokazatelji fleksibilnosti, minimalni troskovi 1
minimalni utjecaj na okoli§ (smanjenje emisija i potroSnje goriva) kroz cijeli planirani

zivotni vijek sustava i svih njegovih elemenata;

b) Fleksibilnost dnevnog pogona — ostvaruje se u pogonu u stvarnom vremenu kao
mogucnost odgovaranja na cjenovne signale unutar-dnevnog trzista elektri¢ne energije
te robusnost odgovora na stohasticki element pogreske u predvidanju proizvodnje i
promjena uvjeta na trziStu na minutnoj razini koja se ocitava od korekcija i osvjezavanja

predvidanja iz jednog simulacijskog koraka u slijedeci.

Sukladno tome, kroz dugoro¢ni vremenski horizont i kroz kratkoro¢ni vremenski
horizont razli¢ite su opcije, ogranicenja i konfiguracije viSeenergijskih sustava razmatrane te su
kroz istrazivanje i provedene tehno-ekonomske i okoliSne analize izvuceni odgovarajuci
zakljucci.

U trenutku provedbe istrazivanja u literaturi postoje modeli koji optimiraju pogon

kogeneracijskih sustava obi¢no promatranog ili iz perspektive pogona ili iz perspektive
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planiranja, no nedovoljno je istrazivanja provedeno u podru¢ju optimizacije
trigeneracijskih/viSeenergijskih sustava iz okolisnih, ekonomskih i pogonskih aspekata za
razli¢ite horizonte promatranja koji su ujedinjeno razmotreni kroz razvoj ovog optimizacijskog
okvira. Sukladno tome razvijeni je tehno-ekonomski upravljacki okvir optimizacije pogona
vise-energijskih sustava, specifi¢nije viSeenergijskih mikromreza, koji razmatra interakciju s
ostatkom sustava i trziStem stavljaju¢i poseban naglasak na fleksibilnost koja se moze
omoguciti agregacijom i zajednickim upravljanjem razliitih energijskih vektora. Na taj nacin
viSe-energijski subjekti imaju potencijal pruzanja dodatnih usluga ostatku sustava. Dodatne
usluge poput regulacije frekvencije 1 pruzanja razliCitih vrsta rezerve otvaraju nove poslovne
mogucénosti te olakSavaju opravdavanje investicija u razliite elemente koji su kapitalno
intenzivne investicije, ali koji znac¢ajno povecavaju ucinkovitost i fleksibilnost pogona. Stoga,
uz spomenuto povecavanje ucinkovitosti proizvodnje energije i pogona, optimalno upravljani
viSe-energijski subjekti poput viSe-energijskih mikromreza takoder predstavljaju bitnu opciju
za podrsku odrzavanju ravnoteze izmedu potroSnje i proizvodnje na lokalnoj razini. Ravnotezu
proizvodnje i potroS$nje izazovnije je odrzavati u uvjetima nesigurnosti proizvodnje te se
razli¢itim izvorima fleksibilnosti znafajno smanjuje taj problem. Povecanjem dostupne
fleksibilnosti povecava se moguénost daljnje integracije distribuirane proizvodnje energije,
prvenstveno iz obnovljivih izvora poput vjetroelektrana i solarnih elektrana. Istovremeno,
mogucnost pruzanja potpore pogona ostatku sustava kroz razliCite pomocne usluge otvara
mogucénost za nove poslovne prilike vise-energijskim subjektima koje je moguce ostvariti

sudjelovanjem na razli¢itim trziStima elektriénom energijom.

S tim ciljem, doktorski rad opisuje predloZeni optimizacijski okvir koji integrira
korekcijsko mjeSovito cjelobrojni linearni optimizacijski model s upravljanjem temeljenim na
klizaju¢em horizontu. Koriste¢i razvijeni simulacijski okvir rezultati provedenih analiza prate

sljedece najvaznije segmente:

a) Definicija doprinosa pogonu 1 fleksibilnosti razli¢itih komponenti viSeenergijskih
sustava poput elektricnih dizalica topline, mikro-kogeneracijskih jedinica,
trigeneracijskih jedinica za istovremenu proizvodnju elektricne energije, topline i
topline za hladenje, fleksibilne potrosnje, obnovljivih izvora energije te spremnika
energije (toplinske 1 elektri¢ne) prilikom izoliranog oto¢nog pogona simuliranog
tijekom duzeg perioda s ukljuenim troSkovima emisija. Odreduju se optimalni
parametri spomenutih komponenti poput instalirane snage 1 kapacitete uzimajuci u obzir

koli¢ine neiskoristene topline i propusStene proizvodnje iz energije vjetra koje su



b)

d)

definirani i sluze kao indikatori fleksibilnosti. Odredene optimalne veli¢ine ukupno
instaliranog kapaciteta niza fotonaponskih panela i vjetroagregata se dalje koriste u
analizama osjetljivosti koje za odredenu konfiguraciju viSe-energijske mikromreze za
cilj imaju odrediti koliko pogonske fleksibilnosti se moze posti¢i mijenjanjem
parametra razli¢itih elemenata, primjerice kapaciteta spremnika topline ili udjela mikro-

kogeneracijskih jedinica;

Utjecaj konfiguracije viSe-energijske mikromreze na fleksibilnost, to¢nije usporedba i
odredivanje prednosti i nedostataka decentraliziranih konfiguracija jedinica u usporedbi
s centraliziranim konfiguracijama s ve¢im jedinicama. Decentralizirane konfiguracije
podrazumijevaju koristenje jedinca na razini kucanstava, odnosno manje instalirane
snage. Centralizirane konfiguracije podrazumijevaju koristenje vecih, centraliziranih
jedinica na razini cijelog naselja. Sve analizirane opcije trebaju u svakom trenutku
pruziti dovoljne koli¢ine elektri¢ne energije, toplinske energije i energije za hladenje iz
razli€itih proizvodnih jedinica razli¢itih karakteristika svim krajnjim potrosacima bez

smanjivanja njihove razine udobnosti;

Utjecaj razli¢itih na¢ina modeliranja u€inkovitosti 1 pripadnih aproksimacija, odnosno
kvantificiranje mogucénosti da uobicajeno koriStene aproksimacije u simulaciji
dugoro¢nog pogona provedenog za potrebe planiranja, ne ostvaruju velike razlike u
odnosu na preciznije modele dok u slucaju kratkorocnog planiranja pogona koristeci
korekcijsko upravljanje za dnevno sudjelovanje na trziStima el. energije modeli razlicite
razine preciznosti ostvaruje znacajne razlike. Aproksimacije koriStene u modeliranju
imaju kriticnu ulogu u procjeni pogonske fleksibilnosti jer mogu rezultirati pogreSnim
zakljuccima te je njihov utjecaj bitno odrediti i dati smjernice u kojim sluc¢ajevima je

opravdano koriStenje koje razine preciznosti.

Svi gore navedeni segmenti se ocjenjuju kroz definirane indikatore fleksibilnosti,
neiskoriStena energija vjetra 1 suviSno proizvedena toplinska energija, uvazavajuci
tehno-ekonomska ogranicenja razli¢itih konfiguracija viSeenergijskih sustava i njihovih
pripadnih jedinica. Procjena se radi u izoliranom/oto¢nom pogonu i paralelnom pogonu
s ostatkom sustava gdje je prisutna interakcija sa sustavom preko susretanog mjesta
priklju¢ka. Mikromreza je upravljana pomocu razvijenog centralnog korekcijskog
upravljackog algoritma temeljenog na pomic¢nom horizontu ¢ijom se primjenom
poboljsava reakcija sustava na pogreske u predvidanju proizvodnje i potrosnje. Reakcija

se ofituje u minimizaciji pogreske u planiranju pogona viSe-energijske mikromreze na
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trziStu elektricne energije dan unaprijed temeljena na pogonskim troskovima koji

ukljucuju troskove energije uravnotezenja, troSkove emisija te troskove goriva.

Razvoj 1 implementacija optimizacijskog i upravljackog algoritma provedena je
koristenjem FICO Xpress i Matlab razvojnih okolina. Model koristi stvarne podatke koji se
analiziraju 1 poopcavaju za primjenu za sve konfiguracije viSe-energijske mikromreze S$to
omogucava bolju evaluaciju modela. Dodatno, sva tehno-ekonomska ograni¢enja jedinica su
proizasla iz pregleda literature i trenutno dostupnih trziSnih komercijalnih modela. Svi koristeni

podaci javno su dostupni.

Samo istraZivanje je provedeno u tri glavna koraka. Prvi korak ukljucuje razvoj
centralnog mjesovito cjelobrojnog linearnog optimizacijskog modela koji se Kkoristiti za
optimiranje pogona vise-energijske mikromreze. Ovaj korak implementiran je u FICO Xpress
razvojnom okruzenju. Drugi korak ukljucuje razvoj upravljackog okvira koji se nadograduje na
centralni optimizacijski model te koji omoguéava ucinkovito upravljanje viSe-energijskom
mikromrezom prilikom planiranja nastupa u okruzenja dan-unaprijed trzista elektri¢éne energije
te njenog rada u stohastickom okruzenju unutar-dnevnog trzista elektricnom energijom. Ovaj
segment razvijen je u Matlab razvojnoj okolini unutar kojega se integrirao model razvijen u
prvom koraku. Treéi korak zaokruZuje istraZivanje kroz razmatranja kako viSe-energijski
sustavi utjeCu na pogon ostatka elektroenergetskog sustava promatran kroz tocku susretnog
mjesta prikljuenja. Ovaj segment je modeliran kao nadogradnja na simulacijski okvir koji

integrira prva dva koraka.

Sukladno gore navedenim trima koracima provedenog istraZivanja, doprinosi
provedenog istrazivanja opisani kroz doktorsku disertaciju s naslovom , Modeliranje i
evaluacija fleksibilnih viSe-energijskih sustava u niskouglji¢nom okruzenju‘ su:

e MijeSovito cjelobrojni linearni optimizacijski model za planiranje 1 estimaciju dugorocne
fleksibilnosti viSe-energijskih mikromreza;
e Vodenje fleksibilnih viSe-energijskih mikromreZza temeljeno na korekcijskom

planiranju kratkoro¢nog optimalnog pogona jedinica s pomi¢nim horizontom;

e Model za odredivanje potencijala i1 vrijednosti fleksibilnosti usluga vise-energijskih

mikromreza u niskouglji¢nom elektroenergetskom sustavu;

Disertacija ujedinjuje opis teorijske pozadine i koriStenih matematickih modela s

ostvarenim rezultatima 1 prakticnim rezultatima i indikatorima. Kroz disertaciju su opisani

Xil



doprinosi te su konkretno povezani s razli¢itim dijelovima objavljenih radova koji ih definiraju

1 pojaSnjavaju.

Kljuéne rijeci: viSe-energijski sustavi, mikromreze, fleksibilnost, operacijska istrazivanja,

linearna optimizacija
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Introduction

1. INTRODUCTION

The electric power sector is currently going through a transition accelerated by the
integration of renewable energy sources. The environmental impacts the modern society is
producing are being mitigated through an attempt to reduce the greenhouse emissions from all
sources, namely power and energy, industry and transport sectors [1]. The massive deployment
of variable and limitedly predictable electricity generation from renewable energy sources
(RES) [2] requires power system planners and operators to reevaluate the way power systems
are planned, designed and operated since passive integration of these sources close to the
consumers might result in significant over investments driven by needed upgrades at the
distribution grid level [3], [4]. Considering this challenge, the optimization methods and
algorithm are used in many segments of the process. Equally important is modelling and
evaluation of multi-energy systems that can provide a solution to the RES integration at the
local level [5]. This thesis proposes a modelling framework to analyze the impact of different
elements on the long-term operation and design of multi-energy systems and a novel corrective

scheduling algorithm for its daily operation.

1.1. Background and motivation

Integration of renewable energy sources is largely driven by governmental incentives,
especially the small scale RES on a small domestic scale to increase the share of zero emission
generation [6], [7]. As its share increases, the concept of incentives becomes unsustainable and
the need to develop new approaches becomes inevitable. The European Union goals [8] are
pushed towards the clean production of energy [9] and inclusion of all consumers in the power
system operation. New rules that make it easier for individual consumers to produce, store or
sell energy. Traditionally, any generation mismatch caused by variations in RES generation had
to be compensated by dispatchable generating units [10]. Today, the system development is
shifting towards acquiring the flexibility from the consumers, ranging from flexible demand to
distributed generation [11]. Controllable and non-controllable RES technologies at the low-
voltage level cover a wide range of units: PV (photovoltaic units), WPP (wind power plants),
EHP (electric heat pumps), pCHP (micro combined heat and power units), HS (thermal energy
storage), battery electrical energy storage (BEES) etc. Aggregating these technologies creates
a market entity capable of not only isolated operation, but also controllable interaction with the

electric system in grid-connected mode [12]. Distributed systems need to be integrated within
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the rest of power grid's control system by means of aggregation and market mechanisms.
Although ideas of virtual power plants and standalone microgrids are not new [ 13], there is still
lack of mathematical models capable of representing behavior and scheduling of such clusters
of units. A good model and simulation framework must provide robust response of a multi-
energy system to fluctuations of the connected renewable energy sources production and, if

needed, must ensure its stand-alone operation.

1.2. Problem statement

Aggregating groups of consumers of different energy vectors and generating units at a
single location with centralized control is known as the concept of multi-energy microgrid
(MEM). However, if those potentially flexible producers and consumers do not have the ability
to balance the variability and uncertainty of their renewable energy sources production within
them, from the system perspective, they are seen as a source of imbalances and potential
problems in maintaining the equilibrium of production and consumption. One of the key
characteristics of the microgrid operation that needs to be achieved is flexibility. Main goal of
this research is to quantify this ability of MEM components to provide flexibility, as well as the
impact different energy vectors have on overall flexibility and to estimate the effect the
configuration of MEM and modelling concepts have on flexibility indicators. This flexibility is
analyzed from two perspectives, defining two operating principles: independently from the
distribution grid in island operation and connected, interacting and responding to signals from
the upstream system. When MEM is connected to the upstream power system its flexibility
manifests as capability to alleviate variability and uncertainty in local production of renewable
energy sources and demand. On the other hand, when operating isolated from the rest of the
system, the main flexibility indicator is minimum energy curtailment while ensuring the
satisfaction of all demand (electrical, heating and cooling). The thesis presents a MILP (Mixed
Integer Linear Programming) model applied under corrective receding horizon approach in
order to capture the value of integrating multiple energy vectors, their optimal operation and

their flexibility potential for low carbon energy system.

In the current moment there are models aimed at optimizing cogeneration system
operation, but not enough research is carried out for the optimization of trigeneration/multi-
energy systems from both environmental, economic and operational aspects all provided by the

single optimization framework.
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The aim of the research presented in this thesis is to develop a techno-economic
operational optimization framework for multi-energy systems, specifically multi-energy
microgrids, which considers the interaction with the upstream energy systems and markets
specifically emphasizing the flexibility that can be made available by aggregating and coupling
of multiple energy vectors. In this way multi-energy entities have the potential of providing
power system services, such as frequency regulation, different forms of reserves (primary and
secondary reserve), investment deferral and network capacity support. Hence, optimally
controlled multi-energy entities (e.g. microgrids) are an attractive option to support the demand-
supply balancing task at the local level enabling the increased intermittent generation of mainly
wind and solar. At the same time, capability to offer to the upstream system beneficial behavior
pattern that follows the announced day-ahead plans provides potential business case for multi-
energy systems. All these aspects are investigated through the development of an integrated

simulation framework.

1.3. Objective of the Thesis

Proposed research is oriented towards quantification and unlocking of flexibility
capacities of multi-energy systems [14], in particular multi-energy microgrids. It is focused on
both the planning phase, including dimensioning of elements through long-term operation
simulation, and short-term operational phase that includes market participation simulation
under uncertainty. The objective of the research is to formulate mathematical optimization
model and central control framework capable of analyzing and improving operation of different
compositions of multi-energy systems and measure the effect of different modelling aspects
and approximations. This is done under the market environment using flexibility indicators.
Furthermore, the developed model described in the thesis enables evaluation of potential system
benefits of the proposed coordinated and coupled operation of all multi-energy system elements

observed from one connection and communication point — point of common coupling (PCC).

Hypothesis of the research assumes that the proposed optimization framework
improves flexibility indicators of the multi-energy microgrid operation. It improves the
flexibility in both the planning and operational phase. Furthermore the proposed optimization
framework can increase local integration potential of renewable energy sources thus reducing

emissions and enabling successful market participation.
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Scientific contribution of this thesis shaped from the conducted research is as follows:

e Mixed integer linear optimization model for planning and estimating long-term

flexibility aspects of multi-energy microgrids;

e Receding horizon corrective scheduling based algorithm for optimal short-term

operation of flexible multi-energy microgrids;

e Model for defining the potential and value of flexibility services of multi-energy

microgrids to low carbon power system operation.

1.4. Structure of the thesis

The thesis is organized as follows. Chapter 2 provides an introduction and review of
related work in the field of multi-energy systems modelling. The emphasis is placed on the
flexibility potential of multi-energy systems. Chapter 3 briefly reviews optimization and control
methods and concepts used in the development of the optimization framework while Chapter 4
presents the scientific contributions of the thesis. Chapter 5 provides a list of all related
publications that contain different segments of the research contributions is given. The author’s
contributions to the publications included in the thesis are summarized in Chapter 6. Finally,

Chapter 7 concludes the thesis and provides a potential direction of the future research.
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2. MULTI-ENERGY SYSTEMS

When considering the transition toward a sustainable, low-carbon energy future the
challenge of the current energy grids primarily based on variable, distributed renewable energy
sources needs to be solved. In that regard, multi-energy systems may provide the necessary
flexibility to tackle the issue of uncertain and variable RES output and help preserving the
balance between the supply and the demand. New methods and simulation tools are necessary

to derive suitable models that support this transition towards carbon-free power systems.

Traditionally, the flows of different energy vectors have been decoupled and currently
there is a need for dedicated tools and optimization platforms to model grid and infrastructure

of multi-energy carriers and multi-energy systems in detail.

2.1. Multi-energy systems general aspects

In multi-energy systems the electricity, heating, cooling, fuels and transportation
energy vectors interact with each other at different levels from within the local district to the
city scale. This presents an opportunity to increase technical, economic and environmental
performance compared to classical systems where the flows of these energy vectors are
observed through separate sectors independently [15]. The interactions between these energy
vectors have always partially existed, but different energy sectors have been decoupled from
both operational and planning viewpoints. For example, electricity, heating and gas networks
interact through distributed generation, such as combined heat and power units, electric heat
pumps (EHP) or air conditioning units (AC) [16]. Similarly, the interactions between the
transport and electricity sectors have gained momentum due to development of electric vehicles
(EV) [17], [18], [19], [20]. Electrification of heat and transport within the zero-carbon grids
[21] and development of suitable distributed energy markets [22] require a development of an

integrated MES framework.

Expending the system boundary beyond one system, e.g. electrical or heating as the
most common study cases, brings a new perspective into optimization and evaluation of such
systems and enables unlocking of benefits such as: i) increase in the conversion efficiency and
utilization of primary energy sources; ii) optimal deployment of both centralized and
decentralized resources at a system level through optimal market interactions to respond to

volatile electricity prices in RES production rich energy systems; iii) increase of the energy
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system flexibility by allowing units such as EHP or EV to participate in power system balancing
services. The manifold perspectives and complexity typically related to MES can be categorized

on spatial, multi-service, multi-fuel and network perspectives [5].

Spatial perspective points how MES can be conceived and modelled at different levels
of aggregation from the building level to the district and the regional level, depending of the
purpose of the study. The smallest block, a single MES entity, to the wider, region-scale, can
be represented by a general energy hub model [23]. A general model covers all types of power

inputs (£, Fy,...F,) and outputs (L,,Ly,...L,) in vectors P and L connected with matrix C

called the coupling matrix thus creating a multi-input multi-output power conversion (2.1).
Mathematically, this matrix describes mapping of the powers from the input to the output of
the converter and each factor related to one particular input and output. So-called dispatch
factors have to be introduced that define the dispatch of the total input to the devices
(converters) with multiple outputs. This approach can be related to any multi-energy system

description and can be considered as a general case of aggregation.
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Multi-service perspective means focuses are on provision of multiple outputs from

various energy vectors, since the possibility of coupling them opens a path to improving the

performance from techno-economic and environmental perspectives. The most important

multi-generation units are CHP [25] and CCHP [26] units. This concept is schematically
illustrated in Figure 2.1.
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Figure 2.1 Schematic illustration of the multi-service perspective. Figure adapted from [5].

Multi-fuel perspective highlights how different types of fuels for both electric and heat
energy can be integrated for an optimal supply and in the same time provide multi-service
capabilities in a MES. Figure 2.2 shows an example of a multi-energy system model that
incorporates all relevant energy vector flows and production from the distributed generation
sources. This aspect is becoming increasingly important with the rising share of RES electricity

production and their interaction with district heating networks [28].
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Figure 2.2 Example of multi-generation system simplified scheme for trigeneration of

electricity, heating and cooling and network interactions

The network perspective manifests in terms of facilitating the development of multi-

energy systems inside the wide energy system allowing their interaction in order to minimize
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cost and/or environmental impact. This interaction is naturally observed through flows of
various energy vectors and market participation, both aiming to reduce costs and CO» emissions

[29].

2.2, Multi-energy microgrids (MEM)

Aggregating groups of loads and generators at the same location with centralized
control is known as the concept of microgrids. A microgrid can be interpreted as a low-voltage
or a medium-voltage distribution system with various distributed energy resources (distributed
generation, storage, and controllable loads), which is controlled in a coordinated way and can
operate in islanded mode if needed. Microgrid often incorporates all the segments and units of
multi-energy systems [30] and can generally be regarded as a subset of a wider term multi-
energy systems. The same design and optimization principles as in multi-energy approach can
be applied to microgrids but the microgrid approach often considers the control architectures
and methods [31], [32] which means the microgrid concept tends to be more specifically
oriented with less aggregation and generalization included. Inevitably, the flexibility potential
of production units and consumers is aimed to be unlocked and utilized. However, if those
flexible producers and consumers do not have the ability to balance the variability and
uncertainty of their RES production, from the system perspective they are regarded as a source
of imbalances and potential problems in maintaining the equilibrium of production and
consumption. The simulation and optimization of multi-generation microgrids in the design and

operation phase is therefore important [32], [33].

An integrated model able to simultaneously provide support in the design phase for
the long-term goals and apply effective control algorithm for short-term operation goals can
utilize flexibility in a wide range of cases. Following on this, a simulation framework was
developed providing manifold insights into the multi-energy microgrid operation. As a part of
this thesis a linear model with convergence and guaranteed optimality was developed and the

benefits compared to other approaches [34], [35], [36] were demonstrated.

2.3. Flexibility of multi-energy systems

Flexibility aspects are gaining importance in the modern power systems. Power system
flexibility is becoming a key characteristic in accommodating the increasing share of variable

generation. Technically, it can be defined as the ability to respond to changes in demand/
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generation equilibrium. In economic sense, flexibility can be defined as the capability of a
single market subject to quickly adjust to the most current market signal and follow the
scheduled plan of exchange. All power systems inherently have a certain flexibility level; with
increase of unpredictable and variability RES these values are required to be much higher. Lack
of system flexibility can be manifested in frequency deviations which can lead to load shedding,

deviations from contracted exchanges, wind curtailment, higher price volatility.

The introductory chapter already stated the idea that a fully renewable energy system
is the tendency for the future. This should be put hand in hand with the latest strategic goal of
the EU that large share of energy production should be in the hands of final consumers [8].
These goals cannot be achieved without a systematic approach to planning of available system
flexibility. This also means that a significant share of operational flexibility, to alleviate issues
of renewable generation integration, will need to come from the distribution level through
integration of technologies capable of responding to different price signals. Evaluating the
potential flexibility benefits of different technologies at the distribution and district level [37]
provides a valuable step toward a successful integration of renewable energy sources in the
distribution level that will complement the low-carbon technologies on a larger scale [38].
Flexibility is relevant to many aspects of the distribution system operator planning process.
Figure 2.3 shows the traditional processes involved in power system planning are focused on
ensuring sufficient generation capacity to meet demand during peak conditions (orange boxes).
These are based on long range forecasts and different resource expansion options. These options
evaluate the transmission network reliability and capacity adequacy to accommodate planned
production expansion and all of the demand. The process market in orange does not plan for
flexibility and operational aspects while the new processes marked in greed plan for the
flexibility at the planning stage to ensure that system can deliver enough flexibility at all points
of its operation. Therefore the planning decisions are enhanced with the operational analysis

which in its core has system flexibility.
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Figure 2.3 Power system flexibility planning process — traditional process (in orange) and

modified process (in green). Figure adapted from [43].

Microgrid flexibility can be observed by means of following the predefined exchanges
of energy with the rest of the distribution system through a point of common coupling (PCC)
[39]. Scheduling microgrid operation is subject to imperfect forecasting of local renewable
energy sources or demand. However, if these imbalances are compensated at the local level
microgrid entities become energy flexible nodes capable of providing multiple flexibility

services to the upstream system [40].

Additionally, power system flexibility is becoming a key characteristic in answering
the increasing share of variable generation [41], to respond to changes in demand/generation
equilibrium [42] and to adapt to most actual market situation and follow the scheduled plan of
exchange [43]. All power systems inherently have a certain flexibility level but with increase
of unpredictable and variability RES required values are much higher. The current system
flexibility requirements are mostly based on deterministic calculation [44], [45] which increases
the system costs does not fully account for potential flexibility stemming from the distribution

level.

10
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Traditionally, all the imbalance between the production and consumption had to be
compensated by centralized units, however with the advent of new technologies (WCHP, electric
vehicles, flexible demand, electric heat pumps etc.) new flexibility potential can be unlocked
on the local, distribution level [46]. Concepts of virtual power plants [47] and microgrids [12]
are well known, yet there is still a lack of integral approach to assessment if all energy vector
potential on a microgrid level. This particularly applies to terms of interaction between the
MEM and the rest of the system that tackles the operational aspects of multi-energy systems
(MES) also providing some valuable inputs for planning, unit optimal sizing, operation and

business approaches.

While integration of batteries and electric vehicles is widely researched for their
capability to provide flexibility services [48], it is equally important, to unlock and enable the
already existing flexibility potential in the distribution-level energy systems. In this context
multi-energy systems [49] and multi-energy microgrids become increasingly relevant since
they couple different units and shift between energy vectors. Such systems have the capability
of providing required services for the consumer without diminishing the comfort of final users
and, on the other hand, to provide response to system requirements on different and multiple
time frames [50], [51]. There are significant benefits by means of adaptive dispatch and
coordination of multi-energy systems in active distribution networks [52] and efficient control

will be an integral part of successful development of such systems.

In order to utilize provision of price-driven services from multi-energy system, or other
potentially flexible units on the distribution side, they need to be aggregated into a single entity
since such market participation increases both market visibility, capability to compete in
multiple market and, correspondingly, their benefits [53]. Aggregation within virtual power
plants (VPP) is usually composed of conventional and renewable energy units [54], [55]. The
inability to forecast RES generation within the VPP defines participation of such entity in the
market and the need to correct the VPP position. Flexible units such as energy storage are put
in service of minimizing the level of variability and uncertainty announced ahead of realization
of production [56]. Recent research focuses on robust or risk-based bidding strategies to
overcome issues of planning for uncertain production realization [57]. However these

approaches can lead to over-conservative solutions and suboptimal operating points.

Already single district multi-energy unit can be regarded as VPPs, since it is usually
composed of several different units [58]. This means the MEM concept described in the thesis

provides an additional level of flexibility compared to the commonly used VPP models.

11
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Cooperation of these units results in both economic savings and environment impact reduction
[59]. When grouping different multi-energy units, the value of multiple energy vector shifting

becomes even more highlighted [60].

On a district/microgrid level, the local heat and cooling demands are predictable and
do not contribute significantly to uncertainty and variability. Unlike local RES production
which is hard to predict. In addition, heat and cooling have a significant amount of inertia
inherent to the process (slower change of parameters, e.g. temperature) meaning that their
moment-to-moment load balancing requests are less strict. The value of re-dispatching
capability is recognized through the concept of MES profitability maps described in [61],
however with no optimization through a rolling horizon using re-dispatching capabilities.
Altogether, there is no comprehensive operational and environmental analysis of multi-energy
systems in the literature that could provide insights into unlocking their additional flexibility

benefits.

The thesis defines a comprehensive and unified techno-economic and environmental
modelling and optimization framework for the operational and planning evaluation of flexibility
of different multi-energy systems [27],[62]. The concept of flexibility, in this thesis is defined

from twofold point of view and analyzed for different configurations of multi-energy systems:

a) planning flexibility —capability to influence potential flexibility of the modelled system
in the long run of participation in the day-ahead energy market through optimal selection
and dimensioning of elements that will achieve the best flexibility indicator values,

minimum costs and minimal environmental impact;

b) operational flexibility - capability to respond to price signals of intraday market in close
to real time [63] and robustness in response to stochastic element of forecast error and

capability to adapt to changing market conditions;

12
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3. POWER SYSTEM MODELLING ASPECTS

Mathematical representation of all power system segments has a great value in all the
research and application. The simulation models in the field of power system modelling and
optimization need to combine and improve different theories and physical principals’

representations to test and prove new concepts and models.

The developed optimization framework is developed with the purpose to optimize the
real-time performance of the multi-energy system on a long time operational horizon. It
calculates the optimal outputs which are forwarded to the local control layer in a form of desired
power outputs which are transferred to currents and voltages. The framework assumes the local
layer is able to fulfill all the requirements and efficiently follow the upper control layer. The
control layer implemented is a centralized control but it can also be implemented as a distributed
structure [64]. The framework minimizes the long-term cost through a hierarchical control

structure that consists of two main layers, the local layer and the upper optimization layer.

On the figure below (Figure 3.1 [65]) physical and communication structure of a
microgrid can be seen. The upper part of the figure represents physical microgrid elements. It
can be seen the microgrid is connected to the distribution system. The optimization layer
reaches the decision of optimal economic operation based on the current state of the system,
forecasted outputs and expected energy prices. The result is of operational trajectory including
an array of optimal microgrid setpoints in the coming time periods and energy bids in the
market. Following the upper optimization layer the lower control layer controls all microgrid
elements in order to follow the optimal setpoints [65]. The local control constantly collects data
on actual states of microgrid elements and propagates it to the microgrid optimization layer.
The optimization layer derives the long—term operational schedule based on forecasted values
of the uncertain parameters output of local renewable energy sources and load. The optimization
framework operates under the market conditions and therefore the optimization layer deploying
the receding horizon corrective controls looks 24 hours ahead and considers uncertain

parameters using the detailed mathematical model of the physical microgrid.

13
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Figure 3.1 Microgrid physical and communication structure showing energy flows with full

lines and information and control flows with dashed. Figure adapted from [65].

The optimal trajectory is a set of variable for different setpoints of the time horizon
divided into 15-minute discreet intervals. This trajectory is given to the control layer that uses
a detailed representation of the microgrid elements. The control layer runs continuously in a
closed loop to match the imposed trajectory setpoints making the necessary adjustments in real
time. All values within the microgrid are constantly measured and fed as input data alongside
updated forecasts. A very good representation of this process and the mechanics of the

interaction between the layers can be found in [65].

The basic structure with the most important interactions of the developed optimization
framework can be seen on figure below (Figure 3.2) which shows the optimization layer and

the local control layer both interacting with the multi-energy microgrid.

14



Power System Modelling Aspects

RES LOAD PRICE
forecast forecast forecast

b

Multi-energy Optimization layer
Microgrid

- Optimal scheduling taking
uncertainty into account

—

c —is run to define reference at the start
urrent state

of every daily cycle

- Cost minimization

- data
acquisition Optimal
setpoints

- monitoring

Local control layer

-> Corrective receding horizon control
— and adjustments to desired setpoints

Current state .
- Runs continuously and uses updated

forecasts

Figure 3.2 Optimization framework utilizing the hierarchical control of two layers

The developed optimization layer incorporates three main segments: 1) detailed
mathematical model for the optimization of multi-energy microgrid; 2) model extension for
defining the value of flexibility of multi-energy systems in the low-carbon power system

operation; 3) receding horizon corrective scheduling algorithm for optimal operation.

These segments use different power system modelling aspects at its base that are
described in this chapter. The first segment, mathematical model, represents a unit commitment
model of the different microgrid elements that schedules the operation. The second segment
extends the model using the duality theory to capture a wider scope of possible cases. Finally,
third segment uses the control theory based on the model predictive control to achieve the

receding horizon corrective scheduling.

3.1. Unit commitment

The aim of the basic formulations of unit commitment problems which are generally
written as mixed integer linear problems is to optimize the system operations targeting and
modelling a series of external factors that affect electrical power generation schedules. These

factors include ramping capacity, reserve requirement, transmission capacity, fuel constraints,
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emission constraints, minimum on-time, minimum off-time, startup/shutdown cost etc.
Generally, the unit commitment problem needs to optimize the on/off statuses of the generators
to meet the required load levels but since the electric power generation is not an isolated
component in the power system, the real-time dispatch levels are also subject to demand

changes, production changes, transmission lines conditions.

A generic unit commitment objective function (3.2) consists of two components
resembling the two-stage decision process of the unit commitment problem [66]. The first
component is defined by the day-ahead decision which primarily include the startup and
shutdown decisions of the units. If it is assumed no rescheduling is done in the next-day
operation then the second component cost comes from the actual fuel cost to produce the energy

and eventual load-shedding when the demand cannot be satisfied entirely.

min ) Y (SU, v, + 5D, -w)+ Y. > F,(pi)+VOLL- Y 6 (3.2)

geG teT geG teT ieN telT

SU,  is startup cost of unit g

SD,  is shutdown cost of unit g
F() is fuel cost function of unit g - quadratic F, (p) = a +bp, +c(p, )?

pE is the power generation of unit g at time t
VOLL is the value of loss load [EUR/MWh]
0,

it

is load loss at bus 1 at time t

In the fuel cost function coefficients are positive but the resulting quadratic mixed
integer problem is hard to solve and therefore the piecewise linear approximation is applied
which returns precise enough results and lowers the computation burden [68]. Usually the sum

of squares technique is used to substitute the F,(#) with the summation of linear segments

(3.3). Figure 3.3 shows the graphical depiction [69].

K K K (3.3)
ZAkﬂk st p, =2Akﬂ,k and lekzl for 4, 2Lk=1,..,K
k=1 k=1 k=1
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Figure 3.3 Piecewise linear approximation of the fuel cost function.

The typical set of constraints addresses the different operational characteristics of units

and different service requirements. These include:

a) Unit commitment constraints that indicate the shortest on time and shortest off duration of
a generator because the generator cannot be starter or shut down in arbitrary or consecutive
moments (Equation (3.4)).

minimum on constraint;

t t-1 T — 1 —_
u, —u, <u, ‘v’geG,teT,r-t,...,m1n{t+Lg 1

7}

minimum off constraint;

u;’l —u; <l-u;, VgeG,tel,r= t,...,min{t +1, -1, T|} (3.4)
startup action constraint:
! t t-1
Vv, 2U, — U, VgeG,teT
shutdown action constraint:
t t t-1
W, 2 U, +U, VgeG,teT
where:
u; commitment decision; u’g =1 if online
” the minimum on duration
[, the minimum off duration
|T | the duration of a planning horizon
. . . . .
Vg binary variable for startup action of a generator g at time ¢
w; binary variable for shutdown action of a generator g at time ¢

b) Generator constraint limits the production of the generator between its minimum generator

limit and maximum generator limit (Equation (3.5)). Additionally, the generator change of
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power between two adjacent time periods is limited with the ramping constraints (Equation

(3.6)) [67].

minimum on constraint;

t t-1 T — 1 —_
u, —u, <u, ‘v’geG,teT,r-t,...,m1n{t+Lg 1

gl

minimum off constraint;

-1 t T — 1 _
u, —u, <l-u, VgeG,teT,T—t,.‘.,mm{tJrlg 1

T} (3.5)
startup action constraint:

t t t-1
Vv, 2U, — U, VgeG,teT

shutdown action constraint:

t t t-1
W, 2—U, T, VgeG,teT
ramping constraint:

C_y <yt VYeeGoteT.r— : I —1 (3.6)
u, —u, su, gel,te ,f—t,...,mm{t+ e L

g
m:
c) Transmission system constraints casts the Kirchhoff’s current and voltage laws in a nodal

way and a DC power flow approximation is used.

d) Emission constraints addresses the consideration of most commonly CO> emissions on a
system wide level. The emissions highly depend on the fuel type of the generator unit. Total
emission over a planning horizon can be formulated as (3.7) [70].

ZZ(Fge(p;)u; +SU,, -v;, +SD,, -w;)SEmax

geG teT
where: 3.7)

F,()  emission function of unit g
Su,, startup mission of unit i at time ¢

E™ system emission limit

e) Unserved energy constraints impose a performance which keeps the total load losses within

the predefined allowable margins.
EQ.6)<¢, Viel
ieN
where: (3.8)
E(-) function of expected load loss

& allowed load loss margin

t
Furthermore, constraints of voltage relations and reactive power, and constraints

regarding the primary and secondary reserves can also be included.
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The usual parameters of a generic generator unit are shown in the table below (Table

3.1) [71].

Table 3.1 Generator parameters and costs — typical values for a thermal power plant unit

Parameter Units Values
Generator installed capacity [MVA] 100
Minimum power [MW] 20
Maximum power [MW] 95
Spin reserve limits [MW] 10
Min on time [h] 2
Min off time [h] 2
Ramp-up rate [MW/h] 30
Ramp-down rate [MW/h] 20
Startup cost [EUR] 800
Shutdown cost [EUR] 800
Fuel cost coefficient a [EUR] 6,78
Fuel cost coefficient b [EUR/MWh] 12,88
Fuel cost coefficient ¢ [EUR/MWh?] 0,05

Regarding the unit commitment adaptation to a specific need, we have adopted and
modified the basic model to include all the relevant elements of a multi-energy system and
renewable energy generation balancing between the model generality and model precision.
Finally, we have achieved satisfactory computation time for a real time application and
achieved very good accuracy. Additionally, we have extracted interesting conclusions
regarding the importance of certain approximations that are commonly used end measured their

impact [27], [72].

3.2 Duality theory

Optimization is inherent part of the design, planning, operation, and control of power
systems. For a given mathematical programming optimization problem (the primal problem)
there exist an associated dual problem. The difference between the optimal values of solution
of primal and dual problems is called duality gap. The duality theory allows solving such

problems when the primal problem is hard to solve but the dual can be solved easily through
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the recasting of the problem through the Karush-Kuhn-Tucker (KKT) optimality conditions
[73].
The general problem of mathematical programming can be stated as in (3.9) [74].
min z = /(x)
6. h(x)=0
g(x)<0

Where x=(x,,..,x,)" is the vector of decision variables, f(-) is an objective function

(3.9)

f:R" >R and h(x)=(h(x),....,hl(x))" are the equality constraints and g(x)<(g,(x),...,g, (x))"
are inequality constraints. If any of the functions is nonlinear the whole problem becomes

nonlinear. For a given linear programming problem (3.10) the dual problem is (3.11):

min z=c¢'x

x (3.10)
st. Ax>b
x>0
max z=b"y
X (3.11)
st. Aly>c
y>0

where y= ( Pseoes Vi )T are called dual variables.

The main method used with such problems are the KKT conditions. In general form
the vector xeR" satisfies the KKT conditions for the problem (3.9) if there exists vectors

peR” and AeR’ such that:

VI (x)+ Zl:ithk (X)+ i u Vg, (x)=0 (3.12)
= =

h(x)=0, k=1,..1 (3.13)

g, <0, j=l..,m (3.14)

wg,(x)=0, j=1,.,m (3.15)

1,20, j=1,.,m (3.16)

The vectors p and A are called the Kuhn-Tucker multipliers. Constraints (3.13) and

(3.14) are referred to as primal feasibility conditions, (3.15) is called the complementary

20



Power System Modelling Aspects

slackness condition and which requires the inequality constraint (3.16). Figure 3.4 shows an

tlustration of KK T conditions.

(98]

X, f(x)=9

Y/

Feasible region

2

g (x)=0

0.5 1 L5 2 25 4 3

Figure 3.4 Illustration of the KKT conditions for the case of one inequality constraint in the

bidimensional space. Figure from [74].

Using this theoretical background the nature of the unit commitment planning process
divided between here-and-now and the wait-and-see decisions can be solved [75]. Furthermore
the market [76], [77], [ 78], [79] and planning interactions [80], [81] can be described and solved

using this theory.

We have dealt with the problem of the interaction between two levels of the market
participation. We have formulated a bilevel model that simulates the interaction between the
multi-energy entity and the rest of the system [82]. Figure 3.5 shows how the upper level
problem segment deals with the optimization of the daily operational plan of the multi-energy
entity system while the lower level of the proposed bi-level model represents the market model

with the daily clearing process and formulation of the energy prices.
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- minimization of energy procurement
costs

Figure 3.5 General structure of the bi-level problem [82]

Because of its bilevel structure and non-linearity introduced due to dependency
between the levels, the problem cannot be solved using commercial solvers. Thus, it needs to
be converted into a mathematical program with equilibrium constraints (MPEC). In other
words, the set of lower-level problems needs to be converted to a set of constraints. Since each
lower-level problem representing the market clearing of a market scenario is continuous and
convex it can be represented through the constraints of the primal problem, the constraints of
the dual problem and the strong duality condition of the duality theory. Hence, using the strong
duality theorem, the equivalent of the lower-level problem consists of its primal constraints, its
dual constraints and the strong duality equation. This allowed us to solve the set problem and

obtain the results that show the interaction between the chosen levels.

3.3. Receding horizon scheduling

The methodology for decision-making in real time operation on local multi-energy
system/microgrid level has many key factors that must be included [83]. In general multi-energy
systems comprise of both dispatchable units needed to keep the equilibrium between demand
and production and uncontrollable units such as RES whose production cannot be precisely
estimated need to be accounted for. The main drive and challenge for the control algorithms is
the stochastic element associated with both production and load that cannot be perfectly

forecasted [84] and that have changes that cannot be always accounted for. There are several
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methods found in the literature that tackle the problem of finding the best control algorithm. In
[85] a search for a solution of optimal operation of a microgrid is done using a non-dominated
sorting algorithm that includes forecast error. Different approach using MILP (Mixed Integer
Linear Programming) for a mid-term virtual power plant dispatch optimization was investigated
in [86] where uncertainty of the wind and solar power generation is settled using storage in
order to provide flexible operation. Furthermore, complex and computationally demanding
approaches such as multiagent modelling [87], evolutionary strategies [88] and particle swarm
optimization [89] do not guarantee global optimality of the solution. Multi-objective
optimization genetic algorithms are the most commonly used technique attempting to capture
both, for example, economic benefits and emission reductions [90], but the final result is not
guaranteed to be the global optimum. On the other hand bi-level optimization model [94] deals
with the uncertainties of the microgrid operation but the elements are not optimally sized and

different MILP approaches have been developed [91], [92] [93].

In that direction, control algorithm that has been applied to different engineering
processes for a long time [95] is the model predictive control. Just in the recent years was the
value of such control recognized and good alignment with problems of microgrid control
achieved in the environment where RES production share increases. More specifically, MILP
approach coupled with such control has the potential to be efficient tool since it is based on
future predictions as well as the present state of the system. This combination provides a good
mechanism to deal with uncertainty of predictions implemented as either central controller [96]
or as distributed controller [97]. The basic MPC concept can be summarized as an intention to
control a multiple-input, multiple-output process while satisfying different constraints on the
input and output variables [98]. If a reasonably accurate dynamic mathematical model of the
process/system is available, model and current measurements can be used to predict future
values of the outputs and plan for the length of the planning/look-ahead horizon. Then the
appropriate changes in the input variables can be calculated based on both predictions and
measurements. The changes in the individual input variables are coordinated after considering
the input-output relationships represented by the process model. Figure 3.6 depicts a basic

concept for the model predictive control.
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Figure 3.6 Basic concept of the model predictive control

It is important to notice that there are currently no integrated models including all the
important elements (electric vehicles, EHP, battery and heat storage, L.CHP etc.) and providing
a comprehensive study of operational costs, energy usage, energy curtailment, losses,
equipment degradation information, environmental study, uncertainty impact and optimal

sizing problem. As was stated in the previous sections

As was mentioned, to clearly define different aspects of MEM flexibility in a daily
operation, we developed a corrective scheduling algorithm with receding horizon based on
model predictive control (MPC) scheme. The core of the central controller is the representative
mathematical model of the system that is being controlled (in this case multi-energy system)
which gives the desired operation as a result of the optimization process. The system responds
through the receding horizon corrective algorithm to different external signals (e.g. energy and
balancing prices) and is susceptible to different sources of uncertainty (e.g. wind and solar
energy production, forecast errors, demand fluctuations, etc.) and therefore adjusts its outputs
over the planning horizon. Objective function of our MILP algorithm is a cost minimization
with a 24-hour horizon, describing day-ahead market participation of the multi-energy
microgrid. To follow the main principles of the corrective scheduling the objective function,
modelled by (3.17), consists of 3 segments which are further broken down into 3 segments
((3.18), (3.19) and (3.20)). It serves as an example how the principles of the model predictive

control can be applied to a multi-energy problem [72].
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Equation (3.18) represents initial operational cost based on day-ahead prices. It gives
total operational cost and schedule 12 hours ahead of the delivery (through simple deterministic
optimization of available resources). The resulting values are used as references (day-ahead
plan). Equation (3.19) represents the mismatch cost that stems from the difference between
initial references and realized values. At the initial, scheduling decisions were based on the
available information. Since these are subject to uncertainties and variabilities (such as wind
and PV production) during real-time operation deviations from the original schedule occur.
Equation (3.20) represents the updated plan for the remaining of the planning horizon
considering current operational points of units, updated forecasts and initial reference plan.
Following this mathematical formulation, we managed to achieve good behavior of the
modelled system and managed to extract some important conclusions regarding the short-term

operation indicators.
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4. MAIN SCIENTIFIC CONTRIBUTION OF THE THESIS

The emphasis of the research described in this thesis was on developing a simulation
framework that would allow for integrated modelling and evaluation of multi-energy systems.
The research was be conducted in 3 steps. First step included the development of the core
mathematical linear mixed integer programming model that was used for finding the optimal
operation of multi-energy systems. Second step included development of control framework
that augments the core optimization set and that enables efficient control when multi-energy
entity is participating in the stochastic environment of intra-day electricity market. Third step
concluded the work with the observation how the multi-energy entity influences the larger scale
electrical system operation from a single point of common coupling through analysis of market

interdependency between upstream power system and multi-energy system.

For this purpose, corrective scheduling receding horizon MILP optimization

framework was developed. The analyses focus can be presented through following sequences:

a) Definition of the value of different flexible components such as electric heat pumps,
uCHP, flexible loads, energy storage (both thermal and battery) on MEM ability to
operate in the off-grid mode. Simulation of the off-grid operation over one-year period
including emissions costs determining the optimal parameters with respect to the
amount of unused energy or curtailed wind energy on microgrid level that serve as a
flexibility indicators. Search for optimal sizes of installed wind aggregates and PV units
for given MEM configuration that are afterwards used to study how much flexibility
can be gained by altering different elements capacities (e.g. heat storage or wnCHP

shares) through the detailed sensitivity analysis.

b) Study of different compositions of MEM, in particular, the benefits of decentralized
MEM units compared to a single central energy unit. All analyzed options must provide
electricity, heat and cooling to the final consumer, without diminishing their comfort,
through different trigeneration production unit technologies with their different

belonging efficiencies.

c) Investigating the modelling aspects and approximations impact, since common
modelling approximations can be negligible in annual simulations (performed for
planning purposes) but result in rather different short-term operation states (analyses for

day ahead corrective scheduling). These approximations have critical importance in
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assessing operational flexibility as they might lead to incorrect results and conclusions

a therefore their effect is important to be evaluated;

d) Evaluation of all above aspects through several defined flexibility indicators, wasted
heat and curtailed wind, considering operational techno-economic constraints of
different MEM components (battery storage, heat storage, f\CHP). Evaluation is done
in off-grid (islanded) mode and in on-grid (parallel) mode where interaction with the
distribution system through the point of common coupling (PCC) is governed by
receding horizon scheduling control algorithm whose addition improves the system's
ability to react to prediction errors. It minimizes day ahead scheduling error of the MEM
as well as the operational cost based on penalizing export/import balancing energy cost,

emissions cost and total fuel cost.

Finally, the achieved scientific contributions of the research described in this doctoral

thesis are briefly summarized here:

1) A new long-term optimization model of multi-energy systems

The optimization and design process of the power systems is very important for
efficient operation, investment reduction, increased flexibility and lower emissions. Optimally
selecting what elements and in what installed capacities should different system be made of
regarding the design requirements gains many long-long term benefits over the project or

system lifetime.

We have developed a novel long-term optimization model for the multi-energy
systems that includes deterministic long term simulation with the purpose of selecting optimal

configuration and providing the sensitivity analysis insights [Pub 2], [Pub 3], [Pub 7].

2) A new receding horizon corrective scheduling algorithm for short-term

optimal operation of multi-energy systems

Control of power systems on all scales is complicated task, becoming even more
complex with the advent of larger shares of renewable energy production. Dealing with the
uncertain predictions and stochastic element inherent to the wind and solar production creates

the challenge for efficient control.

We have introduced a new control concept called receding horizon corrective

scheduling algorithm (RH-CSA) that allows for a significant mitigation of the variability of
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RES production [Pub 1], [Pub 2], [Pub 6]. The algorithm applied to the multi-energy system,
the simulations have shown, enables solving the problem of wide scale integration of
renewables on the local level. Meaning that smaller entities, such as multi-energy microgrids,
utilizing efficient control, can deal with the uncertainties of production and offer the rest of the

systems desirable operation that can be accounted for [Pub 1], [Pub 2], [Pub 6].

3) A new model for defining the value of flexibility of multi-energy systems in

the low-carbon power system operation

Flexibility has become a key characteristic of modern power systems. The demand for
power systems to have the ability to respond to unpredicted changes has been on an increase.
Having the right information how much flexibility is available and how much can potentially

be unlocked utilizing the available resources is therefore very important.

Through the developed optimization framework that incorporates both the
deterministic and stochastic simulation environments and that incorporates both long-term and
short-term aspects of operation we have defined and evaluated the flexibility of multi-energy
systems with highlight on reducing the costs and emissions and increasing the operational
efficiency. Furthermore, we have shown how different assumption impact the available
flexibility and have shown the value and advantages of having the ability to operate all the

energy vectors in a coupled manner [Pub 2], [Pub 4], [Pub 5].
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