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: 2024-05-13

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
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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.
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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
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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.

21



Power System Modelling Aspects

Upper level (Micro-grid)

Multi energy entity model:
- household demand
- diesel aggregate
- PV generation
- battery storage
- CHP unit
- auxiliary boiler

- profit maximization

Energy prices Exchange quantites

Lower level (Macro-grid)

Market model:
- 3 node test system
- social welfare maximization
- market clearing and LMP calculation
- generation company production offers
- wind producers

- 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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optimization model to simulate the parallel operation of a multi-energy system
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Author’s Contributions to the Publications

and transmission system. The author, in collaboration with the coauthors,

developed a model, analyzed the results and wrote the paper.

e [Publication 6] In the conference paper titled “Model Predictive Control for
Scheduling of Flexible Microgrid Systems” [35] the author developed a
deterministic optimization model of the microgrid system and used the model
to perform the optimal configuration simulation for different elements and a
series of sensitivity analyses. The author, together with the coauthors,

interpreted the results and wrote the paper.

e [Publication 7] In the paper titled “Beijing Subsidiary Administrative
Center Multi- Energy Systems: An Optimal Configuration Planning”
[103] the case study of the multi-energy system Beijing subsidiary
administrative center was used to show the operation of the two-stage
optimization model based on the energy hub developed in MATLAB. The

author participated in the results discussion and writing of the paper.

All the papers in their final versions are included in the “Publications” section of the

Thesis.
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Conclusion and Future Directions

7. CONCLUSION AND FUTURE DIRECTIONS

The main achieved objective of conducted research is formulation of a novel
mathematical optimization model and central control framework capable of analyzing and
improving operational capabilities of different compositions of multi-energy systems and
measuring the effect of different modelling aspects and approximations. This was done under
market driven environment through defined flexibility indicators. Furthermore, the framework
enables evaluation of potential system benefits of proposed coordinated and coupled operation
of all multi-energy microgrid elements observed from one connection point — point of common

coupling.

The novel research results are described through three achieved contributions. The first
contribution of this thesis is the new mixed integer linear optimization model for the long-term
operation of the multi-energy microgrid. The second contribution is the simulation framework
that connects the optimization algorithm with the novel receding horizon corrective scheduling
algorithm for the short-term operation of the multi-energy microgrid under the stochastic
environment conditions. The third contributions is the model for the definition of the value of
flexibility of multi-energy systems in the low-carbon power system. All three contribution
create a unique optimization framework aimed at providing new insights and answers for the
multi-energy systems operation. The main focus is the flexibility aspect that can be unlocked

through the novel usage of already present resources and multi-energy microgrid components.

To obtain even more accurate results the more precise but non-linear model for the
multi-energy system units could be incorporated as well as the network physical constraints.
This could provide unsurpassed level of detail but the computational efficiency and the added
value of these extra levels of details need to be investigated. Additionally, the implementation
of proposed framework on a laboratory scale microgrid would manifold increase the value and

support the simulation conclusions.
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signal. Evaluating the potential flexibility benefits of different tech-
nologies in the distribution level microgrids provides a valuable
step towards a successful integration of renewable energy sources
that will complement the low carbon technologies on a larger scale
[8].

Microgrid is defined as a set of consumers, distributed genera-
tion and energy storages coordinated with the aim of achieving
reliable supply for final consumers and exchanging predefined
energy with the rest of distribution system through a point of com-
mon coupling (PCC) [9]. Scheduling microgrid operation is subject
to imperfect forecasting of local RES or demand, however if these
imbalances are compensated on the local level microgrids become
flexible nodes capable of providing multiple flexibility services to
the upstream system thus enabling larger integration of RES
[10,11] (Fig. 1). Aggregating consumers of different energy vectors
(electricity, gas, cooling) and distributed multi-generation sources
on the same location with coupled centralized control is the main
advantage of a multi-energy microgrid (MEM) concept.

Power system flexibility is becoming a key characteristic in
answering the increasing share of variable generation. Technically,
it can be defined as the ability to respond to changes in demand/
generation equilibrium [12]. In economic sense, the flexibility can
be defined as the capability of a single market subject to quickly
adjust to most current market situation and follow the scheduled
plan of exchange [13]. All power systems inherently have a certain
flexibility level; with increase of unpredictable and variability RES
these values are much higher. Lack of system flexibility can be man-
ifested in frequency deviations which can lead to load shedding,
deviations from contracted exchanges, wind curtailment, higher
price volatility. The current system flexibility requirements are
mostly based on deterministic calculation which increases the sys-
tem costs and does not include variables that stretch through
several time periods (intertemporal constraints) [14].

Traditionally all the imbalance between the production and
consumption had to be compensated by centralized unit, however
with the advent of new technologies ([LCHP, electric vehicles, flex-
ible demand, electric heat pumps etc.) new flexibility potential can
be unlocked on the local, distribution level [15-17]. Concepts of a
virtual power plants and microgrids (e.g. [18,19]) are well known,
yet there is still a lack of integral approach to all energy vector
assessment on a microgrid level, particularly in terms of interac-
tion between the MEM and the rest of the system. This paper tack-
les the operational aspects also providing some valuable inputs for

Distributed generation
CCHP
uCHP
Wind and photo
voltaics EHP

planning, optimal sizing of microgrid elements [20] and business
cases [21].

1.2. Current research

While integration of batteries and electric vehicles is widely
researched for their capability to provide these flexibility services
[22], it is equally important, if not more, to unlock the already exist-
ing flexibility in the distribution level energy systems. In this
context multi-energy systems (MES) [23] and multi-energy micro-
grids (MEM) become increasingly relevant by coupling different
units and shifting 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 [24,25]. Several research papers have shown signifi-
cant benefits by means of adaptive dispatch and coordination of
multi-energy systems in active distribution networks [26].

In order to utilize provision of price driven services from multi-
energy entities such as MEM, or other flexible units at the distribu-
tion 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
[27]. Aggregation in the concept of virtual power plants (VPP) is
usually composed of conventional and renewable energy units
(RES) [28,29]. The inability to forecast RES generation of the VPP
defines participation of such units in the market, where flexible
units such as storage are put in service of minimizing the level of
variability and uncertainty announced ahead of realization of pro-
duction [30,31]. Recent research focuses on robust or risk-based
bidding strategies to overcome these issues [32], however such
approach can lead to conservative solutions and non-optimal oper-
ating points. It is interesting to notice that already single MEM unit
can be regarded as VPPs, since they are usually composed of sev-
eral units coupled together [33]. Cooperation of these units results
in both economic savings and environment impact reduction com-
pared to separate production [34]. When grouping different multi-
energy units the value of multiple energy vector shifting becomes
even more highlighted [35].

On a microgrid level the local heat and cooling demands are
more or less predictable and do not contribute significantly to
uncertainty and variability; unlike local RES production. In
addition, heat and cooling have a significant amount of inertia

Backup generation

diesel engi
(diesel engine) Central control
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Fig. 1. Microgrid elements and the potential of connection of a multi-energy microgrid as a flexible multi-energy node through a PCC.
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meaning that their moment-to-moment load balancing requests
are less strict. Previous work of authors [36] demonstrates an
adaptive receding horizon for re-dispatching MES units with the
goal of minimizing deviations from the announced schedule as
well as maximizing the usage of electricity locally generated from
RES. However, it does not fully capture MES capability as it only
analyses a specific microgrid environment and does not focus on
estimating flexibility potential outside optimal energy provision.
The value of re-dispatching capability is also recognized through
the concept of MES profitability maps [37], however with no opti-
mization through a receding horizon.

1.3. Contributions

This paper provides relevant contributions in quantifying flexi-
bility capacities of multi-energy microgrid. For this purpose, an
adaptive receding MILP optimization model is developed. The anal-
yses focus on defining the impact of:

(a) Different compositions of MEM. In particular, the benefits of
decentralized MEM units compared to a single central
energy community unit. All analyzed options provide elec-
tricity, heat and cooling to the final consumer, without
diminishing their comfort, through different trigeneration
unit technologies and belonging efficiencies.

(b) Modelling aspects and approximations. The paper clearly
demonstrated how 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 scheduling). These approxi-
mations are of critical importance in assessing operational
flexibility as they might lead to incorrect results and
conclusions.

(c) Both of the above aspects are evaluated through several
defined MEM flexibility indicators, wasted heat and cur-
tailed wind, considering operational techno-economic con-
straints of different microgrid components (battery
storage, heat storage, micro combined heat and power units
(1LCHP) in off-grid (islanded) mode and interaction with the
distribution system through the point of common coupling
(PCC) in on-grid (parallel) mode.

The work presented here is a substantial extension of material
presented by the authors in [38], however for easier understanding
some of the model segments will be repeated and elaborated in the
following sections.

2. Nomenclature and abbreviations

Input parameters in order of appearance

T Simulation time step duration (number of hour segments AT of an hour) Section 3.0
T Simulation duration [h] Section 3.0
t Current simulation step Section 3.0
i Counter referring to i-th ho usehold Section 3.0
K Total number of households Section 3.0
nechp-e Electricity production efficiency of the district CCHP unit [%] Section 3.1
Techp-h Heat production efficiency of the district CCHP unit [%] Section 3.1
Hgﬁﬁ”. HECHP Maximum/minimum output of the district CCHP unit [kW h] Section 3.1
ramp Ramping characteristic of the district CCHP unit [kW h/AT] Section 3.1
HEHP  HEHP. Maximum/minimum heat output of a household uCHP unit [KW h] Section 3.2
nyhp-e Electricity production efficiency of household uCHP unit [%] Section 3.2
1
ﬂ?hp’h Thermal energy production efficiency of household uCHP unit [%] Section 3.2
1
HEHP Household EHP unit maximum thermal output [KW h] Section 3.3
COP;; Household EHP coefficient of performance Section 3.3
ngfaxi Household auxiliary boiler unit maximum heating output [kW h] Section 3.4
0B Household auxiliary boiler unit efficiency [%] Section 3.4
Cl:rfaxi Household heat storage maximum capacity [kW h] Section 3.4
415 Household heat storage unit hourly losses [%] Section 3.4
CZEX, CITHEISH District thermal energy storage maximum/minimum capacity [kW h] Section 3.5
HTES District thermal energy storage unit hourly losses [%] Section 3.5
CBAT | cBAT Central battery storage maximum/minimum capacity [KW h] Section 3.6
0, e Battery storage charge/discharge efficiency [%] Section 3.6
Cﬁg(-;ﬁst' Cfn"iﬁ-i‘”“ Household battery unit maximum/minimum capacity [kKW h] Section 3.6
)BAT ' Central battery storage self-discharge rate [%] Section 3.6
) BAT dist Distributed battery self-discharge rate [%] Section 3.6
Coolfr‘nBaCX Absorption chiller maximum cooling output [KW h] Section 3.7
CopABC Coefficient of performance of absorption chiller Section 3.7
Coolt€ Electric (compression) chiller maximum cooling output [kKW h] Section 3.7

max
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(continued)

Input parameters in order of appearance

COpE€ Coefficient of performance of electric (compression) chiller Section 3.7
COOl?rfax,i Household AC unit maximum cooling output [kW h] Section 3.7
coP¢ Coefficient of performance of household air-condition (AC) unit Section 3.7
Eﬁ'f,fﬂ Backup diesel generator maximum electricity output [kW h] Section 3.8
yPIESEL Backup diesel generator efficiency [%] Section 3.8
cfex Maximum capacity of flexible demand being rescheduled [%] Section 3.9
pllex Percentage of total electrical demand regarded as flexible demand [%] Section 3.9.
Ervind Average hourly wind production of 1 kW installed capacity [KW h] Section 3.9
EY Average hourly PV production of 1 kW installed capacity [kW h] Section 3.9
H‘z,- Household heat demand [kW h¢] Section 3.10
E‘fi,i Household electricity demand [KW he] Section 3.10
Cool?, Household cold demand [kW h,] Section 3.10
EM; Average emissions for electricity production [g/kW h] Section 3.11
EM™8 Natural gas average emission[g/kW h] Section 3.11
c"g Natural gas supply price [€/kW h] Section 4.0
cdiesel Diesel supply price [€/kW h] Section 4.0
el District CCHP unit fuel supply price [€/kW h] Section 4.0
Cim{ P Electricity price [€/KW h] Section 4.0
Ml by Imbalance price modification factors Section 4.0
pheat pwind Inhibiting factor for waste of heat and curtailment of wind Section 4.0
Decision variables in order of appearance

HICCHP Heat output of the district CCHP unit [kW h] Section 3.1
E[CCHP Electricity output of the district CCHP unit [kW h] Section 3.1
Hl;fnCCHP Binary variable for the operational state of the CCHP unit Section 3.1
HitarfUPCCH” Binary variable for the startup signal of the CCHP unit Section 3.1
FecHP Fuel intake consumption of the district CCHP unit [KW h] Section 3.1
HE?P Heat output of the household pCHP unit [kKW h] Section 3.2
HgfinCHP Binary variable for the operational state of the household pCHP unit Section 3.2
ECHP Electricity output of the household pCHP unit [KW h] Section 3.2
Ff’i”’ Fuel intake consumption of the household uCHP unit [kW h] Section 3.2
HE?P Household EHP unit thermal power output [KW h] Section 3.3
Ef’,-“) Household EHP unit electrical power output [kW h] Section 3.3
HﬁiinEHP Household EHP unit thermal power binary variable Section 3.3
Coolf_'fp Household EHP unit cooling power output [KW h] Section 3.3
CoollMEHP Household EHP unit cooling power binary variable Section 3.3
Hﬁ‘f Household auxiliary boiler unit heat production [kKW h] Section 3.4
fuep[‘\B-mml Household auxiliary boiler units total fuel usage [KW h] Section 3.4
H?,Si Household heat storage net heat flow[kW h] Section 3.4
C?S, Household heat storage capacity at simulation step t [KW h] Section 3.4
CITES District thermal energy storage capacity at simulation step t [KW h] Section 3.5
HICCHPJES Heat flow to district TES from CCHP unit [KW h] Section 3.5
H™S Heat flow from TES to consumers [KW h] Section 3.5
EfATffh Central battery storage charging power [kKW h] Section 3.6
E’:inBAT-Ch Central battery storage charging power binary variable Section 3.6
EfAdefh Central battery storage discharging power [KW h] Section 3.6
EfiﬂBAUCh Central battery storage discharging power binary variable Section 3.6
CfAT Central battery storage capacity [kW h] Section 3.6

(continued on next page)
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Input parameters in order of appearance

EBAT<h Household battery unit charging power [KW h] Section 3.6
El;i'_"BATih Household battery unit charging power binary variable Section 3.6
E?,;\T,dch Household battery unit discharging power [kW h] Section 3.6
E?iiﬂBAT-dfh Household battery unit discharge power binary variable Section 3.6
Cffi\deist Household battery unit capacity [KW h] Section 3.6
Cool?BC Absorption chiller cooling output [kKW h] Section 3.7
Coolfc Electric (compression) chiller cooling output [KW h] Section 3.7
COOI':,-C Household AC unit cooling output [KW h] Section 3.7
E?’ESEL Backup diesel generator electricity output [kKW h] Section 3.8
E’;iﬂDIESEL Backup diesel generator operational binary variable [KW h] Section 3.8
Eifﬂff“PD’ESEL Backup diesel generator startup binary variable [KW h] Section 3.8
Efe" Flexible demand being rescheduled [kW h] Section 3.9
E\;vindfreal Produced energy from wind [kKW h] Section 3.9
E\fﬂ/indiurt Curtailed wind energy [kW h] Section 3.9
xwind Installed wind power capacity [kW] Section 3.9
xPv Installed PV capacity [kW] Section 3.9
Fi® Total natural gas energy consumed [kW h] Section 3.11
F?IESEL Total diesel fuel energy consumed [kW h] Section 3.11
longimp Positive mismatch in import compared to day-ahead contracted exchange [kW h] Section 4.0
long{™® Positive mismatch in export compared to day-ahead contracted exchange [kW h] Section 4.0
shortimp Negative mismatch in import compared to day-ahead contracted exchange [kW h] Section 4.0
short{™® Negative mismatch in export compared to day-ahead contracted exchange [kW h] Section 4.0
Abbreviations

RES Renewable Energy Sources Section 1.1
MEM Multi-energy Microgrid Section 1.1
uCHP Micro Combined Heat and Power Section 1.3
MILP Mixed Integer Linear Programming Section 1.3
cor Coefficient of Performance Section 3.0
CCHP Combined Cooling, Heat and Power (trigeneration) Section 3.0
EHP Electric Heat Pump Section 3.0
PV Photovoltaic Section 3.0
AB Auxiliary Boiler Section 3.4
TES Thermal Energy Storage Section 3.5
RH-MPC Receding Horizon Model Predictive Control Section 4.0

3. Multi-energy microgrid modelling

The model of multi-energy microgrid includes all relevant com-
ponents to analyze the interactions between the elements and
energy vectors. The developed model in this paper, as mentioned
before, presents a substantial expansion of the work done in [38].
The residential community model can consists of any number of
households and each household can be equipped with different
energy sources and has various demand curves (heating, cooling
and electricity). Depending on the microgrid configuration each
household is supplied by either district CCHP or household uCHP
unit, district ground source EHP or household air-water EHP unit
(cooling and heating) with addition of household auxiliary boilers,
household heat storages, battery storages and household installed
RES units (PV panels). Additionally, the model considers flexible
demand response and operation of a central battery storage. The
model is easily expendable and new additional elements (e.g. elec-
tric vehicles) can be added. For the test-case analysis purposes size
of the microgrid community has been chosen to consist of 300
households. The model relies on the following assumptions:

(a) Sampling time is constant (simulation time step T which
enables a clear connection between power and produced
energy and that way the model is able to capture different
time step resolutions);

(b) Flexible consumers’ response in rescheduling their demand
is not compensated and that financial aspect is not
accounted for;

(c) Developed MEM model assumes the microgrid is not big
enough to be considered as price-maker;

(d) MEM operation is considered just from market perspective
where voltage and frequency stability issues are not
regarded;

(e) No communications error or delay was considered for the
central controller, which is assumed to have all needed data
available;

The schematic diagram of modelled MEM is shown in Fig. 2 for
scenario where all elements are installed on a household level. The
blue arrow represents the flow of electrical energy. Yellow arrow
represents the heat energy flow. Green arrow represents flow of
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cooling energy. Red arrow shows natural gas flows, and central bus
in the first case represents electrical network. The flexibility poten-
tial is unlocked through the electrical grid when the operation of,
for example, nCHP and EHP is coupled.

The concept of installing larger, central district units is shown in
Fig. 3. The central bus represents the district heating/cooling
network and electrical network. Different combinations of district
and household elements are also possible.

Fig. 2. MEM model schematic for proposed distributed household configuration.

Multi-energy microgrid elements can be installed on the house-
hold level in distributed manner (smaller units) or they can be cen-
tralized on the district level (larger units) as mentioned before. For
the purpose of this paper, the following MEM configuration are
selected and shown in Table 1.

Type 1 assumes all elements are installed on the household
level: local EHP (Electric Heat Pumps) and pCHP (micro Combined
Heat and Power units). Type 2 assumes centralized heat and elec-
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Fig. 3. MEM model schematic for proposed centralized district configuration.
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Table 1

Proposed different structures of multi-energy microgrid.
Microgrid configuration suggestion ~ CHP EHP Thermal storage Battery storage Chillers  Backup diesel  RES

District  House. District House District House. District  House. PV Wind

Type 1 - distributed - I - %4 - v - %4 - - e e
Type 2 - centralized I - I - I - I - I I v v
Type 3 - CCHP+ household EHP v - - v v v v - v - v v
Type 4 - district EHP+ uCHP - v v - - s - P - v s s

tricity production in a district CCHP unit. Type 3 assumes that a
certain share of households is supplied by centralized CCHP (Com-
bined Cooling Heat and Power) and this share is equal to house-
holds supplied by nCHP and boiler in Type 1 while the remainder
of households still use local EHP as a primary energy source. Type
4 assumes part of households uses district EHP while the remain-
der keeps uCHP and boiler as electricity/heating source.

Efficiencies of selected production units’ efficiencies have sig-
nificant impact MEM operation. These units, such as uCHP, CCHP
and EHP units are modelled in two ways:

(1) Typical efficiency approximations modelling approach, pre-
sented as a single constant value (COP for EHP, thermal
and electrical efficiency for u\CHP/CCHP unit).

(2) Varying efficiency (varying COP, efficiency curves for uCHP/
CCHP depending on loading).

More detailed models increase the computational times and in
some cases they are not justified [39,40] but even a slight increase
in accuracy results in significant differences, as it will be shown in
the results section.

3.1. Combined cooling, heat and power (CCHP) units

For the district CCHP units, different installed capacities can be
considered. The production of heat and power is coupled. The pro-
ductions of heat and power are defined at each time step starting
from the fuel input F**! through relevant thermal efficiency
Newp_m and electrical efficiency 7, ;- For fCHP and smaller CCHP
units electrical and thermal efficiencies, as mentioned before, are
typically a function of the loading curve. This aspect is often, for
the sake of simplicity, not regarded and the approximation stating
that efficiencies are constant is commonly made [41-43].

EtCCHP _ FtCCHP ) "cchp_e (1)
(2)

This means the connection between production of heat and
electricity can be expressed as shown by Eq. (3) if constant efficien-
cies are considered:

CCHP __ CCHP cchp_h
H[ - Ft n

CCHP cchp_e
FCCHP _ H™™ - e
cnp e 1

3)
The CCHP thermal output is limited by the uppers limit HSP
which represents its maximum output power, and its lower oper-
ating limit HS” which can be considered as minimum stable gen-
eration point (MSG). The binary variable H*"“*" indicates the unit
is operational if its value is 1, and that unit is off if the value is 0.
The CCHP production is bounded by its upper and lower limit
expressed as:

binCCHP CCHP CCHP binCCHP CCHP
Ht 'Hmin /’L'QH[ <Ht ’Hmax /T

ncchp,h

4
Startup binary logic is expressed as shown by Eq. (5).

tartupCCHP binCCHP binCCHP
Hi artup _ H[m _ H[in1

()

For smaller units considered in this paper (power output in
range of e.g. 1000 kW) the minimum up time and minimum off
time can be neglected and is not considered.

Since thermal power plants like considered district CCHP unit
typically exhibit variations in power output, ramping constraints
that limit the output increase or decrease between two successive
time periods is added (Eq. (6)). Constraint ramp is expressed in

comparison to maximum output power as H /1,

—ramp < H**" — HS" < ramp

(6)
If more detailed model is considered regarding the efficiency of
operation the mathematical model for this mode 2 of operation is
extended and therefore Eqs. (2) and (3) that model the output
power are substituted by the following formulations (Egs. (7) and
(8)) that have an aim to capture the non-linear behavior of the
efficiencies.
Efc""’ _ F[CCHP e 4 H?inCCHP - pech-¢

(7)

HtCCHP _ F[CCHP . ncchp_h + Hlt:inCCHP . ncchp_h’ (8)

The efficiencies are modelled as linear approximations while
full-load efficiency is considered to be the same for both modes
of operation. The coefficient 1y, o1, Hewp_err AN Henp_pi> Hepp_nre fOT
units of different sizes have different values in order to preserve
the same efficiency curve shape with respect to part-load opera-
tion conditions. For example, the unit of maximum power (fuel
intake maximum limit) of 2000 kW the coefficient values are
pechp-e — .37, ycher-¢ = —107,42 and
neche-h = 0.65, " = —197,10. For 1000kW the values are
neehr-€ — 0.42, pechr-¢ = 90,43 and
peche-h — 0,70, yecv- — 147,90, describing the efficiency of Cap-
stone units [44].

The CCHP units usually have two operating modes, namely elec-
tricity following and heat/cooling demand following [45]. This
paper assumes heat/cooling following mode of operation.

3.2. Micro Combined heat and power (uWCHP) units

Distributed pCHP units are installed in a number of households,
depending on the scenario. In Eq. (9) the coefficient 7 is a time step
and used as a direct connection between power and energy. The
uCHP units considered in this work have installed capacity of
8 kW, and technical minimum of 1.6 kW,.

binCHP CHP
Ht,i ! Hmin.i

1< HEIi-IP < HﬁiinCHP CHEHP 1

max,i

)

It is assumed these micro units can adjust their power fast
enough and therefore no ramping constraints have been added.
As a reference Capstone units C30 and C200 were used [46-48].
The tests have shown that these units are characterized by under
120 s response in start, stop and power adjustments, while the
shutdown process is over in 200 s. This also means that for the
time frame considered in this paper, these constraints can be
neglected [49].
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Again pCHP units are modelled in two ways with respect to the
efficiency. The first is the constant efficiency according to which
the output of i-th uCHP is:

HE’;IP] . nichp,e
chp_h

1;

Total fuel (natural gas) consumption of all pCHP in heat follow-
ing mode is:

B = (10)

€ HY

CHP_total
fuel; =D (11)
i M

The second mode assumes variable efficiency depending on the
loading conditions.

chp_e chp_e’

Eqi = Fg o™+ Hp o (12)
HE = Rt HE et (13)
The coefficient values for electrical output are 7" = 0.55,

n"-¢ = 4.51 making the approximations close to the Capstone

commercial unit (Fig. 4).

3.3. Electric heat pump (EHP) units

Similar to CHP, both local and district EHP units are considered
as energy providers. In the model a number of households use heat
generated by EHP as a main heat and cooling source. Eq. (14)
describes the relation between the current heat output and elec-
tricity consumption for a household unit and Eq. (14) describes
the relation for larger EHP unit.

Hi" = E;f" - CoP, (14)

HEHP — EFHP . COP, (15)

EHP heat and cooling productions are limited by their upper
and lower boundaries [43]. The electric heat pump can operate in
either cooling or heating mode while the maximum output power
is assumed to be similar [50]| and modelled by Eq. (18).

EHP EHP EHPbin
0< Ht.i < Hmax.i T Ht,i (16)
= 14
=
=
=
(]
2= 12
o
o
-
>
2 10
(@]
8
6 /
4
2
0

7%
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23%
27%
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33%
37%
40%
43%
47%

=—0—meassured efficiency curve

50%
53%

57%

183
0 < Coolf" < Coolfa¥ - T - Coolf ™" )
IR (18)

For household units air-water type of electric heat pump is
assumed. Its efficiency ratio depends on the outdoor temperature
and temperature difference between outside air and heated space.
Diplex and Acadia heat pumps were used as a reference [50,51].
The assumed type of central EHP is ground source. The COP also
depends on loading conditions [52] but the effect of temperature
difference is much more significant [53,54].

Ground source heat pumps demonstrate higher COP compared
to smaller air-water heat pumps and their COP is less variable
between seasons and throughout the day.

3.4. Household auxiliary boiler (AB) units and household heat storage
(HS) units

Households that have no other active heat source are equipped
with boiler units as primary source of heat while houses with uCHP
and EHP have boilers as a backup option. The boilers are fueled by
natural gas and peak heat output power is 10 kW, with efficiency
of fuel conversion 81%. The gas boiler could be substituted with
the electricity boiler that consumes electric power to generate heat
when load cannot be satisfied by CHP units for example. The effi-
ciency of larger boiler units can also be modelled as constant or
variable [55,56], but the assumption in this paper was that the
smaller household boiler units operate with constant efficiency.

HY <Hp. .7 (19)

max,i
K pyAB
Ht,i

fuel?B,tatal: . W (20)

Furthermore, to increase the reliability of heat supply and over-
all flexibility, all household are equipped with a heat storage tank
in form of a simple water tank. Assumed maximum storage capac-

ity Cs,,; is 6 kW h which translates into approximately 0.15 m?
water tank [57]. Total thermal energy available in the storage in
each time step is expressed as thermal energy stored the previous

time step plus the net heat thermal storage flow (Eq. (21)). The

hourly loses 2/ are assumed to be 4%.

60%
63%
67%
70%
73%
77%
80%
83%
87%
90%
93%
97%
100%

. L Loading [%]
linear approximation

Fig. 4. nCHP unit variable efficiency linear approximation.
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Ci = (1= 2/7) - Cy; — Hi; (21)
The maximum heat storage capacity is limited (Eq. (22)) as well

the charge/discharge time (Eq. (23))

s <Cy (22)

max,i

HE=Cl it (23)

max,i

3.5. Central thermal energy storage (TES) unit

As stated before the electricity and heat energy generated by
the CCHP units are coupled. In order to increase the flexibility of
this district system, thermal energy storage is added. Similar sizing
and modelling approach is taken as in [58]. The thermodynamic
process of the heat flow in the heat storage is a complex process.
More detailed models (e.g. stratified model) increase the complex-
ity and computational burden, however simple models, that
assume ideally mixed volume with homogeneous temperature,
provide results that are precise enough [39]. The model used in this
paper is described by the Egs. (24), (25) and (26) which consider
the intertemporal variable of storage capacity, charge/discharge
and maximum capacity limit. The model is similar to commonly
used models (e.g. [59]).

The charging flow is heat energy supplied by the CCHP unit and
discharging flow is the heat supplied to the consumers.

CZ‘ES =(1- TES /T) - CE - H'trES + HtCCHP_TES (24)
CB 2t <HP < CB . 2¢CES .27 HSMPTE < €18 .20 (25)
Coin TS CE < gy T (26)

Hourly losses 2™ are assumed to be 0.1% (total water volume
~200 m?) and 80% is assumed for a cycle efficiency. Initial thermal

energy storage capacity is assumed to be C'2 /4.

max

3.6. Battery storage

3.6.1. Central battery storage

The battery for a central model is incorporated with the follow-
ing equations (Eqs. (27)-(30)). Maximum value of energy flow
through battery (charge/discharge) at any given time step is lim-
ited and connected with the maximum capacity of the battery
(Eq. (27)). It is assumed that, for example, in a time simulation step
of a half an hour the battery can be charged to one eight of its
capacity. The binary logic that ensures both charge and discharge
cannot occur at the same time is expressed as Eq. (29). Battery
capacity is limited with its maximum capacity and minimum
capacity to prevent deep discharging (Eq. (30)).

0 < EIEAT_C"( < Cf::;(/(,[ . 4) . E?inBAT-Ch (27)
0< E)fAT,dch < Cﬁfac(/(’[ . 4) . Elt)inBAT,dch (28)
E?inBAT,dch +E?inBAT,chh < 1 (29)

CBAT < CfAT < CTES

min X max

(30)

The capacity of central battery between two successive time
steps changes according to Eq. (31). Self-discharging loss (BAT) is
regarded as the loss of 0.005% of stored energy per hour.

o = (1= 29T ) G+ B iy + B0 gy (31)

3.6.2. Household battery storage

On the other hand, the battery model for the batteries dis-
tributed among households (K is the number of households) is
described with the following constraints:

0 < B < Coigf /(T 4) - BT (32)
0 < BT < CBL (. 4) - EET400 33)
EE,;\T_dchbin + Eﬁfi\T_chbin < 1 (34)
Cﬁ_/l%i'rfl_dist < CfAT-dist < C[B;‘\:)‘(_dist (35)

K
BAT _dist _total BAT _dist BAT _dist BAT _dist
G = thfl,i (1-2 "T)- thl,i

1

BAT _dist _ch ch BAT _dist_dch ,, dch
+Epi “Mpar + E¢i /Mgt (36)

3.7. Cooling energy sources
For the cooling demand several units are available.

3.7.1. Absorption chiller (ABC)

The absorption chiller is used to convert heat generated by the
CCHP unit into cooling energy to meet the cooling demand (Eq.
(37)). COP of absorption chiller describes its efficiency. COPAEC used
in this paper has a value of 1.1 which is relatively low compared to
COP of electric heat pumps for example. But absorption chiller still
provides an efficient solution to provide cooling energy since can
use the heat produced by CCHP unit that would otherwise not be
used for any other purpose.

Coo l/:BC — HCCHP-ABC _ cop/BC (37)

0 < Cool?™ < Cool’™ (38)

3.7.2. Electric (compression) chiller (EC)

The electric chiller is driven by electrical power to produce cool-
ing energy. (Eq. (39)). COP of electric chiller COPE® is much higher
compared to absorption chiller. The value used in this paper is 3.5.

Coolt“ = EF° . cOP* (39)

0 < Cool™ < Coolt, (40)

3.7.3. Air condition (AC) units

Households in a distributed manner have installed AC units as a
source of cooling energy if that energy is not provided by other
source (e.g. EHP). AC units are modelled in a simple way; the input
electricity is converted to output cooling with the coefficient of
performance COPA equal to 2.7 (efficiency of conversion of elec-
tricity consumption to cooling: output cooling energy/input elec-
trical energy).

Cools = E . COPX (41)

0 < Cool!S < Coolly,

max,i

(42)

3.8. Backup diesel generator

Backup diesel generator is modelled in case there is not enough
electricity capacity (which can sometimes happen in off-grid
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mode) but the startup of this unit is expensive and preferably
avoided. The output electrical power of backup diesel generator
is limited by its maximum and minimum power (Eq. (43))

binDIESEL DIESEL DIESEL binDIESEL DIESEL
E[ : Emin /T < Et < Et : Emax /T (43)

tartupDIESEL binDIESEL binDIESEL
A (44)

Fuel consumption cost is calculated as input fuel energy divided
by energy value of a kilogram of diesel fuel (11.94 kW/kg) multi-
plied by its price.

1 /nDIESEL . E?IESEL

diesel; = 1794

. CDIESEL ( 45)

3.9. Flexible electrical demand and renewable energy sources (RES)

3.9.1. Flexible demand

Percentage of total load that can provide fast response flexible
demand is included in MEM model in a simplified way. The per-
centage pp, is set to be 10% of E, in all simulation steps. Ef"’* is pos-
itive for load reduction (“production” effect) and negative for load
increase (“consumption effect”).

K
_pFLEX . Etri_total < Z Eil;zx < pFLEX . Ef_mtal ( 46)
i

To ensure that rescheduled demand does not exceed certain
limit, the information about the total amount of shiftable loads
that are being rescheduled at every time step is preserved in con-
tinuous decision variable for flexible demand total capacity (Egs.
(47) and (48)).

K

_C}?ex_max/,[ < Zcftlfx < _Cjtlex_max/,[ (47)
i

i < G- E (48)

3.9.2. Photovoltaics production (PV) and wind turbine (WT)
generation

The production of PV arrays (E}'"") depends on the input data
(averaged production of 1 kW installed solar energy). The wind
production is modelled similarly, with the yearly input data of a
real 1 kW wind power plant (scaled), with the difference that wind
can be curtailed:

Ervind,curt + E\t/vind,real _ E\t/vind (49)

Additionally, developed model has the ability to determine
optimal installed capacities of RES, which is the total amount of

PV and wind that can be seamlessly integrated into the MEM
Therefore, the productions are modified with decision variable rep-
resenting installed RES capacity:

E\t/vmd,real — E\tn/md . med Elt’V,real _ Efv . XPV (50)

3.10. Demand (heat, cooling and electricity)

3.10.1. Heat demand

Heat demand is modelled with different daily curves for differ-
ent seasons extracted from data available for United Kingdom [60].
The curves are evenly distributed among all households. In sce-
nario with all units being local household level units, the demand
needs to be satisfied according to the following equation:

HY; < Hg" + HE" + Hif + HS (51)

If MEM configuration with district level units (CCHP or district
EHP for example), total demand is met in accordance to the Eq.
(52) where houses that do not have access to district system sup-
ply themselves locally as shown in (Eq. (51), while district heat bal-
ance is maintained.

H(ti_t‘ot‘ < HZES JerHP +HfHP-tDtal +HIE:HP_[0[UI +H,?B_tatal +HI:S (52)

HEHP-etl is symmation of production of all pnCHP units installed in

corresponding households. To ensure safe operation of MEM in
every simulation step heat waste is allowed:

waste d_tot CCHP CCHP_ABC CCHP_TES EHP
Hr <Ht - (Ht _Hr _Hr +Ht

+ HEHP_IOMI + HfHP-[O[aI + H:\B_total + Hi-ls_total) (53)

3.10.1. Cooling demand

Similar to heating demand, cooling demand is modelled with
different demand curves evenly distributed among households.
The total cooling demand is met by the production from absorption
chiller, electric chiller, household EHP units and household AC
units. Effectively, wasted cold is potential excess heat generated
by the CCHP plant that could have been used by the absorption
chiller or heat storage.

Cool!; < Coolff + Cool + Cool"™ + ool (54)

3.10.2. Electricity demand

Electricity demand is represented by different profiles for differ-
ent seasons based on UK data [60]. All households have access to
electrical network and equilibrium between production and con-
sumption has to be constantly maintained (Eq. (55)).

Market structure and business model
for market participation, and medium
> to long term development and

Optimisation of
‘generation process

planning

Controlling:
Energy fows and exchange control

Measurements and
data acquisition

with the distribution system (tertiary
regulation)

Controlling:

| PCC (Point of Common Coupling)
| =P | synchronization with the distribution

system

Controlling:
Maintaining system stability
(secondary regulation of fequency
and voltage reference values)

Level 0 \

Generation process

Controlling:
Presening system stability (primary
fequency and voitage regulation)

—

Fig. 5. IEC/ISA 95 standard hierarchy control adjusted for the observed MEM concept.
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K K K
E?_tot +Epr +EfC +E[EHP +EfAT_Ch + ZEffl-IP + ZEE?T_CII + Z
i i i
K
E/;\'C — Eztmp + Efv_real + Egvmd_real + EfAT-dch + E;itesel + ZEftl;’x
i

K K
+ 3 EP 4y BT (55)
i i

3.11. CO,. Emissions

Emissions are calculated as in Eq. (43). The emission factors for
natural gas, diesel are considered to be constant for energy unit of
fuel consumed, while the exchange energy (electricity import/
export) equivalent emission are calculated based on average emis-
sions for UK system [61] for electricity generation of each hour.

emissionst _ F?g . EMng + FtCCHP . EMCCHP + F?IESEL A EMDIESEL

+E™ . EM, + E™ - EM, (56)

F{® is the natural gas used by nCHP and auxiliary boiler units, while
FC% s the gas used by the district CCHP unit.

4. Formulation of the receding horizon corrective scheduling
model

Trigeneration energy microgrid model described in the previous
section is used to test the flexibility benefits of different MEM con-
figurations under receding horizon corrective scheduling control
framework.

Microgrid control can be observed as a hierarchical structure
(Fig. 5) [62,63]. The lowest level is directly connected with the
characteristics of the generator. The second level ensures the stabi-
lization of frequency after the fluctuations. The developed model
utilizes a central control system of higher level (Fig. 5- primarily
level) with the assumption that the lower level control is efficiently
implemented.

The controller for the receding horizon MEM scheduling uses
model predictive control scheme (MPC). The basic idea of MPC con-
trol is shown in figure below (Fig. 6). The controller based on the
reference model results decides on the desired MEM operation.
The iterative process dealing with uncertainties runs the optimiza-
tion with the updated information to MEM central controller/
dispatcher. MEM operates according to the market signals, namely
energy and balancing prices.

Tmax

Central controler

Desired
M EM """ q MEM model
operation
/ Optimization unit
Measurements Control actions

\ Multi Energy Microgrid

Fig. 6. Model predictive control concept applied to the developed MEM model.

(1) At a certain moment during current day (e.g. 12 h ahead of
delivery) MEM sends forecasted energy exchange for the
next day at the PCC to the system operator. This exchange
is the result of optimization where MEM is considered mar-
ket price taker.

(2) At the start of the following day (e.g. 00:00 AM) MEM enters
the daily cycle where proposed receding horizon MPC algo-
rithm adjusts the operational points of all units in order to
follow as closely as possible the plan announced in step 1
by compensating mismatches. In case of deviations due to
errors in demand and RES production forecasts, it optimally
adjusts operating points of MEM to minimize penalties.

The proposed algorithm is used for correcting initially planned
operational points of production units schedules (Corrective) in a
manner that always looks ahead till end of the current daily cycle.
This means that as the day progresses the corrections are being
applied and iteratively planned just for a shortened (Receding)
number of future time steps (Horizon) even though the algorithm
even in the last time step includes most recent forecasts for the
next daily cycle.

Objective function of the proposed MILP model is cast as oper-
ational cost minimization. The desired microgrid operation for the
reference optimization is driven by the following equation:

F?g .ce 4 FfCHP . cfuel + F?IESEL . cdiesel Ertmp . Cltmp _ EfXP . Cfxp

minimizeCOST = Z +P . E\[/vind_cur + p. Hgvaste + H?inCCHP . CCCHP + HitartupCCHP . CCCHP (57)

const

t=1 binDIESEL ~ .DIESEL startupDIESEL  .DIESEL
+Et “Ceonst T Et : Cstartup

For every simulation step t the control algorithm estimates the
system state for the entire operational planning horizon ahead. On
the basis of the present state and forecasts for the planning horizon
the optimal state is determined. This way both the current state
and the future forecast errors are included in the scheduling. More
detailed description of the iterative MPC optimization process can
be found in [36] or in further literature [64,65] or [66]. For the next
simulation step the process is repeated and in each step participa-
tion on the balancing (intra-day) market is decided. The operating
horizon for the rolling unit commitment model is 24 h which cor-
responds to the day-ahead scheduling. The most important steps of
the optimization algorithm are:

start

After the initial (reference) run the algorithm uses modified
objective function that calculates additional costs due to penalties
cause by forecast errors. Index S marks current hour of the day,
EMP0 E®P0 mark contracted import/export of electricity. Variable

shorti’"” references to electricity import smaller than contracted

due to forecast errors, while short;*" is defined for export smaller

than contracted. Similarly, long!™

is defined for electricity import
larger than contracted and long{™® is defined for positive mismatch
in export (export larger than contracted). Factors M**" and M are
reducing/increasing the market index price to obtain imbalance

prices. M*! is smaller than 1 and M™™ is larger than 1.
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The first line of the objective function (Eq. (58)) models the line 3 are “shifted” into values in line 2, meaning all energy is
expected cost for contracted exchange, second segment is mis- delivered at the end of the day).

an . c"8 + FCCHP . Cf”el + FDIESEL . Cdiese[ + EimpO . CTcp _ EexpO . C:ncp+
24141-S| ° t t t t t
ind _ L binCCHP tartupCCHP
COST = Z P. E:vm cur + P. H\t/vas e + Htm . CCCHP + Hi artup . CCCH[J

const start
t=1 binDIESEL startupDIESEL
E[‘ . CDIESEL Et T . CDIESEL

const startup
[(—)short’[”" M APy Tong!™ - MPY . (P 4 short™P - MPY - P — long$ - M c’t"q’} + (58)
" F?‘g .o FICCHP . Cfuel + FtDIESEL . Cdiesel + Eimp . Cimp _ E?XP . C?XD
wind _cur waste binCCHP  .CCHP startupCCHP  .CCHP
+ +P- Et +P- Ht + Ht “Ceonst T Ht * Cotart
t=24-1+1-§ binDIESEL DIESEL startupDIESEL DIESEL
+Et *Coonst T Et ! Cstartup
match penalty cost. The first two segments represent costs for real- All modelled element parameters are listed and explained in

ized hours of the ongoing day. The third segment represents Table 2. Elements in different simulations have different installed
predicted cost for upcoming hours of the ongoing day (notice that capacities (e.g. TES capacity, household type, shares or households,
as the RH-MPC progresses closer to the end of the day, values in battery storage capacity) due to different MEM configurations. For

Table 2
Parameter values.
Parameter Value [Unit]
Simulation time Tpax 24-8760 [h]
Simulation time step duration © 2 (30 min) [hour segments]
Number of households in district MEM K e.g. 300
Penalty factor for unused energy P e.g. 300
Natural gas price c"® 0.025 [€/kW h]
CCHP unit fuel gas price c«"? 0.024 [€/kW h]
Diesel price cdiese! 0.037 [€/kKW h]
Flexible demand share pfler 10 [%]
Maximum flex demand capacity 1%, 50 [kwW h]
Electric efficiency of uCHP unit - 24 [%]
Thermal efficiency of uCHP unit 7" 54 [%]
Electric efficiency of district CCHP unit 5P~ 32 [%]
Thermal efficiency of district pCHP unit 5" 55 [%]
Maximum fuel intake power of district CCHP unit H(? 1000 [KW h]
Maximum thermal output of district CCHP unit HS¢P ~550 [KW he]
Maximum thermal output of uCHP unit H™ ; 8 [kW h]
Maximum thermal/cooling output of EHP unit HE ; 10 [kW hy]
Maximum power output of EHP unit HE# 300 [kW hy]
Share of households with CHP based heating 40 [%]
Share of households with EHP based heating 30 [%]
Share of households with only boiler based heating 30 [%]
Mean coefficient of performance for household EHP units COP; 3.5 summer
3.0 inter (sprint, autumn)
2.5 winter
Coefficient of performance for district EHP unit COP 6.0 summer
5.0 inter (sprint, autumn)
4.5 winter
Maximum thermal output of a boiler unit H2_; 10 [kW hy]
Auxiliary boiler efficiency 78 85 [%]
District thermal energy storage maximum capacity Cgffx 2000 [kW hy]
Household heat storage maximum capacity C,, ; 6 [kW h]
Heat storage efficiency #, 98 [%]
Household battery storage maximum capacity C5% . 4 [kW h]
Central battery storage maximum capacity 29 50 [kW he]
Maximum power output of a backup diesel unit H22_; 50 [kW hy]
Backup diesel efficiency 78 33 [%]
Coefficient of performance of electric chiller COP* 35(-]
Coefficient of performance of absorption chiller COP® 1.2[-]
Coefficient of performance of household AC unit COP,-“C 271-]
Electric chiller unit maximum cooling power Coolt,, 50 [kW h]
Household AC unit maximum cooling power Cool’", ; 5 [kwh]
Installed wind capacity X" 50 [kW]

Installed PV capacity X" 200 [kW]
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Table 3
Dependence of the MEM capability to integrate RES on the nCHP technology used.
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UCHP Efficiency [%] Optimal PV installed Optimal WIND Total emissions Percent of demand
technology capacity [kW] installed capacity [kW] [tons] met from RES [%]
Elec. Therm. No bat. Bat. No bat. Bat. No bat. Bat. No bat. Bat.
Fuel cell 30 55 92 102 71 68 840 834 37.93 38.77
Stirling engine 20 77 70 89 184 180 799 795 61.98 62.24
Comb. engine 26 64 70 81 108 101 817 810 45.78 46.44
Steam engine 24 70 68 79 135 130 808 801 51.81 52.30
| gas turbine 24 55 65 88 97 91 863 856 43.21 43.63

the sake of simplicity, the paper does not focus on optimal sizing of
the units (which was performed), but rather focuses on providing
insight into differences between scheduled and realized opera-
tional points and how their plan changes as the time progresses.
Furthermore, it captures the impact of efficiency modelling
approximations on different operational horizons.

The simulation model was developed using FICO Xpress 7.9 [67]
and MATLAB 2015 [68] and run on laptop with Intel i5 @2.3 GHz
processor with 8 GB RAM with gap tolerance of 0.05%.

5. Annual operation results
5.1. Flexibility analysis of different uCHP technologies

Developed multi-energy microgrid operation was simulated for
17,520 half-hourly time steps. The available flexibility of the
microgrid is measured through waste of energy (heat and curtailed
wind expressed in kW h) indicator. In off-grid mode, MEM needs to
have enough capacity and flexibility to satisfy the demand in all
simulation steps. In on grid mode mismatch in kW h between
scheduled (contractual) and realized export/import values of elec-
tricity serves as a flexibility indicator.

The initial analyses focus on impact of battery storage and
different technologies of distributed generation, characterized by
different efficiencies. The results clearly demonstrate specific ele-
ments have higher impact in terms of provision of flexibility.

The results from a set of simulations for different pCHP tech-
nologies [69] are shown in Table 3. The assumed configuration of
MEM is Type 1 (Table 1 - distributed). Total share of LCHP units
in households is set to 40%, share of EHP units 30%, while the rest
of the households are equipped with boilers as a heating source.
Off-grid operation mode was analyzed. It can be seen that the
capability of a multi-energy microgrid to integrate RES is highly

dependent on the pPCHP unit technology since it represents the
most significant heat source in the distributed configuration.
Observing the amount of wasted energy, as an operation effi-
ciency indicator, for all the pCHP technologies, the addition of bat-
tery storage in all cases reduces unused energy (Fig. 7).
Additionally, it is interesting to observe that technologies with
more efficient heat production have higher percentage of curtailed
wind. Heat and electricity production are correlated, meaning that
in heat following mode excess electricity will be produced by p.CHP.

5.2. Flexibility aspects of different MEM configurations

Different MEM configurations (Table 1) manifest different oper-
ational capabilities (Fig. 8). Highest operational costs are obtained
for Type 1 (distributed/household) since smaller units with lower
efficiency are used, while the best “performance” is seen for Type
3 and Type 4 where a combination of distributed and centralized
units are participating in MEM portfolio.

Since in MEM parallel operation with the system waste of
energy is close to zero, more interesting conclusions can be drawn
for the off-grid mode. Interestingly, now the lowest waste is
achieved for Type 1 configuration. The reason for that is partially
that pCHP units do not have ramping or minimum stable operation
constraints (as mentioned in previous Section 3.2). However, a
general conclusion is that Type 3 (combination of district heating
system and household EHP units) has the best trade-off in terms
of amount of wasted energy and total costs.

Interesting aspect of annual operational results is seen when
adding another energy vector - cooling. The results presented in
Fig. 9 show the comparison in energy mix for the case when all
cooling demand is met by electrically driven elements (e.g. house-
hold AC and EHP) and when separate energy vector of cooling
demand is regarded through heat use in absorption chiller. The
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assumed operation is off-grid. It can be seen that with the separate
cooling vector the curtailment of wind is reduced from 24.15% to
20.90% (which equals to 2838 kW h) and waste of heat is reduced
from 1.90% to 1.70% (which equals to 6761 kW h). Additionally,
operating costs are reduced approximately 21% (from 193,700
EUR to 153,000 EUR), clearly showing flexibility benefits achieved
by coupling multiple energy vectors.

Annual operation analyses of MEM with different efficiency mod-
elling approaches (constant value efficiency versus load dependent
efficiency) show that the total costs difference for off grid simulation
is maximum for Type 3 and is 5.87%. What is more important to
observe is the daily behavior of the CCHP operation and the differ-
ences that stem from two efficiency modes. The following Section (-
section VI) explains the main principals of developed RH-MPC
corrective control algorithm and shows the importance of deploying
such algorithm during the daily operation cycle.
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6. Daily operational analyses

Daily operational analyses are based on receding horizon with
model predictive control (RH-MPC) where MEM is operating paral-
lel to the rest of the power system. In between two successive days
MEM is trying to follow the scheduled (contracted) exchanges
based on the optimal production plan for 24 h-ahead period. The
initial scheduled plan (marked with time step ‘0’) is susceptible
to changes due to stochastic element inherent to predictions of
demand fluctuations and RES production (included through
corresponding probability density functions). In deterministic
environment, scheduled and announced operational plan would
be fulfilled in every segment. However, realistic, stochastic envi-
ronment implies that MEM needs to flexible enough to follow
scheduled exchanges with the upstream system, in order to avoid
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imbalance costs and act in a most beneficial way for the rest of the
power system.

Developed corrective control strategy, based on model predic-
tive control, calculates for each time step the optimal MEM opera-
tion for the entire look-ahead horizon and applies corrective
measures only from current time step till the end of the current
planning cycle (24 h cycle of the day-ahead market). The algo-
rithm, as mentioned before, takes into account the intra-day imbal-
ance market [70].

The difference in planned and realized values of operational
points of CCHP, also for different efficiency modelling, are depicted
in Fig. 10 for a winter day simulation. It shows the difference
between constant efficiency and variable efficiency mode. For
brevity and easier understanding of figures, modelling efficiencies
as approximated constant value is referred to as MODE 1, while
load depending value of efficiency is referred to as MODE 2.

Already in the initial day-ahead schedule (hour ‘0’) of CCHP
operating points, the differences are noticeable (green and red line
on Fig. 10). Although schedules for both modes of efficiencies are of
similar shaped, different operating points in early periods of the
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day indicate approximations in modelling are highly relevant and
can result in incorrect assumptions.

Furthermore, comparing final operational values (resulting
from intra-day adjustments by RH-MPC) the difference between
electricity exchanged with the upstream system and MEM is
noticeable (e.g. during time steps 8-11) suggesting approxima-
tions do not provide accurate results relevant to short term opera-
tion (green line and orange line with marker on Fig. 10). Fig. 11
shows two different sets of values: first set (dotted lines) shows
the planned value for CCHP output made at the start of the day-
ahead cycle (again, for efficiency approximation and loading
dependent efficiency). Second (line with markers) shows how the
planned operational point for a specific hour changes dynamically
in each time step. More precisely, planned operational point for a
specific hour (e.g. 20th hour) in each planning step is shown on
the graph as “RH-MPC plan change”. The final operational value
(moment when the plan of the last planning horizon is realized)
is shaded (Fig. 11). As it can be seen the difference between two
efficiency modes is visible both thorough the rolling of the RH-
MPC process and through difference in finally realized output

Centralized MEM configuration

B winter MODE 2 mismatch
B summer MODE 2 mismatch

Fig. 12. Mismatch between scheduled (contractual) and realized electricity exchanges for both efficiency modelling approaches in centralized MEM configuration.

T 450 — - -
= Distributed MEM configuration
o 400
[<To)
C
2 350
o
x
2 300
oo
X
2 250
w
20.0
15.0
10.0
5.0
0.0 . A 1 | .
NeENANONSNNUONONR_RNONOANON=HINAUNMNMNSUNUNNONRIRNONAOANON—HINANL MM
S d A M F B NGB BOCTATANTNTIE TN TGN T TR NS NG NN N ™
i - Ll Ll - i Ll - - Ll o~ o o~ o~
winter MODE 1 mismatch W winter MODE 2 mismatch hour [h]

summer MODE 1 mismatch

M summer MODE 2 mismatch

Fig. 13. Mismatch between scheduled (contractual) and realized electricity exchanges for both efficiency modelling approaches in distributed MEM configuration.
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power. Mode 2 manifests in steeper changes in plan since the sim-
ulation tries to run the production units close to minimum gener-
ation or close to highest possible generation in that particular
moment.

Flexibility indicator in on-grid operation is represented through
a mismatch between the contractual (scheduled) and realized val-
ues of import/export electricity. For different MEM configurations,
namely distributed and centralized, the mismatch values are
shown in Figs. 12and 13. During summer periods available
flexibility is lower due to lower heat demand visible as higher
mismatch values. Absolute values of exchange mismatches com-
pared to the total contractual exchange can be noted from Fig. 14.

When comparing the mismatch error for different efficiency
modes it can be concluded that on average MODE 1 yields better
flexibility indicators (from 10 simulated winter and summer days).
Additionally, when observing the precise moment mismatches
occur the difference is noticeable. The total exchange volume is
on average larger for efficiency MODE 1 (constant efficiency) as
can be seen from Fig. 14.

As a final conclusion it should be noted that approximations in
modelling lead to over, or under, estimating available flexibility
and results in different operating points of MEM units. These errors
are highly relevant in on-grid operation as they give incorrect
information to the system operator.

6.1. Simulation duration

Total duration of the simulation is important when in a daily
cycle the optimization at each step (e.g. every 15 or 30 min) needs
to be finished. The total duration of the RH-MPC corrective algo-
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rithm depends on the efficiency mode used (Table 4). In daily oper-
ation simulation each step simulation needs to be finished in
approximately 5 s, which sums up to approximately 10 min total
if 15-min time steps are used (96 x 5 s + data cycling). For majority
of the days the simulation is finished within the given time frame
but there are exceptions for the efficiency mode 2 when single step
simulation lasts even 30 s (only for a few selected summer days).
This means that even though the importance of having more pre-
cise efficiency modelling is significant both in terms of cost and
operational points in daily operation, using constant efficiency
mode approximations guarantees every simulation will be short
enough even on an average personal computer. It worth noting
that values presented in Table 4 represent maximum duration of
a single step and only for the longest possible horizon of the entire
day. Average duration is shorter and the whole iterative process at
every time step lasts between 200 and 500 s depending on the con-
figuration and simulation setup. In practice, the look-ahead hori-
zon of 8h (so reducing it to 16 of 32 simulation time steps)
might be enough, ensuring satisfactory simulation duration in all
possible cases.

6.2. Daily operational analyses discussion

To wrap up the results sections the following conclusions can be
made regarding the different aspects of conducted simulations:

(i) Multi-energy microgrid configuration:
e Microgrids perform differently depending on their config-
urations and aggregation. The results clearly show that
although centralized unit MEM has lower operational
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Fig. 14. Contractual exchanges for a winter day simulation for different efficiency modes.

Table 4
Simulation duration for on-grid mode (30 min time step).

Total simulation duration

Single iterative step Single iterative step

[min] maximum simulation average simulation
duration [s] duration [s]

MODE 1 MODE 2 MODE 1 MODE 2 MODE 1 MODE 2
Annual operation - Type 1 (distributed) 141.16 373.50 - - - -
Annual operation - Type 2 (centralized) 130.25 358.78 - - - -
Annual operation - Type 3 (CCHP + household EHP) 129.55 360.12 - - - -
Annual operation - Type 4 (district EHP + uCHP) 122.92 300.19 - - - -
RH-MPC daily operation - Type 1 (distributed) 7.68 22.41 4.91 29.42 1.43 4.82
RH-MPC daily operation — Type 2 (centralized) 6.85 19.26 2.84 26.33 0.75 422
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costs, fully distributed MEM configuration (all household
units) is capable of integrating more local RES production.

e Adding energy vectors, such as cooling, to MEM configu-
ration results in higher flexibility manifested as lower
operational costs and lower wasted energy.

(ii) Efficiency mode used:

o Efficiency of production units, in particular CHP, has large
impact on overall MEM operation (shown in Table 3
results).

o Differences in annual operational costs between constant
efficiency mode (mode 1) and variable efficiency depend-
ing on the loading (mode 2) are in range of 2-5%. This
shows approximations do not have significant effect in
long term operational analyses.

o Difference in daily operational costs between constant
efficiency mode (mode 1) and variable efficiency depend-
ing on the loading (mode 2) are significant and manifest
is different unit operational points as well as larger mis-
matches for in exchange with the system. This indicates
that approximations have high impact on short term
schedules.;

7. Conclusion and future work

The paper presents a comprehensive multi-energy microgrid
model that incorporates flows of different energy vectors: heating,
cooling, electricity and fossil fuel. The developed model is linear
(MILP) which guarantees optimality of the results. The model is
used to track the operation of different MEM configurations
through defined flexibility indicators for both off-grid operation
(wasted heat and curtailed wind) and on-grid operation (waste
of energy and mismatch from contractual electricity import/ex-
port). On top of this, impact of efficiency modelling (constant effi-
ciency vs. variable efficiency depending on loading) is analyzed.
The results show that there is a significant operational difference
both in cost and flexibility indicators when comparing different
MEM configurations composed of different production units. Fur-
thermore, efficiency modelling aspect impacts both the process
of developed receding horizon corrective control and final opera-
tional points of production units.To summarize, following findings
can be highlighted:

(a) Regarding the MEM configuration, combination of central-
ized and distributed configurations gives the best
performance.

(b) Regarding the coupling of energy vectors, adding additional
separate energy vectors (e.g. cooling) increases flexibility by
reducing total cost, wasted energy and curtailed RES.

(c) Regarding the efficiency modelling, total costs on an annual
basis are very similar regardless of the efficiency mode used
(constant efficiency and variable efficiency).

(d) Regarding the daily corrective RH-MPC algorithm, on a daily
level the results for different efficiency mode are signifi-
cantly different due to more frequent unit cycling in variable
efficiency modelling scenarios.

Further investigation will be headed into the direction of defin-
ing flexibility maps for the production units that would in every
moment give information how much flexibility, how long and at
what cost can be provided. In addition to that, further details
regarding the interaction between the energy vectors will be stud-
ied as well as the addition of EV vehicles and their inherent
stochastic behavior. Furthermore, operational limits of district
energy infrastructure will be included in a more detailed fashion.
Horizon lengths impact will also be considered to reduce the over-
all computational time.
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Aggregating groups of loads and generators at the same location with centralized control is known as the
concept of microgrids. However, if those flexible producers and consumers do not have the ability to
balance the variability and uncertainty of RES (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. The papers main goal is to quantify the ability of
microgrid components to provide flexibility. This flexibility is analysed from two perspectives, defining
two operating principles of each microgrid: independently from the distribution grid and connected,
interacting and responding to signals from the upstream system. Following on this, the paper presents
two relevant cases.

In the first part a deterministic model is developed based on MILP (Mixed Integer Linear program-
ming) simulating the microgrid operation over one year period. This model is used to determine the
optimal microgrid configuration with respect to the amount of unused energy, thus defining role and
capability of different pieces of equipment and their size (RES (renewable energy sources) wind and
solar, HS (heat storage), f{CHP (micro combined heat and power plants) and EHP (electric heat pumps)).

The second part of this paper further expands the model with MPC (Model Predictive Control)
approach in order to capture the behaviour of microgrid interaction with the distribution grid, modelling
uncertainties of forecasting RES production by stochastic programming. The model is capable to evaluate
both the impact of variable energy production and consumption and the impact of energy balancing

tariffs depending on the amount of balancing energy needed for the microgrid operation.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Integration of RES (renewable energy sources) is largely driven
by governmental incentives, especially for RES on a small domestic
scale. As the share of RES increases, the concept of incentives be-
comes unsustainable and the need to develop new approaches
becomes inevitable. Traditionally, any generation mismatch caused
by variations in RES generation had to be compensated by other
generating units. Today the development is shifting towards
enabling the flexibility from the consumer, ranging from flexible
demand to distributed generation. Controllable and RES technolo-
gies at the low voltage level cover a wide range of units: PV (photo-
voltaic units), WPP (wind power plants), EHP (electric heat pumps),
UCHP (micro combined heat and power units), HS (thermal energy

* Corresponding author.
E-mail address: ninoslav.holjevac@fer.hr (N. Holjevac).

http://dx.doi.org/10.1016/j.energy.2015.04.031
0360-5442/© 2015 Elsevier Ltd. All rights reserved.

storage), BS (battery storage) etc. Aggregating these technologies
creates a market entity capable of not only isolated operation but
also interaction with the electric system [1]. Distributed systems,
such as the ones mentioned above, need to be integrated with the
rest of power grid's control system by means of aggregation and
market mechanism. Although ideas of virtual power plants and
standalone microgrids are not new [2], there is still a lack of models
capable of representing the behaviour and scheduling such clusters
of units. A good model must provide robust response of microgrid
to fluctuations of connected RES and, if needed, has to ensure
stand-alone operation with minimum to no interaction with the
rest of the electrical grid.

The ideas presented in this paper can be regarded as an exten-
sion of the multi-energy concept [3]. Flexibility from the multi-
energy systems can be utilized from the capability of comple-
mentary technologies, such as CHP and EHP, to shift between
different energy vectors, e.g. gas and electricity, and produce the
desired output at minimum cost [4]. Benefits of these flexibility
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capabilities are elaborated for the concept of demand response [5]
also emphasizing the potential of this systems to provide additional
flexibility services [6].

The methodology for decision-making on local microgrid level is
not simple and has many key factors that have to be included as is
stated by Kopanos et al. in Ref. [7]. Microgrid comprises of both
dispatchable units (e.g. distributed generators) needed to balance
the microgrid and uncontrollable units such as RES whose pro-
duction cannot be precisely estimated. Additionally, FL (flexible
loads), EES (energy storage systems) and connection to the rest of
the system have to be modelled in order to find optimal control
approach. There are several methods found in the literature that
tackle the problem of finding the best control algorithm. In Ref. [8]
Sanseverino et al. 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 Mixed Integer
Linear Programming (MILP) for a mid-term virtual power plant
dispatch optimization was investigated in Refs. [9] and [10] by
Pandzi¢ et al. 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 presented by Wang et al.
in Ref. [11], evolutionary strategies presented by Basu in Ref. [12]
and particle swarm optimization [13] do not guarantee global
optimality of the solution Different researches include different
microgrid components with different levels of details when
modelling the operation. Gas engines and heat storage units are
analysed thoroughly while rest of the technologies are not included
in work done by Fragaki et al. in Ref. [14]. Flexibility of coupled
operation of different microgrid configurations consisting of
different elements was considered by Capuder and Mancarella in
Ref. [15] demonstrating benefits of coupling EHP, CHP and HS to
reduce both the operational cost and environmental impact.
Research by Mehleri at al. presented in Ref. [16] and by Kopanos
et al. in Ref. [ 7] elaborates on optimal design of distributed system,
however does not capture variability and uncertainty of RES oper-
ation in such systems. Geographic evaluation in selection of elec-
tricity production mix is presented in Ref. [17]. Work done by
Moradi et al. [ 18] optimizes the capacity of distributed sources and
develops an operational strategy but uses heuristic methods and
does not consider stochastic element. On the other hand bi-level
optimization model proposed by Wang et al. in Ref. [19] deals
with the uncertainties of the microgrid operation but the elements
are not optimally sized. In Ref. [20] the requirement for the
microgrid to operate totally independent is relaxed when uncer-
tainty is introduced. Additionally, only the interconnection be-
tween heat storage and heat pumps is investigated by Arteconi
et al. in Ref. [21].

MILP approach coupled with MPC (Model Predictive 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 combi-
nation provides a good mechanism to deal with uncertainty of
predictions implemented as central controller [22] or as distributed
control [23]. Optimization of battery storage operation is presented
in Ref. [24] by Malysz et al. where battery is used to maximize
economic benefits for both the customers and utility operators.
Perkovic et al. [25] used receding horizon model predictive control
for smart management of residential type microgrid while taking
into account PEV (Plug-in Electric Vehicles) as energy storage with
the goal of maximizing profit. The concept of electric vehicles as
flexible load in unit commitment problem is presented by Madz-
harov et al. in Ref. [26] and Wencong et al. in Refs. [27] and [28]
applying MPC strategy. Detailed methodology for the integration
of different charging schemes for electric vehicles is presented by
Kiviluoma and Meibom in Ref. [29]. Energy management system

using rolling horizon strategy for an isolated renewable-based
microgrid is presented by Marietta et al. in Ref. [30]. Another
MPC control algorithm which minimizes the daily operation cost,
tested on a real microgrid that proves the feasibility of proposed
approach was described by Parisio et al. in Ref. [31]. The use of day
ahead planning horizon of 24 h in MPC algorithm is considered in
Ref. [32] by Molderink et al. While majority of optimization algo-
rithms set minimization of operational costs or maximization of
profit as objective functions, Ren et al. in Ref. [33] propose an al-
gorithm that minimizes emissions and emissions cost, trying to
reduce environmental impacts of energy production. Multi-
objective optimization genetic algorithms are the most
commonly used technique attempting to capture both, for example,
economic benefits and emission reductions, as in example by Deng
et al. [34], but the final result is not guaranteed to be the global
optimum as it is the case with MILP models. An example of a
comprehensive tool for efficient design and operation of microgrids
is given by Piacentino et al. in Ref. [35].

Following on the research review above, it is important to notice
that there are currently no integrated models including all the
important elements (PEV, FL, battery and heat storage, nCHP etc.)
and providing a comprehensive study of operational costs, energy
usage, energy curtailment, losses, equipment degradation infor-
mation, environmental study, uncertainty impact and optimal
sizing problem.

The focus of this paper is thus on defining the flexibility that can
be gained by optimally coupling heat storage, W\CHP, EHP and flex-
ible demand in microgrid operation while at the same time
enabling the full integration of RES. Both the optimal selection of
microgrid elements and operation planning in stochastic environ-
ment are considered on one conclusive microgrid model.

The paper is organized as follows: In Section 2 main contribu-
tions of the developed approach are described, followed by detailed
model description in Section 3. In Section 4 results of the deter-
ministic analysis are presented and in Section 5 results of simula-
tions in stochastic environment. Section 6 presents results of
performed sensitivity analysis done in the stochastic environment.
Finally conclusions are drawn and future plans presented.

2. Main contributions

The first contribution of the paper is defining the value of
different flexible components, such as EHP, uCHP and FL (Flexible
Load), on microgrids ability to operate in the off grid mode. A
mathematical model based on MILP (Mixed Integer Linear Pro-
gramming) is developed to simulate the off grid operation over one
year period including emissions costs, determining the optimal
parameters with respect to the amount of unused energy on
microgrid level. This series of simulations was done with deter-
ministic input data. A comparison of deterministic model simula-
tion off-grid and on-grid is also conducted. Determined optimal
sizes of installed wind aggregates and PV units for given microgrid
configuration are afterwards used to study how much flexibility can
be gained by altering heat storage capacity, flexible demand per-
centage and percentage of specific controllable DG unit installed
with consumers. The flexibility for an off-grid mode is evaluated as
the yearly amount of unused energy; curtailed RES electricity and
wasted heat. The waste of energy happens when there is not
enough flexibility in the microgrid to accept all RES production or
when the dispatchable unit have to work in an operational point in
which they produce excess of heat or electricity.

The second contribution of the paper is the rolling unit
commitment model incorporating MPC algorithm optimizing the
microgrid operation on a daily basis considering the uncertainties
inherent to the RES production and demand forecasting. Adding
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MPC improves the system's ability to react to prediction errors
[36,37] and that approach was modified and augmented. The
developed controller takes into account a series of future moments
instead of making decision just based on current status of the
system. It minimizes day ahead scheduling error of the microgrid as
well as the operational cost based on penalizing export/import
balancing energy cost, emissions cost and total fuel cost.

It should be noted that, through a number of analyses, the paper
clearly recognizes benefits (costs and emissions reduction and
flexibility increase) of coupling and coordinated operation of uCHP
and EHP units. The operation is supported by HS as heat buffer, in
order to compensate for the fluctuating nature of RES production
and to minimize, or if possible totally exclude, balancing interaction
with distribution network. HS also has a vital role in decoupling
process of electricity and heat that increases the flexibility of
microgrid operation with the emulation of virtual electricity stor-
age [38]. This way microgrid can operate as independent entity at
any time needed, follow the scheduled import/export plan and
compensate for unpredictable fluctuations in RES production with
deployed MPC strategy.

3. Microgrid system components and modelling

The modelled microgrid consists of 300 households, each
modelled by a specific heat and electricity demand profile, multiple
DG (distributed generation) units (WCHP, EHP, boiler), heat storage,
and household installed RES units, in particular solar panels and
small wind aggregates as is shown on Fig. 1.

In all the simulations following assumptions were made:

e microgrid optimization and operation is primarily market
driven and voltage and frequency stability are assumed to be
controlled on the lower level and are not considered;

e microgrid consists of the following elements: PV arrays, wind
turbines, pCHP units, EHP units, flexible and inflexible loads,

heat storage, and boiler units. The concept relays only on units
widely adopted by the consumers and thus for now does not
include BS or PEV. It should be noted that the model can easily
be expanded to include additional technologies;

central controller is assumed to have all the required informa-
tion about the present state of the microgrid (boiler, EHP and
WCHP operational points, house heat storage unit capacity,
market energy prices, RES production);

energy exchanged with the grid is assumed to be bought/sold at
day-ahead market and market imbalance prices (SSP (system
sell price) and SBP (system buy price) are used in stochastic
modelling [39];

microgrid is small enough to act as a price taker and does not
influence the formation of prices on the market;

connection with the distribution grid is unconstrained;

o flexible consumers are not compensated for rescheduling their
output;

sampling time is constant (AT-T = tx — tx_1) and the ration
between power and energy is therefore also constant. The time
step used is half an hour. Table 1 gives a description of the pa-
rameters. The factor T was used to enable a simple change of
time step. If the default period AT is one hour long, factor ' gives
half an hour long time steps. Values of parameters are often
expressed as energy in kWh and therefore it is important to
have a constant time step so the power values could be ob-
tained. For example in certain time step boiler production was
5 kWh which equals to power output of 10 kW through one time
step of half an hour.

Basic concept of the described microgrid is shown in Fig. 1. The
blue arrows represent the flow of electrical energy, red arrows fuel
(natural gas) flow and yellow arrows heat flow. The single busbar to
which all elements are connected is presented as thick black line. As
it can be seen the microgrid consists of heat and electricity con-
sumers (households with their heat and electricity demands),
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; 7 N
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Fig. 1. Schematic of a modelled microgrid.



490 N. Holjevac et al. / Energy 92 (2015) 487—504

Table 1
Parameters of the optimization model.
Parameter Description
K Total number of households
i Counter referring to i-th household
t Current simulation step
Tinax Time horizon of the simulation [hour]
T Simulation time step duration (share of an a default hour long period AT)
Cng(t) Natural gas supply price [€/kWh]
P Penalty factor for waste heat and wind energy [€/kWh]
M, Factor that modifies MCP to obtain SSP (system sell price)
M, Factor that modifies MCP to obtain SBP (system buy price)
Henp_max(ti1) Maximum heat production of p{CHP unit [kWh]
Henp_min(t,i) Minimum heat production of pCHP unit [kWh]
Nehp_e(t,1) Electric efficiency of pCHP unit
Nehp_i(£1) Thermal efficiency of pCHP unit
Henp_max(t.i) Maximum heat production of EHP unit [kWh]
COP(t,i) Coefficient of performance of EHP unit
Hab_max(t,1) Maximum thermal output of a boiler unit [kWh]
Nab(t,i) Boiler efficiency
Hps max(ti) Maximum heat storage energy content [kKWh]
Nhs(t,1) Heat storage efficiency
Dftex Percentage of total electrical load defined as flexible

Cﬂex,max( t )

Maximum capacity of flexible load being rescheduled [kWh]

electricity producers (pCHP), heat producers (EHP, pnCHP and
auxiliary boilers) and buffers enabling decoupling of heat and
electricity demand — HS (heat storages). The possibility of direct
electrical energy storage is not modelled, even though the heat
storage in combination with pCHP and EHP units can provide a
certain ability to change the electrical power output [4,40].

This paper presents the continuation of work presented in Ref.
[41]. In this paper control-oriented approach for microgrid opera-
tion is developed. In order to include both the design and operation
segments of microgrid planning process a MILP based model is
developed capable of two-fold microgrid analysis:

- deterministic model capable for the entire year optimal opera-
tion focussing on optimal sizing of microgrid units and
capturing operation and short-term planning interaction for
microgrid level;

- rolling unit commitment model incorporating MPC to investi-
gate the possibility of a microgrid to operate independently in
stochastic environment.

As stated, these models are used to simulate microgrid opera-
tion for a desired period in both deterministic and stochastic
environment. The model is expanded with environmental study
and more detailed model of pricing mechanism that includes
imbalance prices. Furthermore, the stochastic component is added
with more details enabling sensitivity analysis capturing different
levels of error. All microgrid components are modelled using CPLEX
solver FICO Xpress [42]. Data manipulation, stochastic environment

In Tables 1—3 a lists of indices, input and decision variables are
given for easier understanding of the mathematical formulation
parameters used in optimization problem formulation.

3.1. uCHP (micro combined heat and power unit)

A number of households with larger heat consumption use
WCHP units as main heat source. nCHP units are modelled with peak
power of 8 kW and technical minimum of 1,6 kW¢. The coefficient ©
is used since technical min/max constraints are expressed in kWh
values. This way the model is able to capture different time step
resolutions which usually depend on the market structure and
settlement periods in the observed market. In all simulations in this
paper a 1/2 h time step is considered.

Hchp min(i) T < Hchp(t i) < Hchp max ()T (1)

It is assumed that pCHP units can adjust their output fast
enough and no ramp constraints have been introduced. Production
of electrical energy of i-th nCHP unit in every time step:

Tlchp_e(t7 i)
Nehp_t(t:1)

(2)

Echp(tv i) = Hchp(t’ i) :

Fuel consumption of all CHP units is:

Z Hatp(-1) 3)

introduction and results extraction was done using MATLAB 2013 JU€lenp_cotar(£) Nenp_e (L, 1)
[43].
Table 2
Forecasts (inputs of the optimization algorithm).
Parameter Description
Hq(t,0) Heat demand of i-th household [kWh,]
Eq(ti) Electricity demand of i-th household [kWhe]
Hyind(t) Scaled to 1 kWh of installed power hourly wind production [kWh]
Ep(t) Scaled to 1 kWh of installed power hourly PV production [kWh]
Cimp(t) Import electricity price [€/kWh]

Cexp( t)

Export electricity price [€/kWh]
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Table 3
Decision variables of the optimization model.
Parameter Description
Henp(t,i) Heat production of pCHP unit [kWh]
Hp(t,i) Heat flow through heat storage [kWh]
Chs(t,0) Heat storage energy content at simulation step t [kWh]
Hap(t,0) Heat production of a boiler unit [kWh]
Eqex(t,i) Flexible loads being rescheduled [kWh]
Ewind_real(t) Available wind energy [KWh]
Ewind_gen(t) Used wind energy [kWh]
Evind_cure(t) Curtailed wind energy [kWh]
Epv_real(t) Available solar energy [kWh]
Huaste(t) Wasted heat [kWh]
Crex(t) Capacity of flexible load being rescheduled at simulation step t [kWh]
Xwind Installed wind power [kW]
Xpy Installed PV power [kW]
Eimp(t) Imported energy from the grid [kWh]
Eexp(t) Exported energy to the grid [KWh]
fuelap_total(t) Total fuel energy used in auxiliary boiler [kWh]

fuelchp,ratal( t)

Total fuel energy used in CHP units boiler [kWh]

F(t) Total fuel energy used [kWh]

shortimp(t)
shortex(t)
longimp( t)
longex(t)

Negative mismatch in import
Negative mismatch in export
Positive mismatch in import
Positive mismatch in export

3.2. EHP (electric heat pump unit)

A number of households have EHP as main heat source. EHP is
modelled with its peak heat power of 10 kW, and coefficient of
performance COP (coefficient of performance) which varies
throughout the year. COP values are shown in Table 4. Assumed EHP
type is air—water and is therefore dependent on the outdoor
temperature and temperature difference. Households that have no
EHP have the Hepy(t,i) equal to 0.

3.3. AB (Auxiliary boiler ) and HS (heat storage)

All households are equipped with gas boiler which is being used
when heat demand is too large to be covered by primary heat
sources (EHP or pCHP) or when optimization algorithm dispatches
it under right circumstances. Passive households have only boiler
available as a heat source. Boiler has peak power of 10 kW and
efficiency of fuel conversion is 85%:

Hgp(t,1) < Hgp_max(t, 1)< (6)
Hepp(t,1) < Hepp_max (€, 1)-7 (4)
Heat production of EHP unit in every time step and household X Hap(t,1)
fen fuelab_total(t) < 27 (7)
is: — Map (£, 1)
Hop (L, 1) Additionally, all households have a simple water tank, or heat
Eepp(t,i) = COPT (5) storage with the energy capacity Chs_max Of 6 KWh. To store that
© amount of heat, assuming water temperature difference of
Table 4
Simulation parameters initial values.
Parameter Unit Value
Simulation time Tjpqx [hour] 8760
Simulation time step duration [hour] 0.5
Number of households K — 300
Penalty factor for unused energy P [€/kWh] 300
Natural gas price Cpg [€/kWh] 0.025
Household heat storage energy content Cps max [kWhy] 6
Flexible load share ppex [%] 15
Maximum flex load capacity Crex_max [kWh] 50
Electric efficiency of nCHP unit nepp_e” - 0.38
Thermal efficiency of pCHP unit nepp_¢* — 0.55
Maximum thermal output of CHP unit Hepp_max [kWh¢] 8
Maximum thermal output of EHP unit Henp_max [kWh¢] 10
Share of households with CHP based heating [%] 45
Share of households with EHP based heating [%] 45
Share of households with only boiler based heating [%] 10
Coefficient of performance of EHP unit COP(t) - 3.5/3.0/2.5
summer/inter/winter
Maximum thermal output of a boiler unit Hap_max [kWh¢] 10
Boiler efficiency nap - 0.85
Maximum heat storage energy content Cps max [kWhy] 6
Heat storage efficiency nps — 0.98
Heat storage discharge/charge rate per time step Eps max [kWh¢] Chs_max"T

2 pCHP efficiencies can vary depending on the technology and most commercially available technologies have heat to electricity efficiency ratio

closer to 2:1.
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Fig. 2. Daily heat consumption for different household types for a winter day.

30—35 °C, approximately 150 L of water are needed [44]. Heat
losses on hourly bases are assumed to be 4%, which corresponds to
losses of 2% every half an hour. Heat storage has constraints due to
its charge/discharge time:

Hps(t,1) < Cax_ns(t:1) T (8)

Storage energy content limit and behaviour are described with
following inequalities:

Chs(ta i) < Chs_max(ta i) (9)

Chs(t, 1) = ps(t, 1) Cps(t — 1,1) — Hp(t, 1) (10)

3.4. Heat demand

Daily heat demand is modelled with 5 different curves which
are evenly assigned among all households (Fig. 2). The mentioned
figure represents demand curves for winter day. Similarly, 5
different curves are used for summer, and autumn/spring seasons.
The heat consumption profiles are extracted from data available for
United Kingdom [45]. Heat demand throughout the year is
modelled with seasonal variations meaning that heat demand for

all winter days is represented with distribution of 5 winter demand
curves among all households.

Heat demand of each household is modelled with following
inequality where on one side is total heat demand of each house-
hold and on the other side production of associated nCHP (Hcpp(t,i))
or EHP (Hepp(t,i)) units with the addition of heat produced by
auxiliary boiler units (Hgp(t,i)) and heat from heat storage (Hps(t,i)):

To ensure the safe microgrid operation under all circumstances
waste of heat is allowed:

Hd(t, i) < Hchp(ta i) + Hehp(tv i) + Hab(ta i) + Hhs(t7 i) (11)

Wasted heat Hyyqsre(t) is calculated with the following equation:

K
Hyaste(t) < ZHChp(tv i)+ Hehp(tv i) + Hap (t, 1) + Hps(t, 1) (12)
i=1

3.5. Flexible electrical load

A simple model to represent demand side management is
incorporated by defining a percentage of total electrical demand that
can provide flexible response. Initially the percentage pgexis set to be

0,8

Produced energy [kWh]

100 150

Wind (norm)

i

200
PV (norm)

250 300 350

Day

Fig. 3. Wind and solar production scaled to 1 kW of installed capacity.
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15% of E4(t) at any given period (Equation (13)). In the later analysis
this percentage is varied searching of optimal flexibility value.
Maximum value of realized flexible load at given time step is limited:

—Pfiex Ea(t) < Egex(t) < Prex-Ea(t) (13)

Efex(t) is positive for load reduction and negative for load increase.

The information about the total amount of shiftable loads that
are being rescheduled at every time step is modelled using flexible
load maximum capacity which is modelled with continuous deci-
sion variable:

_Cﬂex_max'T < Cﬂex(t)"c < Cﬂex_max'T (14)
K

Chex(t) = Caex(t — 1) — ZEﬂex(L i) (15)
i=1

Criex(t) is intertemporal variable that holds the information
about the total amount of flexible load being rescheduled. This
means that if the amount of flexible loads already being resched-
uled has a value smaller than Cgex_max then the available amount of
load that can be rescheduled will not be pgex-Eq(t) but rather
Chiex_max — Cpiex(t — 1). In this way the variable Cpex(t) ensures that
not too much of load is being rescheduled throughout the whole
simulation period. Having said this, this variable can be considered
as a memory effect ensuring the comfort level of the consumer does
not deviate too much from the desired level.

3.6. Renewable energy sources

Input data for RES modelling are hourly measured values over a
one year period [46] depicted on Fig. 3. The input data is scaled for
1 kW of installed wind or solar power.

One of the goals of the off-grid model is to determine optimal
installed values of wind turbines and PV arrays. Their production is
defined as deterministic input data, multiplied their installed ca-
pacity (Xwind, XPV) with production of 1 kW of installed capacity
(Ewind, Epv):

(16a)

Ewind,real(t) = Ewind(t) 'Xwind

Epy_rea(t) = Epy(t)-Xpy (16b)

The correlation between consumption and PV production is
much better than one with wind production. Therefore only wind
curtailment is introduced:

Ewind_curt(t) + Ewind_gen(t) = Ewind_real(t) (17)

3.7. Electrical demand

Similarly to heat demand, electrical demand (E4(t,i)) is on a daily
basis represented with different load consumption profiles for
winter, spring/autumn and summer periods (Fig. 4) taken from the
literature [45] which presents the results of an extensive study of
demand profiles conducted by University of Strathclyde for the
entire UK. The electricity demand is assumed to be similar in all
households for every winter, summer and autumn/spring day.

Equilibrium between electricity production and consumption
must be achieved at every time step where on the demand side are
E4(t,i) as electrical demand of household i in time step ¢, Eexp(t) is
exported electricity, and Z: 1Eenp(t, 1) is summation of all EHP in all
households consumption. On the generation side Ejmp(t) represent
total import for simulation segment t, Epy_reqi(t) + Ewind_gen(t) are

RES total productions, Z, 1Ecnp(t,1) is summation of pCHP units
production in all households and Zl 1Efex(t, i) the summation of
deployed flexible loads.

K
Ed(tv i) + Eexp(t) + ZEehp(t7 i) = Eimp(t) + Epv,real(t)
1= 1 « (18)
+EWlnd gen t) + ZEchp t l + ZEﬂex t l)

3.8. Cost function

Total fuel used is equal to fuel used by boiler and micro CHP
units:

F(t) :fuelchp_total(t) Jrf'*wlab_total(t) (19)

The natural gas price cpe(t) is considered as constant value. Day-
ahead market index prices are taken from ELEXON, a wholesale
electricity market operator in the UK [39].

Minimization of total microgrid operation cost is the objective
function of the model:

COST = Z(

t) Cng(t) + Ejmp(t) - Cimp () — Eexp(t)'cexp(t))
wmd curt( )+P Hwaste(t)

(20)

Penalty factor P is used to highlight the importance of avoiding
energy waste and curtailing of potential wind production. The
amount of unused energy correlates with the achieved microgrid
flexibility. Factor P equal to 300 was used in off-grid simulation of a
deterministic model when optimal RES installed values were
determined in order to inhibit the waste of energy whenever
possible.

4. Deterministic simulation results

The model described in the preceding section is run for
imax = 17520 steps representing half an hour periods during one
year time. The input data used was considered to be deterministic.
All parameters are shown in the following table (Table 4). Micro
CHP efficiencies can vary depending on the technology considered
for the simulation; similar is the case for EHP units. Presented
concept can be extended to these analyses and define how different
efficiencies of observed technologies effect the provision of flexi-
bility. The paper, however, focuses on the improvements in
scheduling and extracting the existing flexibility in the microgrid
for the purpose of reducing the operational cost and greenhouse
gas emissions.

When off-grid operation is simulated variables Ejyp(t),Eexp(t), are
set to be equal to 0.

As described before, high penalty factor P, in the objective
function for waste energy, achieves that only 0.31% (12 989 kWh) of
total energy spent has to be spilt (Fig. 5). Heat waste occurs in off-
grid mode when there is not enough EE (electrical energy) pro-
duction to cover the demand (little to no wind or sun); in those
cases LWCHP units have to produce more and consequently increase
heat production which is not needed and cannot be stored in HS.
Additionally, similar case happens when there is a surplus of
electrical energy (high wind and sun generation) so optimization
algorithm increases EHP heat production to balance the microgrid.
Wind is curtailed in periods when there is a surplus of EE and there
is no option of it being indirectly stored (indirectly in HS).
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Sensitivity analysis of the change in installed wind and solar
capacity was performed in order to show how non optimal values
increase the total amount of curtailed wind and surplus of heat
energy (Fig. 6). While one parameter was being changed the other
was set at the optimal value. Optimal values of installed wind and
solar power were calculated: g

o Xuind_opt = 65 kW and Xpy_gpe = 112 kW.

These calculated values are later used as input parameters
(reference values) in MPC model.
The possibility of storing heat energy is one of the elements that \
1 /

provide flexibility in grid operation. With large enough heat storage

capacity pCHP units do not have to follow the demand. Further- \/

more, larger storage maximum energy capacity can compensate for 0 . . . . .
0 20 40 60 80 100

the non-optimally dimensioned microgrid elements like installed
CHP share in heating types [%)]

Unused energy [%)]
w
L~

power of RES. The results of the sensitivity analysis depicted on
Fig. 7 show dependency of storage size and total unused energy for
different installed RES capacities. Taking optimal sizes of RES units Fig. 9. Impact of CHP share in heating types on unused energy.
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Table 5
On-grid and off-grid operation comparison.

Microgrid operation indicator Off-grid P = 1 Off-grid P = 300 Off-grid P = 3000 On-grid VP?; initial On-grid VP; optimal®
Total energy produced [kWh] 4192833 4190934 4190929 4177944 4177944
Total EE used [kWh,]® 764926 764926 764926 764926 764926
Total heat used [kWh] 3559675 3559675 3559675 3413018 3413018
Wind curtailment [KWh] 1333 1301 1293 000 000
Wasted heat [kWh] 13557 11689 11581 000 000
Imported EE [kWh] 0.00 0.00 0.00 266934 206202
Exported EE [kWh] 0.00 0.00 0.00 547112 543607
CO, emissions [kg] 649560 649345 649410 535684 500849
Unused energy [%]° 0.360 0.310 0.308 0.00 0.00
Boiler production [kWh] 453697 453621 453541 87756 81244
Boiler fuel cost [€] 13344 13341 13304 2581 2281
Total Cost [€] 99625 99320 448 mil. € 78477 72044

@ Value of penalty factor P has no effect on on-grid operation. Parameters for initial run are shown in Table 4.
b Optimal values: 60% CHP share, heat storage maximum energy content of 8 kWh, 15% flex demand.

¢ Percentage of total energy used.

the results show the optimal size of heat storage is 6 kWh, as values
the waste of energy is below 0.5% of total energy used. In addition it
can be seen that installing a storage unit double that size in every
household, 12 kWh;, can reduce unused energy to values under 0.5%
of total energy even in case when 50% more than optimal RES ca-
pacities are installed.

Similar analysis was conducted for flexible load share. Reference
is the simulation with optimal values calculated before (Fig. 8).

Flexible demand has smaller influence on the unused energy
compared to heat storage maximum energy content. The differ-
ences in unused energy for different FL shares are not as noticeable
and curves get to the saturation point quite quickly.

Interesting information is provided by the analysis conducted to
determine what impact different ratios of heating types (uCHP/
EHP) has on the amount of unused energy. pnCHP and EHP units
complement each other in operation as seen in the wasted energy
analysis, and together can provide a certain amount of flexibility.
Results (Fig. 9.) show that the least value of unused energy is
achieved if 60% of households have pCHP and 40% EHP based
heating. Boiler based household heating type share is set to

0 during this sensitivity analysis meaning each household has
either EHP or pCHP installed.

For a pCHP share of 10% in the off-grid mode the units have to be
pushed to operate at their maximum point in order to produce
enough EE and this leads to a lot of wasted heat that is used as an
indicator for lack of flexibility. As the share moves beyond 60% there
is not enough EHP electrical demand to balance periods of high RES
generation and waste of energy occurs again.

4.1. On-grid simulation

The results have shown that the modelled microgrid can operate
independently with very little unused energy. In case there is a
connection with the rest of the distribution system the microgrid
can exchange electrical energy with the system and its operation is
driven by market signals. Results of both off-grid and on-grid
operation are shown in Table 5.

It is shown that penalty factor has a certain influence on the
amount of unused energy but the value saturates around 0.31% for P
equal 300 and further increase of penalty factor does not achieve
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better results. If every kWh of wasted energy wants to be penalized
there is point where further increase of penalty does not achieve
better results. The amount of wasted energy is almost equal for
penalty of 300 and 3000 €/kWh] This means additional cost
coming from this penalty for waste energy that sums up the total
cost to 4,48 million € does not have a ground to be that high since
the additional benefits are almost non-existent.

In case microgrid operates connected to the rest of the system
(on-grid) there is no unused energy. Additionally the boilers are
forced to produce much less heat compared to off-grid mode where
they are used to balance the heat production and demand. Conse-
quently, amount of fuel and the operational cost associated with
boilers is reduced drastically.

The operational cost results presented in Table 5 take CO;
emissions into account. The carefully selected parameters of heat
storage and selected CHP share achieves 6.5% less emissions and
8.3% better overall costs compared to the initial on-grid run with
parameters shown in Table 4. Additionally, investment costs
could be introduced to get more precise information about the
profitability of installing different microgrid units (battery stor-
age, heat storage, RES, greater flexible load share, plug-in electric
vehicles integration etc.). These expansions are a part of future
work.

5. The rolling unit commitment model incorporating MPC

If a microgrid operates connected to the rest of the system, it
participates in the energy market and its operation will be driven
by market signals. In order to simulate dynamic behaviour of a
microgrid the paper observes the microgrid as a single market
entity/player. As such, it has to ensure self balancing and comply
with the contracted exchange schedule at the day-ahead market. To
be able to do that it has to consider forecasting errors and be able to
reschedule if circumstance require, changing the operating points
of flexible units as new information on uncertainty parameters
becomes available. For this reason the extension of previously
described deterministic model was made. The main goal was to
investigate in what amount forecast uncertainties impact the
microgrid operation and is the microgrid flexible enough to
compensate the stochastic nature of RES installed and demand
fluctuations. It is expected and desired that microgrid has at least
neutral impact on grid, respecting proposed export/import sched-
ules. All production and consumption variations should be
balanced internally with controllable microgrid elements that can
provide flexibility.

5.1. MPC (Model Predictive Control) framework

The results of a deterministic model have shown that the
modelled microgrid can operate independently with very little
unused energy in deterministic environment. In case there is a
connection with the rest of the distribution system the microgrid
can exchange electrical energy in desired time periods and energy
waste is avoided. This interaction is even more important in sto-
chastic environment where the need for balancing energy grows
due to forecast errors.

The MILP unit commitment control algorithm employs MPC to
minimize the impact of forecast errors. MPC is a control method
which is used for discrete control; during one simulation step
control signals do not change. The MPC concept and developed unit
commitment algorithms flowchart are depicted on Fig. 10.

At every time step t the algorithm estimates the next N system
states and reaches an optimal desired state. Control actions are
applied and the state stays unchanged until the start of a new
iteration. At the start of next time step t + 1 again following N
system states are estimated based on newly refreshed forecasts and
based on realized input data for preceding iteration. In the devel-
oped model the planning look ahead horizon is 24 h because the
microgrid participates in is day-ahead market. S € [1,48] repre-
sents the current time period of the ongoing day. During one day,
48 half an hour time steps are simulated and in each, according to
planning horizon, optimal state is specified taking into account
future time steps. The solution of the optimization problem de-
termines the power levels throughout the whole planning horizon
considering the forecast uncertainty and sets the operational points
accordingly. Precisely this enables the algorithm enhanced with
MPC to outperform control that is only based on current state of the
microgrid. For example: the wind suddenly stops at 6pm although
strong winds were forecasted till 10pm. This will mean there is
insufficient electricity in the microgrid and, to compensate for it,
the microgrid operator has to buy it from the intra-day market. It
should be noted that the initial wind was forecasted 36 h ahead
(this is when most of day-ahead markets close) and the error is
therefore large and missing electricity is relatively expensive. If the
microgrid had the capability to reschedule its operation closer to
the time of delivery (in the above example at 5.30pm) taking into
account new wind forecasts, the deviation would be significantly
lower. Another example can be shown through heat storage man-
agement coupled with the EHP unit. In low electricity price periods
it is beneficial to generate additional heat and store it for later use
when the price of electricity rises. Management based solely on
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current state can deplete the heat stored too early. Once the price
starts to rise and in case it keeps the trend the costs will be
significantly higher since the heat will be produces during even
higher electricity prices. Suggested MPC rolling horizon concept
would on the other hand, in accordance to the planning horizon,
foresee the electricity price increase and would produce more heat
during low prices periods and reduce the heat storage discharge
rate in order to preserve enough heat for the whole period of high
prices and therefore minimize operational cost. The benefits of
operation management optimization through the whole planning
horizon are further expanded when microgrid has to deal with
uncertainty. As it can be seen, the idea behind the MPC rolling
horizon unit commitment is to develop a “microgrid controller”
capable of dynamically' adjusting the operation points and by
doing that alleviating the deviations which would otherwise occur.
MPC has the role to adjust the microgrids current operating points
but also to take into account future steps and leave the microgrid in
good state. This means that unit commitment scheduling is per-
formed at every time step ensuring the microgrid can change its
operating points according to predicted demand, generation and
exchange with the upstream system.

5.2. MPC model formulation

When introducing a stochastic element to the model, a range of
error is defined for each forecasted data series:

o Eq(ti) — +4%

o Hy(t)i) — +4%

o Evind(t) — +4%

e Epy(t,i) —» —90% with 15% chance.

The bases for these values were predictions from the deter-
ministic model that were modified by random number generator of
normal distribution with standard deviation linearly increasing
with the distance from current time step. Since the deviation in-
creases with the advance from the start of day maximum error can
occur at the end of planning horizon (24 h ahead). Additionally, for
PV production 15% possibility to lose 90% of current power was
added to imitate the common effect of clouding and introduce
important stochastic element in PV production. Fig. 11 shows how
the forecast error increases towards the end of planning horizon.
Fig. 12 depicts RES production for a single day in absolute values
acquired by the amplitude of error mentioned before.

Proposed microgrid operation is modelled in the following way:

1. Controller collects forecast data (Eq,Ha,Epv,Ewing) and estimates
optimal microgrid operation based on the deterministic model.
The planned import/export schedule is then sent to the DSO
(distribution system operator) and becomes a reference;

2. In the first hour of the day controller acquires updated forecasts
(for planning horizon) and accordingly deploys rolling unit
commitment MPC model and adjusts control variables (opera-
tional set points of flexible units) to minimize operational cost.
The mismatch from initially contracted exchange with the sys-
tem is penalized in accordance with the imbalance prices;

3. In the next hour (next iteration) optimization is run again with
updated forecast and information of the current state. The
planning horizon is shifted forward;

4. Step 2 and step 3 are repeated until the end of the day S = 24.

Additional cost, coming from the forecast error, can be divided
in two main components: (i) mismatch compensation for not
following the announced and contracted import/export schedule
with the market; (ii) fuel cost increase (e.g. more frequent boiler
use). Total cost function is updated as the rolling horizon moves to
the end of the day, making adjustments and taking into account the
mismatch compensation for the realized periods and estimating
costs from current hour till the end of the day (Equation (21)). The
Equation (21) consists of 3 segments:

i. first segment represents the expected cost (contracted ex-
change) done by the market index price;

ii. second segment represents mismatch compensation cost
where factor M; modifies the market clearing price to
imbalance system sell price SSP and factorM,; M2 modifies
market clearing price to imbalance system buy price SBP;

iii. third segment “recalculates” the operating cost based on the
present state of the microgrid and latest forecasts for the
future time steps remaining till the end of the current day
and start of new day-ahead settlement period.

The final operational cost for the ongoing day at every time step
includes all three segments, therefore realized time segments and
future time segments. It is calculated based on actual operating
points. The brackets used in the Equation (21) are intended to
clarify the long equation by dividing it and marking its constitu-
tional segments:

Segment 1:Expected cost (Contracted exchange)

24141-8
COST =
t=1

(7)5hortimp (1)-M; - Cmep O+ longimp (1)-M; - Cmep "+
Shortexp (Z) : M2 “Cmep (Z) - [(mgexp (Z) : Ml “Cmep (t)

241

[F(Z) “Cpg T EimpO (®)- Cmep - EexpO “Cmep O+p- Ewind_curr O+P- Hyaste ([):|

Segment 2:
Mismatch compensation cost

|:F(l) “Cng + Eimp (®)- Cmep n- Ecxp “Cmep O+pP- Eyind _curt (O+P- Hyyaste (I)J

1=241"+1-S

@1

Segment 3: Future time steps (Deterministic reference cost) till end of current day

! In the context of this paper dynamical is considered as time periods between
two consecutive simulation steps.

S marks how many iterations have passed from the start of the day,
Eimpo. Eexpo mark scheduled import/export of electricity. Variable
shortimp is defined for negative mismatch in import, shortey, for
negative mismatch in export, longin, for positive mismatch in
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Fig. 12. Forecasted and realized RES production for first planning horizon (S = 0).

import and longey, for positive mismatch in export. The planned
exchange is based on day-ahead market prices. Differences result-
ing from microgrids incapability to balance the uncertainty and
variability of RES are traded by imbalance prices (system sell and
system buy price) where factors My, M, are reducing/increasing the
market index price to obtain mentioned imbalance prices.

5.3. Results of the model incorporating MPC

Results are demonstrated for one winter day (24 h) with the
demand profiles shown earlier (Figs. 2 and 6). Heat storage influ-
ence was observed closely and results are presented through
several different analyses. Emissions of CO, are calculated on the
hourly bases and are compared for hourly management with no
MPC and for case MPC is deployed. Additionally, sensitivity analysis

regarding the influence of forecast error and increase of imbalance
prices was performed to test the quality of proposed MP control in
various conditions.

The optimization goal was to reduce the total microgrid oper-
ation costs. Total operating cost from the deterministic model is
used as the reference value. For the purpose of elaborating benefits
of the proposed control algorithm the following cases were
compared:

1. DETERM. (Deterministic): presents a reference case.

2. NO MPC: the idea behind this case is to run the system as
scheduled on day-ahead market. The deviation that would
occur, without intraday corrections, would be “penalized” as
they present unscheduled events (e.g. import/export) to the
system/microgrid operator
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Fig. 13. Hourly costs comparison between hourly management with no MPC and proposed MPC model with 1.5% total energy forecast error.
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Fig. 14. Hourly costs comparison between hourly management with no MPC and proposed MPC model with 6% total energy forecast error.

3. MPC: the proposed control method in which the microgrid
controller/operator attempts to correct its operation based on
newly received forecast data. The main idea is to demonstrate
how this approach is beneficial in terms of cost and emissions
when compared to the previous test case.

Hourly costs are shown on Fig. 13. MPC model achieves only 2%
worse result compared to deterministic reference. Compared to the
per-hour management (no MPC) where analysis is based solely on
the state in the current hour and decisions are made not consid-
ering the future planning horizon MPC achieves 7% better results.
To elaborate; if there was no microgrid controller capable of
adjusting the operation of flexible units, the microgrid acts as a
variable source from the system perspective. Incapability of
communicating intra-day exchange with the system constantly,

200

throughout the day, creates an imbalance and practically acts as an
uncontrollable market entity, very similar to RES units.

On secondary axis increase in total costs compared to the
reference deterministic model can be seen. Cumulative costs for
hourly management with no MPC are increased 8% compared to
deterministic reference. Total stochastic error in overall energy
production introduced for the case presented on Fig. 13 is
approximately 4% with amplitude of error mentioned on the
beginning of Section 5.2.

Actual production of wind, solar and heat/electric demand, and
correspondingly of the microgrid itself, deviates from the values
forecasted day-ahead of delivery. Since these deviations are
penalized, the total operational cost increases by 28% in case no
MPC correction algorithm is used. On the other hand, when
corrective action is used during the day based on the proposed MPC

150

100

Heat demand [kWh]

-100

-150

—=total heat demand decrease 10% === basic fluctuations only

total heat demand increased 10%

Fig. 15. Example of total heat demand forecast error.
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Fig. 16. Behaviour of no-MPC and MPC microgrid management for different levels of total change in heat demand (+10%, +6% and 0%).

algorithm, the operation cost increases only 12%. This is shown in
Fig. 14. From these results it is clear how implementation of flexible
control algorithm reduces the increase of costs, which inevitably
occurs due to variable and uncertain nature of microgrid compo-
nents (such as wind, solar, demand).

6. Stochastic model sensitivity analysis

In the following section sensitivity analysis regarding different
aspect of potential causes of mismatch in microgrid operation is
presented. Total energy mismatch can be caused by the increased
amplitude of wind fluctuations or increase in total heat demand.

6.1. Heat mismatch analysis

Gradual increase in total heat demand throughout the day due
to not-forecasted temperature decrease in the evening can cause
significantly different microgrid operation. Fig. 15 shows total
change in heat demand equal to 10% of total heat demand. The total
error is accumulated through one day and is caused by the
imperfect forecasts of temperature and wind which lead to heat
demand mismatch.

Detailed analysis regarding the microgrid reaction to heat de-
mand forecast error for hourly management (i) with no MPC and
(ii) with deployed MPC algorithm is shown on Fig. 16. It can be seen
that flexible reaction of MPC controlled microgrid manifests
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Fig. 17. Behaviour of no MPC and MPC microgrid management for different maximum magnitude of wind forecast error (+5%, +15%, +25%, +40% and +60%).
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Table 6
Operation indicators for different wind forecast magnitude errors.

Wind forecast error max amplitude [%]

Change in wind electricity production [%]

Total cost increase® [%] Emissions increase® [%]

no MPC MPC no MPC MPC
5% 1.11 7.42% 1.32% 3.32% —2.74%
15% 4.55 8.82% 3.22% 3.13% -0.87%
25% 16.21 9.84% 3.71% 3.34% 0.53%
40% 23.67 11.35% 5.81% 3.41% 1.13%
60% 35.80 14.39% 7.60% 3.96% 2.37%

@ Deterministic reference equals 331,34 EUR.
b Deterministic reference equals 2689,27 kg of CO,.

smaller cost increase compared to deterministic reference. It can
even decrease the total cost due to overall smaller heat demand. It
should be noted that the amplitude of the error stays within +2%
range in all cases and with this deviation the positive or negative
accumulated change in heat demand is achieved. This way only the
total imposed accumulated heat difference is changed to sum up to
+6% or +10% values at the end of the day. This high total heat de-
mand mismatch is not frequent in regular operation and is usually
in the range of 2%. On the other hand this simulated case is used to
test the algorithm over broad range of mismatches and prove its
improvements compared to traditional no-MPC hourly manage-
ment approach.

6.2. Wind production mismatch

The uncertain and variable nature of wind means forecast errors
are manifested as both unexpected high ramp fluctuations and total

COST = ... +

energy produced. One of the key challenges in future power sys-
tems is designing and operating a flexible system capable of
responding to mismatch in wind production at any given time step.
These deviations can be very high, especially in case of geograph-
ically non-dispersed units as is the case in microgrids. Therefore, it
is important that proposed algorithm can offer robust response to
these fluctuations.

It should be noted that the share of electricity from wind equals
around 30% of total produced electricity in the microgrid, but only
3% of total energy used. Therefore, the increase of costs due to wind
error is not as emphasized as in case of heat demand in Section 6.1.
The benefits of using MPC algorithm are between 2% and 15% of the
total daily operating cost, as shown in Fig. 17. Similar to results
shown in previous section, the operating costs for “classic” and
MPC algorithm are compared to the expected operation cost ob-
tained day before the actual microgrid operation (this day-ahead
(DA) value is presented as x-axis or 0.00% in Fig. 17). Due to fore-
casts errors the DA operational cost will never be achieved, how-
ever the goal is to deviate from it the least possible.

Table 6 shows benefits of using MCP (market clearing price)
algorithm depending on total daily wind production mismatch. It
can be seen that MPC algorithm not only corrects the operating
points creating around 6% daily cost savings, it also reduces the
overall daily CO, emissions of the microgrid. Since the difference in
operational cost occurs due to increased exchange with the up-
stream system, these results suggest that using MPC algorithm is
capable of reducing these fluctuations.

(—)$hortimy (£)- (100% — M) Cimep (£) + 10N (£) - (100% + M) - Cimep (£) +
shortexp(t) - (100% + M) - Cmcp(t) — longexp(t) - (100% — M) - Cmcp ()

Similarly, Fig. 18 shows hourly CO;, emissions in scenario with
25% wind error amplitude. In case no MPC is used total emissions
are increased 3.34% compared to deterministic reference while
MPC algorithm limits the increase to 0.53%.

6.3. Imbalance energy prices

This final sensitivity studies analyse the impact of imbalance
prices on mismatch between scheduled import/export values,
based on DA schedule, and actual exchange. The objective function
takes into account all possible variations as shown in Table below
(Table 7):

To modify the MCP (market clearing price) factor M was
changed. Imbalance price SSP (System Sell Price) is lower than MCP
while the SBP is higher than MCP. Accordingly second segment of
Equation (21) (mismatch compensation cost) was modified:

+ ... (22)

The imbalance prices are different from the market clearing
price with the aim to stimulate market entities to provide flexibility
services. However, if the price difference is small the market entity
will not be driven to provide such services (the cost of producing
additional electricity could be higher than the remuneration
received for providing the service). With this sensitivity analysis it
was shown that microgrid is flexible enough to reduce the
mismatch from scheduled export/import plan to a certain extent
but it can never eliminate it completely. Daily energy exchange
mismatch is analysed for a broad range of price modification, factor
M multiplying the market clearing price, and to get a more clear
presentation Fig. 19 was “split” in two parts. Both parts of Fig. 19
have the same x-axis (increase of balancing price by factor M
compared to market clearing price), however the second part
“zooms in” to show the effect of very large values of M in reducing
the mismatch in energy exchanged between microgrid and the
system. The optimization problem was run 50 times for discrete
values of factor M and average import and export mismatches are
calculated and shown in Fig. 19.

From results depicted on Fig. 19 it can be seen that already a
small change in prices compared to market clearing price reduces
the amount of not planned energy exchange. In fact, factor M of 25%
(meaning the imbalance prices are 125% of market clearing price)
achieves only 17 kWh electricity exchange mismatch which equals
to 0.0022% of total electricity used. Although this is not explicitly
shown in Fig. 19 it should be noted that imported electricity can be
reduced to 0 which means microgrid can compensate surplus of
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Table 7 . . . . . .
Imbalance prices was developed to investigate what is the impact of different units
on microgrids ability to operate in the off grid mode. It was shown
System long System short that defining optimal sizes of installed wind and PV in a microgrid
Participant long SSP MCP leads to greater microgrid flexibility which is measured through the
Participant short MCP SBP

energy produced by its components. On the other hand exported
electricity saturates around 10 kWh which represents 0.0013% of
daily used energy. Even if imbalance prices are drastically
increased, microgrid in current configuration could not achieve
perfect error compensation. Nevertheless, the amounts of
exchanged energy are satisfyingly reduced demonstrating how
appropriate market signals can be drivers of flexibility service
provision [47].

7. Conclusion and future work

A novel concept based on MILP for modelling and optimization
of microgrid operation has been presented. Deterministic model

60

amount of curtailed production. In achieving the goal of flexibility
increase important role belongs to optimal selection of CHP and
EHP mix since these units have complementary role in heat and
electricity production and/or consumption. Additionally heat stor-
age has big impact on microgrid flexibility and selection of the
accordingly chosen HS size is important for efficient microgrid
operation.

Due to variability and uncertainty of production and consump-
tion due to imperfections of existing forecast methods model pre-
dictive control with rolling horizon was developed simulating
market driven behaviour of system connected microgrid. The MPC
strategy achieves better results (lower costs) than simple deter-
ministic day-ahead unit commitment strategy. It was shown that,
with implemented MPC strategy, microgrid can almost completely
balance the RES and load forecast uncertainty by intraday adjust-
ments of operational set points of flexible units. It could be stated
that microgrid with the incorporated proposed MPC control is
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flexible in terms of capability to alleviate internal balances by re-
dispatching its flexible units. This capability is an appealing op-
tion for microgrid operation in future low carbon systems as they
move from being another variable market player, consequently a
system harmer, to controllable and flexible participant, system
helper.

Further work will focus on how a microgrid can achieve com-
plete independence from distribution grid under stochastic
framework. As it can be concluded from the work presented
including battery storage systems seems to be a valuable source of
flexibility in off grid operation. However it should be taken into
account that economics behind installing them only for energy
arbitrage will not be sufficient to justify them. In term, more
detailed model capable of addressing frequency flexibility is
needed. Adding more detailed behaviour of flexible loads and in-
clusion of electric vehicles will make the model even more
conclusive.
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Abstract

Aggregating consumers and distributed generation on the same location with coupled centralized control is
the main advantage of a microgrid concept. If these consumers do not have the ability to balance the variability of the
renewable energy sources (RES) production the microgrid can be perceived from the distribution system point of
view as a potential imbalance source. Evaluating the potential flexibility benefits of different units in the microgrid
provides a valuable step towards a successful integration of renewable energy sources.

This paper provides insight into different flexibility drivers of microgrid operation simulated in a developed
mixed integer linear (MILP) model. The analyses focus on defining the impact of different storage size, control and
location as well as different cogeneration unit technologies and efficiencies. These impacts are evaluated through
several defined microgrid flexibility indicators, wasted heat and curtailed wind, considering operational techno-
economic constraints of different microgrid components (battery storage, heat storage, micro combined heat and
power units (LCHP)). Finally the interaction of the microgrid with the distribution system through the point of
common coupling (PCC) in an hourly operation controlled by the rolling horizon unit commitment strategy is shortly
described.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Integration of renewable energy sources is today in a large share driven by incentives [1] and is a
general goal of the European Union to increase the share of zero emission generation [2]. Investments and
improvements on the distribution grid level will be needed to reduce the impact and balance the system
with large shares of variable and unpredictable production from renewable energy sources [3].

The current “fit and forget” approach will therefore need to be replaced with a “smart grid” approach
since the first requires large investments and leads to loses increase [5]. The second approach can
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postpone the capital investments but requires installation of control and monitoring equipment which can
enable integration of RES on the local level, e.g. microgrid level [5]. Traditionally all the imbalance
between the production and consumption had to be compensated on centralized units whereas now the
negative effect can be compensated for on local level. The idea of a virtual power plant [6], [7] is well
known but still there is a lack of integral microgrid level models that can show the interaction between the
microgrid and the rest of the distribution system, unit commitment among the microgrids distributed
generators and enable flexible and robust response to all the possible fluctuations. In order to integrate all
the requests optimal sizing of microgrid elements and efficient central control strategy is needed.

This paper presents main characteristics of the microgrid and problems that occur when dimensioning
its elements. Furthermore, the operational flexibility term is defined and described and the possible
flexibility services microgrids can provide to the system are mentioned. The developed MILP (Mixed
Integer Liner Program) model and the developed rolling horizon unit commitment strategy bases on
model predictive control (MPC) are described and simulation results are presented.

Nomenclature
Cg al Capacity of a battery storage [kWh]
Ctlz ?’MAX Maximum capacity of battery storage [kWh]
C,h,‘ Capacity of a heat storage [kWh]
cmp | cexp Import electricity price[€/kWh] /export electricity price [€/kWh]
E,b at Battery charge/discharge energy [kWh]
E;: ﬁ'p ,E i ?p Electricity production of a uCHP unit [kWh], Electricity production of a EHP unit [kWh]
H tc ?p Heat production of a uCHP unit [kWh],
ffhp ) [I:IiChp Electric and thermal efficiency of a CHP unit
E,‘fl- Electric demand of i-th household [kWhe]
Efl Flexible demand [kWh]
EM™P | ESXP Imported electricity from the distribution grid [kWh], Exported electricity [kWh]
EPV | gy PV production [kWh], Wind turbine production [kWh]
Eind _curt Curtailed wind energy [kWh]
Fuel, Total fuel used (CHP units and auxiliary boilers) [€]
H, t}fi Heat flow through heat storage [kWh]
H vaste Wasted heat [kWh]

Duration of time step [kW]

2. Microgrid concept

Microgrid can be defined as a set of consumers, distributed generation and energy storages controlled
in a coordinated manner with the aim of achieving reliable and predefined exchange with the rest of the
distribution system through a point of common coupling (PCC) [8]. If possible all the imbalances are
compensated on the microgrid level and the upstream system has no negative effects and the microgrid
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can be considered to be fully flexible energy node (Fig. 1). The benefits microgrid concept can bring
includes losses reduction, emissions reduction, and reliability of supply improvement, ancillary services

support and easier integration of RES [9], [10].

Distributed.genera

Central contre

10n gri

-

=
Energy storage (heat storage,
battery storage)

DiStribut‘

Fig. 1. Microgrid elements and the potential of connection of a microgrid as a flexible multi energy node through a PCC

The microgrid integrates various flows of energy, electricity, heat and gas. The coupled control of all
energy vector unlocks additional potential, in the first place a flexible response to all the fluctuations.
Therefore, the developed microgrid model (Fig 2.) includes all abovementioned energy vectors and
enables additional flexibility benefits of coupled WCHP and EHP operation enhanced with heat and

battery storage.

3. Operational flexibility

In future power system flexibility is becoming a key characteristic as an answer to an increasing share
of variable generation. It can be defined as an ability to respond to changes is demand/generation
equilibrium [11]. If market behavior of a certain entity is observed the flexibility can be defined as a
capability to quickly adjust to most current market situation and follow the scheduled plan of exchange
[12]. All power systems inherently have a certain flexibility level which was satisfactory until the
unpredictability and variability of generation increased due a large share of RES. In that circumstances it
is a question how will an additional amount of RES effect the operation, how much of variable production
current system can integrate and what are the changes needed to keep the present level of reliability. 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 current system wide
flexibility requirements prediction mostly base itself on deterministic calculation which increases the
system costs and does not include the variables that stretch through several time periods (intertemporal
constraints) [13]. 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 [14]. Inclusion
of all the units on the distribution level in the unit commitment problem requires formulation of new
control concepts. Therefore, the evaluation how much of an impact different technologies have is a
valuable information when dimensioning a microgrid system. This paper provides an insight how for
example microgrid capabilities to provide flexible response change in dependence on the size of battery

storage device.

4. Microgrid control

1001
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Microgrid control can be observed as a hierarchical structure (Fig 2.) [15], [16]. The lowest level is
directly connected with the characteristics of the generator. The second level ensures the stabilization of
frequency after the fluctuations. The second level keeps the frequency
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Fig. 2. IEC/ISA 95 standard hierarchy control adjusted for the observed microgrid concept

The developed model utilizes a central control system of higher level (Fig 2. — primarily level) with the
assumption that the lower level control is efficiently implemented. The controller for the rolling horizon
unit commitment uses model predictive control scheme (MPC). The basic idea of MPC control is shown
on figure below (Fig. 3.).

Central controler
Desired

microgrid | - - Microgrid model
operation

A
4
Optimization unit

Measurements Control actions

Microgrid

Fig. 3. Model predictive control concept applied to the developed microgrid model

For every simulation step ¢ the control algorithm estimates the system state for the whole observed
planning horizon. On the basis of the present state and forecasts for the planning horizon the optimal state
is determined. This way both the current state and the future forecast errors are included in the
scheduling. More detailed description of the iterative optimization process can be found in [17]. For the
next simulation step the process is repeated. In this paper used planning horizon for the rolling unit
commitment model is 24 hours since it is assumed the microgrid participates on the day-ahead market.

5. Microgrid simulation model
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The developed MILP model described in [17] that represents a residential microgrid with 300
households of different load types was expanded with further elements. This paper presents results from a
more detailed model that includes more precise WCHP unit model with different efficiencies and has a
battery storage included.

The battery storage was modeled in two different ways:

1. Central battery storage— assumed that the investment into such battery could be done by the
distribution system operator (DSO). The battery coordination is done together with distributed
generation resources of the microgrid. The sensitivity analysis that shows how the flexibility
indicators (wasted heat and curtailed wind) change for the different combination of installed
capacities of RES and battery storage.

2. Distributed battery storage— assumed a percentage of households that have an EHP have a
battery storage that enables even better utilization of coupled operation of pCHP units and
EHP units. The sensitivity analysis was performed again. Additionally, since this is the more
probable scenario the microgrid containing distributed battery storage governed by the
adaptive rolling horizon unit commitment was simulated to operate on a day ahead market.
The results showing the reduction in environmental impact, e.g. less need for the usage of gas
for uCHP units, are presented.

The battery for a central model is incorporated with the following equations. Maximum value of
energy flow through battery (charge/discharge) at any given time step is limited and connected with the
maximum capacity of the battery (Eq. 1)). It is assumed that, for example, in a time simulation step of a
half an hour the battery can be charged to one eight of its capacity.

Cbat]\/lAX 4) dse Ebat _tot Cbat[\lAX 4)

t charge (1)

E,b“t is positive for battery charging and negative for battery discharging. The information about the total

battery capacity at every time step is modelled with continuous decision variable. C,b‘" is intertemporal
variable that holds the information of the central capacity.

Ctbal‘ CbaﬂWAX ( 2)

Ctbat L Ctba]t Etbat_tot (3)

On the other hand, the battery model for the batteries distributed among households (K is the number
of households) is described with the following constraints:

Etlj?t Ctlqut — /(4 (4) Cbat _dist @) CbatMAX _dist (5 )

Etbat_tot K Etlzlqt (6)
il
The production of the pfCHP unit is limited with minimum and maximum power output (equation 7).
The fossil fuel used is natural gas (equation 8). The heat and electricity production are linked with
thermal and electrical efficiencies (equation. 9).
K H,‘;?”

CHP _min CHP CHP _max chp _tot
H,; Hy; H,; @) Suel™

®)

Echp
it

1003
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Echp
chp chp i
Et,i Ht,i Hchp (9)

L
Equilibrium between electricity production and consumption must be achieved at every time step:

K K K
Etd,i Etexp Ef’?p E[tmp E tpv Ethnd _gen Etc:flp E tj}ex Etbat_tot (10)
il il il
The objective function for the simulations that generated sensitivity analysis calculates the yearly
operational costs (17520 half an hour time steps). In the yearly simulation no stochastic error of forecast
is used. Penalty factor P is used to highlight the importance to use all the available energy and avoid the

waste of heat and wind curtailment. Factor L highlights the importance of efficient use of energy It
discourages cycling of energy of the battery with an introduction of a small amount of losses (0.05%).

Tmzx

COST Fuel, ctng EtimP c;'mp Etexp c;:xp P Etwind —eurt  p Htwaste L Etbat_tot (11)
t1

6. Results

Conducted analysis of the battery storage impact and distributed generation efficiency has on an
operation of a microgrid shows that specific elements have higher impact. The results from a set of
simulations for different f{CHP technologies [18] are shown in Table 1. The total share of pWCHP units in
households is set to be 50%, share of EHP units 20% and the rest of the households had only auxiliary
boiler as ah heating source. The off-grid operation mode was used, export and import were not allowed. It
can be seen that the capability of a microgrid to integrate RES is highly dependent on the technology used
for the uCHP units that represent a most important heat source in the microgrid. Additionally, since there
is a possibility to shed the wind, with the addition of battery storage the PV installed capacity rises.

Table 1. Dependence of the microgrid capability to integrate RES on the pCHP technology used

Optimal PV Optimal WIND Percent
Efficiency [%] installed capacity installed capacity Wasted energy Total of el.
uCHP (kW] (kW] mi° f‘ . | demand
technology e " (S); S(} s et
Elec. | Therm. | Nobat. | Battery | Nobat. | Battery | Heat Wind? from
RES
Fuel cell 30 55 72 82 72 68 1,04%  4,37% 813 36,93%
Stirling engine 20 77 60 69 188 178 0,84%  27,19% 783 61,84%
Comb. engine 26 64 60 71 109 102 2,86%  9,57% 794 45,48%
Steam engine 24 70 58 67 137 130 4,75%  15,33% 778 51,71%
W gas turbine 25 58 62 75 99 91 2,33% 7,73% 833 43,11%

!In percent to the total heat used || *In percent to the total wind production

If the wasted energy share is observed for all the pCHP technology types the addition of battery
storage in all cases reduces the unused energy amounts (Fig. 4).
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Fig. 4. Unused energy amounts for microgrid with and without the battery storage
(in percent to total heat used || total wind energy production)

The optimal capacity of total installed RES changes with the addition of battery storage. So does the
amounts of wasted energy which are reduced. The sensitivity analysis is performed for both central
battery and distributed battery storage. The observed wasted energy for different installed capacities of
RES is shown on Fig. 5. All other parameters are kept unchanged during these simulations. Optimal RES
values for a case without any storage are 109 kW of installed wind power and 60 kW of installed PV.

S mm e e e m e mmae

Fig. 5. Sensitivity analysis for battery storage size and unused energy amount
(a) Central battery storage; (b) Distributed battery storage

It can be seen that the slowly decreasing trend is present in both cases and the biggest additional value
of battery is observable at the first addition of battery capacity. It is interesting to observe that battery has
a greater effect for smaller capacity of RES because it enables the better utilization of wCHP units
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electricity production which is forced to produce more electricity. Since electrical and thermal outputs are
connected at certain simulation periods waste of energy occurs. Additionally, the distributed battery
storage enables higher level of RES integration but also all the households distributed batteries altogether
have a bigger total capacity and total investment costs. The optimal installed values for a series of small 3
kWh batteries increases to a total 300 kW of installed wind and 138 kW installed PV. This is the reason
why the sensitivity analysis for higher installed capacities returns better operation indicators since the
control algorithm has even more resources it can use to avoid the waste of heat and totally eliminate
curtailment of wind and cover almost 100% of electricity demand from the RES.

Results of the model incorporating rolling horizon predictive control are demonstrated for one winter
day (24 hours). The simulations include demand and renewable energy resources forecast error. The
control algorithm in every time step gathers the most recent forecasts and based on them, current state of
the microgrid and announced day-ahead exchanges optimizes the microgrid operation. The goal is to
follow the contracted day ahead exchanges while at the same time balancing and alleviating the impact of
the unpredictable RES production. uCHP unit dispatch for an observed winter day is depicted on Figure
6. The results are presented for operation with and without storage. In case no storage is available it can
be seen that wCHP units are following the heat demand which shows that EE price was high enough to
justify the use of cogeneration. If storage is available bigger production in periods of high EE prices can
be observed while it is less costly to burn natural gas. This reduces total emissions and costs. On the other
hand, when the electricity is cheap it is used to produce and store heat and electricity for upcoming
periods. As it was already shown on the yearly operation the storage capacities enable the microgrid to
utilize its resources more efficiently.
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Fig. 6. pCHP unit operation in the daily simulation governed by the adaptive rolling horizon unit commitment algorithm

7. Conclusion

This paper presents a possibility to deal with the RES integration problem on a local level, inside the
microgrid system. The prerequisite for that is a design of a satisfactory control algorithm that can provide
enough flexibility. In accordance, the paper presents the detailed MILP model of a residential microgrid
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consisting of 300 households and that has included all the important distributed generation technologies,
pCHP, EHP; RES and with special highlight how storage technologies effect the operation. The paper
differentiates two different simulation types. The first that was explained in more detail is the yearly
operation simulation that is used for the dimensioning of microgrid elements and for general evaluation
what an impact they have on microgrid flexibility. The paper proposes waste of energy to be an indicator
of operation that shows how flexible microgrid is in responding to fluctuations in RES generation. The
second series of simulations give a glimpse of results obtained from the daily operation of microgrid
entity that participates on the day-ahead market and is governed by the adaptive rolling horizon control
algorithm. It is shown that the usage of proposed algorithm increases efficiency of the distributed
generation utilization.
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Abstract— The paper presents a corrective receding horizon
mixed integer linear programming (MILP) model of multi-
energy microgrid (MEM). The operational behavior of local,
aggregated generating units, renewable energy sources and
customers is investigated through different modelling
assumptions and multiple MEM system configurations/layouts.
The results clearly show how operational points of multi-energy
units, also of the MEM as a single entity, depend on modelling
assumptions, in particular, those of converting device
efficiencies. These approximations, often used in MEM planning
models or matrix Energy Hub concepts, have negligible impact
when it comes to long term analyses. However they result in
significantly different flexibility indicators in short term
operational time frame when compared to the more accurate
models. This paper elaborates how these assumptions affect
MEM behavior in market driven environment and demonstrates
MEM capability to respond to intra-day disturbances caused by
variability and uncertainty inherent to the production of the
renewable energy sources (RES).

Index Terms—Multi-Energy Systems, Microgrids, Flexibility,
Corrective scheduling

1. INTRODUCTION

Integrating renewables, coordination of various load types,
shift towards local energy concepts and emissions reduction
goals are changing the concept of how efficient and optimal
energy supply is provided [1]. Incentives and general goals of
the European Union to increase the share of zero-emission
generation are enabling and supporting this transition [2], [3].
Multi-energy modelling concepts provide framework for
analyses beyond specific energy carrier and allow analyses
and optimization of energy systems utilizing different energy
vectors [4], [5], namely electricity, heating/cooling energy and
fossil fuels. Exploiting synergies that might arise from
interaction of different energy vectors and energy sources in
district multi energy systems could unlock additional
operational flexibility that is often not available when
operation of only individual energy vectors is considered.
These characteristics of the multi-energy systems are starting
to gain recognition and entering into the focus of the academic
and research societies.

Many strategic and planning concepts (including Clean
Energy for all Europeans [6]) define future energy systems
through shift in paradigm where primary supply comes from

This work was supported in part by the Croatian Environmental
Protection and Energy Efficiency Fund under the project Microgrid
Positioning (uGRIP) from the ERA Net Smart Grids Plus funding scheme and
project FENISG- Flexible Energy Nodes in Low Carbon Smart Grid funded
by Croatian Science Foundation under project grant No. IP 2013-11-7766.

Ning Zhang, Chongquing Kang
Department of Electrical Engineering
Tsinghua University, Haidian, Beijing, China
{ningzhang, cqkang}@tsinghua.edu.cn

central generation (macrogrid) to the concept of distributed
multi-energy systems (microgrids) and small scale multi-
generation systems [7], [8]. The grid will consist of numerous
microgrids interoperating and providing solutions on the local
level. This also means that a significant share of operational
flexibility, alleviating issues of renewable generation
integration, will come from the distribution level through
integration of technologies capable of responding to different
price signals. In future energy systems, characterized by more
variable and more uncertain production and consumption, a
desirable characteristic of multi-energy microgrid (MEM) will
be its flexibility, both within the microgrid level and as a
service to the upstream system, macrogrid level [9]. The
renewable energy sources (RES) growing penetration
increases the stochastic element related to the generation side
while adding to demand fluctuations of new consumers [10],
such as electric heating and electric vehicles (EV) and
decrease the overall predictability of demand. This creates a
challenge of efficiently integrating these low carbon
technologies [11] and, at the same time, finding the optimal
control that maximizes the utilization of their flexibility.

The multi-energy systems (MES) in general consist of
energy storage, distribution infrastructure and the most
important component, energy converters. Operational aspects
of modelling different multi-energy concepts (for example
Energy Hub [12], [13]) often neglect the fact that the
relationship between energy input and output is not linear as
efficiency tends to decrease in lower loading operation. Thus,
nominal or averaged efficiency values (e.g. constant
efficiency) can lead to representative models for energy
conversion processes and flexibility assessment that can return
inconsistent results. While these assumptions might not give
incorrect values in the planning time horizon (longer-term
simulations), in short-term assessment of operational
flexibilities they might over-estimate (or underestimate) the
available intra-day MEM flexibility to respond to market
signals. As such they are manifested as significantly large
differences in the exchange possibilities for a specific time
steps, different exchange volume for specific time steps and,
what is more important, often include different margins of
operation close to minimum or maximum output power which
can lead to significant cost differences. In this context, the
paper provides a comprehensive analysis of these modelling



aspects focusing and drawing conclusions on different MEM
configurations, benefits of coupling additional energy vectors
and comparing technologies.

The paper brings novelty in terms of both modelling and
analysis with respect to the following contributions:

1. Benchmarking various MEM system layouts through 4
different metrics clearly defining the value and
contribution of different components on flexible
operational aspects;

2. Detecting the benefits of decentralized units compared to
a centralized/district single central energy unit through
corrective  receding horizon MILP  optimization.
Furthermore, showing the benefits of the addition of

separate energy vectors to the overall operation
efficiency;
3. Clearly showing the importance of modelling

assumptions commonly made in mathematical description
of the MEM models when evaluating the flexibility
potential.

In the following Section II the paper describes the model,
followed by the problem formulation of the corrective
scheduling algorithm in the Section III and results and
comments are given in the Section I'V. Finally, conclusions are
drawn and future work expansions are suggested.

II.  MODEL DESCRIPTION

Multi-energy  systems,  specifically  multi-energy
microgrids, consist of variety of components as shown on Fig.
1. which represents the general (high-level) outlay of the
modelled MEM. From the production units of different energy
vectors, through energy storage to all customers. The
customers, microgrid households, are modelled with various
demand curves and various configuration of units providing
the heat and cooling (e.g. electric heat pumps (EHP), air
conditioning (AC) units, micro combined heat and power
(LCHP) units etc.).
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Figure 1. Block diagram of the modelled energy flows in the general

configuration of the multi-energy microgrid (MEM) concept

It is important to note that electricity infrastructure in the
model is available at every household, while the availability of
district heating infrastructure depends on the microgrid
configuration. The paper does not regard the construction
problem of the heating/cooling infrastructure but rather
assumes it is available in predefined portion of households if
the corresponding layout includes it. The subset of variables
and parameters is shown in the table below (Table I).

TABLE L BASIC SET OF PARAMETERS AND VARIABLES

H ,ﬁ”P, Efi”P EHP electric input and heating/cooling output

CCHP unit fuel input, electric, heating, cooling

CCHP  [pCCHP  pyCCHP CCHP
ECECOP M Cooll
output

c’ Thermal storage capacity at time step ¢, and
heat flow at time step ¢

=Li >

TES
H t

BAT ch pBAT _dch : ; .
ES - ET - Battery charging and discharging power

ECCHP , F;SHP Fuel usage of CCHP and pCHP units

EJe Activated flexible demand (“+” for production
b effect; “-* for consumption effect)

Cflex Total amount of flexible demand being
b transferred

Cooling energy provided by chillers and AC

Coolf“,Cool"*,Cool“ ;
units

Heat input of the absorption (compression)

[ CCHP_ABC  prEC
‘ > chiller and electrical input of electric chiller

Positive mismatch in import and export compared

imp exp
long"" , long, to day-ahead contracted exchange
imp exp Negative mismatch in import and export
p P
short™, short; compared to day-ahead contracted exchange
E"-" H)™* Curtailed wind energy and unused heat
ramp Ramping limits of the CCHP unit

H /E[HPbm R CtEalbm EHP binary variables

Hourly loses of the thermal storage and battery

TES BAT ch dch
A A s 1 . A
’ > "IBAT> "IBAT storage, battery charge/discharge efficiency

COPM Variable Coefficient of performance of EHP

Constant efficiency of electric chiller,

EC ABC AC
cop™, cop™, Cop absorption chiller and AC unit

7' st Efficiency of different generation units

P Waste of energy penalization factor

T Duration of the time step (e.g. 7 =4 is equal
to time step duration of 15 min)

N Current time step of planning horizon

B ol pemiss o Fossil fuel prices, emissions price, electricity
, €y

it market clearing prices

Due to conciseness and space constraints detailed
descriptions are omitted in some segments and can be found in
[14] and [15].

Combined cooling, heating and power units (CCHP),
PCHP units, EHP units are considered as most influential
controllable generation units/energy converters. Storage and
flexible demand (customer flexible appliances and flexible
cooling energy sources including chillers and AC units) are
also included and described. Short description of these units is
given below:

1. Electric heat pump (EHP): The behavior of EHP units at
each time step 7 is represented as H,|"” = E/" - COP,, .The
input electric power translates to heating power in regard
to coefficient of performance (COP). The COP is

dependent on weather conditions and therefore not
constant. The EHP can operate in either cooling or




heating mode which is assured with following constraint
on binary variables: H“"" +C™" <1 and has a limited
maximum output power. Ground source EHP have higher
COP compared to smaller air-water heat pumps used in
household and their COP is less variable.
Combined Cooling, Heat and Power units (CCHP): The
production of heat and power are defined for each time
step ¢ as useful energy extracted from the fuel input
F“™ depending on thermal and electrical efficiencies
parameters. These values are changing depending on the
loadlng Of the unit: Er(,'CHP :F;CCHP .”cchpie +I_ItbinCCHP .”cchpie' .
Ramping constraints limit the change of power output:
—ramp <H" —HY™ <ramp . Startup binary logic is
considered, assumed mode of operation is heat/cooling
following.
Micro CHP (uCHP): The pCHP unit output of heat and
power are coupled. Set of equations is quite similar to
CCHP units. The output is modelled with variable
efficiency depending on loading conditions which
resembles commercial units. Small, micro, units
considered in this analysis (installed thermal capacity of 8
kW) have no ramping constraints relevant for time step of
15 minutes (rolling horizon simulation step advance)
since they can adjust their output in under 120 seconds in
full range of installed capacity.
Storage: Energy storage systems, both thermal energy
storage (TES) and battery energy storage, are modeled as
first-order discrete time model. This means the model
accounts for the energy losses in charging and
discharging processes (4" ). Thermal storage process is
™ = (1= A /T).Chs _ FJTES | ppCCHP_TES

t - t-1,i t t .
Battery  storage  behavior is  expresses  as:
CEAT _(1_/11MT .T).CBAT 4 AT ch _77L'/1 4 EBAT_ddh /ndm

t - t BAT t BAT *

-1

defined as:

Bounds on the storage capacity and on the power
exchanged with it, as well as limits on total number of
daily charging and discharging cycles are also considered.
Detailed explanations are provided later in the paper,
focusing on two modelling cases: household level units
and centralized district level units;

Flexible load: The availability of flexible response of
consumers is approximated by flexible segment of total
demand/appliances as percentage variable (pg.r). Total
amount of energy that is being “transferred” is limited at
every time step (C/*). The response is expressed as:
_pFLEX .E:IJ S%vtf’hr < pFLEX 'Etd’[ , q{‘{ex < Cﬂex _E,T,I-EX .

=i

Chillers: Chillers operate in-between their maximum
output and minimum output. Absorption chiller uses heat

to meet the cooling demand: Cool/™ = H™-"*.COP*™ |
while electric chiller uses electricity to meet the cooling
demand: Cool“ =E’“ - COP*“ .

Other units: Other units, such as household auxiliary
boiler, PV panel production, wind turbine production

units, diesel generator unit, demands (electric, heating and
cooling) etc. are modelled similarly as in [14].

The variety of models available in literature deal with
different aspects of multi energy modelling in different level
of details. For example:

e nonlinear dependency between input fuel and output
power (resembling real-world units) is the focus of
research in [16], [17] while CHP unit output modelling in
accordance to operational region can be found in [18];

e detailed energy storage models can be found in [19],
explaining aspects of stratified model and including the
more detailed physical model into the optimization;

e universal modelling of multi-energy systems using
standardized matrix approach [20];

e distribution network (heating and electricity) constraints
consideration [21];

None of the above papers captures all described aspects
(all units), however they all attempt to elaborate on finding the
optimal model by making a trade-off between sufficient
precision of the results and computational burden of the
algorithm. The novelty of this paper is in giving clear insight
into how short and long term operational flexibility is
connected with modelling assumptions and different MEM
configurations.

III. RECEDING HORIZON CORRECTIVE SCHEDULING
PROBLEM FORMULATION

To clearly define different aspects of MEM flexibility in
daily operation, corrective scheduling algorithm with receding
horizon is developed based on model predictive control
(MPC) scheme. The core of the MPC central controller is the
representative mathematical model of the real system that is
being controlled (in this case MEM system) which gives the
desired operation of the MEM system as a result of
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.
Detailed description of the MPC control can be found in
literature [22], [23] and [24].

Objective function of the proposed MILP algorithm is a
cost minimization with a 24-hour horizon, describing day-
ahead market participation of the multi-energy microgrid. The
objective function, modelled by Eq. (1), consists of 3
segments which are further broken down into 3 equations for
easier explanation:

1. Eq. (2) represents initial operational cost based on day-
ahead prices. It gives total operational cost and MEM
schedule 12 hours ahead of the delivery (through simple
deterministic optimization of available resources). The
resulting values are used as references for contracted
exchanges of energy between MEM and the system for
every half-hour of the next day (day-ahead plan). Part / of
Eq. (2) is fossil fuel cost, part /] is electricity exchange
cost/revenue, part IIl models penalization of wind
curtailment and waste of heat, /V and V are start-up and



constant costs of generation unit and diesel back-up
generator while V7 part are emission costs. It is worth to

note that £"° E*P" mark the initial/contractual exchange
plan.

2. Eq. (3) represents the mismatch cost that stems from the
difference between contractual exchanges and realized
exchanges. At the initial, day-ahead, optimization stage
MEM made scheduling decisions based on the available
information. Since these are subject to uncertainties and
variabilities (such as wind and PV production) during
real-time operation there will be deviations from the
original schedule. MEM acts as balancing group (BG) in
the market and is responsible for any and all deviations
cause by its BG member. To avoid being penalized for
imbalances, MEM uses “fresh” information and through
the corrective scheduling redispatches its resources. In
case MEM does not have inner flexibility to balance out
these deviations it will have to buy them (or sell) under
balancing market prices (here they are modelled as
market clearing price modification factors M**" and M*™);

3. Eq. (4) represents the updated plan for the remaining of
the daily cycle taking into account current operational
points of units, updated forecasts and initial reference
plan.

By defining the objective in this way the master program
that emulates the MEM uncertain surrounding at every time
step iteratively calls the MILP optimization of MEM
operation and gains benefits over the whole planning horizon.

24tH-S
COST = ﬁ({[predicted(PRE)]+[missmatch(MIS)]} +
t=1

245 M
+ * ["updated" predicted costs (UPD)]
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1 14

Siﬂng o FtCICI';IP 'C/' +FtD -Cd)+ (EtimpO C;r}c; _EteXpO 'C;ncp) ¥

2414,
y_Cl aste binCCHP __ CCHP suCCHP __ CCHP
PRE = ﬁ{ AP B 4 ) 4 (OO CCHP . prsuCCHP . O

) }
t=1 binD D D D i ! (2)
=] 11, SUl . emiss
g(Et “Ceonst TEr "+ Cotary) + (emiss; - ¢ ) la
s
24-14-S i i y =
MIS % i—)shortt’mp e -¢/"P +long]"™ b P + ol
= | 3
e @hor[texp _Mbuy _C;mp _longtexp _Mxell _Clmcp lan ( )
" ﬁng e +ECCHP 4(:/’ +F;D -cd +E{imp 4(7:'mp 7E!exp 4(,'::Xp E‘E
|
_ w_cur waste binCCHP . CCHP suCCHP __CCHP
UPD = * P-E/= + P H" + H, Ceonst +H}" “Cstart : (4)
t=24-1+1-S binD D suD D . emiss
%Et “Ceonst + Et *Cstqry +€MISS; - C l==

As it can be seen from the illustration (Fig. 2) the initial
schedule, and therefore operational costs, are realized in a
certain percentage from the initial reference plan. In the
perfect forecast surrounding, reference costs would be equal to
final realized costs. In each time step the costs is composed of
several segments; segment of the daily costs associated with
the realized costs in the passed time steps, incurred
mismatch/balancing cost and a portion of predicted costs using
the most current unit statuses and forecasts for
future/unrealized time steps.

Control actions applied for the daily cycle only, look Daily N+1 cycle
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Planning horizon
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[llustration of the receding horizon corrective scheduling
algorithm

Figure 2.

Optimization and scheduling results of MEM system
described in Section II driven by receding horizon corrective
scheduling algorithm (utilizing model predictive control) are
shown in the following Section I'V. It is important to notice the
differences in operating points as well available inner MEM
flexibility depending on the level of MEM modelling details
and MEM layout.

IV. RESULTS

A.  Flexibility aspects for annual MEM operation

For both Section IV A and Section IV B, the results are
shown for a series of simulations of different MEM
configurations/layouts, with the main focus being on the
following two configuration layouts:

Layout 1) entirely distributed layout with no large central
units;

Layout 2) centralized layout where district level CCHP,
EHP and storage are used.

Additional configurations
abovementioned layouts:

Layout 3) district CCHP unit with scattered household
EHP units;

Layout 4) district level EHP with scattered household
UCHP units.

Layout 5) distributed layout with additional district level
energy storage unit.

All layouts have the same installed capacity of RES (wind
turbine and rooftop PV panels). Dominantly centralized
layouts (Layout 2 and Layout 3) also have a backup diesel
generator unit in addition to chillers for cooling energy
production (absorption and electric chillers). The table below
(Table II) summarizes the layout designs with all the modelled
elements they include.

are a mix of the two



TABLE II. MULTI ENERGY MICROGRID SYSTEM PROPOSED LAYOUTS

MEM

layout - - - - -

Unit Ly L-1 L-2 L-3 L-4 L-5
fpe

CCHP - central - N4 N4 - -
WCHP - household v - - N v
EHP - central - N4 - N -
EHP - household N - N - N
Thermal storage -
central R v v R v
Thermal storage -
household v B B v v
Battery storage -
central R v v R R
Battery storage -
household v B B v v
Chillers - v v - i
Backup diesel - v v - -
Auxiliary boiler -
household v R R v v
RES v N v v

Optimization is run for an entire year period in 15 minute
time steps and total costs, emissions and flexibility metric
indicators (unused heating energy and curtailed wind) are
analyzed and discussed. Fig. 3. depicts the values of operation
indicators for different MEM system layouts.

A general conclusion arises that none of the layouts
outperforms the others in all 4 metrics chosen as benchmarks.
For example, Layout 1 (distributed configuration) has the
highest total operation costs and emissions. This is particularly
interesting when compared to centralized district Layout 2,
however this conclusion is intuitive as district level units
usually have higher conversion efficiency than smaller, micro
units. On the other hand, Layout 1 outperforms all other
layouts in terms of flexibility indicators, wasted heat or
curtailed RES. The two root layouts, distributed Layout 1 and
centralized district Layout 2 show the specter of results. The
smaller  units  while providing better flexibility
(accommodating higher shares of RES production with better
flexibility indicators) operate with higher costs and lower
efficiencies results in higher emissions. Bigger units on the
other hand bigger units provide less flexibility but at lower
costs and emissions. Furthermore, it is interesting to observe
the relation between Layout 1 and Layout 5 (dominantly
distributed layouts) which differ in the availability of
additional central storage system. Benefits from adding
storage system are present in form of costs and emissions
reduction and increased margin for RES uncertainty
compensation. The additional benefit from making the central
storage available to scattered pCHP units of Layout 1 ranges
around 7% for cost reduction, 11% for emissions reduction
and around 2 percent for added flexibility in form of larger
amount of RES production absorbed with less curtailed
energy. The Layout 3 and Layout 4 provide the mix of

It is important to note that the RES production represent
the amount of accommodate energy produced depending on
available flexibility. The absolute total of RES production is
the same for all layouts since the installed RES capacity is not
changed.
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Figure 3. Operation indicators (costs, emissions, RES production and
curtailment) for different MEM system configurations

In the above analyses, for all layouts, conversion
efficiencies are modelled as constant values, which is a
common assumption in many models (e.g [25], [26]).
However, such modelling approaches might over or
underestimate realistically available flexibility of MEM. To
quantify this, results of both modelling approaches (constant
efficiency approximation and realistic lading dependent
efficiency values) of MEM Layout 2 are shown in Table III.
It can be argued that operational cost differences of around
5% might be acceptable for planning purposes, however this
was further used as an indicator that sever differences in
operating points depending on the modelling approach might
have high impact in daily operation planning.

TABLE III. COMPARISSON BETWEEN TWO MODES OF EFFICIENCY
MODELLING
L MEM Layout 2 - MEM Layout 2 -
Operation indicator constant efficiency variable efficiency A1%]
Total cost [EUR] 193,340.00 204,892.00 597
Emissions CO, [kg] 713,954.00 900,388.00 26.11
RES production [kWh] 389,389.00 410,885.00 5.52
Curtailment [kW]* 89,401.20 84,165.00 -5.86

a. Percent of total energy produced

An additional interesting aspect that can be noticed when
looking at the operating points is that in average lower
efficiency of EHP and CCHP units (in loading dependent




efficiency modelling) manifests more flexible response to
fluctuations compared to higher efficiency units consequently,
having different signals on the available flexibility. For
example, a surplus of electricity produced by CCHP unit
(which is lower at a lower efficiencies) is needed to be used in
a larger portion in household EHP units of a lower efficiency
to achieve the same result as when using more efficient units.

B.  Flexibility aspects for daily MEM operation

Results shown in Table III suggest that modelling
operation by approximating unit conversion efficiency with
constant values will result in incorrect knowledge of real-time
operational points of MEM units and, consequently, give
incorrect estimates of available inner flexibility of MEM [27].
To analyze the impact of these modelling approximations and
their value for additional available operational flexibility [28],
[29] several daily simulations are cast by corrective receding
horizon MILP algorithm described in Section 2. The
importance of correct knowledge of available inner MEM
flexibility is manifested through the need of redispatching
MEM units due to variability and uncertainty caused by
imprecise forecasts on a day ahead market. To mitigate these
forecast imprecisions by corrective optimization, central
MEM controller should have the correct knowledge of the
available unit flexibility to properly position itself at the intra-
day market and buy/sell the remaining needed energy.

When the operational points of units in every time step are
observed for different modelling of efficiency (Fig. 4.) it can
be seen that available flexibility range (upward and
downward) is significantly different. The upward range is
defined as current operation point plus the ramp-up change of
output up to a max power limit. Similarly, downward range
are operational point the unit can reach in next simulation step
limited by the ramp-down and capped by minimum output
power.

500 - —

upward flexibility

Aoy piemumop
1

500

400

350 - =

300 -

ApqIxey pIemumop  upward flexibility

~ Variable efficiency operational point

Figure 4. Available flexibilty depending on the efficiency model used
(constant versus variable efficiency); MEM layout 2

Difference in start-up times (unit is offline for first 6 hours
in variable efficiency simulation) to the difference in available
flexibility amounts (interconnected with difference in
operational point) can be observed which can lead to
unprecise information about the real status and capabilities of
units.

When the value of applying corrective algorithm is
evaluated it is important to understand the operational aspects
of such receding horizon algorithm. As shown in Fig. 2. the
algorithm always looks ahead and applies corrective actions
when needed. It always considers the initial/contractual plan
of exchanges but searches to optimize the costs and
environmental impact. The change of planned operational
points throughout the whole horizon as the time progresses in
the daily cycle is depicted on figure below (Fig. 5.). For the
depicted scenario (a typical winter day) it can be seen that the
algorithm adjusts the operation and changes the plans
significantly.

600

er (kW]

Output pows

——CCHP unit realized operational point with deviations bars -s=Initial operation plan hour [h]

Figure 5. The operational point of the generation unit (CCHP) through out
the whole daily cycle (with deviation range bars) compared to the initial
operation plan based on the reference run

Additionally, in the later stages of the day (towards the end
of the daily cycle) adjustments of the receding horizon
corrective algorithm are in average of greater magnitude
compared to the earlier stages and in average towards the end
of the planning horizon the difference compared to the initial
operation plan are greater. This is interrelated with the nature
of the prediction that is usually done more than 24 hours
ahead of the plan realization and that in average is less
accurate the more distant is the plan of realization.

As was shown through simulation results this paper
provides the theoretical background and simulation results of
the presented control and optimization framework. The
practical implementation and use is possible and in real
operation similar savings and improvements could be
obtained. Preliminary requirements list show that with current
communication infrastructure all prerequisites are met.
Additionally, computation burden is not a constraining factor
since each simulation cycle concludes within seconds range.
Therefore, the implementation of a modified version of model
predictive guided control is planned to be implemented on the
real test site of the laboratory microgrid network that will
incorporate all the relevant units.

V. CONCLUSION

The paper develops a multi-energy microgrid optimization
model that incorporates flows of different energy vectors:



heating, cooling, electricity and fossil fuel. Through annual and
daily optimization horizon it evaluates the operation of different
MEM configurations in uncertain surroundings through
different flexibility indicators (e.g. mismatch from day-ahead
contractual electricity import/export). It clearly shows how
different MEM layouts behave in terms of the financial (costs)
and environmental (emissions) aspects and from the operational
aspect (flexibility) and demonstrated that none of the analyzed
layouts (different combinations of centralized and decentralized
multi-energy units and RES) outperforms others in all selected
benchmarking metrics. It further analyzes the impact of
efficiency modeling (constant efficiency vs. variable efficiency
depending on loading) through annual and, more importantly,
daily operation of the MEM system governed by the receding
horizon corrective scheduling algorithm. A simple version of
the flexibility map is given for MEM that in every moment
gives information how much flexibility can be provided and
points to moments where extra cost are induced. These results
show distinctive importance of efficiency modelling for the
flexibility analysis. Furthermore, the way the receding horizon
scheduling algorithm operates was described and the amounts
of adjustments were presented.

To obtain even more precise results the non-linear and
more detailed model for the efficiency of all units could be
incorporated as well as network physical constraints (power
and heat flow equations). This could provide unsurpassed
level of detail but the computational efficiency and the added
value of these extra levels of details need to be investigated.
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Abstract

Multi-energy system and more specifically, multi-energy microgrids (MEM) are expected to have a significant role in the
future, low-carbon power systems. Their ability to provide both services to its customers and to the upstream system by means
of local integration of distributed energy resources, provision of aggregation and energy storage services is very valuable. In
this paper a bi-level approach to modelling is presented to inspect the behaviour of multi-energy microgrid that are
interconnected with the upstream system through the exchange of prices signals. The MEM is defined as a market participant
that can trade the energy. The energy trading and settlement is done in the upper level of the model where the energy prices
are defined. In the lower level of the problem the MEM daily optimal scheduling of resources is done considering the
dependent decision of the connection to the upper level. With the usage of duality theorem, the bi-level problem is converted
into the single level problem that can be solved with available solver. The proposed model has been demonstrated on the
simple illustrative example and the numerical results obtained show the validity of such approach.
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2. Introduction

2.1 Motivation

In the modern world the consumers are accustomed to a high
availability and standard of the energy services. The electrical
energy specifically is integrated into all aspect of everyday
activities. The power system that is responsible for the
delivery of different energy vectors needs to maintain the
balance even under the growing uncertainty circumstances
[1]. The distributed resources while providing great
opportunities also present obstacles for the everyday
operation. With the liberalization of the power and energy
sectors the operation becomes even more profit driven and
through the development of new concepts and technologies
new participants get the chance to take part in the energy
markets. One of those potential new players are microgrids,
more specifically multi-energy microgrids (MEM) [2] that
are distributed locally and are directly linked and made of
different customer-level entities. The advantage of such
microgrids is their coupling of different energy carriers (e.g.
heat and electricity). This inherently means the energy
converters and energy storages to change energy patters are
also present. The flexibility of MEM to swap energy usage
between carriers provides a great opportunity. Therefore,
with the increasing competition in the power market sector it
is important to enhance the rates of participation of such
MEM entities and increase their potential interaction with the
system. To this aim this paper presents a model that considers
the participation of a multi-energy microgrid in the daily
operation power system as whole.

2.2 Motivation

In the modern world the consumers are accustomed to a high
availability and standard of the energy vectors delivered to
them in the surrounding dominated with the growing increase
in renewable energy sources (RES) shares. As such, multi-
energy systems (MES), more specifically MEM, can help
accommodate more renewable energy and can increase the
utilization efficiency of primary energy sources, renewable
energy sources included [3]. The multi-energy systems can
locally integrate larger numbers of smaller production units
and consumers. This means their impact on the market
interactions will be increased. Depending on the influence
single, or multiple multi-energy entities have on the marker
interactions there is a need to investigate the optimal
participation of all the entities. The layer structure can be
defined:

e the first layer is presented with different energy
converters (micro combined heat and power plants
(LCHP, energy storage etc.) and consumers;

e the second layer presenting their integration into a multi-
energy system (e.g. MEM) through the local energy
network;

e the third layer being the integration of multiple multi-
energy systems;

e the final layer is presented through the marker where all
the players optimize their profit in a competitive
environment.

The model described here considers two layers of the
problem, the internal multi-energy system operation and
external market participation. The multi-energy system is
interacting with the market with the goal of maximizing the
profit. The objective function of the market structure is to
maximize the social welfare through the minimization of the
energy procurement costs. The multi-energy system
determines its daily energy production and balance based on
the energy prices on which it can (“price maker”) od cannot
(“price taker”) have influence. The interaction between two
levels of the problem through the market price signal creates
the non-linearity. The bi-level problem is transformed into a
single level mathematical program with equilibrium
constraints (MPEC) through the means of the duality
theorem. This creates a single stage mixed integer linear
program (MILP) that can be solved using the available
solvers.

2.3 State-of-the-art and literature overview

The idea of integral modelling of the multi-energy systems
stems from the energy hub framework [4] approach to model
the energy vectors flows inside the described nodes that
consist of energy carriers, energy converters and energy
storage utilizing the optimization problem to guarantee the
optimal result [5]. Several other works have dealt with
finding the solution for the optimal power flows of the
interconnected energy vectors of the multi-energy systems. In
[6] the industrial hub was modelled, while the optimal power
flows in the residential community level microgrid are
investigated in [7] and [8] investigating different aspect of the
multi-energy microgrids modelling. Additionally, the matrix
modelling structure approach has been successfully applied in
[9]. Many authors of the literature in the field propose
different approaches to mitigate the intermittency of the
renewable energy sources by means of unlocking the inherent
flexibility of the coupled optimization of different energy
vectors. In [10] the multi agent approach has been applied
while in [11] multilayer approach was used to model the
interaction between the market players and in [12] MILP
model was used to investigate different modelling aspects of
multi-energy microgrids. In [13] similar bi-level modelling
approach was used for different investment and longer-term
analyses.

2.4 Paper contributions and structure
In short, the paper contribution can be expressed as stated in
the following bullets:

e Modelling of the decision-making process of the multi-
energy system through the proposed bi-level structure
model.

e Transformation of the nonlinear bi-level problem by
means of the duality theorem into a single level
optimization problem.

The layout of the paper is as follows. In Section 3, modelled
system with its constraints is described. The dual format of
proposed bi-level problem and transformation procedure for
transforming the problem into a single level problem that can
be solved with commercial solvers is given in Section 4. In



Section 5 illustrative case study results are given. Finally
concluding remarks are presented in Section 6.

3  Multi-energy system modelling

In this paper, as was mentioned in the introduction, the
problem of the interaction between two levels of the market
participants is modelled. Figure below (Fig. 1) depicts the
structure of the formulated bi-level problem. The upper level
problem segment deals with the optimization of the daily
operational plan of the multi-energy microgrid 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.

Upper level (Micro-grid)

Microgrid model:
- household demand
- diesel aggregate
- PV generation
- battery storage
- CHP unit
- auxiliary boiler

- profit maximization

Energy prices Exchange quantites

Lower level (Macro-grid)

Market model:
- 3 node test system
- social welfare maximization
- market clearing and LMP calculation
- generation company production offers
- wind producers

-> minimization of energy procurement
costs

Fig. 1 General structure of the proposed bi-level problem:
“microgrid” — upper level problem and “macrogrid” — lower
level problem

The MEM is defined as a market participant that can trade the
energy. The energy trading and settlement is done in the
lower level of the model where the energy prices are defined.
In the upper level of the problem the MEM daily optimal
scheduling of resources is done considering the dependent
decision of the connection to the upper level. With the usage
of duality theorem, the bi-level problem is converted into the
single level problem that can be solved with available solver.

Simplified multi-energy model compared to the one used in
previous work of authors [14] was modelled in the upper
level. It consists of production unit, renewable energy sources
generation, loads and energy storage (Fig. 2). The
optimization model simulates the optimal operational
positioning of the multi-energy system over a 24-hour period
that can through the point of common coupling (PCC) bi-
directionally exchange the energy (import/export).
Simultaneously, it simulates the market clearing and price
formulation process in the lower level. It defines the market
price for each 24-hour segment and considers the local
marginal prices. It assumes a DC power flow formulation that
does not regard the reactive power flows and power losses.
The DC power flows have satisfactory precision for the

proposed modelling approach and are linear which is
convenient for the solving process. The case study presented
consists of 3 bus illustrative system (Fig. 2) with the multi-
energy microgrid being connected to bus 2.

3.1 Upper level problem (microgrid)

The objective function of the multi-energy microgrid is profit
maximization. The exchange and communications with the
rest of the system is expressed through the marginal price
a, (t) multiplied by the exported or imported quantities

(q,lﬁl(t), g?(#)). The microgrid optimally positions its
operation over a 24-hour horizon, minimizes the operation
costs of the auxiliary aggregates while satisfying the demand
(Eq.(1)).
D
T o, (0)- (B () -P2 )+ Y A7 Py
PROFIT -y, o (1) - (B, (1)~ P2 () ; /(1) "
=1 L pstart 'ydistart(t)_"/lc Yy 0
In the energy equilibrium equation (Eq. (2)) the battery
energy storage, auxiliary aggregates, RES production and
demand are included.

PlO)+ Py () +q8 )+ g5 () =D, () + gL () + g (1) vieT )

The upper objective function is solved with respect to the
following microgrid components constraints ((3)-(6).

The battery state of charge ((3), regulation of its simultaneous
charging and discharging and maximum charging power (4)
are defined as following:

soch(t)=soch(t—1)+q1§h(l)‘77§h —qf':;(:) VheH,VteT 3)
fo< socy, (t) < socp™
)+ xS (1) <1
a5 () <disP™ x{5(t)| VheH, vteT @
@) <P x5 1)
a0 0=0 |

The RES available production must be lower than the
available resource:

Pl)<P™(r) VseS,VieT (5)

Auxiliary aggregate has its operational limits and binary logic
defined as following:

Pd (l) < Pdmax < X4 (l)
Pyt Bf™ - x4(0)
Ya@)=xq)—x4(t-1)

YdeD,VteT

(6)

The exchange can in each hour be either import or export

which is assured with the following constraint:
[h@+xh<1] vmeM vier ™

3.2 Lower level problem (macrogrid)

The lower level objective function represents the power

system flows and market clearing process. The objective is to

maximize the social welfare (8).
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Fig. 2 Modelled illustrative example including the upper level (MEM) and lower level (3-bus system) problems

maxzz/if-pp(t)-%— Z b -100-

SOCIAL WELFARE = reNpek meM ()
DX gen = D ai0)-0
beB geG meM"

The microgrid export and import modifiers ensure that the
microgrid when it has surplus available to be sold wants to
participate and sell (bids the lowest price) and when it needs
to import energy to satisfy the demand it bids the high price
to ensure all the customers’ needs are satisfied.

The lower level problem is transformed through its dual to
allow the solving.

Local marginal prices equation:

Do hO+D D 2 ggp0+ Y ahn=

lel’ beB geG meM"
33 p0+ S dho a0 vmen O
neN peP meM"
Set of equations (10) represents the constraints of
transmission lines with corresponding dual variables listed.
pfi(6)=sus;- (6= 6,)  :f(0)
phO< pfi™ @] Vviel (10)
yd(t)=xd(t)—xd(t—l) 15]0)

Generator production blocks are limited with max capacity
(11).
max

8eb(N<8gp VbeB,VgeG

“Hg b ®)

an
Microgrid exchange limits are defined with equation set:
ACEEAOR S A0

OO K b

VmeM

(12)

The power angle limits on the system buses and the reference
busbar are set with the equation set (13).

-r<6,(t)<rm
6,(1)=0

g (O, (0)
: z(t) reference bus

Vne N

(13)

Exchange quantities are positive variables, demand is a
positive variable, transmission line power is unlimited
variable (can be plus or minus depending on the flow
direction) and the power angle is also unlimited variable.

3.3 Dual of the lower level problem

The equivalent dual problem consists of primal constraints,
dual constraints and final duality equation [15]. In accordance
to the duality theory [16] new objective function (14) is
obtained with the constraints (15)-(18).

Do =D oGO+ Y pep0)- B
leL leL meM"
SW =min +Z 7 (1 () — ™0 (1) + Z:Kp(z)-a',r,“aX (14)
neN geG
SN SLACEACERAORYAG]
meM

Generator (15), consumption (16), lines (17) constraints sets:

> a0t 02> G, VeeG, vbeB
glo(g)=n beB (15)
Z aAszc,,(t)ZZA,f VneN, VpeP
plo(p)=n neN (16)
Y @O+ AO+O+51H=0  Viel
llo(l)=n
=3 sus BO+AT O+ =0 YneN
llo()=n (]7)

n = reference bus

- z sus; - B (1) +2(1) =0

lo(l)=n

Microgrid exchange constraints set (18):
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Final equivalent objective function of the lower level model
is expressed as in (19).

S p,0+ Y. ah0)-100-

neN peP meM"
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3.4 Linearization

This MILP model is not linear, but it can be linearized
similarly as shown in [13] and in [15]. It is done using the
KKT (Karush-Kuhn-Tucker) conditions with the Lagrange
multipliers.

4 Results

The proposed model has been demonstrated on the simple
illustrative example and the numerical results obtained show
the validity of such approach. Bilevel optimization model for
microgrid participation as a price influential entity showed
that there is an importance in allowing such new market
entities to participate. In the described approach the
microgrid was the only player that was reacting to the market
situation and had the information about other influential
participants. In reality it can be assumed this problem to be a
cooperative game in which the tendency is to reduce the
overall procurement costs.

In general, the microgrid can influence the prices (Fig. 3)
particularly in periods of the day when there is not enough
local RES production.
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Fig. 3 Electricity prices for each 24-hour period depending on
the MEM participation on the energy market

As was explained in the section 3 the microgrid in hours
when it requires energy to be bought from the market

positions itself in high-price ranges to ensure the covering of
all the demand. This can lead to the clearing process to find
the intersection between the offer curves and demand curves
in a little higher prices range. On the other hand since
microgrid is maximizing its profit it will not reduce the
electricity price since that would lead to reduction of its
profit.

5 Conclusion

The paper presented the bi-level model with the multi-energy
system/microgrid optimization of profit being the upper level
problem and the market clearing and market participation
being the lower level problem. The initial mathematical
model was transformed into the mathematical problem with
equilibrium constraints. Results reveal an interconnected
effect of local and wholesale equilibrium prices with the
increasing share of the multi-energy systems participating.
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ABSTRACT

Microgrids, groups of loads and generators in the same location with centralized control, have
the ability to balance the variability and the forecast error of the renewable sources (RES)
within them, thus reducing the need for the conventional reserve. The main goal of this paper
is to explore the influence of the microgrid components on its ability to operate independently
from the distribution grid. A deterministic model using mixed integer linear programming
(MILP) is developed to simulate the microgrid operation over one year period and used to
determine the optimal microgrid parameters with respect to the amount of unused energy.

In the second part of this paper a developed model is expanded with model predictive control
(MPC) approach to capture the behaviour of the microgrid connected to the rest of the
distribution grid, modelling the uncertainties of forecasting RES production by stochastic
programming. The model is capable of evaluating the impact of variable energy prices and the
impact of energy balancing tariffs depending on the amount of balancing energy needed on
the operation of flexible units such as electric heat pumps (EHP), micro Combined Heat and
Power plants (WCHP) and heat storage (HS).
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1. INTRODUCTION

Integration of renewable energy sources (RES) today is largely driven by governmental
incentives, especially for RES on a small domestic scale. As the share of RES increases, the
concept of incentives becomes unsustainable and the need to develop new approaches
becomes inevitable. Traditionally, there has been a separation between the production and
consumption of electricity where consumption has been regarded a passive part with very
little capabilities for control. Therefore any generation mismatch caused by variations in RES
generation had to be compensated by other generating units. Today the development is
shifting towards enabling the flexibility from the consumer, ranging from flexible demand to
distributed generation. The range of controllable and RES technologies at the low voltage
level covers a wide range of units: photo-voltaic units (PV), wind power plants (WPP),
electric heat pumps (EHP), micro combined heat and power units (WCHP), thermal energy
storage (HS), battery storage (BS) etc. Aggregating these technologies creates a market entity
capable of not only isolated operation but also interaction with the electric system.

Any such system could be integrated with the rest of power grid’s control system by means of
aggregation and market mechanism. Although ideas of virtual power plants and standalone
microgrids are not new [1], there is still a lack of models capable of representing the
behaviour and scheduling of such clusters of units. A good model must provide robust
response of microgrid to fluctuations of connected RES and, if needed, has to ensure stand-
alone operation with minimum to no interaction with the rest of the electrical grid.

The methodology for decision-making on local microgrid level is not simple to find and has
many key factors that have to be included. Microgrid comprises of both dispatchable units (e.g.
distributed generators) needed to balance the microgrid and uncontrollable units such as RES
whose production cannot be precisely estimated. Additionally, flexible loads (FL), energy
storage systems (EES) and connection to the rest of the system have to be modelled in order to
find optimal control approach. There are several methods found in literature that tackle the
problem of finding the best control algorithm. In [2] Sanseverino et al. look for a solution of
optimal operation of a microgrid 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 [3] by PandZi¢ et al. where
uncertainty of the wind and solar power generation is settled using storage in order to provide
flexible operation. Day ahead planning horizon is more commonly used when operation of
microgrid is considered [4]. Furthermore, complex and computationally demanding approaches
such as multiagent modelling presented by Want et al. in [5] or evolutionary strategies presented
by Basu in [6] do not guarantee global optimality of the solution.

MILP approach coupled with Model Predictive Control (MPC) has recently proved to be an
efficient approach since it is based on future predictions as well as present state of the system.
This combination provides a good mechanism to deal with uncertainty of predictions.
Optimization centred around battery storage is presented in [7] by Malysz ef al. where battery is
used to maximize economic benefits for both the customers and utility operators. Perkovic et al.
[8] used receding horizon model predictive control for smart management of residential type
microgrid while taking into account Plug-in Electric Vehicles (PEV) as energy storage with the
goal of maximizing profit. Energy management system using rolling horizon strategy for an
isolated renewable-based microgrid is presented by Marietta et al. in [9]. Another MPC control
algorithm which minimizes the operation cost, tested on a real microgrid, and proves the
feasibility of proposed approach was described by Parisio ef al. in [10].



With respect to different or multi objective functions, the available literature proposes several
approaches and possibilities. As stated before, genetic algorithms can incorporate multi-objective
optimization and consider both, for example, economic benefits and emission reductions, as in
example by Deng et al.[11], but the final result is not guaranteed to be the global optimum as it is
the case with MILP. Many optimization algorithms set minimization of operational costs or
maximization of profit as objective functions which, in most cases, are dual functions. Recently,
approach that minimizes emissions and emissions cost has been presented in [12], proposed by
Ren et al., trying to reduce environmental impacts of energy production. It is important to notice
that there are currently no integrated models including all the important elements (PEV, FL,
battery and heat storage, pCHP etc.) and providing a comprehensive study of operational
costs, energy usage, energy curtailment, losses, equipment degradation information etc. The
focus of this paper is on defining the flexibility that can be gained by optimally coupling heat
storage, WCHP, EHP and flexible demand in microgrid operation.

2. MAIN CONTRIBUTIONS

In this paper control-oriented approach for microgrid operation is developed. Two models are
developed, deterministic and rolling unit commitment incorporating MPC. These models are
used to simulate daily operation of a microgrid for a period of one year. The microgrid consists
of 300 households (each modelled by a specific heat and electricity demand profile), multiple
DG units (LCHP, EHP, boiler and heat storage), and household installed RES units, in particular
solar and wind.

In all the simulations certain assumptions were made:

e microgrid optimization and operation is primarily market driven and voltage and
frequency stability are assumed to be controlled on the lower level and are not
considered;

e microgrid consists of the following elements: PV arrays, wind turbines, nCHP units,
EHP units, flexible and inflexible loads, heat storage, and boiler units. The concept
relays only on units widely adopted by the consumers and thus does not include BS or
PEV. It should be noted that the model can easily be expanded to include additional
technologies;

e central controller is assumed to have all the required information about the present state
of the microgrid (boiler, EHP and pCHP operational points, house heat storage unit
capacity, market energy prices, RES production);

e energy exchanged with the grid is assumed to be bought/sold at day-ahead market;

e microgrid is small enough to act as a price taker and does not influence the formation of
prices on the market;

e connection with the distribution grid is unconstrained;

e flexible consumers are not compensated for rescheduling their output;

e sampling time is constant (ATt =t, —t, ;) and the ration between power and energy is

therefore also constant.

The first contribution of the paper is defining the value of different flexible components, such
as EHP, pCHP and Flexible Load (FL), on microgrids ability to operate in the off grid mode.
A mathematical model based on Mixed Integer Linear Programming (MILP) is developed to
simulate the off grid operation over one year period, determining the optimal parameters with
respect to the amount of unused energy on microgrid level. This series of simulations was
done with deterministic input data. A comparison of deterministic model simulation off-grid
and on-grid is also given. Determined optimal sizes of installed wind aggregates and PV units for



given microgrid configuration are afterwards used to study how much flexibility can be gained
by altering heat storage capacity, flexible demand percentage and percentage of specific
controllable DG unit installed with consumers. The flexibility is evaluated as the yearly amount
of unused energy; curtailed RES electricity and wasted heat.

The second contribution of the paper is the rolling unit commitment model incorporating MPC
algorithm optimizing the microgrid operation on a daily basis considering the uncertainties
inherent to the RES production and demand forecasting. Adding MPC improves the system's
ability to react to prediction errors since the controller takes into account a series of future
moments instead of making decision just based on current status of the system. The developed
model minimizes day ahead scheduling error of the microgrid as well as the operational cost
based on penalizing export/import balancing energy cost and total fuel cost.

It should be noticed that, through a number of analyses, the paper clearly recognizes benefits
of coupling and coordinated operation of WCHP and EHP units, supported with HS as heat
buffer, in order to compensate for the fluctuating nature of RES production and to minimize,
or if possible totally exclude, balancing interaction with distribution network. This way
microgrid can operate as independent entity at any time needed, follow the scheduled
import/export plan and compensate for unpredictable fluctuations in RES production.

3. MICROGRID SYSTEM COMPONENTS AND MODELING

Basic concept of the modelled microgrid is shown on Figure 1. As it can be seen the microgrid
consists of heat and electricity consumers (households), electricity producers (WCHP), heat
producers (EHP, wCHP and auxiliary boilers) and buffers decoupling heat and electricity
demand - heat storages (HS). The possibility of direct electrical energy storage is not
modelled, even though the heat storage in combination with uCHP and EHP units can provide
a certain ability to change the electrical power output [13], [14]. All microgrid components are
modelled using CPLEX solver FICO Xpress [15]. Data manipulation and results extraction was
done using MatLab 2013.
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Figure 1. Schematic of a microgrid



In tables 1, 2 and 3 a list of indices, input and decision variables is given for easier understanding
of the mathematical formulation parameters used in optimization problem formulation.

Table 1. Parameters of the optimization model

Parameter Description

K Total number of households

i Counter referring to i-th household

t Current simulation step

T . Time horizon of the simulation [hour]

T Simulation time step duration [hour]

Cpg (1) Natural gas supply price [€/kWh]

P Penalty factor for waste heat and wind energy
H py max (£,0) Maximum heat production of uCHP unit [kWh]
Netp_e(8:0) Electric efficiency of pCHP unit

Newp ¢ (851) Thermal efficiency of pCHP unit

H yjp max (2,7 Maximum heat production of EHP unit [kWh]
COP(t,i) Coefficient of performance of EHP unit

Hp max (8,1 Maximum thermal output of a boiler unit{kWh]
Ny (1,1) Boiler efficiency

Hjys  max (8,0) Maximum heat storage capacity [kWh]

Ny (1) Heat storage efficiency

P flex Percentage of total electrical load defined as flexible

Cﬂex_max (t)

Maximum capacity of flexible load being rescheduled [kWh]

Table 2. Forecasts (inputs of the optimization algorithm)

Parameter Description
H ,(t,i) Heat demand of i-#4 household [kWhy]
E,;(2,1) Electricity demand of i-th household [kWhe]

Standardized per 1 kWh installed power hourly wind production
E wind (t )

[kWh]

Standardized per 1 kWh installed power hourly PV production
Epy (1)

[kWh]
Cimp (1) Import electricity price [€/kWh]

Coxp (®)

Export electricity price [€/kWh]




Table 3. Decision variables of the optimization model

Parameter Description

H.p, (t,0) Heat production of pCHP unit [kWh]

Hy (t,0) Heat flow through heat storage [kWh]

Cys(2,0) Heat storage capacity at simulation step t [kWh]
H ,,(2,0) Heat production of a boiler unit [kWh]

E . (2) Flexible loads being rescheduled [kWh]

E wind _gen (t )

Used wind energy [kWh]

E wind _curt (t )

Curtailed wind energy [kWh]

X

Installed wind power [kW]

wind
Xpy Installed PV power [kW]
Eyy, (1) Imported energy from the grid [kWh]
Eexp (1) Exported energy to the grid [kWh]
F(1) Total fuel energy used [kKWh]

3.1 Micro Combined Heat and Power unit (WCHP)

A number of households with larger heat consumption use pCHP units as main heat source.
WCHP units are modelled with peak power of 8 kW, and technical minimum of 1,6 kW,. The
coefficient 1 is used since technical min/max constraints are expressed in kWh values. This
way the model is able to capture different time step resolutions which usually depend on the
market structure and settlement periods in the observed market. In all simulations in this
paper a 0,5 hour time step is considered.

Hchpimil’l(i)'rsHchp(ni)SHchpimaX(i)'T (1)

It is assumed that uCHP units can adjust their output fast enough and no ramp constraints have
been introduced. Production of electrical energy of i-t4 wCHP unit in every time step:

. ~ Nenp e(t5i)
E o (t,1) =H p, (1,0) ————— ()
o o nchp_t(tal)
Fuel consumption of all CHP units is:
K Hh (tal)
fuelchp_total (IS ZL 3)

i nchpit(t: )

3.2 Electric Heat Pump unit (EHP)

A number of households have EHP as main heat source. EHP is modelled with its peak heat
power of 10 kW, and coefficient of performance COP which varies throughout the year.
Assumed EHP type is air-water and is therefore dependent on the outdoor temperature and
temperature difference. Households that have no EHP have the H,,(#,7) equal to 0.



H oy, (1,0) S H gy oy (,7) T 4)
Heat production of EHP unit in every time step and household is:

Hehp(tai)

COP(t,i) ©)

Eehp(tai) =

3.3 Auxiliary boiler (AB) and heat storage (HS)

All households are equipped with gas boiler which is being used when heat demand is too large
to be covered by primary heat sources (EHP or wCHP) or when optimization algorithm
dispatches it under right circumstances. Boiler has peak power of 10 kW, and efficiency of fuel
conversion is 85%:

Hab(t’i)SHabimax(hi)'T (6)

K .
fuelab _total (t) < Z HLM

7
i nab(tai) ( )

Additionally all households have a simple water tank, or heat storage with the capacity
Chs max Of 6 kWh. To store that amount of heat, assuming water temperature difference of 30

to 35 °C, approximately 150 litters of water are needed. Heat losses on hourly bases are
assumed to be 4%, which corresponds to losses of 2% every half an hour. Heat storage has
constraints due to its charge/discharge time:

Hyg(61) < Crax ps(8,0)- T (8)

Storage capacity limit and behaviour are described with following inequalities:

Chs (t,i) < Chs_max (t’ i) (9)
Chs(tai)znhs(tai)'Chs(t_lai)_Hhs(tai) (10)
3.4 Heat demand

Daily heat demand is modelled with 5 different curves which are evenly assigned among all
households (Figure 2). The heat consumption profiles are extracted from data available for
United Kingdom [16]. Heat demand throughout the year is modelled with seasonal variations
each with its 5 different heat demand profiles.
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Figure 2. Daily heat consumption for different household types for a winter day
Heat demand of each household is modelled with following inequality:

Hy(6,) < H ypy (6,0) + Hopp (1,0 + H gy (8,0) + H g (1,1) (11)

To ensure the safe microgrid operation under all circumstances waste of heat is allowed:

K
H 1o () < D H gy, (8,0) + H gy, (8,0) + H g, (8,0) + H g (£,0) (12)
i=1

3.5 Flexible electrical load

A simple model to represent demand side management is incorporated by defining a percentage
of total electrical demand that can provide flexible response. Initially the percentage p 4, is set

to be 15% of E,(¢)at any give period:
_pﬂex'Ed(t)sEﬂexitotal(t)spﬂex'Ed(t) (13)

E 4., (2) is positive for load reduction and negative for load increase.

The information about the total amount of shiftable loads that are being rescheduled at every
time step is modelled using flexible load maximum capacity:

“Cliex max G0 S C o (0,1) S C oy max (851) (14)
C h1ex (8,0) S C o (1 = L,0) — E g (2,1) (15)

3.6 Renewable energy sources

Input data for RES modelling are measured hourly values over a one year period [17] depicted
on Figure 3. The input data is standardized for 1 kW of installed wind or solar power.
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Figure 3. Standardized wind and solar production

One of the goals of deterministic model is to determine optimal installed values of wind turbines
and PV and therefore their production is defined as deterministic input data ( E,,;,,; (¢), Epy (¢) )
multiplied with their installed capacity:

E ina _real ()= E ina (®)- Xyind (16a)
Epy reqt(t) =Epy(8)- Xpy (16b)

The correlation between consumption and PV production is much better than one with wind
production. Therefore only wind curtailment is introduced:

Ewindicurt (t) + Ewindigen (t) = Ewindireal (t) (1 7)

3.7 Electrical demand

Similarly to heat demand electrical demand is on a daily basis represented with 3 different load
consumption profiles (winter, spring/autumn, summer) depicted on Figure 4.

0,5

0,45

0,4

/\
/o .
0,3 / \
0,25 / \
N / \
/) — \

0,05

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
== Ed winter ====Ed inter ====Ed summer Hour

Figure 4. Electrical demand profile for 3 different seasons
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Equilibrium between electricity production and consumption must be achieved at every time
step:

K K K
Eg(t,0)+ By (0 + Y Eppy (10) = Ejppy D+ E ot O+ Eppinggon (O + D Egp (6.0 + D E o, (2,1)
i=l i=1 i=1

(18)
3.8 Cost function
Total fuel used is equal to fuel used by boiler and CHP units:
F(t) = ﬁ"elchpitozal (t) + fuelabitotal (t) (19)

Day ahead market prices and are taken from the European electricity market (EEX) [18].
Minimization of total microgrid operation cost is the objective function of the optimization

model:

7. [Fm.cng O+ Eip (1) Cimp () = Eexp (1) Cexp m} (20)

COST =
Z +P-FE O +P-H,,, (1)

=1 wind _curt

Penalty factor Pis used to highlight the importance of avoiding energy waste and losing
potential wind production. Factor 300 was used in off-grid simulation of a deterministic
model when optimal RES installed values were determined.

4. DETERMINISTIC MODEL RESULTS

The deterministic model described in the preceding section is run for i, =17520steps

representing half an hour periods during one year time. All parameters are shown in the
following table (Table 4).
Table 4. Simulation parameters initial values

Parameter Unit Value
Simulation time 7}, [hour] 8760
Simulation time step duration T [hour] 0,5
Number of households K - 300
Penalty factor for unused energy P - 300
Natural gas price Cng [€/kWh] 0,025
Household heat storage capacity C,, s max [kWh] 6
Flexible load share p g, [%] 15
Maximum flex load capacity C oy max [kWh] 50
Electric efficiency of u.CHP unit n chp e - 0,38
Thermal efficiency of uCHP unit n chp ¢ - 0,55
Maximum thermal output of CHP unit  ;,,, 1, [kWh] 8
Maximum thermal output of EHP unit /,, 1,4 [kWh] 10
Share of households with CHP based heating [%] 45
Share of households with EHP based heating [%] 45

Share of households with only boiler based heating [%] 10




Parameter Unit Value
3,5 summer
Coefficient of performance of EHP unit COP(¥) - 3 inter
2,5 winter
Maximum thermal output of a boiler unit  ; .. [kWh,] 10
Boiler efficiency m_, - 0,85
Maximum heat storage capacity Cj; [kWh] 6
Heat storage efficiency 1y, - 0,98
Heat storage discharge/charge rate per time step £, a¢ [kWhy] Chs max T

Off-grid operation is simulated where E;,,(¢), Eq, () are equal 0.

Xp
Optimal values of installed wind and solar power were calculated:

° X

wind _opt

=65kW and Xpp ,, =113kW.

These calculated values are later used as input parameters (reference) in MPC model.

As described before high penalty factor P, in the objective function for waste energy,
achieves that only 0,31% (12.989 kWh) of total energy spent has to be spilt (Figure 5). Heat
waste occurs in off-grid mode when there is not enough electrical energy (EE) production to
cover the demand (little to no wind or sun); in those cases uCHP units have to produce more
and consequently increase heat production which is not needed and cannot be stored in HS.
Additionally, similar case happens when there is a surplus of electrical energy (high wind and
sun generation) so optimization algorithm increases EHP heat production to balance the
microgrid. Wind is curtailed in periods when there is a surplus of EE and there is no option of
it being indirectly stored (indirectly in HS).
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Figure 5.Curtailed wind energy and surplus of produced heat energy

Sensitivity analysis of the change in installed wind and solar capacity was performed in order
to show how non optimal values increase the total amount of curtailed wind and surplus of
heat energy (Figure 6). While one parameter was being changed the other was set at the
optimal value.
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The possibility of storing heat energy is one of the elements that provide flexibility in grid
operation. With large enough storage units pCHP units do not have to follow the demand
exactly. Furthermore, larger storage capacity can compensate for the non optimally
microgrid elements like installed power of RES. The results of the sensitivity
analysis depicted on Figure 7. shows dependency of storage size and total unused energy from
RES. Installing a storage unit of 12 kWh; (6 kWh; is initial storage size) in every household
can reduce total unused energy below 0,31% margin for 50% more RES that calculated as the

dimensioned

optimal values.
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Figure 7.Connection between HS capacity and unused energy

optimal values (Figure 8).
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Flexible demand has smaller influence on the unused energy compared to heat storage capacity.
The differences in unused energy for different FL shares are not stressed and curves get to the
saturation point quickly.

Interesting information is provided by the analysis conducted to determine what impact different
ratios of heating types (WCHP/EHP) has on the amount of unused energy. pCHP and EHP units
complement each other in operation as seen in the wasted energy analysis, and together can
provide a certain amount of flexibility. Results (Figure 9.) show that the least value of unused
energy is achieved if 60% of households have pCHP and 40% EHP based heating. Boiler
based household heating type share is set to 0 during this sensitivity analysis meaning each
household has either EHP or nCHP installed.
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Figure 9. Impact of CHP share in heating types on unused energy

For a pCHP share of 10% in the off-grid mode the units have to be pushed to operate at their
maximum point in order to produce enough EE and this results in a lot of wasted heat. As the
share moves beyond 60% there is not enough EHP electrical demand to balance periods of high
RES generation and energy is wasted again.



4.1 On-grid simulation

The results have shown that the modelled microgrid can operate independently with very little
unused energy. In case there is a connection with the rest of the distribution system the microgrid
can exchange electrical energy with the system and its operation is driven by market signals.
Results of an on-grid operation are shown in Table 5.

Table 5. On-grid and off-grid operation comparison

Microgrid operation indicator (;)fi'%lgg Og';g?d Oél;)ggd

Total energy produced [kWh] 4.190.934 | 4.192.833 | 4.177.944
Total EE used [kWh,] 764.926 764.926 764.926
Total heat used [kWhy] 3.559.675 3.559.675 3.413.018
Wind curtailment [kWh] 1.301 1.333 0,00
Wasted heat [kWh] 11.689 13.557 0,00
Imported EE [kWh] 0,00 0,00 266.934
Exported EE [kWh] 0,00 0,00 547.112
Unused energy [%]* 0,31 0,36 0,00
Boiler production [kWh] 453.621 453.697 87.756
Boiler fuel cost [€] 13.341 13.344 2.581
TOTAL COST |[€] 99.320 99.625 68.477

* Percentage of total energy used
**Value of penalty factor P has no effect on on-grid operation mode.

In case when the microgrid operates connected to the rest of the system there is no unused
energy. Additionally the boilers are forced to produce much less heat compared to off-grid mode
where they are used to balance the heat production and demand. Consequently amount of fuel
and the operational cost in boilers is reduced drastically.

The operational cost results presented in Table 5 do not take emissions into account.
Additionally, investment costs could be introduced to get more precise information about the
profitability of installing different microgrid units (battery storage, heat storage, RES, greater
flexible load share, plug-in electric vehicles integration etc.). These expansions are a part of
future work.

5. THE ROLLING UNIT COMMITMENT MODEL INCORPORATING MPC

If a microgrid operates connected to the rest of the system, it participates in the energy market
and its operation will be driven by market signals. In order to simulate dynamic behaviour of a
microgrid the paper observes the microgrid as a single market entity/player. As such it has to
ensure self balancing and comply with the contracted exchange schedule at the day ahead
market. To be able to do that it has to consider forecasting errors and be able to reschedule,
changing the operating points of flexible units as new information on uncertainty parameters
becomes available. For this reason the extension of previously described deterministic model is
made. The main goal was to investigate in what amount forecast uncertainties impact the
microgrid operation and is the microgrid flexible enough to compensate the stochastic nature of
RES installed. It is expected and desired that microgrid has at least neutral impact on grid
(respecting proposed export/import schedules). All production and consumption variations
should be balanced internally with controllable microgrid elements that can provide flexibility.



5.1 Model Predictive Control (MPC) framework

The results of a deterministic model have shown that the modelled microgrid can operate
independently with very little unused energy in deterministic environment. In case there is a
connection with the rest of the distribution system the microgrid can exchange electrical energy
and energy waste is avoided. This interaction is even more important in stochastic environment
where the need for balancing energy grows due to forecast errors.

The MILP unit commitment control algorithm employs MPC to minimize the impact of
forecast errors. MPC is a control method which is used for discrete control; during one
simulation step control signals do not change. The MPC concept and developed unit
commitment algorithms flowchart are depicted on Figure 10.
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Figure 10. a) MPC rolling horizon concept b) Flowchart of the MPC optimization model

At every time step ¢ the algorithm estimates the next N system states and reaches an optimal
desired state. Control actions are applied and the state stays unchanged until the start of a new
iteration. At the start of next time step #+1 again N system states are estimated based on
new forecasts that include realized input data for preceding iteration. In the developed model

the horizon is 24 hours because the microgrid participates in is day-ahead market. S e [1,48]

represents the current time period of the ongoing day. During one day, 48 half an hour time
steps are simulated and in each, according to planning horizon, optimal state is specified. The
solution to the optimization problem determines the power levels throughout the whole
planning horizon considering the forecast uncertainty.

5.2 MPC model formulation

When introducing a stochastic element to the model, a range of error is defined for each
forecasted data series. The bases for this were predictions from the deterministic model that
were modified by random number generator of normal distribution with standard deviation
linearly increasing with the distance from current time step. That way maximum error occurs
at the end of planning horizon (24 hours ahead). Additionally, for PV production 10%
possibility to lose 90% of current power was added. Figure 11 shows how the forecast error
increases towards the end of planning horizon. Figure 12. depicts RES production for a single
day.
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Proposed microgrid operation is modelled in the following way:

1. Controller collects forecast data (£, H,, E,,, E,;,, ) and estimates optimal microgrid

operation. The planned import/export schedule is then sent to the distribution system
operator (DSO);

2. In the first hour of the day controller acquires updated forecasts (for planning horizon)
and accordingly deploys rolling unit commitment MPC model and adjusts control
variables (operational set points of flexible units) to minimize operational cost. The
mismatch from initially contracted exchange with the system is penalized;

3. In the next hour (next iteration) optimization is run again with updated forecast and
planning horizon is shifted forward;

4. Step 2 and step 3 are repeated until the end of the day.

Additional cost, coming from the forecast error, can be divided in two main components: (i)
mismatch compensation for not following the announced and contracted import/export
schedule with the market; (ii) fuel cost increase (e.g. more frequent boiler use). Total cost
function is updated as the rolling horizon moves to the end of the day, making adjustments



and taking into account the mismatch compensation for the realized periods and estimating
costs from current hour till the end of the day (Equation 21). The final operational cost at the
end of the day is calculated based on actual, adjusted operating points. Therefore objective
function being minimized is:

247§

COST= > [F(O)- g + Einpo®)-Cinp () = Eexpo*Coxp O+ P+ Ering O+ P+ Hoio (0 ..
t=1

(_)Shortimp (t) ) (1 - M) “Cexp (t) + longimp (t) ’ (1 + M) “Cimp (t) +
- Shortey, () -(1+ M) - ¢y, (1) = long ey, (1) - (1= M) - oy, (1)

24t
it Y [FO g + By (0o ()= By Coxp 0+ P+ Erping et (04 P Ho ()]
1=241"+1-§
21)
S marks how many iterations have passed from the start of the day, E,,,o, Eeypo mark

scheduled import/export of EE. Variable short,,,, is defined for negative mismatch in import,

shortg,, for negative mismatch in export, long,,,, for positive mismatch in import and

exp

long,,, for positive mismatch in export. The planned exchange is based on day ahead market

Prices ¢, Cexp - Differences resulting from microgrids incapability to balance the uncertainty

and variability of RES are penalized by a percentage M reducing price for both import and
export. Penalty percentage M used in the simulations is 25%.

5.3 Results of the model incorporating MPC

Total operating cost from the deterministic model is the reference value. MPC model achieves
only 2% worse result (Figure 13.). Compared to the per-hour management where analysis is
based solely on the state in the current hour and decisions are made not considering the future
planning horizon MPC achieves 7% better results. To elaborate; if there was no microgrid
controller capable of adjusting the operation of flexible units, the microgrid acts as a variable
source from the system perspective. Incapable of communicating intra-day exchange with the
system it constantly, throughout the day, creates an imbalance and practically acts as an
uncontrollable market entity, very similar to RES units.

On secondary axis increase in total costs compared to the reference deterministic model is
shown. Cumulatively costs with in case no MPC is used are increased 8%.
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Figure 13. pCHP unit dispatch in the MPC model with and without heat storage

In case no MPC is implemented boiler unit needs to be used much more frequently to balance
the heat demand (Figure 14.). It is important to note that MPC model also uses high penalty
factor to inhibit the waste of energy.
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To investigate if microgrid is capable to totally neutralize the RES forecast error penalty
factor M was changed. The amounts of imported and exported energy were observed (Figure
15.) and their difference from planned values. The optimization problem was run 50 times for
every value of M and averaged import and export values were taken.
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Figure 15. Averaged energy mismatch depending on the penalty factor

Already a small penalty factor reduces the amount of not planned exchange energy.
Furthermore, imported part is smaller and can be reduced to 0 which means microgrid can
more easily compensate surplus of energy produced by its components. Exported amount
saturated around 10 kWh value which represents only 0,4% of daily used energy. Even with
drastically increased penalty factors that totally inhibit the exchange of energy microgrid
could not achieve perfect error compensation.

6. CONCLUSION AND FUTURE WORK

A novel concept based on MILP for modelling and optimization of microgrid operation has been
presented. Deterministic model was developed to investigate what impact different units have on
microgrids ability to operate in the off grid mode. It was shown that defining optimal sizes of
installed wind and PV in a microgrid means very little of energy has to be wasted. Additionally,
it was shown that capacity of heat storages and ratio of CHP to EHP units will units has bigger
impact than flexible loads on the amount of wasted heat and curtailed wind.

To potentially compensate inevitable disturbances and forecast errors, model predictive control
with rolling horizon was developed simulating market driven behaviour of system connected
microgrid. The MPC strategy achieves better results (lower costs) than simple deterministic day
ahead unit commitment strategy. It was shown that, with implemented MPC strategy, microgrid
can almost totally balance the RES uncertainty by intraday adjustment of operational set points
of flexible units.

Further work will focus on how a microgrid can achieve complete independence from
distribution grid under stochastic framework. As it can be concluded from the work presented
including battery storage systems seems to a valuable source of flexibility in off grid
operation. However it should be taken into account that economics behind installing them
only for energy arbitrage will not be sufficient to justify them. In term, more detailed model
capable of addressing frequency flexibility is needed. Adding emissions and emissions cost to
the model will also be one of the goals with a goal of defining decarbonisation potential of the
microgrids.
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ARTICLE INFO ABSTRACT

Keywords: Multi-energy systems (MES) contribute to increasing energy utilization efficiency and renewable energy ac-
Configuration planning commodation by coupling multiple energy sectors. Beijing is planning to build a subsidiary administrative center
Energy hub in Tongzhou District. A new MES will be built in this center from scratch to jointly meet electricity, heat and

Energy storage
Multi-energy systems
Operation simulation
Renewable energy

cooling demands. This raises the need for optimizing the configuration of MES from scratch at the planning
stage. In this paper, the configuration planning of the MES in Beijing’s new subsidiary administrative center is
conducted using a two-stage mixed-integer linear programming (MILP) approach based on the energy hub (EH)
model. Given the load demand, distributed renewable energy sources, energy prices and candidate system
component parameters, the MES configuration planning, equipment selection and capacity planning are jointly
managed without limiting the possibility of MES configuration. A sensitivity analysis is performed to show the
impacts of load profiles and energy prices on the optimal MES configuration. Operation simulations are carried
out based on the obtained optimal planning scheme and another four alternative planning schemes presented by
Beijing subsidiary administrative center. The operating cost, CO, emission and overall system efficiency of each
planning scheme are calculated and compared with each other.

1. Introduction

Beijing is planning to build a subsidiary administrative center in
Tongzhou, a suburban district in the southeast of Beijing. According to
the planning, Beijing municipal government will move from the current
city center to this subsidiary administrative center. The new adminis-
trative center contains office buildings, commercial buildings and re-
sidential buildings covering an area of 6 square kilometers with the
floor area of approximately 3.8 million square meters. A new multi-
energy systems (MES) will be built in this center from scratch to jointly
meet electricity, heat and cooling demands. An MES, in which elec-
tricity, fuels, heat, and cooling interact with each other, has obvious
advantages compared with traditional energy systems in which energy
sectors are treated independently: (1) An MES can accommodate more
renewable energy using the flexibility from energy substitution (e.g.,
allowing heat loads supplied by electricity through EHPs) or from
multiple types of energy storage systems. (2) An MES can increase the
conversion efficiency and the utilization of primary energy sources in-
cluding renewable energy sources [1,2].

The construction of the MES in Beijing’s new subsidiary

* Corresponding author.
E-mail address: ningzhang@tsinghua.edu.cn (N. Zhang).
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administrative center raises the need for optimizing the configuration of
MES from scratch at the planning stage. The configuration of MES de-
notes the choice of energy generation, conversion and storage equip-
ment and the layout (connection relationships between pieces of in-
dividual equipment). MES configuration planning attempts to optimize
the choice of equipment, how the pieces are connected, or both. MES
configuration planning will majorly determine the cost effectiveness
and the greenness of the energy system. Current research on MES
configuration planning can be divided into two categories: (1) opti-
mizing equipment size or type for a given MES configuration (planning
using a given configuration) [3]. (2) Jointly optimizing the MES con-
figuration and the equipment size or type (planning from scratch). The
configuration planning problem of the second category is considered in
this paper because the MES in the new subsidiary administrative center
should be built from scratch.

To tackle the complex issue of the start from scratch planning
model, several approaches have been proposed. Reference [4] presents
an approach to optimize the values of elements in the energy hub (EH)
coupling matrix rather than use a realistic MES configuration. In an-
other group of approaches, a finite number of MES configurations are
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Nomenclature
AB Gas-fired auxiliary boiler
CCHP Combined cooling, heat and power

CERG Compression electric refrigerator group
CHP Combined heat and power

CO, Carbon dioxide

EDS Electricity distribution system
EENS Expected energy not supplied
EHP Electric heat pump

ES Battery

HS Heat storage

COP Coefficient of performance

(& Cooling storage

DHN District heating network

EB Electric boiler

LOLP Loss of load probability

PV Photovoltaic system

WARG  Water absorption refrigerator group

chosen beforehand, and the operation strategy of each configuration is
then optimized [5]. Other research narrows the optimization space of
the planning problem by making some assumptions on the MES con-
figuration [6,7]. In this research, the planning of the MES in Beijing’s
new subsidiary administrative center is conducted using a two-stage
mixed-integer linear programming (MILP) approach based on the EH
concept [8].

The remainder of the paper is structured as follows. Section 2 in-
troduces the concept of EH layering. Section 3 describes the procedure
of MES configuration planning from scratch. Section 4 introduces the
basic information of Tongzhou. Section 5 shows the optimization re-
sults and sensitivity analysis of the configuration planning of the MES in
Beijing’s new subsidiary administrative center. Operation simulations
are also carried out based on the obtained optimal planning scheme and
another four alternative planning schemes presented by Beijing sub-
sidiary administrative center in this section. Section 6 concludes the
paper.

2. Energy hub layering

The EH concept was introduced as a tool for MES modeling in the
project, “Vision of Future Energy Networks”. An EH is described as a
unit where multiple energy carriers can be converted, conditioned and
stored. EHs consume energy at the input ports, which are connected to
energy infrastructures from the upper transmission/distribution system
(e.g., electricity and gas infrastructures), and provide required energy
services (e.g., electricity, heat and cooling) at their output ports [9]. A
typical EH is shown in Fig. 1. From the viewpoint of graph theory, the
components of an MES (e.g., CHP, CERG, PV, HS and CS) can be seen as
vertices, and the energy flows between these components can be seen as
directed edges. The EH can therefore be modeled as a directed acyclic
graph (DAG).

The configuration of EH can be analyzed using the topological
layering of a DAG, in which the set of components is partitioned into
subsets called layers. In a layered EH, the set of layers is ordered and
each energy flow in EH is directed from a lower layer to a higher layer
[10]. Fig. 2 demonstrates the topological layering of the EH shown in
Fig. 1. In the layered EH, the energy flow that connects two adjacent
layers is called short edge, otherwise it is called long edge [11]. To
avoid long edges in the modeling of the EH, placeholding connection
components are added to divide long edges into several short edges in
this research. In Fig. 2, placeholding connection components have been
added.

To model the EH configuration, an m X n matrix Y is proposed as
shown in (1), where m denotes the number of layers and n denotes the
total number of system components.

Yiu o Vin
Y=|: .o
Ymi " Ymn (€8]

All elements in matrix Y are binary variables: y; =1 if system
component j is in layer i of the EH; otherwise, y; = 0. Layering of the
EH can be uniquely determined by matrix Y.

3. MES configuration planning

Based on the concept of EH layering, the procedure for MES con-
figuration planning from scratch can be divided into two stages: (1)
optimizing the investment decision on what system components should
be invested in for each layer of the EH. (2) Optimizing the connection
relationships between the invested system components in each two
adjacent layers of the EH.

The stage I aims at jointly minimizing the investment cost and op-
erational cost of the MES. The equivalent annualized investment cost of
EH components and distribution transformer capacity is considered.
The annual operation cost is calculated according to the energy pur-
chased from the energy distribution system and it is approximated by
the weighted sum of several operation scenarios based on their prob-
abilities. The method of scenario reduction based on cluster analysis is
utilized to reduce the calculation while guaranteeing the representa-
tiveness of scenarios. Scenarios include load scenarios, energy price
scenarios and renewable energy output scenarios to fully account for
the diversity of system operation conditions.

It should be noted that the efficiency of each system component is
affected by its operating condition or environment. The non-constant
efficiency makes the first stage problem a MINLP problem. Reference
[12] has shown that although the simplification of efficiency would
bring a different operation decision, the approximation does not have
significant impact on the estimation of the long term operational cost.
At the planning stage, constant efficiencies are sufficient for modeling
system components. In this regard, the first stage problem becomes a
MILP problem.

Optimization results of the first stage problem provide planning
decisions for system components in each layer. The connection re-
lationship between each two adjacent layers is optimized during the
second stage. The main idea behind the optimization is to first connect
each pair of input/output ports pertaining to the same energy type and
then cut the redundant directed edges. Stage II aims to find the optimal
connection between the system components while maintaining the
feasibility and optimality of the optimization results obtained in stage I.
The mathematical model of stage II is also a MILP problem.

PV
Electricity Electricity
CERG @
|—> Cs —I
Gas CHP O
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Fig. 1. Energy hub.
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4. Basic information of Tongzhou

Tongzhou is in the southeast of Beijing as shown in Fig. 3 and the
new subsidiary administrative center covers an area of 6 square kilo-
meters with the floor area of approximately 3.8 million square meters.

Basic information of Tongzhou, including load demand, information
of distributed renewable energy sources (DRES), energy price and
candidate system component parameters, is introduced as follows.

Heat and cooling demands are estimated by calculating the differ-
ence between indoor and outdoor temperatures. Beijing municipal
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Fig. 4. Projected hourly electricity, heat and cooling demands in Tongzhou
subsidiary administrative center in the planning year.

government has set up regulation requiring that the indoor temperature
cannot be lower than a threshold temperature 18 °C during the heating
period. Therefore, the heat demand is estimated by calculating the
difference between the outdoor ambient temperature and 18 °C when
the ambient temperature is lower than 18 °C. The cooling demand is
calculated similarly assuming that there is a need for cooling when the
outdoor ambient temperature is above 26°C. The hourly ambient
temperature is extracted from GEOS-5 and is averaged for the area of
subsidiary administrative center using the temperature at the 2 m above
the ground in each grid cell [13]. The hourly ambient temperature in
2016 is used to represent the temperature in the planning year. Thus,
the heat and cooling demands are calculated by the hourly ambient

Beijing

New subsidiary
+ administrative center

Tongzhou

Fig. 3. Location of Tongzhou District in Beijing.
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Fig. 5. Annual PV system output data in Beijing.

temperature in 2016. The electricity demand is estimated according to
the forecasted maximum load (167.6 MW). Electricity, heat and cooling
demands in Tongzhou subsidiary administrative center are shown in
Fig. 4, in which heating and cooling season can be easily distinguished.

Concerning the DRES, we take into account the possibility of taking
roof PV system as one of the alternative energy resources of the sub-
sidiary administrative center besides the main grid electricity (which is
mainly coal based electricity). The maximum potential capacity of the
roof PV systems is approximately 46.5 MW, considering the roof area of
380,000 m? and the 160 W/m? PV modules. The hourly PV system
output data in Beijing obtained from the National Renewable Energy
Laboratory (NREL) is shown in Fig. 5.

Utilizing the method of scenario reduction, load scenarios and PV
component output scenarios are characterized by different patterns for
nine selected days in the summer, intermediate and winter seasons with
corresponding scenario probabilities. The selected representative load

Electric Power Systems Research 179 (2020) 106082

Table 1
Probabilities of the selected representative scenarios in Tongzhou Subsidiary
Administrative Center.

Scenario Probability Scenario Probability Scenario Probability
1 0.1115 4 0.3088 7 0.1223
2 0.0815 5 0.1448 8 0.0805
3 0.0570 6 0.0464 9 0.0473

scenarios and PV component output scenarios in Tongzhou subsidiary
administrative center and the corresponding scenario probabilities are
shown in Fig. 6 and Table 1 respectively.

The price of industrial and commercial gas in Beijing is 3.16 yuan/
m>. Considering the heating value of gas is approximately 38 MJ/m?,
the price of industrial and commercial gas in Beijing can be set at 300
yuan/MWh and is considered constant during the yearly analysis
period. The price of electricity in Beijing is time-based and can be di-
vided into peak, flat and valley time prices (1322.2 yuan/MWh, 839.5
yuan/MWh, and 381.8 yuan/MWh respectively). In summer, the cri-
tical peak price (1440.9 yuan/MWHh) is applied to three hours each day
during 11:00-13:00 and 20:00-21:00 [13]. The curve of electricity
price in Tongzhou subsidiary administrative center is shown in Fig. 7.
No thermal/cooling power is directly purchased from outside of the
subsidiary administrative center; therefore, the heat/cooling demand
should be satisfied by the energy converters in the MES.

The technological and economic parameters of candidate system
components, including energy efficiency, rated capacity, investment
cost and lifetime, are listed in Table 2 [7,14,15]. Discount rate is set at
10%. Besides, the investment cost of distribution transformer is
32 yuan/(kW-month).
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Fig. 6. The selected representative load scenarios and PV component output scenarios in Tongzhou subsidiary administrative center.
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Table 2
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Fig. 7. The curve of electricity price in Tongzhou subsidiary administrative center.

Technological and economic parameters of candidate system components.

Energy Unit size Investment cost” Lifetime Total
efficiency capacity (year) number
CHP El: 0.3 El: 30 MW 7900 yuan/kW 30 6
Therm: 0.45 Therm: 45
MW
AB 0.8 20 MW 851 yuan/kW 20 6
CERG 3 40 MW 1200 yuan/kW 20 6
WARG 0.7 20 MW 1228 yuan/kW 20 9
EB 0.9 20 MW 1200 yuan/kW 20 6
EHP 2 30 MW 1200 yuan/kW 20 6
ES Char./ 10 MW 1782 yuan/kWh  13.5 6
Disch.: 0.75 30 MWh
HS Char./ 6 MW 90 yuan/kWh 20 6
Disch.: 0.9 90 MWh
Cs Char./ 3 MW 190 yuan/kWh 20 6
Disch.: 0.65 45 MWh
PV - 15.5 MW 7215 yuan/kW 30 3

@ Approx. exchange rates: 1 USD = 6.40 CNY, 1 EUR = 7.56 CNY.

5. Optimization results and sensitivity analysis

5.1. Optimization results

In this study, the MATLAB toolbox YALMIP with the Gurobi solver is
used to conduct the MES configuration planning. The optimization re-
sult of the MES configuration planning is presented in Fig. 8.

As the optimization result shows, 60 MW CHP, 30 MW EHP, 40 MW

CERG, 80 MW WARG, 360 MWh HS, 135 MWh CS and 46.5 MW PV
system were chosen as the optimal planning scheme. The electricity
demand is satisfied by the purchased electricity, CHP and roof PV
system. All roofs were suggested to install PV system because of their
low operational cost and low investment cost in China today. Heat
demand is satisfied by CHP and EHP. Cooling demand is satisfied by
WARG and CERG. CHP and WARG were chosen to avoid purchasing a
lot of electricity to meet the demand during peak and flat times. In

Electricity

Electricity

-
cs
9 MW
135 MWh

iin 14y
> | i A P Cooling
; WARG
WARG 60 MW
20 MW gl
EHP )
30 MW HS
24 MW
360 MWh L 2

> < )
P{ Heat

addition, heat/cooling storage systems were chosen to reduce the heat/
cooling cost.

Fig. 8. Optimization result of MES configuration planning.

5.2. Sensitivity analysis

A sensitivity analysis was performed on the load profiles and energy
prices to show the impact of the change of boundary conditions on the
investment decision.

5.2.1. Load profiles

In the following analysis, the relative ratio between heat/cooling
demand and electricity demand is changed while maintaining the
overall energy demand constant. The heat-to-electric ratio is used to
present the ratio between heat/cooling demand and electricity demand.
Table 3 shows the different investment decisions corresponding to
different multipliers for the heat-to-electric ratio. When the multiplier
for the heat-to-electric ratio is as low as 0.5, a smaller CHP is selected
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Table 3
Different investment decisions resulting from different multipliers for the heat-to-electric ratio.
Multiplier CHP (MW) EHP (MW) CERG (MW) WARG (MW) ES (MWh) HS (MWh) CS (MWh)
0.25 30 30 0 80 30 360 45
0.5 30 30 40 40 30 180 0
0.75 60 30 40 80 0 540 0
1 60 30 40 80 0 360 135
1.25 60 30 40 120 0 450 135
1.5 60 60 80 100 0 360 45
1.75 60 60 80 100 0 450 0
Table 4 of heat/cooling storage system changes following almost the same trend
Different investment decisions resulting from different multipliers for the gas as the capacity of WARG changing. The size of PV system is always
price. 46.5 MW when the multiplier ranges from 0.25 to 1.75.
Multiplier ~CHP EHP CERG WARG HS (MWh) CS (MWh)
MW) MW)  (MW) MW) .
5.2.2. Energy prices
0.6 90 0 40 120 540 270 Table 4 shows the different investment decisions resulting from the
0.7 20 30 40 120 540 270 price of gas with different multipliers. When the price of gas reduces to
0.8 60 30 40 100 450 270 210 KWh. 1 CHP is selected te electrici d
0.9 60 20 40 100 360 295 yuan/! Vh, larger is selected to generate elec ricity and pro-
1 60 30 40 80 360 135 duce heat with low operational cost. When gas price reduces to 180
1.1 60 30 40 80 360 45 yuan/kWh, EHP is not chosen and the heat is totally produced by CHP.
1.3 30 60 40 80 540 45

because of the decreasing heat/cooling demand. Battery is selected to
compensate for the reduced CHP capacity. No CERG is selected when
the multiplier is as low as 0.25. When the multiplier for the heat-to-
electric ratio is as high as 1.5, EHP and CERG with larger capacity are
selected because of the increasing heat/cooling demand. The total size

The amount of heat produced by CHP increases with the gas price re-
ducing from 330 yuan/kWh to 180 yuan/kWh; consequently, the size of
WARG and HS increase from 80 MW and 360 MWh to 120 MW and
540 MWh respectively. Correspondingly, the size of CS increases from
45MWh to 270 MW h to cooperate with the larger WARG. CHP with
smaller capacity is chosen when the price of gas increases to 390 yuan/
kWh. Similarly, the size of PV system is always 46.5 MW when the
multiplier ranges from 0.6 to 1.3.
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Fig. 9. MES configurations of the alternative planning scheme 1-4 presented by Beijing subsidiary administrative center.
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Table 5
Annual operating costs of different planning schemes.

Electric Power Systems Research 179 (2020) 106082

Cost (million yuan) Optimal planning Alternative planning scheme

Alternative planning scheme

Alternative planning scheme  Alternative planning scheme 4

scheme 1 2 3
Energy cost 696 810 848 823 863
Capacity cost 63 82 85 74 85
Operating cost 759 892 933 897 948

Table 6
Electricity, heat and cooling sources of different planning schemes.
Sources Optimal Alternative Alternative  Alternative Alternative
planning  planning planning planning planning
scheme scheme 1 scheme 2 scheme 3 scheme 4
Electricity EDS EDS EDS EDS EDS
CHP PV CHP
PV
Heat EHP EHP EHP EHP EHP
HS HS DHN HS AB
CHP DHN CHP
Cooling CERG CERG CERG CERG CERG
Cs Cs Cs Cs Cs
WARG WARG

5.3. Operation simulation

In this part, operation simulations are carried out based on five
planning schemes, i.e., the obtained optimal planning scheme as shown
in Fig. 8 and another four alternative planning schemes presented by
Beijing subsidiary administrative center. These five planning schemes
are named optimal planning scheme and alternative planning scheme
1-4, respectively. In addition, the operating cost, CO, emission and
overall system efficiency of each planning scheme are calculated and
compared with each other.

5.3.1. Basic settings

The specific MES configurations of the alternative planning scheme
1-4 presented by Beijing subsidiary administrative center are shown in
Fig. 9. These four alternative planning schemes have different focuses:

Alternative planning scheme 1: using the PV-generated electricity
to produce thermal/cooling power and using the HS/CS to cooperate.

Alternative planning scheme 2: purchasing heat from the DHN.

Alternative planning scheme 3: using the CCHP, i.e., the CHP and
the WARG.

Alternative planning scheme 4: using the AB to produce heat.

The annual hourly electricity, heat and cooling demands as shown
in Fig. 4, the annual PV system output data as shown in Fig. 5, the curve
of electricity price as shown in Fig. 7 and the parameters of the system
components as shown in Table 2 are used to perform the operation
simulations. The price of gas is also set at 300 yuan/MWh and is con-
sidered constant during the yearly analysis period. It is supposed that
half of the heat purchased from the DHN comes from burning gas and
the other half comes from burning coal. As a result, the price of the
purchased heat is set at 201.6 yuan/MWh and is also considered con-
stant during the yearly analysis period.

5.3.2. Operating cost

The annual operating costs, including energy costs and capacity
costs, of different planning schemes are summarized in Table 5. The
energy costs are caused by purchasing electricity, heat and gas from the
distribution systems and the capacity costs are caused by the invest-
ment of distribution transformers. The installed capacity of the dis-
tribution transformer is determined by its potential peak load.

As shown in Table 5, the optimal planning scheme leads to a lowest

annual energy cost and a lowest annual capacity cost, which further
results in a lowest annual operating cost. The alternative planning
scheme 1 leads to a relatively low energy cost because the investment of
PV can help to reduce the amount of the purchased electricity. The
alternative planning scheme 3 also leads to a relatively low operating
cost because the gas-fired CHP contributes to avoiding purchasing a lot
of electricity during the peak times of the electricity price and sig-
nificantly reducing the installed capacity of the distribution trans-
former. The alternative planning scheme 2 and alternative planning
scheme 4 both lead to a relatively high operating cost which indicates
that neither purchasing heat from the DHN nor producing heat by the
AB is a cost-effective way to meet the base load.

5.3.3. Operation pattern

The electricity, heat and cooling sources of different planning
schemes are summarized in Table 6.

The operation patterns (i.e., how the demands are satisfied) under
the summer and winter representative load scenarios (i.e., the scenario
3 and scenario 8 shown in Fig. 6) and different planning schemes is
shown in Fig. 10. Several remarks can be made according to Fig. 10: (1)
For the optimal planning scheme, there is not a single source playing a
dominant role in satisfying the demands. The CHP mainly works during
the peak and flat times of the electricity price while the EHP mainly
works during the valley times. The HS stores the heat produced by the
CHP and discharges it after the CHP shuts down. (2) For the alternative
planning scheme 1-4, the cooling demand is mainly satisfied by the
CERG. The HS stores heat produced by the EHP during the valley times
of the electricity price and discharge it during the peak times, which is
different from that of the optimal planning scheme. (3) The CHP in the
alternative planning scheme 4 should work during the valley times of
the electricity price because the HS charges thermal power instead of
discharging power at these times. (4) The CS discharges cooling power
during the peak times of both the electricity price and the cooling de-
mand in all of the five planning schemes. (5) The AB only works when
the heat demand exceeds the capacity of the EHP and the electricity
price reaches its peak, which also indicates that the AB is not a cost-
effective choice for heat supply.

5.3.4. CO, emission and overall system efficiency

Given that the CO, emissions of the purchased electricity, gas and
heat are 890 kg/MWh, 186.2 kg/MWh and 266.8 kg/MWh respectively,
the purchased electricity is the major source of the CO, emission. The
annual CO, emissions of different planning schemes are calculated and
shown in Table 7. The investments of the CHP and PV both contribute
to a reduction in the amount of the purchased electricity, which results
in a lowest CO, emission for the optimal planning scheme. The alter-
native planning scheme 1 and alternative planning scheme 3 also lead
to relatively low CO, emissions for a similar reason.

The efficiency of energy utilization is evaluated by the overall
system efficiency, i.e., dividing the total annual demand (including
electricity, heat and cooling demands) by the total annual energy input
(including the purchased electricity, gas, heat and the PV-generated
electricity). The overall system efficiencies of different planning
schemes are also calculated and shown in Table 7. The COPs of the
CERG and EHP are both greater than 100%; as a result, the alternative
planning scheme 1 with the largest CERG and EHP has a highest overall
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Fig. 10. Operation patterns under the summer and winter representative load scenarios and different planning schemes.
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Table 7
Annual CO, emissions and overall system efficiencies of different planning schemes.
Optimal planning Alternative planning scheme  Alternative planning scheme  Alternative planning scheme  Alternative planning scheme 4
scheme 1 2 3
Emission (million kg) 726 872 907 854 906
Efficiency (%) 94 124 118 109 119

system efficiency. The overall system efficiency of the optimal planning
scheme is relatively low; nevertheless, it is 94% which is very close to
100%. The optimal planning scheme has a lowest operating cost but not
a highest overall system efficiency, which shows that the economy and
efficiency are not the same objective in certain cases, especially for the
optimization of MES.

5.4. Discussion

The climate of some cities in different countries, e.g., some
European cities, is similar to that of Beijing; therefore, the load patterns
of them are also similar. The obtained results can be further applied and
extended to these European cities: (1) The roof PV system is a cost-
efficient choice and its output power can be fully accommodated when
PV penetration reaches 27%. (2) 35% of electricity load and 31% of
cooling load are suggested to be satisfied by CHP and WARG, respec-
tively, to avoid purchasing a lot of high price electricity in peak times.
(3) 18% of heat load is suggested to be satisfied by heat storage system
after the CHP shuts down, which reduces operating cost by using sur-
plus heat produced by CHP. (4) The sizes of CHP, WARG and heat/
cooling storage system can be increased according to the sensitivity
analysis if the gas price in European cities is lower than that in Beijing.

6. Conclusion

The configuration planning of the MES in the Beijing’s new sub-
sidiary administrative center is conducted using a two-stage MILP ap-
proach based on the EH concept. Given the load demand, distributed
renewable energy sources, energy prices and candidate system com-
ponent parameters, the MES configuration planning, equipment selec-
tion and capacity planning are jointly managed without limiting the
possibility of MES configuration. The optimal energy supply config-
uration of such typical city energy system in north China is obtained
and analyzed. In such system, electricity is supplied by coal based main
grid electricity, CHP and roof PV system. All roofs were suggested to
install PV system because of their low operational cost and low in-
vestment cost in China today. Heat is supplied by CHP, EHP and heat
storage. Cooling demand is suggested to be satisfied by WARG, CERG
and cooling storage. CHP and WARG mainly work in peak and flat times
to avoid purchasing high price electricity. Heat/cooling storage systems
are chosen to reduce the heat/cooling cost through peak-valley elec-
tricity price difference. Sensitivity analysis shows that larger EHP and
CERG are chosen when heat/cooling demand increases and smaller
CHP is chosen when heat/cooling demand decreases. Moreover, the
sizes of CHP, WARG and heat/cooling storage system increase with the
gas price decreasing. Operation simulations are carried out based on the
obtained optimal planning scheme and another four alternative plan-
ning schemes presented by Beijing subsidiary administrative center.
The operating cost, CO2 emission and overall system efficiency of each
planning scheme are calculated and compared with each other. The
results show that the obtained optimal planning scheme has obvious

advantages in the aspects of economy and emission.
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