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Sammandrag

Solenergi har med arens lopp blivit mer och mer lonsamt och frystorkning ar en
effektiv metod for att konservera livsmedelsprodukter for att avsevart forlainga de-
ras héallbarhet. Men frystorkning dr en mycket energikrdavande process som kan ta
over ett dygn per cykel, vilket leder till att en frystorkningsanldggning behover en
stadig forsorjning av energi. Detta ar en analys Over solenergins l6nsamhet och an-
vandning for frystorkningsanlaggningar i Finland.

I arbetet utreddes vilka dimensioner for torkningsanlidggningar, solceller och even-
tuellt batteriforvar ar mojliga och vad for begransningar frystorkning for med sig
till planeringen och forverkligandet av en sddan anldggning. Tidsseriedata pa sole-
nergi i Finland analyserades och kombinerades med torkningsprocessens krav. I
kostnadsanalysen beriknas optimala dimensioner pa solceller och batteriforvar for
att en frystorkningsanldggning i Helsingforsregionen i Finland.
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Abstract

Solar energy has over the years become increasingly profitable, and freeze-dry-
ing is an efficient method for preserving food products to significantly extend their
shelf life. However, freeze-drying is a highly energy-intensive process that can take
more than a day per cycle, which means that a freeze-drying facility requires a
steady supply of energy. This work is an analysis of the profitability and use of solar
energy for freeze-drying facilities in Finland.
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Symboler och forkortningar

Symboler

e A = arliga kostnader

e C = installeringskostnader

¢ D =diskonteringsranta eller diskonteringsfaktor (procentuell approx-
imation pa hur viardet gar ner)

Forkortningar

BESS

CAPEX

DoD
kw

kWh
kWp

NPC

NPV

O&M

PV

RTE

SoC

Batteri energi bevaringssystem (eng. “battery energy storage system”)

Anlaggningskostnader (eng. ”capital expenditure”), mangden pengar
som maste laggas i anldggningskostnader och utveckling.

Procentuell urladdning (eng. “depth of discharge”)
Kilowatt (eng. “kilo Watt”) 10" 3*W, effekt
Kilowattimme (eng. “kilo Watt hour”), energi
Kilowatteffekt (eng. “kilo Watt power”), hogsta effekt ut

Nettonuvardeskostnad (eng. “net present cost”), totala kostnaden
omraknad till dagens penningvarde

Nettonuvirde (eng. “net present value”), nuvirdet av alla intakter mi-
nus alla kostnader — hur lonsam en investering ar i dagens penning-
varde

Drift och underhall (eng. “operations and maintenance”)

Solceller (eng. “photo voltaic”)

Procentuell kapacitet som kan anviandas (eng. "roud-trip efficiency”),
energi

Procentuell laddning (eng. “state of charge”)



1 Inledning

Dagens energildge och den grona 6vergangen for med sig nya utmaningar
och behov av nya losningar och teknologi. Arbetet forskar i hur frystorkning
kan tillampas i kombination med solenergi.

Kandidatarbetet utreder anvandningen av solkraftverk for att balansera och
effektivera energikostnaden for frystorkningsprocessen. Energiforbruk-
ningen och energiproduktionen ar inte perfekt synkroniserade och det finns
tider da energipriserna reflekterar denna obalans, vilket gar att anvanda till
fordel. For att kunna ha mer frihet i energianvandningen, utreds det om
batterier dr en l6nsam energiforvaringsmetod for energianvandningen da
elen ar dyr eller da solcellerna inte producerar el. Lonsamheten analyseras
over en tidsperiod pa 10 ar.

Att utnyttja solenergi ar billigare och lonsammare an forr. Solcellers pris
har gétt stadigt ner, som man ser fran grafen i figur 1.

Solar (photovoltaic) panel prices vs. cumulative capacity
Learning curve for solar panels. This data is expressed in US dollars per watt, adjusted for inflation. Cumulative
installed solar capacity is measured in megawatts

Solar PV module cost (constant 2024 US$ per watt)

2000 *+=> 2024

World
1,103 MW 10,000 MW 100,000 MW 1 million MW
Cumulative installed solar PV capacity (megawatts)

Data source: IRENA (2025); Nemet (2009); Farmer and Lafond (2016 OurWorldinData.o nergy | CC BY
Note: Costs are expressed in constant 2024 US$ per watt

Figur 1. Prisutveckling av solceller aren 2000-2024 [1].

Solljusets irradians (W/m" 2) varierar beroende pa stille, vider, dygnstid
och arstid. Den simulerade data pa Finland har anvints till utrakningar pa
producerad energi. Hela arets energiproduktion ar relevant eftersom olika
populira produkter att torka finns tillgdangliga aret om. Fast man ofta hor
talas om frystorkade bar — som har en sisongtid — finns det rikligt med pro-
dukter utan nagon specifik sasongtid.

Forskningsfragorna som besvaras i arbetet ar: dr solkraft dr kostnadsef-
fektivt och gor batterier det mer kostnadseffektivt? I utredningen
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over batterier beaktas industriell skala samt en kort inblick i storleksklassen
for hushall.

I kapitel tva gar arbetet in pa hur frystorkning och en torkningsanlaggning
opererar och kartlagger energikrav pa en anldggning. I det tredje kapitlet be-
handlas energimarknadens och solcellsproduktionens samverkan och hur
batterier kan anvindas till nytta pa elmarknaden. Det fjarde kapitlet lagger
upp fem olika scenarier med olika faktorer pa vad som ska beaktas for att
beriakna kostnader for en frystorkningsanlaggning med solceller och jamfor
scenarierna sinsemellan med hjialp av MATLAB-mjukvara. Koden riaknar
ocksd ut den ekonomiskt mest lonsamma sammansittningen av solceller,
batteri-energiforvar och dimensionerna for en torkningsanlaggning, Pa ba-
sen av spotpriser aret 2024 och ett ar fran simulerade solcellsdata. Kapitel
fem presenterar utrakningar, siffror och diskuterar slutsatser for vad de si-
mulerade MATLAB-scenarierna resulterar i.

I slutet av kandidatarbetet finns information och forklaringar pa data som
anvants, om varifran information har fatts och samlats samt en kallforteck-
ning for referenser. Helt i slutet har MATLAB-koden tillagts som en bilaga.



2 Torkningsprocessens skeden och energikrav

Frystorkningen har olika skeden: nedfrysning, undertryck, uppvarmning i
undertryck och sublimering. Idén ar att produkten fryses ner och varms upp
sakta i vakuum sa att vitskan i produkten sublimerar rakt fran fast form till
gas och pumpas ut ur systemet utan att forstora produktens mikrostrukturer.
Den mest energikravande delen ar att varma upp den nedfrysta produkten
for att fa sd mycket viatska som majligt bort (ca 80 % av energin gar at till att
avdunsta vattnet - enligt information fran Wave company).

Att torka en sats produkt med en typisk frystorkare for hushall tar mellan 20
och 30 timmar, konsumerar 1-3 kW, eller 1,5-2 kW/kg av produkt, enligt in-
formation fran Wave company [2] och Havion Freeze Dry Technology [3].

Batteriers livslangd varar kring 10 ar, beroende pa hur mycket de anvands,b
medan solcellernas livslangd ar kring 20 ar. Batterier ger mojlighet till att
skdra av topparna pa den dyraste elen, pa engelska "peak shaving”, samt be-
sparingar pa elfordelningsavgifter.

Batterier har olika kemiska sammansattningar, men idag baserar de flesta sig
pa litium. Till nast jamfors hushallsbatterierna Tesla power wall 2 (Li-NCM,
nickel-cobalt-manganese), Duracell Duras (LiFePO4) och Huawei LUNA-
2000-14 (LiFePOg4).
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3 Energimarknaden, energiproduktion och hushalls-
storlek

Solenergi for med sig en problematik till energimarknaden; den har en ten-
dens till sjalvkannibalisering. Det betyder att produktionen bidrar till att dra
ner elpriset sa att ett stort utbud och en minskad efterfragan uppstar. Till
exempel solenergianlaggningar orsakar elpriserna att ga ner nar det ar soligt.
Eftersom anlidggningarna séljer produktionen samtidigt, blir det en slags ne-
gativ feedbackeffekt. Sa for sma producenter blir det Ilonsammare att an-
vanda sin egen producerade energi nar det ar soligt, for att inte behova silja
el oformanligt. Genom att utnyttja batterier kan energins forvaringskapacitet
utokas.

Kostnader for batterierna ar relativt stora och batteriernas livslangd ar dalig
i jamforelse med solcellerna. Solceller anses ha en livslangd pa 20 ar medan
batterierna vanligtvis har en garantiperiod pa 10 ar. P4 samma sitt som sol-
cellerna, har batteripriserna ocksa gatt ner. For att utreda om batterier ar
lonsamma har batteripriser och egenskaper som kapaciteter och RTE jam-
forts. For kapacitet antas att tillverkaren har angett den anvandbara kapa-
citeten (mellan 20 och 80 procent laddning av batteriets fulla kapacitet).

Tabell 1 visar tre populara hushéllsbatteriers specifikationer, pris och kost-
nadsjamforelse. Som kallor har databladen for Huawei LUNA2000-14 [4],
Tesla Power Wall 2 [5] och Duracell Duras [6] anvéants. Priserna ar uppskatt-
ningar gjorda med hjalp av priser pa webb-butiker for kommersiella forsal-
jare i EU. Priserna och siffrorna ar grova uppskattningar och deras syfte ar
att visa trenden.
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Tabell 1

Modell Kapacitet RTE cykler i | Arlig pris pris for
(kWh) (datab- | aret laddning | (avrun- kapa-

laden el- | (en cy- | efter RTE, | dade citet,
ler anta- | kel i da- | kWh narme- | €/ kWh
gande), | gen) varden),
% €

Huawei 13,8 95 % 365 4785 kWh | 6600 € 480

LUNA200

0-14

Tesla Po- | 13,5 90 % 365 4434 6900 € 511

wer kWh

Wall 2

Duracell 4,6 95 % 365 1595 kWh | 5000 € 1087

Duras

Formel for arlig laddning efter RTE ar Kapacitet*RTE*cykler.

Enligt tabellen blir Huawei LUNA2000 billigast for en konsument. Med
dessa tre datapunkter kan man extrapolera att med storre kapacitet blir
kWh-priset billigare. I tabellen ser man ocksa att om LUNA2000 ger en ka-
pacitet pa 4785 kWh i aret skulle det racka till att torka ca 3190kg av produkt
(med siffror fran Wave company). I en finsk natbutik kostar torkade bldbar

275 €/kg.

Farska eller frysta bldbar kostar i Finland mellan 8 €/kg och 20 €/kg och
bestar till 85 % av vatten enligt USDA och livsmedelsdata.se. I frystorknings-
processen avdunstar over 95 % av vattenhalten, vilket betyder att av 1kg
farska blabar far man 192,5 kg (0,05%0,85+0,15=0,1925 kg) torkad produkt.
Den miangden skulle kosta 52,9 €. Blabarens pris 6kar med en faktor mellan
6,6 och 2,65 beroende pa inkopspris (8—20 €). Med sa hoga vinster kan pro-
duktionskostnaderna vara ganska hoga. Vilket betyder att energiprisernas
roll kan vara liten.

3.1 Andringar fér stor skala med en tidsperiod pa 10 ar

For att vidare utreda om solceller och batterier ar lonsamma investeringar
for en anldggning, genererades simulationer med olika scenarier. Nar rak-
ningar pa storre skala gjordes, anvindes foljande konstanter for att tillata
skalandet av system; 105 €/kWh for pris pa batteri-energiforvar [7], 548
€/kWp for pris pa solceller i Tyskland (sidan 50 [8]). Ytterligt for att ta i be-
aktande CAPEX, dvs. kapitalkostnader, anvands ett tillagg pa 0,8—1,05 €/W.
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4 Fem scenarier och antaganden

For att reda ut kostnader har fem olika scenarier jamforts. Basfallen motsva-
rar en konstant forbrukning och behandlar kostnader oOver ett helt ar.
Frystorkningens konsumtion antas som en konstant belastning pa 20 kW
med 24 timmars torkningscykler. For industriella storlekens batteriers pris
per kapacitet anvandes 105 €/kWh som anvindes i en studie pa energireserv
till elnatverk [7, tabell 3]. Priset ar konverterat fran dollarkurs till euro i no-
vember 2025. Scenarierna ar:

1. Grundscenario, fast pris
¢ Konstant energiforbrukning kombinerad med ett fast elavtal.
2. Grundscenario, spotpriser
e Konstant energiférbrukning kombinerad med spotpriser tim-
vis.
3. Solceller, fast pris
e Fast elavtal dar totala konsumtionen minskar med egenkon-
sumtion fran solcellsdata for Helsingfors.
4. Solceller, spotpriser
e Timvisa spotpriser kombinerade med egen solcellsproduktion.
Overskott siljs till samma spotpris.
5. Solceller, batteri, spotpriser
¢ Solcellsproduktion i kombination med batterilagring som tilla-
ter forflyttning av egen produktion till dyrare timmar.

Scenarierna ar simulerade med MATLAB-mjukvara. Koden utfor rikning-
arna for alla scenarion, jamfor dem och utfor svepningar over storlek system
béde for solceller och batterier. Till slut ger den en rekommendation pa opti-
mal mangd solceller och batterikapacitet, om batterier blir billigare. Som
spotprisdata har timpriser fran webbplatsen Sahkomyyra anvants [9]. MAT-
LAB-koden har utvecklats med hjalp av ChatGPT och den finns som bilaga i
kallorna.

Observera att inget scenario med fast elpris, solceller och batterier har ana-
lyserats, eftersom batterier ar huvudsakligen ekonomiskt relevant med spot-
priser.

4.1 Antaganden, formler och anvanda siffror

Fran simulerade data anviandes endast ett ar av simulerad PV-produktion,
for att gora resten av utrakningarna lattare. Nettoviardeskostnaden NPC rak-
nas med formeln:

NPC = C+ AxDF

= 548;71) + Y. (energipris = forsiljning + eloverforing + 0&M) * 0,05
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dar:

e C = installationskostnader

e A = arliga driftskostnader (energikop + forsiljning + eloverforing +

O&M)

e D = diskonteringsfaktorn (for 10 ar)
PV-installationskostnaderna beriaknas med 548 €/kWp enligt Fraunhofer
ISE [8, sidan 50].
Overforingsavgifter och elkostnader beriknas timvis for varje scenario.
Diskonteringsfaktorn ar 5% for att representera hur vardet pa pengar gar ner
och for att ticka uppehallskostnader.
En separat NPC-berakning for frystorkningsutrustningen har ocksa gjorts.
Investeringen i frystorkare har uppskattats som 300 000 €, motsvarande tre
IC550 frystorkare fran Wave company 4 100 000 € (effekt per enhet ar 6,8
kW, sammanlagt ca 20 kW). Denna kapitalkostnad beraknas med en livs-
langd pa 15 ar och diskonteras 6ver analysperioden, men paverkar inte ater-
betalningstiden for PV- och batterisystemet eftersom frystorkarna ingari alla
jamforda scenarier.
For de fem scenarierna raknar koden alltsa ut:

o Arliga kostnader (energikostnader + O&M)

e Installationskostnader (PV, batterier, frystorkare andast for total

NPC)
e NPC pa 10 ar (med en diskontering pa virde)
o Aterbetalningstid for investeringarna i PV och batterier.

4.2 Berakningar efter basscenarier

Utover basscenarierna utfor koden:
e En svepning pa PV 0—250 kW
e En svepning pa batterikapaciteter 0—50 kWh
e En global optimering av NPC (varmekarta pa NPC)
e Kinslighetsanalys av elpriser med PV och PV med batteri
e Grafisk visualisering

4.3 Resultat

I figurerna nedan syns programmets utdata som kommer till konsolen. De
printas ut om man kor den bifogade MATLAB-koden med PV data fran forsta
aret i Helsingfors ("location 1”) fran de PV-simulerade data [10] och spotpris
data fran aret 2024 [9].

14



—--- SUMMARY OF ANNUAL COSTS & NPC ---
Case AnnualCost_EUR InstallCost_EUR NPC_10yr EUR Payback_Years

} 18438 0 3.6555e+05 NaN
} 14684 0 3.3656e+05 NaM
} 13260 54800 3.8037e+05 38.488
{'PV: Spot' } 10670 54800 3.6037e+05 13.654
{'PV + Battery'} 7506 57950 3.3909e+05 8.0738

Tabell 1. Arliga kostnader for samtliga scenarier. Arliga kostnader blir minst
med kombinationen av solceller och batteri och hogst med konstant elpris.

OPTIMAL SYSTEM CONFIGURATION (NPC MIN)

--- PV SYSTEM ---

Optimal PV capacity : 25.0 kW
Annual cost : 12589.49 €
10-year NPC : 331661.23 €
Payback time : 6.54 years

——— BATTERY SYSTEM —--
Optimal battery size : 0.0 kWh

Annual cost : 12570.34 €
10-year NPC : 324237.24 €
Payback time : NaN years

RECOMMENDED SYSTEM:

PV capacity = 25.00

Battery capacity = 0.0 kWh

Combined PV+Battery NPC must be evaluated using the heatmap.

Tabell 2. Optimala PV, batterier och rekommendation pa system. Systemet
rekommenderar inga batterier och 25 kW av solceller.

Computing global PV+Battery NPC heatmap...

Global optimum (heatmap): PV = 25.0 kW, Battery = 0.0 kWh, NPC diff = -12324.11 €
Running sensitivity analysis...

Sensitivity analysis done.

Done.

--- QPTIMUM SUMMARY ---

Case PV_kW Battery kWh AnnualCost NEC_10yr Payback Years
"PV only™ 25 0 12589 3.3166e+05 6.5423
"PV + Battery (sweep)" 25 0 12570 3.2424e+05 NaMN
"Global Opt (heatmap)" 25 0 NaN 1.0106e+05 NaN

Tabell 3. Optimala storlekar pa PV och batterier med beaktande pa NPC. Sve-
pet for PV med batteri blir noll eftersom elpriserna inte fluktuerar tillrackligt
och koden inte laddar batteriet fran nitverket och siljer inte el vid hoga el-
priser.
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NPC Difference vs Base Spot Price (10-year) %10
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Figur 2. Varmekarta pa NPC skillnad mot basscenario 1, stjdirnan markerar
optimal PV- och batteri-kapacitet. Blatt indikerar lagre NPC och gult indike-
rar hogre NPC.

Cumulative annual energy cost by scenario
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Figur 3. Kumulativa kostnader over ett ar for alla fem scenarier. PV + batteri
har tydligt mest energibesparingar, men grafen tar inte installationskostna-
der i beaktande.
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«104 PV Sizing: Annual Cost and 10-year NPC X1g
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Figur 4. PV-svep, illustrerar hur nuvardeskostnaden gar over arliga kostna-
der efter 60 kW kapacitet. Man ser ocksa att det optimala NPC ar vid 25 kWh
(lagsta punkten pa den roda kurvan).
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Figur 5. Illustrerar hur NPC stiger sakta (nistan konstant) och ar lagst utan
batterier. Optimum ar markerat med réd halvcirkel.
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3.38 X 10° Sensitivity of NPC to PV CAPEX
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Figur 6. Sensitivitetsanalys pa NPC jamfort med CAPEX. Pv med batterier
har lagre NPC. Bada scenariernas NPC stiger linjart med PV CAPEX.

NPC Sensitivity to Battery Price for Different Battery Sizes
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Figur 7. Sensitivitetsanalys over batteristorlekar fran 10-60 kWh, vilka
skulle motsvara drift utan elnatverket i 0,5-3 timmar den simulerade anlagg-
ningen (20 kW). NPC stiger tillsammans med batterikostnaden per kWh. Det
béasta NPC nas med o kWh av batterier (igen). Den rodstreckade linjen ar
NPC for PV utan batterier, vilket tyder pa att skillnader i batteripriserna inte
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paverkar lonsamheten markvardigt. Den grona stjarnan markera det aktuella
priset 105 €/kWh. Graferna visar att de betydande vinsterna gors med PV,
batterierna forbattrar den bara lite. Detta paverkas dven av att simulationen
inte laddar batterierna rakt ur elndtverket.

x10Economic benefit of battery storage relative to PV-only

—©6— 10 kWh battery
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Figur 8. Illustrerar, tydligare an figur 7, hur mindre batteripris per kWh kan
spara pa kostnader uttryckt i skillnad mellan NPC med och utan batteri. For
att batteri skulle vara 16nsamt borde kurvorna na y-axeln noll, men de gor
det aldrig. Att tillsatta batterier okar alltid pa NPC.
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Figur 9. Sensitivitet pa 10-ars-NPC och diskontrantan. Hogre diskontranta
far nuvardeskostnaderna for bada situationer att sjunka i en likadan kurva.
Enligt bilden skulle PV med batteri vara l16nsammare, men pa grund av dy-
rare initial investering blir tillbakabetalningstiden pa PV med batteri langre,
vilket gor PV med batteri till en mindre attraktiv investering pa ett 10-arsper-
spektiv.
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Figur 10. Sensitivitet av NPC med batteri CAPEX. NPC hélls konstant fast
batteri CPAEX stiger. Det beror pa att koden tar 0 kWh optimum pa batterier.
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5 Slutsatser

Enligt data som programmet far, blir det for en anldggning med 25 kW be-
lastning blir det Ionsammaste systemet att investera i ett PV-system utan bat-
teriforvaring med 25 kW av produktionskapacitet.

Man kan kortfattat saga att energiforbrukningen inte ar en stor faktor for en
frystorkningsanliaggning pa grund av billig el i Finland. Dessutom finns det
manga andra storre kostnader och osidkerhetsvariabler som gor att investe-
ringar latt riktas annanstans an mot solceller och batterier.

Sjalva solcellerna tar ner pa elpriset och energiférbrukningen och att instal-
lera solenergi anses for 6vrigt vara en gron garning.

5.1 Vidare utveckling och potentiella forbattringar

For att gora koden méngsidigare och anvandbar for fler situationer, borde ett
béttre utnyttjande av peak shaving implementeras, med forméaga att ladda
batterierna fran niatverket rakt och mgjlighet att silja ansamlad energi da el-
priserna dar hoga. Koden har en fardig peak shave function inbyggd i "DIS-
PATCH ENGINE”-blocket, men for att peak shaving skall vara lonsamt maste

Foljande steg for att vidareutveckla arbetet skulle vara kodens anpassning till
olika storlekars anlaggningar, det vill siga ha en annan dn 20 kW konstant
belastning pa systemet och majlighet att svepa for olika belastningar. Andra
utvecklingsomraden skulle vara olika ldnga torkningscykler och varierande
energikonsumtion. Koden gar relativt latt att kora med olika konstanta be-
lastningar, anvindaren maste bara dndra pa variablerna i variabel-blocket.
Det ar dock viktigt att man haller reda pa installationspriser och andra kost-
nader som dndras med olika stora anldggningar.

Andra variabler som kunde svepas over mer skulle vara batteri-priser och

storlekar. For att svara pa fragor som: vid vilka priser blir batterier lonsamma
att ha och vad hander om man har stor batterikapacitet.
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Kallor

Information om frystorkarnas energiforbruk har fatts fran datablad frén f6-
retaget Wave samt fran webbsidorna for foretaget Havion Freeze Dry Tech-
nologies.

For industriella skalans batterier har priset 122 $/kWh (ca 105€/kWh) tagits
fran forskning pa elektriska bilars batteri-priser [7]. Berdkningen fran dol-
larkurs till euro gjordes i november 2025.

Powerwall databladet ar taget fran energylibrary.tesla.com databasen, Du-

racell duras databladet ar fran duracell.hacdn.io databasen och Huawei
LUNA2000-14 databladet ar fran webbsidan skesolar.com.
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A. Informatorer och samlad data

Kaisa Lehtipuro fran Nordic Freeze Dry har varit hjalpsam med att redogora
hur en frystorkningsanlaggning opererar och hur torkningsprocessen och
produktionen gar till i praktiken.

Som hjalpreda med MATLAB-kodernas generering, ratt anvandning av syn-
tax och klara kommentarer for att skilja pad program-blocken har ChatGPT
anvants.

Spotpriserna baserar sig pa data fran The European Network of
Transmission System Operators for Electricity (ENTSO-E). Sahkomyyra
webbsidans uppratthéllare ar foretaget Nodesk. Ur data fran Sahkomyyra
har problematiska icke-ASCII symboler sa som 4, 4 och 0 editerats bort for
hand eller bytts ut for att minska problem i MATLAB-programvaran.
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C. MATLAB-koden som bilaga

%% =========================================================
% compare_all final full.m

% Fully integrated PV + battery + sweeps + NPC + payback

%% e

clear; clc; close all;
%% =mmmmmmmeemeeeeeaeeemaaa-

% USER PARAMETERS
o/

C = 20; % kWh per hour constant consumption
set_price = 0.0671; % €/kWh fixed electricity price

loc_idx = 1; % PV location index (1 = Helsinki)
year_idx = 1; % which simulated year to use from .mat
nHours = 8760; % use 8760 hours (trim leap year if
needed)

% Transfer (siirtomaksu)

transfer_var = 0.0354; % €/kWh variable transfer fee
transfer_fixed_month = 40; % €/month fixed fee assumption
transfer_fixed_annual = transfer_fixed_month * 12;

% Discount / lifetime
years = 10; % horizon for NPC
discount_rate = 0.05; % used for NPC and annualisation

% Freeze dryer CAPEX (only in NPC, not in payback)

freeze_dryer_capex = 300000; % € 3 IC550 units to be close to 20
kW load

freeze_dryer_lifetime = 15; % years (typical industrial freeze
dryer)

% Battery defaults (used for single-run scenarios)
battery_default.capacity = 30; % kWh
battery_default.eff 0.90; % round-trip efficiency
battery_default.Pcharge 10; % kW
battery_default.Pdischarge = 10; % kW

% Installation cost assumptions

pv_cost_per_kW = 548; % €/kW (548 €/kWp) as per Fraunho-
fer source
pv_reference_kW = 100; % PV power data is based on this

pv_reference_cost = pv_reference_kW * pv_cost_per_ kW; % € for 100 kW
system

battery_cost_per_kwh
battery_default_cost

105; % €/kWh
battery_default.capacity * battery_cost_per_kwh;

pv_scale_default = 1; % default scale 100 kW / 100 = 1
pv_cost = pv_reference_cost;

install costs = [
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9;

9;

pv_cost;

pv_cost;

pv_cost + battery_default_cost
15

% Case labels used in summary + plots
CaseNames = {
'Base: Const'

'Base: Spot'
'"PV: Const'
'"PV: Spot'

'PV + Battery'
s

% PV system sizing (kW)
pv_sizes kW = 0:5:250; % realistic system sizes (from ©-250 kW with 5kW
interwalls)

% Battery sizing (kWh)
battery_sizes = 0:1:509;

% Degradation assumptions
pv_degradation = 0.005; % ©0.5% per year
battery_degradation = 0.02; % 2% per year

% O&M costs (operation and maintenance)
pv_om_rate = 0.015; % 1.5% of PV CAPEX per year
battery_om_rate = 0.01; % 1% of battery CAPEX per year

% System lifetime
pv_lifetime = 25;
battery_lifetime = 15; % a bit optimistic lifetimes

% Feature toggles
enable_heatmap
enable_sensitivity

true; % Global PV+Battery NPC heatmap
true; % Parameter sensitivity analysis

% === mmm e mmmm oo

% BATTERY CONTROL FEATURES

Fodo = mmmmm e mmm oo -

battery_ctrl.grid_charge = true; % allow charging from grid
battery_ctrl.peak_shave = 20; % kW grid import limit (@ = disables)

% CSV file name
spot_csv_filename = 'chart2.csv';

U m e m e e
% LOAD SPOT PRICE CSV (robust)

%o == mmmmmmmmmmm e

fprintf('Loading spot price CSV: %s\n', spot_csv_filename);

raw = readtable(spot_csv_filename, 'ReadVariableNames',false, 'Delimit-
er',',");
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priceStr = string(raw.Var2);
priceStr = strrep(priceStr,',',"'.");
priceNum = str2double(priceStr);

priceNum = priceNum(1:nHours); % trim to 8760 hours
priceNum(isnan(priceNum)) = 0;

price_spot = priceNum / 100; % €/kWh

t_hour = datetime(2024,1,1,0,0,0) + hours(@:nHours-1);

Fodo === mmmm e mm e -
% LOAD PV DATA
Y e
matfile_name = 'simulated_solar_power_Helsinki+3locs_1@@years.mat';
fprintf('Loading PV data: %s\n', matfile_name);
S = load(matfile_name);
if ~isfield(S, 'SOLAR_POWER kW')
error('Expected variable SOLAR_POWER_kW in %s', matfile_name);
end

SOLAR_POWER_kW = S.SOLAR_POWER_kW;

pv = SOLAR_POWER_kW(:, loc_idx, year_idx);

pv = pv(1l:nHours);

pv_reference_output = pv; % kW for 100 kW plant

%% = mmmmm e m e
% RUN BASE CASES & PV CASES
%% = mmmmmmmm e mm oo
fprintf('Computing base & PV scenarios...\n');

% Base constant price

energy _cost_base_set = C * set_price * nHours;

grid_import_base_set = C * nHours;

transfer_cost_base_set = grid_import_base_set * transfer_var + trans-
fer_fixed_annual;

total_base_set = energy_cost_base_set + transfer_cost_base_set;

% Base spot price

energy cost_base_spot = sum(C .* price_spot);

grid_import_base_spot = C * nHours;

transfer_cost_base_spot = grid_import_base_spot * transfer_var + trans-
fer_fixed_annual;

total_base_spot = energy_cost_base_spot + transfer_cost_base_spot;

% PV constant price

pv_used_case3 = min(pv, C);

grid_import_case3 = sum(C - pv_used_case3);

energy_cost_pv_set = grid_import_case3 * set_price;
transfer_cost_pv_set = grid_import_case3 * transfer_var + trans-
fer_fixed_annual;

total_pv_set = energy_cost_pv_set + transfer_cost_pv_set;

% PV spot price

pv_used_case4 = min(pv, C);

grid_import_case4 = sum(C - pv_used_case4);
energy_cost_pv_spot = sum((C - pv_used_cased4) .* price_spot);
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transfer_cost_pv_spot = grid_import_case4 * transfer_var + trans-
fer_fixed_annual;
total_pv_spot = energy_cost_pv_spot + transfer_cost_pv_spot;

% PV + battery

[energy_cost_pv_batt, grid_import_case5, grid_export_case5,

hourly_cost_batt, battery_energy] = ...

pv_with_battery full(C, price_spot, pv,
struct('capacity', battery default.capacity,

‘eff', battery_default.eff,
'Pcharge’, battery_default.Pcharge,
‘Pdischarge’,battery_default.Pdischarge,
‘grid_charge', battery_ctrl.grid_charge,
"peak_shave', battery_ctrl.peak_shave));

transfer_cost_pv_batt = grid_import_case5 * transfer_var + trans-
fer_fixed_annual;
total_pv_batt = energy_cost_pv_batt + transfer_cost_pv_batt;

Y e T

% COLLECT ANNUAL COSTS

%6 === mmm e

annual _costs = [total_base_set;
total_base_spot;
total_pv_set;
total_pv_spot;
total_pv_batt];

%do === mmm e m oo

% 10-YEAR NPC

%% === mm e mmmmmemaoo

discount_factor = (1 - (1 + discount_rate)”~(-years)) / discount_rate;

% Freeze dryer annualised CAPEX

r_fd = discount_rate;

n_fd = freeze_dryer_lifetime;

CRF_fd = (r_fd * (1 + r_fd)*n_fd) / ((1 + r_fd)*n_fd - 1);
freeze_dryer_annual_cost = freeze_dryer_capex * CRF_fd;

% Present value over 10 years
freeze_dryer_NPC = freeze_dryer_annual_cost * discount_factor;

% Total NPC per scenario
NPC_10yr = install costs + annual_costs .* discount_factor +
freeze_dryer_ NPC;

%o == mmmmmmmmmmm e

% PAYBACK CALCULATION

Bl === mmmmm e mmmm oo
baseline_annual = total_base_spot;
payback _years = NaN(size(annual costs));

for i = 1:1length(annual_costs)

if install_costs(i)==0 || i <= 2
continue;
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end

%%

end
annual_savings = baseline_annual - annual_costs(i);
if annual_savings > @
payback_years(i) = install costs(i) / annual_savings;
end

% SUMMARY TABLE (CLEAN)

%%
T =

table( CaseNames,

annual_costs(:),

install costs(:),

NPC_10yr(:),

payback_years(:), .
'VariableNames',{'Case', 'AnnualCost_EUR', 'In-

stallCost_EUR', 'NPC_1@0yr EUR', 'Payback_Years'});

disp('--- SUMMARY OF ANNUAL COSTS & NPC ---");
disp(T);

%%

% PV SWEEP

%%

NPV = numel(pv_sizes kW);

pv_sweep_annual = zeros(nPV,1);
pv_sweep NPC10 = zeros(nPV,1);
pv_sweep_payback = zeros(nPV,1);

for i = 1:nPV

cou

pv_capacity kW = pv_sizes kW(i);

pv_scale = pv_capacity kW / pv_reference_kW;

pv_scaled = pv_reference_output * pv_scale;

pv_used = min(pv_scaled, C);

grid_import = sum(C - pv_used);

energy_cost = sum((C - pv_used) .* price_spot);

transfer_cost = grid_import * transfer_var + transfer_fixed_annual

% PV CAPEX + O&M
pv_capex = pv_capacity kW * pv_cost_per_kW;
pv_om pv_capex * pv_om_rate;

annual_cost = energy_cost + transfer_cost + pv_om;
pv_sweep_annual(i) = annual_cost;

% Degradation midpoint factor
degraded_output_factor = 1 - pv_degradation * (years/2);

% NPC INCLUDING FREEZE DRYER
pv_sweep NPC10(i) = pv_capex + ...

annual_cost * degraded_output_factor * dis-
nt_factor + ...

freeze_dryer_NPC;
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% Payback

savings = total_base_spot

if savings > ©
pv_sweep_payback(i)

else
pv_sweep_payback(i)

end

end

%% = mmmmmm e m e

% PV SWEEP TABLE + OPTIMUM

%% = mmmmmm e m e

PV_sweep = table(
pv_sizes_kW(:),
pv_sweep_annual(:),
pv_sweep_NPC10(:),
pv_sweep_payback(:), .
'VariableNames', {'PV_kW",

- annual_cost;
pv_capex / savings;

NaN;

'AnnualCost’', 'NPC10',

% PV-only optimum (for fixed-PV battery sweep)

[~, optPV_idx] =

optimal_pv

pv_sizes

min(pv_sweep_|

NPC10);

_kW(optPV_idx);

"Payback'});

optimal_pv_npc =

optimal_pv_annua
optimal_pv_payba

pv_sweep_ NPC1O(optPV_idx);
pv_sweep_annual(optPV_idx);
pv_sweep_payback(optPV_idx);

1
ck =

%% EE

%% B

% Fixed PV size
fixed_pv_kW
pv_fixed_scale
pv_fixed_profile

% PV CAPEX + O&M
pv_fixed_capex =
pv_fixed_om =

= optimal PV from PV sweep (in kW)
= optimal_pv;
fixed_pv_kW / pv_reference_kW;

(fixed for this battery sweep)
fixed_pv_kW * pv_cost_per_kW;
pv_fixed_capex * pv_om_rate;

% [kW]

pv_reference_output * pv_fixed_scale;

% Degradation factor for NPC (battery-driven, mid-point over 10 years)
= 1 - battery_degradation * (years / 2);

deg_factor_batt

% --- Baseline:
[energy_cost_pv_

PV-only case with this fixed PV size, no battery ---

only, grid_import_pv_only, ~, ~, ~] =

pv_with_battery full(C, price_spot, pv_ flxed proflle,

struct ("’

‘eff',

capacity', o,
battery_default.eff,

% no battery

'Pcharge’,
'Pdischarge’,
'grid_charge',
'peak_shave',

battery_default.Pcharge,
battery_default.Pdischarge,
battery_ctrl.grid_charge,
battery_ctrl.peak_shave));
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transfer_cost_pv_only = grid_import_pv_only * transfer_var + trans-
fer_fixed_annual;
annual_cost_pv_only
pv_fixed_om;
NPC10_pv_only for_batts

energy_cost_pv_only + transfer_cost_pv_only +

freeze_dryer_NPC + pv_fixed_capex + ...
annual_cost_pv_only * deg_factor_batt * dis-
count_factor;

% --- Battery sweep arrays ---
nBatt = numel(battery_sizes);
batt_sweep_annual = zeros(nBatt,1);

batt_sweep_NPC10
batt_sweep_payback

zeros(nBatt,1);
zeros(nBatt,1);

for i = 1:nBatt
batt_capacity = battery _sizes(i); % [kWh]

% Battery CAPEX & O&M
battery_capex = batt_capacity * battery_cost_per_kwh;
battery_om = battery_capex * battery_om_rate;

% Dispatch with fixed PV + THIS battery size
[energy_cost, grid_import, grid_export, hourly cost, ~] = ...
pv_with_battery full(C, price_spot, pv_fixed profile,
struct('capacity’, batt_capacity, .

"eff', battery_default.eff,
'Pcharge’, battery_default.Pcharge,
'Pdischarge', battery_default.Pdischarge,
'grid_charge', battery_ctrl.grid_charge,
'peak_shave', battery_ctrl.peak_shave));

transfer_cost = grid_import * transfer_var + transfer_fixed_annual;

% Annual operating cost = energy + transfer + PV O& + battery O0&M
annual_cost = energy_cost + transfer_cost + pv_fixed_om + battery_om;
batt_sweep_annual(i) = annual_cost;

% 10-year NPC = freeze dryer + PV CAPEX + battery CAPEX + discounted
annual costs
batt_sweep_NPC10(i) = freeze_dryer NPC + pv_fixed_capex + bat-
tery_capex + ...
annual_cost * deg_factor_batt * discount_fac-
tor;

% Payback of battery *only* vs PV-only case
annual_savings_vs_pv_only = annual_cost_pv_only - annual_cost;
if annual_savings_vs _pv_only > 0 && batt_capacity > ©
batt_sweep_payback(i) = battery_capex / annual_sav-
ings_vs_pv_only;
else
batt_sweep_payback(i) = NaN;
end
end
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%66 === mmmmm e
% REBUILD BATTERY SWEEP TABLE
%% = mmmmmmmm e m e
BATT _sweep = table( ...
battery_sizes(:),
batt_sweep_annual(:),
batt_sweep NPC10(:),
batt_sweep_payback(:), ...
'VariableNames', {'Battery_kWh', 'AnnualCost','NPC10', 'Payback'});

[~, optBatt_idx] min(batt_sweep_NPC10);
optimal_batt battery_sizes(optBatt_idx);
optimal_batt_npc = batt_sweep_NPC1lO(optBatt_idx);
optimal_batt_annual= batt_sweep_annual(optBatt_idx);
optimal_batt_payback = batt_sweep_payback(optBatt_idx);

%% B e e e e e

%% EE

disp('============================================");

disp('OPTIMAL SYSTEM CONFIGURATION (NPC MIN)');
disp('============================================');

fprintf('\n--- PV SYSTEM ---\n');

fprintf('Optimal PV capacity ¢ %.1f kW\n', optimal_pv);
fprintf('Annual cost : %.2f €\n', optimal_pv_annual);
fprintf('10-year NPC : %.2f €\n', optimal_pv_npc);
fprintf('Payback time . %.2f years\n', optimal_pv_payback);
fprintf('\n--- BATTERY SYSTEM ---\n'");

fprintf('Optimal battery size : %.1f kWh\n', optimal_batt);
fprintf('Annual cost . %.2f €\n', optimal_batt_annual);
fprintf('10-year NPC : %.2f €\n', optimal_batt_npc);
fprintf('Payback time : %.2f years\n', optimal_batt_payback);

fprintf('\n RECOMMENDED SYSTEM:\n');

fprintf('PV capacity = %.2f\n', optimal pv);
fprintf('Battery capacity = %.1f kWh\n', optimal_batt);
fprintf('Combined PV+Battery NPC must be evaluated using the
heatmap.\n\n');

%% EE

%% S S| =m=m=m=m==
if enable_heatmap

fprintf('Computing global PV+Battery NPC heatmap...\n");
% High-resolution grids

pv_grid_ kW = 0:5:250;
batt_grid _kWh = 0:2:50;

nPVvg
nBg

numel(pv_grid_kW);
numel(batt_grid_kWh);
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% NPC maps: ROWS = PV, COLS = BATTERY
NPC_map = zeros(nPVg, nBg);
NPC_diff_map = zeros(nPVg, nBg);

% Base case NPC (spot, no PV, no battery)
NPC_base_spot = total_base_spot * discount_factor;

% Midpoint degradation factor
deg_factor_heat = 1 - battery_degradation * (years/2);

hwb = waitbar(@, 'Computing PV+Battery NPC map...');
counter = @; total_runs = nPVg * nBg;

for ip = 1:nPVg
pv_cap_kW = pv_grid_kW(ip);

% Scale PV profile

if pv_cap_kW ==
pv_profile = zeros(size(pv_reference_output));
else
pv_profile = pv_reference_output * (pv_cap_kW / pv_refer-
ence_kW);
end
capex_pv = pv_cap_kW * pv_cost_per_kW;
om_pv = capex_pv * pv_om_rate;

for jb = 1:nBg
counter = counter + 1;
if mod(counter,50)==0
waitbar(counter/total runs, hwb);
end

batt_cap_kWh
capex_batt
om_batt

batt_grid_kWh(jb);
batt_cap_kWh * battery_cost_per_kwh;
capex_batt * battery_om_rate;

if pv_cap_kW == 0 && batt_cap_kWh ==
% Base case NPC
NPC_here = NPC_base_spot;

else
% Run dispatch with THIS PV + THIS battery
[energy_cost, grid_import, grid_export, hourly cost, ~] =
pv_with_battery full(C, price_spot, pv_profile,
struct('capacity’, batt_cap_kWwh,
‘eff', battery_default.eff,
'Pcharge’, battery_default.Pcharge,

'Pdischarge', battery_default.Pdischarge,
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'grid_charge', battery_ctrl.grid_charge,
'peak_shave', battery_ctrl.peak_shave));

transfer_cost = grid_import * transfer_var + trans-
fer_fixed_annual;

annual_cost = energy_cost + transfer_cost + om_pv +
om_batt;

% 10-year NPC (PV + Battery)
NPC_here = capex_pv + capex_batt + annual_cost * deg fac-
tor_heat * discount_factor;
end

NPC_map(ip,jb)
NPC_diff_map(ip,jb)
end

NPC_here;
NPC_here - NPC_base_spot;

end
close(hwb);

% ---- GLOBAL OPTIMUM ----

[min_val, idx_flat] = min(NPC_diff_map(:));

[ip_min, jb_min] = ind2sub(size(NPC_diff_map), idx_flat);
pv_opt_global = pv_grid kW(ip_min);

batt_opt_global = batt_grid kWh(jb_min);

fprintf('Global optimum (heatmap): PV = %.1f kW, Battery = %.1f kWh,
NPC diff = %.2f €\n',...
pv_opt_global, batt_opt_global, min_val);

% ---- HEATMAP PLOT ----
figure('Name', 'NPC Difference Heatmap', 'NumberTitle','off', 'Col-
or', 'w');

imagesc(batt_grid_kWh, pv_grid_kW, NPC_diff_map);
set(gca, 'YDir', 'normal');

colormap(parula(256));

colorbar;

xlabel('Battery Capacity [kWh]');

ylabel('PV Capacity [kW]');

title('NPC Difference vs Base Spot Price (10-year)');
grid on;

hold on;

% Proper meshgrid for contour overlay
[BG, PVG] = meshgrid(batt_grid kWh, pv_grid kW);

contour(BG, PVG, NPC_diff_map, 12, 'k','LineWidth',1);
plot(batt_opt_global, pv_opt global, 'rp', 'MarkerSize', 14, 'Marker-

FaceColor','w');
text(batt_opt_global, pv_opt_global,...
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sprintf(' Opt: %.0f kW, %.0f kih', pv_opt_global,
batt_opt_global),...
'Color','r', 'FontSize',11, 'FontWeight', 'bold");

%% B

4
if enable_sensitivity

fprintf('Running sensitivity analysis...\n");
% Base decomposition (current parameters)
% o e oo

% Optimal PV (from PV sweep)

pv_opt_cap = optimal_pv; % [kW]
pv_opt_capex = pv_opt_cap * pv_cost_per_kW; % € CAPEX
pv_opt_om = pv_opt_capex * pv_om_rate; % € / year O0&M

% annual cost = energy + transfer + pv_om (no freeze dryer here)
% => energy + transfer part:
energy_transfer_pv_opt = optimal_pv_annual - pv_opt_om;

% Optimal battery (from battery sweep using fixed PV)

batt_opt_cap = optimal_batt; % [kWh]
batt_opt_capex = batt_opt_cap * battery_cost_per_kwh; % € CAPEX
batt_opt_om batt_opt_capex * battery_om_rate; % € / year 0&M

% For PV+Battery: annual_cost = energy+transfer + pv_om + batt_om
energy_transfer_pvbatt = optimal_batt_annual - pv_opt_om -
batt_opt_om;

% Degradation factors (midpoint over 10 years)
deg pv =1 - pv_degradation * (years / 2);
deg batt = 1 - battery_degradation * (years / 2);

% e e

% Sensitivity A: Discount rate

Y = m e e

dr_vec = linspace(0.01, 0.10, 10);
npc_pv_dr = zeros(numel(dr_vec),1);
npc_pvbatt_dr zeros(numel(dr_vec),1);

for k = 1:numel(dr_vec)
r = dr_vec(k);
df = (1 - (1+r)~(-years)) / r;

% PV-only NPC(r)
annual_pv_r = (energy_transfer_pv_opt + pv_opt_om); % same cost
structure, scaled via df & deg
npc_pv_dr(k) = freeze_dryer_NPC + pv_opt_capex + ...
annual_pv_r * deg _pv * df;
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% PV + Battery NPC(r)
annual_pvbatt_r = (energy_transfer_pvbatt + pv_opt_om +
batt_opt_om);
npc_pvbatt_dr(k) = freeze_dryer NPC + pv_opt_capex +
batt_opt_capex + ...
annual_pvbatt_r * deg batt * df;
end

figure('Name', 'Sensitivity: Discount rate', 'NumberTitle', 'off"', 'Col-
or',"'w");

plot(dr_vec*100, npc_pv_dr,'-o','LineWidth',1.5); hold on;

plot(dr_vec*100, npc_pvbatt_dr,'-s', 'LineWidth',1.5);

xlabel('Discount rate [%]');

ylabel('10-year NPC [€]");

legend({'PV only','PV + Battery'}, 'Location’, 'northwest');

title('Sensitivity of NPC to Discount rate');

grid on; grid minor;

% Sensitivity B: PV CAPEX (€/kW)
Y o e e e

pv_cost_vec = linspace(0.6*pv_cost_per_ kW, 1.4*pv_cost_per_ kW,
9);
npc_pv_pvcost = zeros(numel(pv_cost_vec),1);
npc_pvbatt_pvcost = zeros(numel(pv_cost_vec),1);
% Split annual costs cleanly:
%  PV-only: optimal _pv_annual = energy+transfer + pv_opt_om
%  PV+Battery: optimal_batt_annual = energy+transfer + pv_opt_om +
batt_opt_om
et_pv = energy_transfer_pv_opt; % energy + transfer part
(PV only)
et_pvbatt = energy_transfer_pvbatt; % energy + transfer part
(PV+Battery)
for k = 1:numel(pv_cost_vec)
pv_cost_scan = pv_cost_vec(k);
% --- PV-only ---

capex_pv_scan = pv_opt_cap * pv_cost_scan;
om_pv_scan capex_pv_scan * pv_om_rate;
annual_pv_scan = et_pv + om_pv_scan;

npc_pv_pvcost(k) = freeze_dryer_NPC + capex_pv_scan +
annual_pv_scan * deg _pv * discount_factor;

% --- PV + Battery ---
capex_pv_b_scan = pv_opt_cap * pv_cost_scan;
om_pv_b_scan = capex_pv_b_scan * pv_om_rate;

annual_pvbatt_scan = et_pvbatt + om_pv_b_scan + batt_opt_om;

npc_pvbatt_pvcost(k) = freeze dryer NPC + capex_pv_b _scan +
batt_opt_capex + ...
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annual_pvbatt_scan * deg_batt * dis-
count_factor;
end

figure('Name', 'Sensitivity: PV cost', 'NumberTitle','off', 'Col-
or','w");

plot(pv_cost_vec, npc_pv_pvcost, '-o','LineWidth',1.5); hold on;

plot(pv_cost_vec, npc_pvbatt_pvcost, '-s', 'LineWidth',1.5);

xlabel('PV CAPEX [€/kW]');

ylabel('10-year NPC [€]");

legend({'PV only','PV + Battery'}, 'Location’, 'northwest");

title('Sensitivity of NPC to PV CAPEX');

grid on; grid minor;

% Sensitivity C: Battery CAPEX (€/kWh)

Y o e e

batt_cost_vec linspace(105, 400, 8);
npc_pvbatt_battcost zeros(numel(batt_cost _vec),1);

% For battery CAPEX scan, PV part stays at base pv_cost_per_ kW
for k = 1l:numel(batt_cost_vec)
bcost = batt_cost_vec(k);

capex_batt_scan batt_opt_cap * bcost;
om_batt_scan = capex_batt_scan * battery_om_rate;

% Annual cost with scanned battery CAPEX (0&M depends on CAPEX)
annual_pvbatt_scan = et_pvbatt + pv_opt_om + om_batt_scan;

npc_pvbatt_battcost(k) = freeze_dryer NPC + pv_opt_capex +
capex_batt_scan + ...
annual_pvbatt_scan * deg batt * dis-
count_factor;
end

figure('Name', 'Sensitivity: Battery cost', 'NumberTitle', 'off', 'Col-
or','w");

plot(batt_cost_vec, npc_pvbatt_battcost, '-o', 'LineWidth',1.5);

xlabel('Battery CAPEX [€/kWh]"');

ylabel('10-year NPC [€£]');

title('Sensitivity of NPC to Battery CAPEX (PV + Battery)');

grid on; grid minor;

%l mmmmmmmm - Sensitivity D: Battery CAPEX & Size Comparison --------
% Fixed battery sizes to evaluate (relative to 20 kW load)
batt_test_sizes = [10 20 40 60]; % kWh

batt_cost_vec = linspace(100, 400, 10); % €/kWh range

npc_sweep_size = zeros(numel(batt_cost_vec), numel(batt test sizes));

for s
B

1:numel(batt_test sizes)
batt_test_sizes(s);
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% CAPEX + O&M baseline for battery size B
% degradation factor MUST be deg batt (as defined previously)

if B >0

deg batt = 1 - battery_degradation * (years / 2);
else

deg batt = 1;
end

for k = 1:numel(batt_cost_vec)
bcost batt_cost_vec(k);
capex_batt_scan = B * bcost;
om_batt_scan capex_batt_scan * battery_om_rate;

npc_sweep_size(k,s) = pv_opt_capex + capex_batt_scan + ...
(energy_transfer_pvbatt + pv_opt_om) * discount_factor +

(om_batt_scan * deg_batt * discount_factor);
end
end

% ----------- 2x2 subplot visualisation -----------
figure('Name', 'Battery Sensitivity - Size Comparison', 'Num-
berTitle', 'off', 'Color','w");

for s = 1:numel(batt_test_sizes)
subplot(2,2,s);
plot(batt_cost_vec, npc_sweep_size(:,s), " '-o','LineWidth',1.4);
title(sprintf('%d kWh battery', batt_test sizes(s)));
xlabel('Battery CAPEX [€/kWh]"');
ylabel('10-year NPC [€]");
grid on; grid minor;

% Optional baseline reference line

hold on; yline(optimal pv_npc, 'r--','LineWidth',1.1);

% Check if/where battery beats PV-only NPC

idx = find(npc_sweep_size(:,s) < optimal_pv_npc, 1, 'first');

if ~isempty(idx)
% highlight breakeven point
plot(batt_cost_vec(idx), npc_sweep_size(idx,s), 'gp', 'Mark-
erSize',12, 'MarkerFaceColor','g");
%text(batt_cost_vec(idx), npc_sweep_size(idx,s),
ven','Color','g','FontSize',10);
end
end

breake-

sgtitle('NPC Sensitivity to Battery Price for Different Battery Siz-
es');

fprintf('Sensitivity analysis done.\n');
end

%% e
% NPC DIFFERENCE PLOT - Savings of PV+battery vs PV-only
% For multiple battery sizes and varying battery CAPEX
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battery_test_sizes = [10 20 40 60]; % kWh to compare visually
batt_cost_vec = linspace(890,400,12); % €/kWh range to test

nb = numel(battery_test_sizes);

nc = numel(batt_cost_vec);

NPC_diff_matrix = zeros(nb,nc); % (NPC_PVonly - NPC_PV+batt)

for bi = 1:nb
batt_size = battery_test_sizes(bi);

for ci = 1:nc
bcost = batt_cost_vec(ci);

% System CAPEX & O&M
capex_batt = batt_size * bcost;
om_batt capex_batt * battery_om_rate;

% Run dispatch using optimal PV
[energy_cost_b, grid_imp b, ~, ~, ~] = pv_with_battery full(
C, price_spot, pv_reference_output*(optimal_pv/pv_refer-
ence_kW),
struct('capacity', batt_size, 'eff', battery_default.eff,
'Pcharge',battery_default.Pcharge, 'Pdischarge’,bat-
tery_default.Pdischarge,
'grid_charge', bat-
tery _ctrl.grid_charge, 'peak_shave',battery_ctrl.peak_shave));

transfer_cost_b = grid_imp_b*transfer_var + transfer_fixed_an-

nual;

annual_cost_b = energy cost_b + transfer_cost_b + ...

(optimal_pv*pv_cost_per_kW*pv_om_rate) +

om_batt;

NPC_batt = optimal_pv*pv_cost_per_ kW + capex_batt + ...

(annual_cost_b*discount_factor);
% Difference vs PV-only NPC
NPC_diff_matrix(bi,ci) = optimal_pv_npc - NPC_batt;
end

end

% Final visual: Savings relative to PV-only
figure('Name', 'Battery value vs price', 'NumberTitle', 'off', 'Color','w');
for bi = 1:nb

plot(batt_cost _vec, NPC_diff matrix(bi,:),'-o', 'LineWidth',1.6); hold
on;
end
yline(@, 'k--", 'Break-even', 'LineWidth',1.4);

xlabel('Battery price [€/kWh]");
ylabel('NPC savings compared to PV-only [€]');
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legend(arrayfun(@(x) sprintf('%d kWh battery',x),battery_test_sizes, 'Uni-
formOutput',false));

title('Economic benefit of battery storage relative to PV-only');

grid on; grid minor;

%% =========================================================
%% ettt

% Cumulative cost (use your existing hourly cost_batt etc.)
pv_used = min(pv, C);

cum_base_set = cumsum((C*set_ price)*ones(nHours,1));
cum_base_spot = cumsum(C.*price spot);

cum_pv_set cumsum((C - pv_used)*set_price);
cum_pv_spot cumsum((C - pv_used).*price_spot);
cum_pv_batt cumsum(hourly cost_batt);

figure('Name', 'Cumulative Cost', 'NumberTitle', 'off', 'Color','w');
plot(t_hour, cum_base_set, 'k’,

t_hour, cum_base_spot, 'b’,

t_hour, cum_pv_set,'g’,

t_hour, cum_pv_spot,'m', ...

t_hour, cum_pv_batt, 'r', 'LineWidth',1.1);
legend(CaseNames, 'Location', "northwest"');
xlabel('Time (2024)");
ylabel('Cumulative Cost [€]");
title('Cumulative annual energy cost by scenario');
grid on;

% PV sweep

figure('Name','PV Sweep', 'NumberTitle', 'off', 'Color','w');
yyaxis left;

plot(pv_sizes_kW, pv_sweep_annual,'-o','LineWidth',1.4);
ylabel('Annual Cost [€/year]');

yyaxis right;

plot(pv_sizes_kW, pv_sweep_NPC10,'-s','LineWidth',1.4);
ylabel('10-year NPC [€£]");

xlabel('PV Capacity [kW]');

title('PV Sizing: Annual Cost and 10-year NPC');

grid on;

% Battery sweep (fixed PV = optimal pv)

figure('Name', 'Battery Sweep', 'NumberTitle','off', 'Color', 'w");
yyaxis left;

plot(battery_sizes, batt_sweep_annual,'-o0', 'LineWidth',1.4);
ylabel('Annual Cost [€/year]"');

yyaxis right;

plot(battery_sizes, batt_sweep NPC10,'-s','LineWidth',1.4);
ylabel('10-year NPC [€]");

xlabel('Battery Capacity [kWh]');

title(sprintf('Battery Sizing: Annual Cost and 10-year NPC (PV = %.0f
kW)', optimal pv));

grid on;
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% Highlight optimal battery
hold on;
plot(optimal_batt, optimal_batt_annual, 'ro', 'MarkerSize',8,'Lin-
eWidth',1.8);
text(optimal_batt, optimal_batt_annual, sprintf(' Opt = %.0f kWh', opti-
mal_batt),

'VerticalAlignment', 'bottom"');

fprintf('Done.\n");

%% =========================================================
%% =========================================================
fprintf('\n--- OPTIMUM SUMMARY ---\n');

% PV-only optimum (from PV sweep)
PVonly_PV = optimal_pv;

PVonly Batt = 0;
PVonly Annual = optimal_pv_annual;
PVonly_NPC1@ = optimal_pv_npc;

PVonly Payback

optimal_pv_payback;

% Battery sweep optimum (with fixed optimal PV)

BattOpt_PV = optimal_pv; % same fixed PV used in battery
sweep
BattOpt_Batt

optimal_batt;
BattOpt_Annual optimal_batt_annual;
BattOpt_NPC10 optimal_batt_npc;
BattOpt_Payback = optimal_batt_payback;

% Global optimum (from high-resolution heatmap)

Global PV = pv_opt_global;

Global_Batt = batt_opt_global;

Global_Annual = NaN; % optional: can compute if needed
Global_NPC1@ = NPC_base_spot + min_val; % absolute NPC

Global_ Payback = NaN; % global optimum not tied to simple pay-

back

% Build summary table
OptSummary = table( ...
["PV only"; "PV + Battery (sweep)"; "Global Opt (heatmap)"],
[PVonly PV; BattOpt_PV; Global PV],
[PVonly Batt; BattOpt_Batt; Global Batt],
[PVonly_Annual; BattOpt_Annual; Global_Annuall],
[PVonly_NPC10; BattOpt_NPC10; Global NPC10],
[PVonly Payback; BattOpt_Payback; Global Payback],
'VariableNames', {'Case', 'PV_kW', 'Battery_kWh', 'AnnualC-
ost','NPC_10yr', 'Payback_Years'});

disp(OptSummary);
%% e

% DISPATCH ENGINE: PV + Battery
% Full upgraded version:
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% - Correct grid charging
% - Correct peak shaving
% - Clean & consistent logic for all cases
A ——
function [energy cost, grid_import_kWh, grid_export_kWh, hourly cost,
battery_energy] = ...
pv_with_battery_full(C_load, spot, pv_gen, params)
%

% INPUTS:

% C_load - constant load (kW or kWh per hour)

%  spot - spot prices [€/kWh]

%  pv_gen - PV generation timeseries [kWh]

%  params.capacity - battery capacity [kWh]

%  params.Pcharge - max charge power [kW]

%  params.Pdischarge - max discharge power [kW]

%  params.eff - round-trip efficiency (0-1)

%  params.grid_charge - allow battery charging from grid? (true/false)
%  params.peak_shave - optional grid import limit [kW], © = disabled

%

OUTPUTS:
energy_cost
grid_import_kWh
grid_export_kWh
hourly cost
battery_energy

total cost = sum(hourly cost)
yearly grid imports

yearly grid exports

vector of import/export costs
SOC timeseries

3% 3° 3% 3R ¢ % ¥

B = mmmm e -
% Ensure column vectors

Y e
pv_gen = pv_gen(:);

spot = spot(:);

nH = numel(pv_gen);

% mmm e
% Handle missing parameters
74—

if ~isfield(params, 'capacity'), params.capacity = 0; end
if ~isfield(params, 'Pcharge'), params.Pcharge = @; end

if ~isfield(params, 'Pdischarge'), params.Pdischarge = 0; end
if ~isfield(params, 'eff'), params.eff = 1.0; end

if ~isfield(params, 'grid_charge'), params.grid_charge = false; end
if ~isfield(params, 'peak_shave'), params.peak_shave = 0; end

Cap = params.capacity;
Pch = params.Pcharge;
Pds = params.Pdischarge;

eff_rt = params.eff;
eff _ch = sqgrt(eff_rt);
eff_ds = sqrt(eff_rt);

%% T+ttt -ttt -ttt -ttt
% NO BATTERY -» fast return path
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if Cap <= 0
grid_import_kWh = sum(max(C_load - pv_gen, 0));
grid_export_kWh = sum(max(pv_gen - C_load, 90));

hourly cost = (max(C_load - pv_gen, 0) - max(pv_gen - C_load, @))
.* spot;
energy_cost = sum(hourly cost);
battery_energy = zeros(nH,1);
return;
end
%% =========================================================
% INITIALIZE STORAGE
%% =====ss======sSS==sSSSSS=SSSSSSSSSSSSSSSSSSSSSSSSSS=SSSSss
socC = 0;

grid_import = zeros(nH,1);
grid_export = zeros(nH,1);
battery_energy = zeros(nH,1);

hourly cost = zeros(nH,1);

%% ettt -ttt -ttt
% MAIN DISPATCH LOOP

%% M

for t = 1:nH

load_t
pv_t

C_load;
pv_gen(t);

net = pv_t - load_t; % positive = surplus, negative = deficit
discharge_used = 0; % track for peak shaving
%% Mttt
%% 4+t -+ttt -+ttt -+ttt
% Charge battery first
charge_from_pv = min([net, Pch, Cap - soc]);
soc = soc + charge_from_pv * eff_ch;

% Any leftover PV - grid export
grid_export(t) = net - charge_from_pv;

%% =================ssos=sssos=ssososmssosos=ssossomsssosss
%% =====================================================
deficit = -net;
% Battery discharge
discharge possible = min([deficit, Pds, soc]);

discharge_used = discharge_possible;

soc = soc - discharge_possible / eff_ds;
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remaining deficit = deficit - discharge_possible;

if params.grid_charge && remaining_deficit ==
% If price is low -» charge from grid
% (simple heuristic: charge if SOC < 100% and price < median)
% User can refine
if soc < Cap
cheap = spot(t) < median(spot);
if cheap
grid_charge_power = min([Pch, Cap - soc]);
soc = soc + grid_charge_power * eff_ch;
grid_import(t) = grid_import(t) + grid_charge_power;
end
end
end

% Remaining deficit supplied by grid

grid_import(t) = grid_import(t) + remaining_deficit;
end
%% e
%% Mttt
if params.peak_shave > ©

limit = params.peak_shave;

if grid_import(t) > limit
overshoot = grid_import(t) - limit;

% Can the battery shave?
extra_discharge = min([overshoot, Pds - discharge_used,

soc]);

soc = soc - extra_discharge / eff_ds;
grid_import(t) = grid_import(t) - extra_discharge;

%% B

%% EE R R
soc = max(@, min(soc, Cap));

battery_energy(t) = soc;
hourly cost(t) = (grid_import(t) - grid_export(t)) * spot(t);

%% B

%% B



grid_import_kWh
grid_export_kWh
energy_cost

end

sum(grid_import);
sum(grid_export);
sum(hourly cost);
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