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PATEICIBAS

Sis darbs ir tapis, pateicoties daudzu cilvéku atbalstam. Vislielakais paldies manai
promocijas darba vaditajai profesorei Dr. habil. sc. ing. Dagnijai Blumbergai par veltito laiku,
apbrinojamo pacietibu darba ar mani ka arT motivésanu griitakos brizos! Sadas darba vaditajas
studentam bt bija liels gods.

Esmu pateicigs arT Vides aizsardzibas un siltuma sisteému institiita (VASSI) kolektivam.
Daudz vietas aiznemtu Seit visus uzskaitit. Loti novertéju gan palidzibas, gan padomus un
uzmundrinajumus. VASSI komanda ir spéciga ne tikai ar zinasanam un pieredzi, bet ari ar
cilvécigo attieksmi.

Tapat esmu pateicigs ar1 saviem radiniekiem, jo pasi dzivesbiedrei Lindai, ka arT draugiem
par atbalstu un iedro§inasanu.



ANOTACIJA

Viena no Eiropas Savienibas prioritateém pédejas paris desmitgades ir klimata neitralitate,
taja skaitda mérkis panakt ogleklneitralitati lidz 2050. gadam, ka arT nodro§inat energgtisko
paspietickamibu. Viens no galvenajiem izaicinagjumiem ir pareja uz atjaunojamiem
energoresursiem. Elektroenergijai, kas ieglita no atjaunojamiem energijas avotiem, piem&ram,
saules un v&ja energijas, ir sezonals raksturs, kas nevar paredzami un stabili nodroSinat
nepiecieSsamo elektroenergijas patérinu un segt maksimalas slodzes. Ari ta saukta
“energoresursu krize” patlaban ir loti aktuala probléma, kas pastiprina globalo nepiecieSamibu
palielinat atjaunojamo energoresursu patsvaru kop&ja primaro energoresursu bilance. Ir vairaki
virzieni un veidi, ka to veicinat. Viedie tikli ar plasiem starpvalstu energijas parvades
starpsavienojumiem, energokopienas, planveida razoSana ar atbilstoSiem politikas
instrumentiem, energijas akumulacija u. c. Sis izaicindjums ir novérojams visos patérina
Itmenos, sakot no majsaimniecibam ka decentraliz&ti atjaunojamas energijas razotajam, beidzot
ar regionalu Iimeni, kam janodroSina efektiva un saimnieciski pamatota elektroapgade. Autors
uzskata, ka elektroenergijas uzglabaSana ir atsléga atrakai un veiksmigakai parejai uz
atjaunojamiem energoresursiem elektroapgadé. Patlaban elektroenergijas uzglabasanas
ievieSanas temps Eiropa ir neapmierinosi 1€ns. To ietekmé vairaki faktori, un ir nepiecieSams
paatrinat tempu un palielinat apjomus, lai veicinatu 100 % pareju uz atjaunojamiem
energoresursiem, papla§inatu atjaunojamas energijas izmanto$anas praksi un palidzétu uzlabot
patérétaju dzives kvalitati. Svarigs faktors ir butiski samazinat ietekmi uz vidi un klimata
parmainam. Energijas akumulacijas risinajumu pieejamiba pastavigi pieaug, un tehnologisko
inovaciju Iimenis strauji attistds. Tapec ir vertigi petit un meklet veidus, ka uzkrat
elektroenergiju, lai veicinatu tas pieejamibu no privatmajam lidz valsts un — plagak — Eiropas
meroga.

Promocijas darba mérkis ir izprast tehnologiskas iesp&jas elektroenergijas uzglabasanai, ka
arT noskaidrot, ka un kadi faktori ietekmé $o tehnologiju ievieSanu, tai skaita — pétit energijas
akumulacijas iesp€jas, kas lautu energétikas sist€émai un ekonomikai virzities uz
energoneatkaribu, ieskaitot dazadas ekonomikas apaks$nozares, uzpémumus, paSvaldibas un ar1
majsaimniecibu energijas patérétajus, un sasniegt klimatneitralitates mérkus.

Promocijas darbs ir balstits zinatniskajas publikacijas, kas izstradatas doktorantiiras studiju
laika.



ANNOTATION

One of the European Union's priorities over the last couple of decades has been to work on
climate neutrality, including the objective of achieving carbon neutrality by 2050, as well as
ensuring energy self-sufficiency. One of the main challenges is the transition to renewables.
Electricity from renewable energy sources, such as solar and wind power, is seasonal in nature,
which cannot predictably and stably meet the necessary electricity consumption and cover peak
loads. The so-called 'energy crisis' is also a very topical problem at the moment, reinforcing the
global need to increase the share of renewables in the total balance of primary energy sources.
There are several directions and ways to promote it. Smart grids with extensive cross-border
energy transmission interconnections, Energy communities, Planned generation with
appropriate policy instruments, Energy storage and others. This challenge can be seen at all
levels of consumption, from households as decentralised producers of renewable energy to a
regional level that needs to ensure an efficient and economically sound electricity supply. The
author believes that electricity storage is the key to a faster and more successful transition to
renewable energy sources in power supply. At present, the pace of electricity storage
deployment in Europe is unsatisfactory slow. This is influenced by a number of factors, and it
is necessary to accelerate the pace and increase volumes in order to facilitate a 100% transition
to renewables, expand renewable energy practices and help improve consumers' quality of life.
An important factor is to significantly reduce the impact on the environment and climate
change. The availability of energy storage solutions is constantly growing, and the level of
technological innovation is developing rapidly. It is therefore valuable to study and look for
ways to store electricity in order to facilitate its availability from private homes to public and
more broadly on a European scale.

The aim of the doctoral thesis is to understand the technological possibilities for electricity
storage, as well as to find out how and what factors influence the introduction of these
technologies, including to study the possibilities of energy storage that would allow the energy
system and economy to move towards energy independence, including various sub-sectors of
the economy, enterprises, municipalities and also household energy consumers, to achieve
climate neutrality goals.

The doctoral thesis is based on scientific publications developed during doctoral studies.
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IEVADS

Promocijas darba aktualitate

Eiropas Savienibas Zalais kurss vedina dalibvalstis klimatneitralitates virziena ar1
energétikas sektord, nosakot atjaunojamo energoresursu Ipatsvara pieaugumu. Saja gadijuma
galvena nozime bils tadu sezonala rakstura atjaunojamo energoresursu izmantoSanai ka saules
un v&ja energija. Aizvietojot fosilos energoresursus, tas, no vienas puses, lautu samazinat
siltumnicefekta gazu emisijas gaisa un mazinat ietekmi uz klimata parmainam, bet, no otras
puses, ienestu butiskas izmainas energoapgades sisteéma, kad dala energoavotu elektroenergiju
un siltumenergiju razotu periodiski — ar partraukumiem.

Tas nozimé, ka energosisttmu parvaldibai javedina uz bitiskam parmaindm ne tikai
energijas raZotdja, bet ari energoparvades un it pasi energijas lietotaja puse.

Lai nodroSinatu energijas lictotaja laika mainigu energopieprasijumu, par svarigu
energosistémas elementu klist energijas akumulacija. Patlaban svariga ir pareja no
mikroakumulatoriem un miniakumulatoriem nelielo elektroiericu Iimeni uz lielam
akumulacijas stacijam, kas lautu nodro$inat elektroenergijas pieprasijumu nelielam
elektroenergijas patérétajam, pieméram, majsaimniecibai, vidéjam un lielam lietotagjam —
uznémumam vai pa§valdibai, iesaistot energijas akumulacijas izmantoSanu ariregionu un valsts
Itment.

Akumulacijas sist€ému attistiba pasaulé notiek strauji, turklat inovacijas attistas dazados
virzienos — ne tikai atsevisku tehnologisko iekartu ITmeni, bet arT dazadu akumulacijas sistému
izveide, kad elektroenergija tick parvérsta produktos ar augstu pievienotu vértibu, piemeram,
e-degviela, iidenradi, biometana u. c.

Promocijas darbs veltits specifiski izvéletu akumulacijas veidu potenciala analizei un to
attistibas modelésanai.

Promocijas darba merkis un uzdevumi

Promocijas darba mérkis ir izprast tehnologiskas iespgjas elektroenergijas uzglabasanai, ka
arT noskaidrot, ka un kadi faktori ietekmé $o tehnologiju ievieSanu, tai skaita — pétit energijas
akumulacijas iesp&jas, kas lautu energétikas sisttmai un ekonomikai virzities uz
energoneatkaribu, ieskaitot dazadas ekonomikas apaks$nozares, uzpémumus, pasvaldibas un ar1
majsaimniecibu energijas patérétajus, un sasniegt klimatneitralitates mérkus.

Lai sasniegtu promocijas darba mérkus, noteikti vairaki uzdevumi.

1. Izveidot dazadas datubazes, kas balstas zinatniskaja literatiira atrastajos akumulacijas

indikatoros un praktisku piemé&ru rezultatos:

= dazadu akumulacijas tehnologisko risinajumu inZeniertehniskie, ekonomiskie, vides
un klimata raksturlielumi;

= hidroelektrostaciju darbibas datu kopas.

2. lIzvéleties energijas akumulacijas izmantoSanas vért€Sanas kritérijus un noteikt to

svarigumu.



Veikt energijas akumulacijas labako inovativo tehnologisko risinajumu vért€Sanu un
prioritizéSanu divam energijas uzkraSanas metodém atseviski: (i) akumulacijas
iekartam; (ii) akumulacijas sistemam.

Veikt energijas akumulacijas alternativu iesp&ju tehniski ekonomisko pamatojumu.
Veikt majsaimniecibas energijas akumulacijas sisteémas darbibas modelésanu, izveidojot
sisttmdinamikas (SD) modeli:

* majsaimniecibas energoapgades sistémai ar vienkarsu energijas akumulaciju;

= majsaimniecibas energoapgades sist€mai ar hibridu akumulaciju.

Veikt hidroelektrostaciju tidenskratuvju akumulacijas iesp&ju analizi, lai integrétu véja
elektroenergijas parpalikumus.

Promocijas darba hipoteze

Inovativu energijas akumulacijas sist€ému attistiba ir atkariga no atjaunojamo energoresursu

patsvara izmainam visu ITmenu energoapgades sist€mas.

Promocijas darba zinatniska novitate

Lai 1stenotu promocijas darba mérkus, veikta zinatniska izp&te, kas balstas pakapeniskuma

principa — no vienkar§aka uz sarezgitako. Promocijas darba izmantotas metodikas redzamas
1. attela.

1. solis
Datu vak3ana un apstrade

.

Tehniski ekonomiska

/ analize

2. solis Daudzkritériju analizes
. 4— .
Rezultatu ieguve un analize modelis
3. solis

Sistemdinamikas
model&sana

1. att. Darba izmantotas metodikas.

Pétniecibas gaita izstradatas un pielagotas metodikas un modeli energijas akumulacijas iesp&ju

analizei.

1. Balstoties zinatniskas literatiiras analizé, savakti inZeniertehniskie, ekonomiskie, vides un
klimata dati par dazadam energijas akumulacijas iekartam un sist€mam un izveidota

datubaze.

2. legiti un analizeti dati par dazadu atjaunojamas energijas avotu darbibu atskirigos laika

periodos un klimatiskajos apstaklos.



3. Izmantojot TOPSIS un AHP daudzkriteriju analizes modeli, izvertétas un ranzeétas gan
energijas akumulacijas iekartas, gan sisteémas.

4. Balstoties datu analizé, sagatavota bazes scenarija metodika AER elektroenergijas
akumulacijai, un metodika aprobéta dazadu scenariju tehniski ekonomiskajai analizei.

5. Izveidota klasteru metode hidroelektrostaciju (HES) funkciju paplasinasanai, akumulacijai
izmantojot Gidenskratuves v&ja elektroenergijas parpalikumu.

6. Izveidoti divi sisttmdinamikas modeli energijas akumulacijas integré$anai majsaimniecibu
energoapgades sistéma.

Promocijas darba praktiskais nozimigums

P&tniecibas procesa ieglitas atzinas ir iesp&jams izmantot dazadas elektroenergijas lietotaju
iekartas un sisteémas, sakot no majsaimniecibas un beidzot ar [idz regionalo un valsts limeni.

Energijas akumulacijas sist€mu attistiba norit strauji, un licla nozime ir zinatniskajam
inovacijam un to praktiskajam lietojumam. Jebkuram energijas lietotajam noder promocijas
darba veikta energijas akumulacijas klasifikacija un tas sarindo$ana, nemot véra labako
risinajumu raksturlielumus, izmantojot daudzkriteriju analizes metodi.

1. Elektroenergijas un siltumenergijas akumulacijai ir butiska nozime majsaimniecibas
energoapgades sisteéma. Promocijas darba izveidotie sistémdinamikas modeli sniedz atbildes
majsaimniecibu energijas patérétajam par energijas akumulacijas ievieSanas virzieniem (vienigi
akumulacija vai hibrida akumulacija) un to izdevigumu.

2. Promocijas darba paveiktais uznp@mumu un paSvaldibu limeni ar taja aprakstito
akumulacijas attistibas scenariju izstradi un plasa akumulacijas tehnologisko risinajumu
(inZeniertehniskas iekartas vai akumulacijas sistémas) klasta analizi dos iesp&ju nelieliem,
vidéjiem un lieliem energijas lietotajiem vertet energijas akumulacijas sist€émas vietu
energoapgades sistema.

3. Nacionalas energétikas politikas izstradatajiem aktuals ir jautajums par véja
elektroenergijas parpalikumu izmanto$anu valsts Iimen1. Promocijas darba piedavatais klasteris
véja elektroenergijas un hidroenergijas sabalanséSanai — uzkrat sezonalo elektroenergiju
hidroelektrostaciju tidenskratuves — ieskic€ nacionala Iimena alternativu iesp&ju.

Promocijas darba aprobacija
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Promocijas darba struktiira

Promocijas darba izpéte ir virzita uz energijas akumulacijas sistému ievie$anas problému

uzstadfjumiem un to analizi. Aplikotas seSas problémas.

1.

o

Energoapgades sisteéma arvien vairak fosilos energoresursus aizvieto atjaunojami
energoresursi (AER), turklat samazinas arT visu ar degSanas procesu saistito resursu
ipatsvars. Seit liela nozime biis energijas akumulacijai.

Akumulacijas sistému tehnologiski risinajumi strauji attistas, un arvien lielaka ir inovaciju
ietekme.

Visas Eiropas Savienibas dalibvalstis ir apne@muSas sasniegt klimatneitralitati jau
2050. gada, un to nebiis iesp&jams veikt bez parejas uz atjaunojamiem energoresursiem un
energijas akumulacijas risinajumiem.

Majsaimniecibas energosist€émas var biuit gan lielas energosistémas sastavdala, gan
izveidoties par energokopienas komponenti, gan arT klit maza energoneatkariga
energosistéma. Viss ir atkarigs no akumulacijas sistémas attistibas un izvietojuma.

Arvien biezak tiek apliikota atjaunojamo energoresursu izvéle, lai salagotu pasakumulacijas
iesp€jas, apsverot hidroelektrostaciju idenskratuvju akumulacijas iesp€jas.

Parejot uz sezonala rakstura atjaunojamiem energoresursiem (saule un v&j$), svarigi ir
vienlaikus analiz&t iesp€jas pagarinat elektroenergijas raZoSanas ilgumu diennakts, ménesa
un gada griezuma, pieméram, attistit tehnologisko risinajumu ar augstak novietotiem v&ja
generatoriem.
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2. att. Promocijas darba struktiira.

Promocijas darba struktiira redzama 2. att€la.

Promocijas darba pétita energijas (vairak elektroenergijas) akumulacija dazados valsts
ekonomikas sektoros, sakot no nacionala limena, pasvaldibas un uzpémumu lietotaju un beidzot
ar majsaimniecibas sektoru un individualu energijas paterétaju.

Akumulacijas sistemas risindjumi un iesp&jas analiz€ti ar dazadam metodikam:
multikrit€riju analizi (MKA), tehniski ekonomisko analizi (TEA), datu kopas klasteréSanas
analizi un sistémdinamikas modelésanu.
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1. LITERATURAS ANALIZE

Pedgjas desmitgadeés Eiropas energétikas nozaré ir notikusi mérktieciga pareja no
centralizetas fosila kurinama izmantoSanas uz atjaunojamo energoresursu sisttmam. Nemot
véra Eiropas Savienibas noteiktos 2030. un 2050. gada mérkus klimata un energgtikas nozarg,
viens no ieguldijjumiem ir apnemsanas palielinat atjaunojamo energoresursu dalu kopgja
primaro energoresursu bilanc€, samazinat siltumnicefekta gazu emisijas un veicinat
energoefektivitati [1]. Lai var&tu sasniegt un stimulét Sos merkus, neatnemams faktors ir ne
tikai atjaunojamo energoresursu izmanto$ana, lai aizstatu fosila kurinama resursus, bet ari
mérktieciga atjaunojamo energoresursu elektroenergijas uzkrasanas integracija. Energijas
uzkrasana ir butisks faktors, kas veicina energétikas nozares parkartosanu. Princips ir balstits
energijas parpalikuma uzkrasanas laika, kad pieprasijums ir mazaks un energijas razo$anas
raziba ir augstaka, bet elektroenergijas izladi, t. i., energijas nodoSanu atpakal patérinam, laika,
kad razosanas apjomi ir parak mazi, ietekmg atjaunojamas elektroenergijas sezonalitate.

Atjaunojamas elektroenergijas izmantoSanai ir neskaitamas prieksrocibas, jo Tpasi attieciba
uz saules un vEja energiju. Vissvarigakais aspekts ir resursu ilgtspéja, kas lauj samazinat
energétikas nozares ietekmi uz klimata parmainam. Ne mazak svarigi ir ekonomiskie ieguvumi,
ko var vél vairak palielinat, tiesi uzglabajot energiju. Elektroenergijas uzkrasana var apmierinat
patéretaju vajadzibas, kas atSkiras gan apjoma, gan patérinam raksturigo slodzu zina, kas gada
laika ir nevienmerigas. UzkraSanas priekSrocibas ir aptvert ta sauktas pika stundas un noverst
sezonalitates ietekmi. Uzkrajot atjaunojamo energiju, ir iesp&jams ne tikai nodroSinat
paspatérinu, bet arT pieSkirt atjaunojamai energijai augstaku vertibu, pardodot elektroenergiju
par augstaku cenu. Plasaka meéroga ta ir arT iesp&ja atlikt dargus ieguldijumus parvades un
sadales infrastrukttira, nodro$inot esoso tiklu augstaku efektivitati [2].

Ir javeicina Eiropas ilgtsp&jiga attistiba, paradot konkurétsp&ju, ieguvumus un jaunakos
risindgjumus energijas uzglabasanai. Tapéc promocijas darba ir apskatitas un salidzinatas
10 dazadas uzglabasanas tehnologijas, kas péc plasiem pétijjumiem ir paradijusas potencialu
ietekmi, kas nodroSina augstu efektivitati un sp&ju konkurgt tirgli un prakse. UzkraSanas
sistémas atskiras gan péc to sarezgitibas pakapes, gan konstruktivo elementu skaita, ka ari
izmaksu, ietekmes uz vidi, efektivitates un citu faktoru zina. Analizei un savstarp&jai
salidzinasanai izvel&tie energijas uzkrasanas veidi redzami 1.1. attela.
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1.1. att. Elektroenergijas uzglabasanas tehnologijas.

Elektroenergijas uzkraSanas tehnologijas tika iedalitas divas grupas: baterijas un
akumulacijas sistémas. Pirmaja grupa tika ietvertas baterijas, kas paredz&tas mazaka energijas
daudzuma uzkra$anai mazas majsaimniecibas. Otraja grupa — liclas elektroenergijas uzkrasanas
sistémas, ko paredzets integrét elektrostacijas valsts meroga. Turpmak teksta sniegts 1ss
parskats par literatiras analizi katram uzkrasanas veidam.

1.1. Svina-skabes akumulators

Visizplatitakas energijas uzkra$anas baterijas ir svina-skabes baterijas, ko izmanto ka
rezerves energijas avotus. To pamata ir elektrokimiskas ladina/izlades reakcijas, kas rodas starp
pozitivo elektrodu, kas satur svina dioksidu, un negativo elektrodu, kas satur porainu svinu. Sie
elektrodi ir iegremdeti s€rskabes tdens elektrolita, kas piedalas ladina/izlades reakcijas.
Pedéjos gados ir izgudroti jauni svina-skabes akumulatoru veidi. Viens no S$adiem
akumulatoriem ir ar varstu regul€ts svina-skabes akumulators, kas ir nosl€gts un nav japapildina
ar iideni, tadgjadi sada veida akumulatoru uzturéSanas izmaksas ir 18takas. Gela tipa svina-
skabes akumulatori, kas ir piepilditi ar Zeleju, nevis Skidrumu, samazina noplides iesp&ju [3].
Nemot véra misdienu pasaules izaicinajumus, ari Sie akumulatori joprojam tiek uzlaboti, un
patlaban tiek veikti p&tfjumi, lai uzlabotu svina-skabes akumulatoru veiktsp&ju, pagarinot to
dzives ciklu. Viens no p&dgjos rakstos visbiezak mingtajiem piem&riem ir uzlabot svina-skabes
akumulatoru izlades sp&ju, piemeram, izmantojot graféna oksidu [4].

1.2. Litija jonu akumulators

Litija jonu akumulatoru energijas uzkrasanas tehnologija, $kiet, ir ipasi labi zinama, nemot
vera, ka tos izmanto vairak neka 50 % mazu, parnésajamu elektrisko iericu, jo ipasi mobilo
talrunu, tirgus, jo tie var nodro$inat divreiz ilgaku darbibas laiku neka parastais akumulators.
Tadgjadi reakcijas laiks ir daudz mazaks, tie uzladg€jas atrak, elektroenergiju var uzglabat ilgak
un tiem ir visaugstaka efektivitate [5]. Litija jonu akumulatoru pamata ir elektrokimiskas
ladina/izlades reakcijas, kas notiek starp pozitivu elektrodu, kas satur litija metala oksidu, un
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negativu elektrodu, kas sastav no oglekla materiala. PEdgjos gados litija jonu akumulatoru plasa
meroga integracija ir paatrinajusies, jo 1pasi pateicoties automobilu un energijas uzglabasanas
inovaciju attistibai. Var secinat, ka litija jonu baterijas viennozimigi var uzskatit par galveno,
potenciali visplasak izmantoto nakotnes uzglabasanas tehnologiju. Tehnologiju attistiba vél
vairak palielina energijas blivumu, darbibas un cikla skaitu. ArT sist€émas izmaksas turpinas
samazinaties, kas patlaban ir lielaka dala no svina-skabes, pliismas vai natrija-séra bateriju
kapitalizdevumiem. To var uzlabot, palielinot riipniecisko jaudu un veicinot masveida razoSanu.
Jau tagad litija jonu baterijas tiek izmantotas paSpat€rinam dzivojamas un komercialas €kas,
kas tiek izplatitas attiecigi arkartas situaciju atbalstam un frekvences regulésanai, ka arf liclu
atjaunojamas energijas iekartu integréSanai energosisteémas [6]. Tiek ieviesti arl parstrades
procesi un iekartas, kas nodroSina to, ka parstrades efektivitate jau ir krietni virs 50 % [7].

1.3. Plusmas akumulators

Pliismas baterijas ir tadas baterijas, kuras elektrolits tiek uzglabats argjas tvertngs. ST
tehnologija sp&j nodrosinat lielu energijas daudzumu (vairak neka 10 MWh) elektroenergijas
balans&sanai elektrotikla. Sis baterijas darbojas lidzigi ka svina-skabes baterijas. Argjo tvertnu,
kura tiek uzglabats elektrolits, izmérs atskiras atkariba no uzglabajamas energijas daudzuma
[5]. Tomér pasreizgjas plusmas akumulatoru tehnologijas joprojam ir dargas, un tam ir
salidzinosi zems energijas blivums, kas ierobeZo to izmantosanu liela méroga lietojumos. Tapéc
tieck mekleti risinajumi, lai atrisinatu So problému, un organiskas plismas baterijas tiek
piedavatas ka viena no iesp&jam, kas izmanto organiskas molekulas un tiek uzskatitas par vienu
no daudzsolosakajam tehnologijam to zemo izmaksu un augstas veiktsp&jas dél [8].

1.4. Natrija-sera akumulators

Natrija-s€ra akumulatoru sistéma ir energijas uzkrasanas sist€ma, kuras pamata ir
elektrokimiskas ladina un izlades reakcijas, kas notiek starp pozitivu elektrodu (katodu), kas
parasti izgatavots no izkaus€ta séra (S), un negativu elektrodu (anodu), kas parasti izgatavots
no izkauséta natrija (Na). Elektrodus atdala ar cietu keramikas, natrija beta aluminija oksidu,
kas kalpo arT ka elektrolits. Natrija-s€ra baterijas darbojas augsta temperatiira un ir droSas pret
aréjiem un klimatiskiem apstakliem. Lielaka dala uzstadito natrija-séra akumulatoru raZzoSanas
bazes atrodas Japana un ASV, un pirmie Eiropas projekti tika uzstaditi Reinjonas sala (Francija),
Vacija un Apvienotaja Karaliste. Natrija-séra tehnologijas stratégiska nozime joprojam ir
patérina pika stundas vai citos energoietilpigos lietojumos. Konkr&tak, Japana natrija-séra
baterijas tiek plasi izmantotas sabiedrisko pakalpojumu sniegSana, un to kopg€jais uzkratas
energijas apjoms ir aptuveni 300 MW. Tos izmanto arT v&ja parku un saules energijas razo$anas
iekartu stabilizacija, maksimalas jaudas un laikapstaklu izmainas [9].

1.5. Adiabatiska saspiesta gaisa energijas uzglabasana

Adiabatiska saspiesta gaisa energijas uzglabasanas sisteéma balstita gaisa saspie$ana un
uzglabasana pazemes krateros. Pieejama elektriba tiek izmantota, lai saspiestu gaisu lidz 100
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bariem un uzglabatu to apméram 100 metru dziluma. Kompresijas cikla laika raditais siltums
tiek uzglabats, izmantojot siltumenergijas uzkrasanu, bet gaiss tiek saspiests pazemes dobumos.
Kad ir nepiecieSsama uzkrata energija, tiek izmantots saspiestais gaiss, vienlaikus atgistot
siltumu no uzglabasanas. Sis process notiek automatiski, ja ir energijas parpalikums, un
degviela netick izmantota energijas regeneracijai, kas ir viens no galvenajiem faktoriem
efektivitates limena paaugstinasanai, ka arT tam, lai process darbotos bez CO, emisijam. Lai
gan pétljumi par $ada veida energijas uzkrasanas sistému notiek kop$ 2003. gada, ta vél nav
komerciali pieejama un tiek Tstenota tikai demonstrg$anas noliikos. Ipass izaicinajums ir
izmaksas, kas nozimé, ka pirmas iekartas biis 1pasi dargas, jo ir vajadzigas pasi inovativas
turbomas$inas un novatoriska augstas temperatiiras uzglabaSanas infrastruktiira. Otrs
izaicindgjums ir nepiecieSamiba pec augstas temperatiiras caurulvadu tehnologijam, jo
saspieSanas laika gaisa temperatiira var paaugstinaties virs 600 °C. Ir svarigi miné&t, ka
vispiemérotakas vietas $ada veida saspiesta gaisa tehnologiju izmantoSanai elektrostacijam ir
regioni, kur dabiski veidojas geologiskie sals veidojumi [10].

1.6. Diabatiska saspiesta gaisa energijas uzglabasana

Atrasanas vietas, kd min&ts adiabatiska saspiesta gaisa tehnologija, ir piemeérotas arl
diabatiskai saspiesta gaisa tehnologijai. Darba princips ir ar loti lidzigs adiabatiskas
kompresijas principam — ari diabatiskaja saspieSana tiek izmantota gaisa saspieSana un
uzglabasana krateros. Tie parasti ir ieprieckSming&tie sals krateri, izstradati gazes lauka dobumi,
tidens nesgjslani vai cieto iezu slani. Tomér gaiss, kas $aja gadijuma izdalas no adiabatiskas
sistémas, tiek uzkarséts, sadedzinot dabasgazi vai degvielu. Tapéc $ada veida energijas
uzglabasanas tehnologija nav tira, bet drizak hibrida sisteéma, kas ictver ar dabasgazi darbinamu
atverta cikla turbinu un elektroenergijas uzglabasanas sistému. Kop$ pagajusa gadsimta 80.
gadu sakuma pasaulg ir tikai divas $adas sistémas — ASV un Vacija. Lai gan $aja gadfjuma tiek
izmantota dabasgaze, p&c noteikta darbibas laika tehnologija parada 97 % razo$anas uzticamibu
un 99 % saspieSanu [11].

1.7. Hidroakumulacija

Elektroenergijas uzkrasana ir iesp&jama ar1 hidroelektrostaciju rezervuaros, nemot véra to,
ka elektroenergijas uzkrasanai tiek izmantots idens energijas potencials. Sada sistéma zema
pieprasijuma un augstas elektroenergijas pieejamibas periodos tidens tiek siiknéts un uzglabats
augsgjos rezervuaros. Atbrivojot energiju atbilstosi pieprasijumam, elektroenergija tiek iegiita
1saka reakcijas laika. Starpiba starp maksimalo slodzi un zema pika periodiem ir lidzsvarota,
nodrosinot tikla balanséSanu. Apsverot vairakus krit€rijus, idens uzkrasanas izmantoSana ir
visnobriedusaka elektroenergijas uzkrasanas sistéma, nemot véra uzstadito jaudu, kapacitati ka
papildu sp&ju elektrotikla nodrosinat frekvences un sprieguma kontroli. Svariga ir arT $adas
akumulacijas sistémas sp&ja pielagoties un parslégties uz dazadiem darba reZimiem, nodro$inot
1pasi efektivu siknéSanas jaudu pat pie zemam jaudam, kad ir ieslégti asinhronie motora
generatori. Tiek prognozéts, ka idens uzkrasanas izmanto$ana elektroenergijas uzglabasanai ka
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koncepcija biis galvenais virzosais faktors, lai palidz&tu valstim sasniegt savus mérkus SEG
emisiju samazinasana [12].

1.8. Suknéjama siltuma elektriska akumulacija

Lidzigi ka hidroakumulacija, art akumulaciju var nodrosinat, izmantojot termoakumulaciju.
Saja gadijuma ta vieta, lai siknétu tdeni kalna, siltums tiek siikndts no vienas kratuves, kur
temperatiira ir ap —160 °C, uz citu siltuma akumulaciju (+500 °C), izmantojot atgriezenisko
siltumsiikni/dzingju. Elektroenergija tiek razota, darbinot siltuma dzingju, savukart siltums tiek
uzkrats, izmantojot Skeldu. Lai gan $ada veida uzglabaSanas sist€éma ir izstrades stadija, ir
pieradits, ka sist€mai ir ilgs kalpoSanas laiks pat ar regularu apstasanos un iedarbinasanu.
Patlaban tiek stradats pie ta, lai nodroSinatu iesp&jamibu izveidot augstas efektivitates ierices,
kas piemérotas darbam argona un augsta temperattra. Turklat ir vajadzigi ekonomiski
pamatotaki risinajumi $adu sistému integréSanai, jo Ipasas situacijas $ada veida uzkrasana
vargtu bit risinajums, piemeram, kodolreaktoru ekspluatacijas partraukSanai. Sist€mu var
pielagot [13].

1.9. Udenraza energijas uzglabasana

Ieguvumu potencials tiek pieskirts idenraza energijas uzglabasanas tehnologiju sistémam,
apsverot iesp&jas izmantot tehnisko risinajumu ka neatkarigu energoapgades sisteému
energétiski izolétas teritorijas. Udenraza izmantoSanai ir vairaki lietojumi ne tikai energgtikas
nozar€. To var izmantot gan ka saskidrinatas gazes piejaukumu p&c metanizacijas procesa, gan
ka degvielas veidu transportlidzeklos, ka arT to var parverst par metanolu — resursu, ko var
izmantot ripnieciba. Sisteéma elektriba tiek uzkrata, elektrolizgjot tideni, lai razotu idenradi un
skabekli, un ta rezultata tiek atbrivots skabeklis un uzglabats tidenradis. Tomer, lai nodotu
elektroenergiju tiklam, denradis tiek atkartoti elektrificéts, apvienojot Gidenradi ar skabekli.
Svarigs aspekts ir tas, ka siltums un Gidens tiek atbrivoti ka blakusprodukts, kas ir izmantojams
resurss. Patlaban uzstaditajos projektos Eiropa tiek izmantoti sarma elektrolizeri, kuru jauda
svarstas no daziem kW Iidz vairakiem simtiem MW, ar Tsu reakcijas laiku, efektivi sekojot
slodzes izmainam, ko ietekmé v&ja parku jauda. Paredzams ari, ka fidenradis tiks parvietots
mobilitates noliikos un vairumtirdznieciba pa gazes tiklu [14]. Turklat jamin, ka tdenraza
energijas uzglabasanas tehnologijas joprojam tiek attistitas, pieméram, ka idenraza-biometana
un Gidenraza-metana uzglabasanas sisteémas, paaugstinot sintetiskas un biogazes kvalitati, tomer
promocijas darba tas detaliz&tak apspriests netiks.

1.10. Zala amonjaka uzglabasanas tehnologija

Vél viena liela méroga energijas uzglabasanas metode ir zala amonjaka uzglabasanas
tehnologija. Ta ir cie§i saistita ar iepriek§ aprakstito Gdenraza energijas uzglabaSanas
tehnologiju. Metodes biitiba ir biomasas parvériana amonjaka. ST koncepcija apvieno
atjaunojamas energijas razoSanu, biomasas kimiskas cilpas amonjaka razoSanu un tieSos
amonjaka kurinama elementus [15]. Viens no daudzsolosakajiem veidiem, ka iegiit zalo
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amonjaku, ir idenraza izmanto$ana no tidens un slapekla elektrolizes, kas tiek atdaliti no gaisa.
P&c tam, izmantojot “zalo” elektribu, Gidenradis un slapeklis rada reakciju augsta temperatiira
un spiediena, lai razotu amonjaku. Amonjaka razoSanas sasaiste ar “zalo” tidenradi var&tu radit
daudzas jaunas iesp&jas racionalakai energijas uzkrasanai. Taja pasa laika to var izmantot arika
izejvielu ripnieciskai razoSanai un risinajumu transporta nozaré. Amonjaka kurinama elementu
inovativa tehnologija jau tiek izmantota vairakos transporta kugos Eiropas tidenos. Lai gan
tehnologiskie risinajumi joprojam ir inovaciju izstrades procesa cie$d saistiba ar “zalo”
tdenradi, “zalais” amonjaks iezZim€ jaunu &ru ne tikai pasaules un Eiropas energétika, bet ari
tautsaimnieciba [16].

Kopuma, vertgjot dazadas uzkrasanas iespgjas, ir svarigi atzimet, ka piemérotibu konkrétam
regionam Tpasi ietekmé geografiska savietojamiba, neatkariga infrastruktaira, ka ari atbilstosa
klimata zona un citi faktori. ST pétfjuma mérkis ir atrast veiksmigako risindjumu, nemot véra
dazadu faktoru kopgjos rezultatus, balstoties tehnologiska risinajuma inovacijas.
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2. METODIKA

2.1. Daudzkriteriju analize TOPSIS metode

Saja pétijuma tika izmantota TOPSIS, daudzkritériju analize (MCDA), lai noteiktu labako
risinajumu starp elektroenergijas uzglabasanas tehnologijam.

Daudzkriteriju lémumu analize (MCDA) ir daudzpakapju process, kas sastav no metozu
kopuma, lai parredzama un konsekventa veida strukturétu un formaliz&tu lémumu pienemsanas
procesus [17]. MCDA metodologiju var uzskatit par nelinearu rekursivu procesu, kas ietver
cetrus solus:

= [@mumu problémas strukturéSana;

= preferencu formuléSana un modelésana;

= alternativu novert&jumu (preferencu) apkoposana;

= jeteikumu sniegsana.

Novertejot MCDA alternativas, ir svarigi defint krit€rijus, kas ietekmé problemu.
Popularakie MCDA krit@riji ir [18]:

= ckonomiskie kriteriji — kvalitate, elastiba, cena, izpildes laiks, attiecibas, izmaksas,

tehniskas iespéjas, logistikas izmaksas, reversa logistika, noraidi$anas Iimenis;

= vides kritériji — vides parvaldibas sist€ma, resursu patérin$, ekodizains, parstrade,

ietekmes uz vidi kontrole, notekiideni, energijas patérins, atkartota izmanto$ana, gaisa
emisijas, vides ricibas kodekss;

= socialie kritériji — ieinteres€to personu iesaistiSana, personala apmaciba, socialas

parvaldibas saistibas, veseliba un drosiba, attiecibas ar ieinteres€tajam personam,
socialais ricibas kodekss, ziedojumi ilgtsp&jigiem projektiem, ieintereséto personu
tiesibas, droSibas prakse, ikgad€jais nelaimes gadijumu skaits.

MCDA tiek izmantota, lai pienemtu l€mumus un analiz&tu mérku atbilstibu, izmantojot
dazadu informaciju un datus — kvalitativos un kvantitativos, fizisko un socialo zinatnu datus,
ka arT no politiku un &tiku, lai novertetu problému risindjumus. Problému risinaSanai var
izmantot dazadas MCDA metodes, un tas var sakartot péc vairakiem parametriem un to modela
veida [19].

TOPSIS ir pasitijumu izvéles metode, kas balstita lidzibas ar idealiem risinajumiem. Ta
izriet no nobidita ideala punkta jédziena, no kura kompromisa risinajumam ir visisakais
attalums. TOPSIS galvenas priekSrocibas ir bezgaliga skaita kriteriju un alternativu
identificéSana ar salidzinosi vienkarSu aprékina metodi. Turklat, lai izmantotu So metodi, nav
nepiecie$ama Tpasa programmatiira vai IpaSas programmésanas metodes.

TOPSIS rezultati sniedz alternativu salidzinajumu noderiga un viegli saprotama formata.
Novertésanai jaizvélas alternativas, kas tiek vert€tas péc Cetriem krit€rijiem — tehnologiska,
ekonomiska, vides un sociala. Pirmais solis, izmantojot TOPSIS metodi, ir [Emumu matricas
normalizacija, kam seko normaliz&tas l€mumu matricas labaka un sliktaka risinajuma
aprékinasana. Labakais risinajums atbilst katra kriterija vélama Itmena teoretiskajam variantam,
savukart sliktakais risinajums atbilst katra kriterija vismazak v€lama limena teordtiskajam
variantam. Visbeidzot tiek aprékinats katras alternativas attalums, kas talak lauj iegit

19



ranzg€$anas alternativu tuvuma koeficientu. Alternativas ierindojas no labakas lidz sliktakajai
[18]. Saja pétfjuma izmantotas TOPSIS metodes vienadojumi ir aprakstiti turpmak.

Normaliz&tu matricu var iegiit, reizinot normaliz€to vertibu un svaru, ko veic, izmantojot
1. vienadojumu.

Vai=Wi * Tias (1)

kur

Vg — sverta vertiba;

w; —svars, wit + wip +...+ wim=1, w; = 1... m;

T — normaliz&ta kritérija vertiba.

Attalumu katrai idealai un neidealai alternativai var aprékinat, summejot svérto kritériju
vertibu kvadratus. Aprékinu var veikt, izmantojot 2. un 3. vienadojumu.

dg = / j=1 (v = va)?, 2

d} — attalums katrai darbibai 11dz idealajam risinajumam;

kur

v} — idedls risindjums;
V,; — sverta vertiba.

dg = / 7=1(vi = vai)?, 3

d, — attalums katrai darbibai Iidz neidealam risinajumam;

kur

v; — risindjums, kas nav ideals;
Vgi — Sverta vertiba.

Tuvuma koeficients (Ca) parada attalumu lidz risinajumam, kas nav ideals. To nosaka,
izmantojot 4. vienadojumu.

&
Ca=—F"—,
d} +dg

“
kur
d} + dg — attaluma summa Iidz risindgjumam, kas nav ideals;

dg — attalums lidz risinajumam, kas nav ideals [20].

Lai iegiitu precizakus rezultatus, energijas uzglabasanas tehnologijas tika salidzinatas divas
grupas. Novertgjot tehnologiju mérogojamibu un tehniskos parametrus, tika noteikts, ka viena
grupa tiks salidzinatas svina-skabes, litija jonu, pliismas un natrija-séra baterijas, savukart otra
grupa — literatlira apskatitas uzglabasanas sistémas, adiabatiskas saspiesta gaisa energijas
uzglabasanas sistémas, diabatiskas saspiesta gaisa energijas uzglabaSanas sist€mas,
hidroelektrostaciju  akumulacija, stknéSanas siltuma elektroenergijas akumulacijas
tehnologijas, Tdenraza energijas uzglabasana zala amonjaka uzglabasanas tehnologijas.
Akumulatoriem tika noteikti devini salidzinasanas kriteriji, savukart uzglabasanas sisttmam —
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astoni kritériji, neizvertgjot jaudas blivumu. Kritériju noteik$ana tika nemti véra tehnologiskie,
ekonomiskie, vides un socialie aspekti. Izveidotas matricas, definétie kriteriji un pieskirtas
vertibas redzamas 2.1. un 2.2. tabula.

2.1. tabula

Parskats par izvéletajiem kriterijiem akumulatoriem

Apziméjums  Kritérijs

C1 Investicijas, EUR/kWh 150 450 250 375
C2 Jaudas blivums, W/kg 75 260 130 150
C3 Cikli, skaits 1750 5000 4500 4500
C4 Darbibas ilgums, gadi 10 17,5 30 17,5
C5 Reakcijas laiks, s 0,003 0,003 0,003 0,003
C6 Efektivitate, % 80 94 72,5 75
C7 Klimata ietekmes faktors, 0,2 0,175 0,183 0,67
kgCO,eq/kWh
C8 Tehnologiska gataviba (1-5) 3 4 2 3
Cc9 Socialais faktors (1-5) 2 3 1 2
(31, [21] (6], [22] [23], [24] [9], [25]

Lielaka dala skaitlisko v@rtlbu matrica tika iegiitas p&c literatiiras analizes, pienemot, ka
vidgjas vertibas ir dotaja diapazona. Savukart tehnologiskas gatavibas un socidlo faktoru
kritériji tika noteikti, pamatojoties uz literattiras analiz€ atrodamo informaciju, ka ari tika veikta
nozares ekspertu aptauja. Saja gadijuma kritériji tika noteikti piecu punktu skala, pieskirot
vertibas no zemakas (1) lidz augstakajai (5). Attiecigi energijas uzglabasanas tehnologiju
socialais faktors tika novertéts, pamatojoties uz to ietekmi uz ilgtsp&jigu attistibu, nemot veéra
veicino$os un kavgjoSos faktorus, ka ari lidzdalibas dimensiju un labas prakses piemérus
energijas uzkra$anas integréSanai praksé. Jo pozitivak tehnologija tika novertéta, nemot véra
tas ietekmi uz ilgtsp€jigu attistibu un komercializacijas potencialu, jo augstaka ir pieskirta
vertiba. Tehnologiska gataviba tika novertéta, pamatojoties uz akumulatora tehnisko briedumu
vai ta tuvumu plasakai komercializacijai. Attiecigi — jo vairak attistita tehnologija un plasaka
tas piecjamiba tirgli, jo augstaks vertgjums tika pieskirts. Akumulatoru investicijas tika
salidzinatas ka patngjas akumulatoru investiciju izmaksas uz kWh. Jaudas blivuma kriterijs
nosaka akumulatora sp&ju atbrivot energiju noteikta bridi. Akumulacijas risinajumi ar lielaku
jaudas blivumu var darbinat lielakas elektriskas slodzes ierices. Ciklu skaits ir saistits ar
kalposanas laiku un efektivitati, jo Sis parametrs apraksta uzlades/izlades ciklu skaitu, ko
akumulators var nodrosinat pirms veiktsp&jas pasliktinasanas [26]. Reakcijas laika parametrs
raksturo laiku, kas nepiecieSams, lai sistéma nodro§inatu energiju ar pilnu nominalo jaudu. Lai
gan §is parametrs novérotajam baterijam ir vienads, tas ir svarigaks, lai salidzinatu energijas
uzkrasanas sistemas [27]. Lidzigi ka kritérijs, tika ierosinats ari klimata ietekmes faktors, kas
$aja gadijuma raksturo radito emisiju intensitati, ja tick uzglabata atjaunojama energija.
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2.2. tabula

Parskats par izvéletajiem kritérijiem uzkrasanas sistémam

C1 Investicijas, 1600 800 3400 350 750 2900
EUR/kWh

C2 Cikli, skaits 10° 10° 10° 15000 10° 10°

C3 Darbibas ilgums, 30 30 80 25 17,5 30
gadi

C4 Reakcijas laiks, s 180 180 0,003 2 60 1

C5 Efektivitate, % 70 55 77,5 72,5 30 52,5

C6 Klimata ietekmes 0,15 0,185 0,165 0,175 0,1137 0,003
faktors,
kgCOse/kWh

C7 Tehnologiska 2 3 4,5 1 2 1
gataviba (1-5)

C8 Socialais faktors 2 2 3 2 5 5
(1-5)

[10], [28], [11],[30]  [28],  [13], [28] [14], [32] [16], [33],
[29] [31] [34]

Energijas uzkrasanas sistémas matrica balstijas arT uz kritérijos, pien€mumos un avotos, kas
aprakstiti akumulatora matrica. Tomer jaudas blivuma krit€rijs Seit netika novertéts. Nemot vera
sisttmu dazadas sastavdalas, $So parametru nav iesp&jams salidzinat atseviski. Savukart
ekonomiskais aspekts $aja matrica tika noteikts ka kapitalizdevumi uz kW, nemot véra, ka tos
galvenokart uztver ka ilgtermina izdevumus. Izmantojot TOPSIS metodi, visiem kriterijiem tika
pieskirti vienadi svari 0,111, novértgjot akumulatora kriterijus, un 0,125, analiz&jot
uzglabasanas sistémas kritérijus. Sis ir subjektivs autora piengmums, lai izvairitos no kladam
sver$anas procesa, jo $aja gadijuma, analizgjot uzglabasanas tehnologijas, nav iespgjams atskirt
kritériju nozimi.

P&c TOPSIS analizes tika veikta jutiguma analize, lai novertetu ieglito rezultatu izmainas
atkariba no krit€rijiem vai svara izmainu noteikSanas, nemot véra ietekmégjosos faktorus.

Jutiguma analize ir pé&tniecibas metode, kas nosaka, ka dazadi matematisko modelu
nenoteiktibas avoti veicina modela vispargjo nenoteiktibu. So metodi izmanto noteiktas
robezas, kas ir atkarigas no viena vai vairakiem ievades mainigajiem lielumiem. Jutiguma
analize biezi tiek izmantota biznesa pasaulé un ekonomika. To parasti izmanto finansu analitiki
un ekonomisti [35].

Lai noteiktu alternativo pieSkirumu ietekmi uz TOPSIS metodes rezultatiem, tiek noteikta
vienadu alternativu nozime. Sakotn€ji atsvari tiek iestatiti uz w = 1/n (kur n ir ietekmé&joSo
parametru skaits). Svaru, kas ir paklauts izmainam, nosaka, reizinot svara izmainas ar
vienveidigu variaciju koeficientu, kas summéjas lidz 1. Citu svaru sadalfjums tiek mainits,
saskana ar 1. vienadojumu.

Wit = Br " Wk=123..n> (5)
kur
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Wy — svars, kas var mainities;
B — vienveidigu variaciju koeficients, kas summgjas 1idz 1;
W), — svara izmainas.

Citu svaru sadalfjums tiek mainits, pamatojoties uz svara izmainam saskana ar 6. formulu.

_ _ (A-wga1)
Wika1 = Wika1 = —— (6)

kur

Wiax — SVars, kas var mainities;

n — ietekmigo parametru skaits [36].

Alternativu sakotngjie svari tiek aizstati ar jaunieglitajiem svariem TOPSIS matrica, un
pieeja tiek atkartota ar visu noteikto kritériju rezultatiem. Saja darba katram kritérijam tika
veikta jutiguma analize, mainot svara vertibas no 0,1 Iidz 0,9.

2.2. Sistemdinamikas modeléSana

P&dgjos gados Latvija ir verojamas strukturalas izmainas kop€ja energoresursu paterina,
t. 1., samazinoties dabasgazes pat€rina Ipatsvaram, ir palielinajies AER Tpatsvars kopgja
energoresursu patérina [37]. 2020. gada dabasgazes Ipatsvars kopg€ja energijas razo$ana bija
20,6 %, AER — 37,5 %. Pieaugot AER ipatsvaram, Latvija tuvojas AER veicinasanas mérka
sasnieg$anai, proti, nodrosinat, ka lidz 2030. gadam 50 % no bruto galapatgrina tiek razoti no
AER [18]. Latvija ir tresais augstakais AER Tpatsvars energijas galapatérina Eiropas Savieniba;
2020. gada tas bija 42,13 %, savukart ES vidgjais raditajs bija 22,09 % [38].

Pedgjos gados pieaugusi ar1 saules panelu uzstadiSana Latvijas majsaimniecibas. Saskana
ar jaunakajiem sistému operatora SIA “Sadales tikls”, kas ir vadoSais elektrotiklu uzturétajs un
attistitajs Latvija, datiem 2022. gada pirmaja ceturksni (no janvara lidz martam) sadales tiklam
tika pieslégtas 495 saules fotoelementu panelu sistémas ar kop&jo jaudu 678 kilovati (kW), no
kuram 488 bija saules paneli elektroenergijas razoSanai paspatérinam ar jaudu lidz 11,1 kW un
septinas bija saules elektrostacijas. Tas ir aptuveni sesas reizes vairak neka 2021. gada pirmaja
ceturksni, kad sistémai kopuma tika pieslégti 90 mikrogeneratori un saules elektrostacijas ar
kopgjo jaudu 265 kW [39]. So izteikto progresu var izskaidrot ar nepieredzéti lielu
elektroenergijas cenas picaugumu birza, ka ari dazadu valsts atbalsta pasakumu ietekmi saules
panelu uzstadisanai, ka ar1 Krievijas karu Ukraina, uzsverot nepiecieSamibu stiprinat valsts
energgtisko neatkaribu un pareju no fosilajiem uz atjaunojamiem energoresursiem.

Latvija piedalas Eiropas vadosaja elektroenergijas tirgli NordPool, kas piedava tirdzniecibu
un ar to saistitos pakalpojumus gan nakamas dienas, gan konkrétas dienas tirgos 16 Eiropas
valstis. NordPool ietver komercialu elektroenergijas birzas funkciju un tirgus starpsavienojuma
operatora funkciju. Sistémas elektroenergijas cena tiek aprékinata, balstoties pardoSanas un
iepirkuma apjomos, nemot veéra pieejamo parvades jaudu Ziemelvalstu tirgl. Sistémas cena ir
Ziemelvalstu atsauces cena elektroenergijas tirdzniecibai, kas atskiras dazadas NordPool tirgus
zonas [40].

Turklat Latvija darbojas elektroenergijas neto uzskaites sist€ma, kas regulé kartibu, kada
tiek veikti norékini par no sisteémas sanemto elektroenergiju un kura sadales sistémas operators
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uzskaita elektroenergiju, ko majsaimniecibas lietotdjs nodod sistémai un sanem no tas.
Elektroenergijas neto uzskaites sistémas norékinu periods ir viens kalendara menesis. Ja
sistéma tiek nodots vairak elektroenergijas, neka sanemts, atbilstoSais elektroenergijas
daudzums tiek ieskaitits nakamaja elektroenergijas norékinu perioda [41].

Tomér situacija ar uzglabasanas sistému ievieSanu Latvijas majsaimniecibas nav tik spilgta.
Faktiski 1idz $im uzglabaSanas tehnologiju integracija majsaimniecibas Latvija ir tuvu nullei.
Trukst apkopotu datu par istenotajiem energijas uzkrasanas projektiem. Lidz ar to ir arl
jaanalizé elektroenergijas uzkraSanas ievieSanas Latvijas majsaimniecibas rentabilitate, lai
veicinatu tiru un taisnigu energijas restrukturizaciju un zemakas oglekla emisijas [42].

IlgtspEjigas energetikas sektora attistibai ir nepiecieSama visaptveroSa izpratne par
elektroenergijas uzglabasanas potencialu, kas ir butiska sastavdala, lai izveidotu noturigu un
videi draudzigu energétikas infrastruktfiru. Darba tika izmantoti sistémdinamikas modeli, lai
analiz&tu elektroenergijas akumulacijas sistému dinamisko uzvedibu.

Sistémdinamika nodroSina holistisku sistému sarezgitu savstarp&jo savienojumu izp&ti
sarezgitas sistémas, laujot nianséti parbaudit atgriezeniskas saites cilpas, laika aizkavi un
nelinearas attiecibas. Atgriezeniskas saites cilpu nelinearo attiecibu analiz€Sana ir bitiska
kopgjas izpétes sastavdala un, p&c autora domam, to vislabak iesp&jams izdarit ar
sisttmdinamikas modeleSanu.

Darba turpinajuma atspoguloti divi izstradatie atseviski SD. Viens izmantots par bazes
modeli, lai prognozétu elektroenergijas akumulacijas risindjumu izplatibu majsaimniecibas,
pétot faktorus, kas ietekmé lemumu pienemsanu. Otrs — ka gadijuma analize, kur tika pétits
ekonomiskais pamatojums akumulacijas izmantoSanai majsaimniecibas, izgaismojot
finansialos apsvérumus un ietekmi, integréjot energijas akumulacijas risinajumus
majsaimniecibas.

Sis metodologijas nodalas mérkis ir sniegt batisku ieguldfjumu notiekosaja diskursa par
ilgtsp&jigas energétikas vides veido$anu, izmantojot teorétisko pamatu un praktisko lietojumu
sintezi.

Sistemdinamikas modelis elektroenergijas uzkrasanas prognozesanai majsaimniecibas

Lai prognozétu elektroenergijas uzkraSanas praksi Latvija tuvakajas desmitgades, tika
izmantota SD modeléSanas metode. Modelésana tika veikta, izmantojot Stella Architect
programmaturu.

SD ir metode sarezgitu sistému dinamiskas attistibas izpétei, ar kuras palidzibu var atrisinat
sarezgitas problémas. SD teorija balstas attiecibu izp&té starp sist€émas uzvedibu un pamata
esoSo sistémas struktiiru. Tas nozimg, ka, analiz€jot sist€mas struktiiru, veidojas dzilaka
izpratne par sistemas uzvedibas c€loniem, kas lauj labak risinat noverotas sisteémas
problematisko uzvedibu [43].

SD pagajusa gadsimta 50. gadu vida izveidoja Masaéiisetsas Tehnologiju institlita profesors
Dzejs Raits Foresters. SD sakotnéji tika izstradats, lai palidzétu uznémumu vaditajiem uzlabot
izpratni par razoSanas procesiem, tacu tagad tas lietojums ir daudz plasaks, ieskaitot politikas
analizi un attisttbu gan valsts, gan privataja sektora [44].
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Sistémdinamikas modeléSana energosisteému p&tijjumos tiek izmantota jau gadu desmitiem.
Sisttemdinamikas pamatprieksrociba, salidzinot ar citam modeleSanas metodem, ir tas spgja
uztvert dinamisko sistému sarezgiti [43]. Fundamentalaka atSkiriba starp sistémdinamiku un
citam modelé$anas metodologijam ir tas endogéna pieeja, kas nozime, ka par dinamisko
uzvedibu ir atbildigi modela struktira un elementi, kas defingti sisteéma, nevis eksogeni
ievaddati. Sistemdinamikas modelos var pemt veéra Cetrus galvenos faktorus, ko citas
model&Sanas metodes biezi ignore:

= materialu un informacijas aizkavésanas;

= nelinearas attiecibas;

= celonsakariba, nevis korelacija;

= atsauksmes sist€ma.

Plasaku informaciju par to, ka sistémdinamika tiek izmantota energijas modelé$ana, ka ar1
prieksrocibas, salidzinot ar alternativam modelé$anas metodém, var atrast $ados darbos —[45],
[46].

Modela kontekstualizacija

Ka defingjis Stermans [47], veiksmigai model&Sanai nav vienas labakas pieejas. Tomer vina
piecu solu vadlinijas, tostarp — (1) problémas formulésana, (2) dinamiskas hipotézes veidosana,
(3) modela formulésana simulacija, (4) modela test€sana un (5) politikas veidoSana un testeéSana
[47], tiek plasi izmantotas SD modela veidosana [40] [48], ka arT tiek ieverotas miisdienu
petjjumos.

Analizeta probléema, kas identificéta ievada, ir nepiecieSamiba palielinat atjaunojamas
elektroenergijas Ipatsvaru, jo 1pasi no oglekla neitraliem avotiem ka PV (Saules fotoelmentu
paneli). PV tehnologijas ir piemérotas decentraliz€tai lietoSanai, tapéc ieguvéjas ir
majsaimniecibas. Lai gan nesenais PV iekartu skaita pieaugums ir verojams iekartu cenu
pazeminasanas un subsidiju politikas dél, kombin&to PV un ESS (elektroenergijas akumulacija
risinajumi) sist€ému uzstadiSana joprojam nav plasi izplatita. [zveletais modelesanas laika posms
ir lidz 2050. gadam, kas atbilst ES klimatneitralitates redz&jumam.

P&tfjuma dinamiska hipotéze redzama 2.1. att€la c€lonsakaribas cilpas diagrammas veida.
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2.1. att. PV un akumulatora uzglabasanas difiizijas c€lonsakaribas cilpas.

Celonsakaribas cilpas diagramma ilustré PV un akumulatoru difuzijas procesu
majsaimniecibas sektora. Centralais elements ir inform&tas majsaimniecibas, kas apsverusi PV’
vai akumulatoru uzstadiSanas iesp&ju, bet vel nav pienémusi galigo lémumu. Tas ir specifisku
tehnologiju izplatibas ierosinatajs. Majsaimniecibas, kas nav informétas, nevar pienemt
lemumu, un tikai informetas majsaimniecibas var to darit. Celonsakaribas cilpas diagramma ir
redzami vairaki attistibas celi, ieskaitot iesp&ju uzstadit tikai PV panelus vai kombin&tu PV un
akumulatoru uzglabasanas sisttmu. Lémums tiek pienemts, salidzinot ekonomiskos
ieguvumus, tostarp ieguvumus, ko sniedz katras sist€mas izvéle. Akumulatora uzstadisanas
lemumu var pienemt gan informétas majsaimniecibas, gan tas, kuras jau ir uzstaditi PV paneli.
Tehnologijas kalpoSanas laika ierobezojumu d&] ekspluatacijas partraukanas izmaksas tiek
ieklautas difuzijas procesa modelé$ana. Katrai tehnologijai ir savs kalpoSanas laiks. P&c
ekspluatacijas partrauk$anas majsaimniecibas var izv€leties nakamo risinajumu.

SD modela struktiira tika izveidota, balstoties pamatprincipos, kas redzami c€lonsakaribas
cilpas diagramma (2.1. att.).

Modela struktiira

Dinamiskas hipotézes rezultata Latvijas gadijuma izpétei tika izveidots SD modelis, kas
paredz akumulatoru uzglabasanas ievieSanu privatajas majsaimniecibas. Visi ievadparametri,
pieméram, saules starojums, elektroenergijas cena, majsaimniecibu skaits u. c. izmantotie
parametri, bija specifiski tiesi Latvijai.
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2.2. att. PV un akumulatora uzglabasanas diftizijas apakSmodelis.

Modela parametru skaitliskas vertibas ir balstitas pienémumos, kas iegliti, analizgjot
statistikas datubazes, elektroenergijas tirgus datus, ka arT citus avotus. Modela struktiras
centrala dala redzama 2.2. attéla. ST struktiiras dala atspogulo galveno PV un akumulatoru
sisteémas uzstadiSanas dinamiku. Svarigs parametrs $§T modela attistiba ir kopg&jais privato
majsaimniecibu (viengimenes &ku) skaits Latvija. Saja pétijuma saules PV un akumulatoru
uzglabasanas sistémas uzstadiSana tiek izvertéta un prognoz&ta viengimenes ekam ar PV un
akumulatoru sisttmam. Balstoties statistikas datubaze, Latvija ir ap 200 000 privatmaju
majsaimniecibu. Dalai no §im majsaimniecibam ir informacija par iesp&ju savas
majsaimniecibas ieviest mikrogeneracijas un uzkraSanas iekartas, dala majsaimniecibu §is
lietotnes jau ir ieviesuSas, tom@r joprojam ir liels skaits majsaimniecibu, kuram trukst
informacijas par mikrogeneraciju un uzkrasanu vai triikst informacijas par priekSrocibam, kas
nozimé, ka pirms var notikt mikrogeneracijas vai uzkra$anas ievieSana, ir nepiecieSams
informét §1s majsaimniecibas. Sim noliikam var organizét ipasas informacijas kampanas, tomér
neatkarigi no citam notiek arT mutiska informacijas apmaina. Inventarizacija “Neinformé&tas
majsaimniecibas” aprakstitas tas majsaimniecibas, kas v€l ir jainformeé par alternativam
elektroenergijas paSrazoSanai un uzkrasanai. Kad majsaimnieciba sanem pietiekamu
informaciju, ta pariet no “neinformétas majsaimniecibas” uz “informetas majsaimniecibas”
krajumu un ir gatava pienemt lémumu par mikrogeneraciju un uzglabasanas istenodanu. Sos
krajumus ietekme informacijas atrums, kas ir atkarigs no informéjosas frakcijas, un modeli tiek
pienemts, ka tas ir 0,1. Saja pétijuma informesanas frakcija ir viens parametrs, kas ietver gan
informacijas kampanas, gan mutisku informésanu. Saja posma tas nav modeléts detalizatak,
tomer plans ir paplasinat So sadalu turpmakajos petijumos. 7. vienadojums apraksta pliismu.

IR = HHy, - IF,, @)
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kur

IR — neinform&tu majsaimniecibu informesanas raditajs, vienibas/gada;

HHun — neinformétas majsaimniecibas, vienibu skaits;

IFr — informacijas frakcija, kas apraksta atrumu, ar kadu neinformetas majsaimniecibas tick
informétas par PV un akumulatoru tehnologijam.

Attiecigi majsaimniecibas, kas iegiist informaciju un sak izvertét PV vai akumulatoru
uzstadiSanu, pienem lémumu uzstadit vienu no iesp&jam (PV, akumulatorus vai abas) vai
saglabat pasreiz€jo tikla pieslégumu bez papildu tehnologijam. Izejo$as plusmas raksturo
informéto majsaimniecibu kop&jo skaitu un attiecigi pienemto leémumu. Plisma “PV
uzstadi$anas atrums” modelt tiek iegiita, reizinot informeto majsaimniecibu skaitu ar investiciju
lémums jeb 1émumu skaitu par labu uzstadisanai konkréta risinajuma. Izejosa plisma “PV un
akumulatora uzstadi§anas atrums” tiek noteikta arf saskana ar to paSu principu.

InR; = HHpp - Dj, ®)
kur

InR; — konkréta risinajuma uzstadiSanas atrums, vienibas/gada;

HHinr — inform@tas majsaimniecibas, vienibu skaits;

Di — investiciju lémums konkreta risinajuma.

Modelis ietver arT plismu “Akumulatora uzstadiSanas atrums”, kas apraksta
majsaimniecibu skaitu, kas nolemj uzstadit akumulatoru, kad PV jau ir uzstaditi ieprieks, vai
atkartoti uzstadit akumulatoru, jo akumulatora darbibas laiks ir saks neka PV sisteémas ilgums.

Krajuma “Majsaimniecibas ar P} aprakstitas tas majsaimniecibas, kas ir uzstadijusas tikai
PV panelus. No otras puses, krajums “Majsaimniecibas ar PV un baterijam” apraksta tas
majsaimniecibas, kas ir ne tikai uzstadijusas PV, bet ari pievienojusas akumulatoru. Sadu
majsaimniecibu skaits publiski pieejamos datos patlaban nav uzskaitits un analiz&ts. Tika
pienemts, ka $is skaitlis ir minimals, ka sakotngjo vertibu nosakot piecas majsaimniecibas. Abus
$os krajumus ietekmé arT aizplude, kas raksturo tehnologijas amortizacijas laiku, ko ictekmé
tehnologijas vidgjais kalpoSanas laiks. Tas nozimg&, ka péc tehnologijas tehniska kalpoSanas
laika beigam majsaimnieciba atgriezas ieprieksgja krajuma. Bateriju tehniskais kalposanas laiks
ir 1saks neka PV darbmiizs, tapéc majsaimniecibas ar PV un akumulatoriem pariet uz krajumu
“Majsaimniecibas ar PV’ pec bateriju tehniska darbmiiza beigam, jo tam joprojam ir stradajosi
PV. Péc tam tas atkal var pienemt [émumu par bateriju uzstadisanu. “Majsaimniecibas ar PV
péc PV tehniska darbmiiza beigam atgriezas krajuma “Informétas majsaimniecibas” un atkal
var piepemt l€mumu par PV vai PV un bateriju uzstadiSanu. Plismu “PJV ekspluatacijas
partraukSanas atrums” nosaka, dalot majsaimniecibu skaitu, kuram ir specifiski tehnologiskie
risinajumi ar konkr&tas tehnologijas (PV vai akumulatora) tehnisko kalpoSanas laiku (gados).
Plusma “Bateriju ekspluatacijas partrauksanas atrums” arT tiek noteikta p&c identiska principa.

DCi = HH; / LT;, )
kur

DCi — konkrétas tehnologijas (PV vai baterijas) iznemsana no ekspluatacijas, vienibas/gada;

HH; — majsaimniecibu skaits ar specifisku tehnologisko risinajumu, vienibas;
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LT; — konkrétas tehnologijas (PV vai akumulatora) tehniskais kalposanas laiks, gadi.

Vidéjais bateriju

tehniskais Atmaksasanas laiks
kalposanas laiks PV sistemai
,,—.\L___,_,—»Q Vidéjais PV tehniskais
sl kalpoganas laiks
ol PV un bateriju
Atmaksasanas laiks uzstadisanas
PV un bateriju rentabilitate
sistémai

Investiciju atmaksasanas
laiks neizmantojot
nevienu no risinajumiem

PV uzstadisanas
rentabilitate

Alfa
koeficients

EXP EXP EXP
tikla elektroenergija PV un baterijas PV

O

Lémums neizmantot O Lémums par labu
nevienu no s PV uzstadianai
risinajumiem Lémums par labu

PV un bateriju
uzstadisanai

2.3. att. Lémumu pienemsanas apak$modelis.

Lémums par PV vai akumulatora sisteémas uzstadiSanu modeli tiek pienemts, pamatojoties
uz katras sisteémas atpelniSanos. 2.3. attéla redzama modela struktiira, kas atbild par [Emumu
pienemsanu. Lai sisteéma biitu pievilciga, atmaksasanas laikam jablit mazakam par konkrétas
tehnologijas kalpoSanas laiku. Pret§ja gadfjuma izveli par labu konkrétas tehnologijas
uzstadiSanai izdarTs tikai tie, kuriem finansialais aspekts nav izskiro$s. Parasti ta ir loti nieciga
dala. Par€jas sabiedribas interese palielinas, ja atmaksasanas laiks ir 1saks par iekartas
kalposanas laiku. Jo atraks atmaksasanas laiks, jo liclaka interese izvéleties konkr&to
tehnologiju. Lémums par tehnologijas izveli tiek aprékinats, izmantojot “logistic” funkciju,
kura tiek salidzinata visu risindjumu atpelniSanas, ieklaujot art situaciju, kad netiek uzstadits
nekas. Vislielakais to lémumu pien@meju ipatsvars, kuri izveélas risindjumu ar atrako
atmaksasanas laiku, un zemakais l€mumu pienémégju ipatsvars izvélas iespju ar ilgako
atmaksasanas laiku.

Di = exp(—a - Ri) / (exp(—a - R1) + exp(—a - R2) + exp(—a - R3)), (10)
kur

Ri — konkré&tas tehnologijas atmaksasanas laiks (gadi);

a — elastibas koeficients, kas raksturo lemumu pienéméeju lémumu pienemsanas raksturu.

Leémumus par PV un akumulatoru sistému uzstadiSanu liela méra ietekmé nepieciesamo

ieguldijumu apjoms un tehnologiju uzstadiSanas atmaksasanas laiks. Investiciju izmaksas ir
atkarigas no tehnologijas uzstaditas jaudas. Ari atmaksasanas laiku ietekmé pieskirtas
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subsidijas un atbalsta intensitate. No otras puses, atmaksaSanas laiku ietekmé nepiecieSamie
ieguldijumi tehnologijas uzstadianai, ka ari elektroenergijas izmaksu ietaupfjums. So

Invertora Tpatngjas. Invert i
investiciju izmaksas nvertora Investiciju
Q'\l:r\ samazinasanas frakcija

ietekm@joso parametru apak§modelis redzams 2.4. attéla.

sia A
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izmaksas PV jauda \ investiciju N
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N / investiciju izmaksas
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majsaimniecibas

Bateriju investiciju
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Bateriju investiciju investiciju izmaksas
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lietotajiem

2.4. att. Atmaksasanas laika aprékinasanas apakSmodelis.

Atmaksasanas laiku, ja saules paneli tiek uzstaditi majsaimniecibai, nosaka PV panelu
investiciju izmaksas un elektroenergijas izmaksu ietaupfjums, ko attiecigi nosaka, salidzinot
gada elektroenergijas izmaksas ar tikla pieslégumu un elektroenergijas izmaksas ar
uzstaditajiem saules paneliem. Elektroenergijas izmaksas tikla elektroenergijas lietotajiem,
tikla elektroenergijas izmaksas PV sisteémai un tikla elektroenergijas izmaksas PV un
akumulatoru sistémai tika aprékinatas, izmantojot ieprieks izstradatu modeli [49]. Saja pétijuma
tika pienemts, ka elektroenergijas cena ir nemainiga visa simulacijas perioda, tapéc tika
pienemts, ka ari tikla elektroenergijas izmaksas visam trim sist€émam ir nemainigas visas
simulacijas laika. Skaidrojums, kap&c $im pétljumam tika izvéléta nemainiga elektroenergijas
cena, ir sniegts 2.2.1.3. sadala. Sistémas ar akumulaciju atmaksasanas laiku ietekme ari
elektroenergijas izmaksu un investiciju izmaksu ietaupijums, un to nosaka péc ta pasa principa.
PV atmaksasanas laiku nosaka saskana ar 11. vienadojumu.

PT; = 1S;/Si, 11
kur

PT; — atmaksasanas laiks konkrétai sistémai (PV vai PV un akumulators), gadi;

IS; — ieguldijumu izmaksas konkrétai sisteémai (ietver subsidijas, ja tadas ir pieskirtas), EUR;

Si — ietaupijums, kas panakts, izmantojot specifisku tehnologiju, EUR/gada.

Savukart investiciju izmaksas ar subsidijam ir atkarigas no tehnologijas uzstadisanas
investiciju izmaksam, atbalsta intensitates, ka arT energoefektivitates paaugstinasanai pieejama
atbalsta apjoma. So parametru PV sistémas situacija aprékina saskana ar 12. vienadojumu. Ja
atbalsts energoefektivitates paaugstinasanai ir pieejams, tad ieguldijumu izmaksas ir atkarigas
no atbalsta intensitates, pret&ja gadijuma tiek nemtas véra tehnologijas ieguldijumu izmaksas.
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ArT akumulatoru sist€mas ieguldijumu izmaksas tick noteiktas saskana ar to pasu principu, tikai
$aja gadfjuma papildus tiek ieklautas PV sisteémas izmaksas, jo, uzstadot akumulatoru
atjaunojamas energijas uzglabasanai, tas rezon€ ari ar PV panelu sistému.
Isi = IF(AF > 0; I; - (1-S)); 1)), (12)

kur

AF — pieejamais finans€jums PV un akumulatoru uzstadisanai, EUR;

I; — kopgjas ieguldijumu izmaksas konkrétai sist€émai bez subsidijam, EUR;

ST; — atbalsta intensitate konkr&tai tehnologijai (PV vai akumulatoram).

PV ieguldijumu izmaksas ir atkarigas no PV sist€mas uzstaditas jaudas, ka arTno invertora
ieguldijumu izmaksam, jo tas rada papildu izmaksas nomainiSanas gadijuma, salidzinot
kalposanas laiku. ArT parametru ietekmé specifiskas investiciju izmaksas, ko ietekmé izmaksu
samazinajuma temps (atkarigs no samazinajuma dalas; modell tiek pienemts, ka tas ir
samazinajums par 0,02 vienibam gada), jo paredzams, ka $o tehnologiju izmaksas laika gaita
samazinasies.

IPV = CPV - Splpy + Iy, (13)
kur

IPV — PV investiciju izmaksas, EUR;

CPV — uzstadita PV jauda majsaimniecibai, kW,

Splpv — PV specifiskas investiciju izmaksas, EUR/kW;

Iy — invertora investiciju izmaksas, EUR.

ArT atmaksasSanas laika parametrs ietaupijumu noteikSanai, salidzinot tikai PV sistémas un
PV akumulatora sisteémas prieksrocibas, tiek izveidots saskana ar to pasu strukttiru un aprékinu
vienadojumiem.

Ieprieks mingtais krajums “Pieejamais finans€jums PV un akumulatoru uzstadisanai” nak
no apak§modela ar saistitam plismam un parametriem, kas redzami 2.5. attgla.
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2.5. att. Atbalsta politikas shemas apak§modelis
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Krajuma pieejamo atbalsta apjomu ietekmé arT ienakos$as finans€juma pliismas pieSkirums,
kas raksturo planoto papildu finansejumu. Péc Ekonomikas ministrijas datiem, atbalsts tiek
planots 20 miljonu EUR apméra, tomer atsevisks finans€jums pieejams arT no Klimata un
energetikas ministrijas un Vides aizsardzibas un regionalas attistibas ministrijas [50]. Savukart
krajuma eso$o summu samazina izejo$a plisma “Fondu izlietojuma koeficients”, kas raksturo
Istenoto energoefektivitates projektu ietvaros pieskirto atbalstu. Nemot veéra to, ka
sisteémdinamikas modelis apraksta prognozgjoso situaciju un modelis neietver visus iesp&jamos
izndmuma gadijumus, ka arT parametri ir balstiti pienémumos, izejoSo plismu un tas
ietekm@josSos parametrus nosaka saskana ar §$adiem vienadojumiem: izejoSo pliismu nosaka péc
14. formulas. Ja noteikta laika pieprasttais atbalsts ir lielaks par pieejamo atbalstu, tas tiek
ieklauts modeli un atbalsts tiek partraukts.

FU = IF(FR > AF; AF / DT; FR), (14)
kur

FU — finans€juma izlietojuma koeficients, EUR/gada;

FR — majsaimniecibu pieprasitais finanséjums PV un akumulatoru uzstadisanai, EUR/gada;

DT — simulacijas delta laiks, gadi.

No otras puses, parametrs “Kopgjie pieprasitie lidzekli” ir atkarigs no pieprasita atbalsta PV
sistémas uzstadisanai, ko ietekmé atbalsta intensitate, uzstadisanas un ieguldijjumu izmaksu
apjoms, ka arl pieprasitais atbalsts uzglabasanas sistémas uzstadiSanai, kas ir atkarigs no
akumulatora ieguldijumu izmaksam, sistémas uzstadiSana un atbalsts intensitates apjomam, ka
ar1 kopg€jam pieejamajam atbalstam. Pieprasito Iidzeklu kopsummas parametru nosaka saskana
ar 15. vienadojumu.

FR = IF(AF > 0; (FRpy + FRp) / DT; 0), (15)
kur

FRpv — pieprastitie lidzekli PV uzstadisanai, EUR/gada;

FRBp — pieprasitie lidzekli akumulatoru uzstadisanai, EUR/gada.

Ievades dati un pieneémumi

Saja apak$nodala aprakstiti biitiskakie ievades dati un piengmumi, kas izmantoti SD modeli.
Attiecigie dati par tehnologijam tiek nemti no tehnologiju katalogiem. Informacija par
tehnologiju vidéjam jaudam tiek nemta no statistikas un zinatniskas literattiras. Informacija par
majsaimniecibam tiek nemta no statistikas datubazeém. Bitiskaka informacija, kas izmantota
sistémas dinamikas modeli, apkopota 2.3. tabuld. Sie dati atspogulo pasreiz&jo sistémas
situaciju un tiek izmantoti ka sakotng&jas vertibas scenariju modelésanas modeli.
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2.3. tabula

Modela ievades parametri

PV ieguldijumu izmaksas (ar 1100 EUR/KW [51]
uzstadiSanu)

Invertora ieguldijumu izmaksas 100 EUR/KW [51]
Akumulatora investiciju izmaksas 800 EUR/kWh [52]
Vidéja uzstadita majsaimniecibas 8 KWp [53]
PV jauda

Vidgja uzstadita sadzives 5 Kwh [54]
akumulatora ietilpiba

Vidgjais PV tehniskais kalpoSanas 35 Gadi [51]
laiks

Videjais akumulatora tehniskais 20 Gadi [51]

kalposanas laiks

Viengimenes majsaimniecibu 198 541 skaitlis [55]
skaits
Majsaimniecibu skaits ar PV 11 764 skaitlis [53]

Vésturiskie elektroenergijas momenta cenu dati tika nemti no NordPool datubazes par
2013.-2022. gadu, lai novertétu elektroenergijas talit€jas cenas izmainas un izlemtu par labako
vertibu, ko izmantot akumulatoru difiizijas prognozu simulacijai. Tika salidzinatas gada vidéjas
vertibas. Vesturiskie dati liecina (2.4. tab.), ka no 2013. Iidz 2020. gadam ir verojamas
elektroenergijas cenu svarstibas, tomér cena saglabajas 34 EUR Ilidz 50 EUR par
megavatstundu. Svarstibas galvenokart saistitas ar izmainam hidroresursu pieejamiba un
dabasgazes cenu izmainam, jo tie ir bijusi galvenie elektroenergijas razoSanas resursi Latvija.
Tas ir atkarigs arT no importétas elektroenergijas cenas. 2021. un 2022. gads sist€émai naca ar
vairakiem satricinajumiem. Zemaks fidens limenis hidrokratuvés un zemaka véja energijas
razo$ana Ziemelvalstu un Baltijas regiona lika pariet uz dargakiem elektroenergijas raZzoSanas
risinajumiem. Dabasgazes un oglu pieprasijuma picaugums palielinaja resursu cenu, kas
atspogulojas elektroenergijas cena. Ukrainas un Krievijas konfliktam bija liela nozime ari
elektroenergijas cenu pieauguma, jo Krievijai tika piemérotas sankcijas. Nemot véra to, ka
Latvija vesturiski lielako dalu dabasgazes importgja no Krievijas, dabasgazes cenu kapums péc
Ukrainas un Krievijas konflikta posto$i ietekm&ja energétikas nozari, un gada vidéja
elektroenergijas cena sasniedza vEl nebijusu limeni — 227 EUR par megavatstundu.
Ziemelvalstu un Baltijas valstu regions p&rn ir sadarbojies, lai mazinatu atkaribu no Krievijas
energoresursiem, tapec dabasgazes un elektroenergijas cena ir batiski kritusies, tomér kopéja
elektroenergijas cena joprojam ir augstaka neka no 2013. Iidz 2020. gadam. Griti prognozet,
kada bis elektroenergijas cena nakotn€ un cik daudz laika bis nepiecieSams, lai energosistéma
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pielagotos jaunajai realitatei, tomer autors uzskata, ka, nemot véra daudzus v€ja un saules
energijas projektus jau buvniecibas stadija un ve&l daudzus citus planoSanas posma,
apvienojuma ar dabasgazes importétaju diversifikaciju regiona, elektribas cenas nakotné
samazinasies. P&tfjuma vajadzibam tiek pienemts, ka elektroenergijas bazes cena ilgtermina bus
2013.-2020. gada Itmeni, nevis 2021. vai 2022. gada liment.

2.4. tabula

NordPool gada vidgja elektroenergijas cena Latvija

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Vidgja
elektroenergijas 48,40 50,12 41,85 36,10 34,68 49,90 46,28 | 34,07 83,77 | 226,92
cena, eur/MWH

Nav informacijas par to, cik daudz majsaimniecibu lidz §im ir uzstadijuSas akumulatoru
sistémas, tapéc tiek pienemts, ka tas ir piecas un vidéja elektroenergijas cena bus nemainiga
visa simulacijas laika. Pasreiz€ja pétfjuma mérkis ir parbaudit modela struktiiru, nevis
prognozgt elektroenergijas cenu izmainas, tapéc cena tika noteikta ka nemainiga. Attieciba uz
subsidijam tika pienemts, ka visiem subsidiju scenarijiem simulacijas sakuma tiks pieskirti
20 miljoni EUR (pamatojoties uz valsts planiem) un ik p&c pieciem gadiem tiks pieSkirtas
jaunas finanses 20 miljonu EUR Iiment [50].

Modela validacija

Lai veidotu parliecibu par modeli, ir javeic vairaki modela validacijas testi. Neviens modelis
precizi neatbilst realajam model€jamajam objektam vai sisteémai, tap&c absoliiti uzticamu
modelu nav. Modeli tiek uzskatiti par uzticamiem un derigiem, ja tos var izmantot ar parliecibu,
tacu vispirms ir skaidri jadefin€ modela mérkis [57].

Sistemdinamikas modela parbaudes vai apstiprinaSanas merkis ir noteikt modela struktiiras
derigumu. Tiek novertéta arT modela realas uzvedibas reproducéSanas precizitate, tacu tas ir
jegpilni tikai tad, ja jau ir pietiekama parlieciba par modela strukttru. Tadgjadi visparéja logiska
validacijas seciba ir vispirms parbaudit struktiiras derigumu un péc tam, kad modela strukttira
tiek uztverta ka adekvata, sakt parbaudit uzvedibas precizitati [58]. S1seciba tika izmantota ari
$aja petjuma. Ir vairaki dazadi struktiiras un uzvedibas testi, piem&ram, modela struktiiras
verifikacijas tests, parametru verifikacijas tests, izmeru konsekvences tests, robezu atbilstibas
tests, ekstremalo apstaklu tests, uzvedibas reproducésanas tests, uzvedibas anomaliju tests u.c.

Strukttiras un parametru parbaude tika veikta, konsult&joties ar energétikas ekspertiem un
analiz&jot zinatnisko literatiru, lai parliecinatos, ka izveidota modela struktiira atbilst
visparpienemtiem principiem un ka visiem parametriem realaja sistéma ir atbilstoss elements.
SD saknojas inzenierzinatnu teorija, tapec SD modeliem ir janodros$ina izméru konsekvence.
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Dimensiju konsekvences tests sniedza modela vienadojumos izmantoto parametru izméru
analizi. Sis tests lava parliecinaties, ka neviend no vienadojumiem nav iekluvusi nejausa kliida.
Tika veikts ekstremalu apstaklu tests, lai parliecinatos, ka modelis darbosies atbilstosa veida
pat tad, ja vertibas biis arpus kop€ja diapazona. Ir svarigi, lai modelis darbotos pareizi pie
dazada veida satricinajumiem.

Tika veikti arT uzvedibas validacijas testi, lai novertétu, vai modelis var attelot realas dzives
sisttmas uzvedibu. Lai noveértétu pietickamibu, modela rezultati tika salidzinati ar
vésturiskajiem datiem par PV integraciju Latvijas majsaimniecibas. Sim testam modeli tika
izmantoti vésturiskie ievades dati par tehnologiju izmaksam, elektroenergijas cenam, attiecigo
vesturisko politiku un citiem parametriem. Modelis tika simuléts no 2013. Iidz 2022. gadam.
Ka redzams 2.6. attgla, modelis loti labi raksturo PV integracijas v@sturisko attistibu. Lai gan
simul@tie rezultati precizi neatbilst vEsturiskajai attistibai, kop&ja tendence ir loti Iidziga, un tas
vairo uzticibu modelim.

100,000

10,000 /-'

Majsaimniecibu ar PV sistémam skaits

1,000
100 //J
10
2013 2015 2017 2019 2021

—®— Simulacijas rezultati Veésturiskie dati

2.6. att. Modela validacija ar vesturiskajiem datiem PV uzstadisanai.

Akumulatoru ievieSanas vesturisko attistibas tendenci nevar salidzinat, jo lidz $im
akumulatoru uzstadisana majsaimniecibas Latvija tikpat ka nav notikusi. Pamatojoties uz
vesturiskajam akumulatoru cenam, tehnologiju parametriem un elektroenergijas cenam, modela
rezultati paradija, ka laika posma no 2013. Iidz 2022. gadam praktiski netika uzstaditas
akumulatoru sisteémas, jo lielakoties atmaksasanas laiks bija daudz lielaks neka akumulatora
kalposanas laiks. Tas arT izskaidro, kap&c $aja perioda Latvija gandriz nebija uzstaditas bateriju
sistémas.

Scenariju definéSana

Saja apaksnodala analizéti p&tijuma izmantotie scenariji, aprakstot, kads politikas pasakums
tika izvelets test€Sanai un kadi jutiguma parametri tika izveleti.
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P&tijuma galvenais mérkis bija izveidot un validét sist€émas dinamikas modeli, kas lauj
prognozet PV un akumulatoru sistému ievieSanu nakotné. Lai parbauditu apstiprinato modeli,
tas tika papildinats ar vienu politikas pasakumu — subsidijam. P&tjjuma galvenais mérkis bija
izveidot un apstiprinat SD modela pamatstruktiiru, nevis analizét un novértét optimalo veidu,
ka veicinat akumulatoru uzglabasanas difuziju majsaimniecibu sektora, tapec tika parbaudits
tikai viens politikas pasakums. Nakotneé p&tniecibas modeli var papildinat ar papildu politikas
instrumentiem, lai parbauditu to ietekmi uz akumulatoru sistému integraciju majsaimniecibas.
Saja pétfjuma tika izstradati Getri atseviski scenariji. Pamatscenarijs raksturo sistému, kura
netick Tstenotas nekadas papildu ricibpolitikas, iznemot tas, kas jau pastav pasreiz€ja
energosistéma. Tas galvenokart ir saistits ar neto uzskaiti majsaimniecibam, kas ir uzstadijusas
PV sistemas. Tas biittba nozimé, ka sadales tikls darbojas ka kratuve. Prieksrociba ir zemaka
elektroenergijas cena, atgiistot saules energijas parpalikumu. Kad uzkratais saules energijas
parpalikums tiek iznemts atpakal no tikla, pilna elektroenergijas tarifa vieta jamaksa tikai
sadales sist€émas operatora tarifs. Tas tiek nemts vera, aprékinot katras sisteémas izmaksas (tikai
tikla elektroenergija, PV, akumulators, PV un akumulators).

Ir tris atseviski subsidiju scenariji (2.5. tab.). Katrs no tiem ietver jau esoSo politiku, kas
minéta ieprieks, un papildus nodro$ina subsidijas konkrétu tehnologiju ievieSanai. Galvena
atSkiriba starp scenarijiem ir tehnologija, kas sanem subsidijas, un piecejama finansiala atbalsta
apjoms. Scenarijiem, kuros subsidijas sanem tikai viena tehnologija, finans€juma apjoms ir
20 miljoni EUR ik péc pieciem gadiem, savukart, kad abas tehnologijas sanem subsidijas,
20 miljoni EUR tiek pieskirti atseviski katrai tehnologijas ievieSanai.

2.5. tabula
Scenarija apraksts. Tehnologija, kas sanem subsidijas
Scenarijs PV Akumulatori Finanséjums, M EUR Atbalsta intensitate, %
1. scenarijs 0 0
2. scenarijs X 20 50
3. scenarijs X 20 50
4. scenarijs X X 2x20 50

Jutiguma analize

Lai parbauditu modela jutigumu pret dazadu parametru izmainam, tika veikta jutiguma
analize. Elektroenergijas tarifs, akumulatora tehniskais kalpoSanas laiks, akumulatora
sakotngjas investicijas un akumulatora investiciju samazinajuma dala tika izveleti ka Cetri
parametri, kas visvairak ietekm& modela rezultatus. 2.6 tabula paraditi intervali, kas parbauditi
jutiguma analize. Jutiguma analizes rezultati tiek paraditi rezultatu sadala. Jutiguma analize tika
veikta katram parametram atseviski. Parametriem, kas apkopoti 2.6. tabula, tika parbaudits
konkretais intervals, citiem parametriem tika izmantotas 2.3. tabula noraditas vertibas.

36



2.6. tabula

Jutiguma analizes parametri

Parametrs Mervieniba ~ Zemaka vertiba  Lielaka vertiba
Elektroenergijas tarifs EUR/MWh 30 150
Akumulatora tehniskais kalpoSanas laiks Gadi 10 30
Akumulatora sakotnéjie ieguldijumi EUR/kWh 600 1000
Akumulatora investiciju samazinasanas frakcija %/gada 0,5 3

Sistemdinamikas modela simulacija hibridai energosist¢émai majsaimnieciba

Izpétes modela struktiira

Majsaimniecibu elektroenergijas patérin$ ir dinamiska probléma. Tapéc, lai novértétu
energijas uzkrasanas sistému uzstadisanas rentabilitati privatajas majsaimniecibas Latvija, tika
izmantota SD modeléSanas metode. SD ir daudzpusigs instruments, kas lauj izpéetit
célonsakaribas starp faktoriem, kas ir savstarp&ji saistiti sarezgitas tehnologiskas un
socialekonomiskas sist€émas, un atklat to pamata esosas struktiiras [59]. SD modelésana ir
datorizéta simulacijas metode, kas piemérota, lai analizEtu sist€émas izmainas laika gaita,
piem&ram, dinamiskas tendences [60].

SD metode ir balstita sistémdinamikas teorija, kas ietver attiecibu izpeti starp sistémas
uzvedibu un tas pamata esoSo struktiru. Sistemas dinamika balstas tris galvenajos jédzienos,
krajumos, plismas un atgriezeniskas saites cilpas, ka ar precizi definétas sistémas robezas un
celonsakaribas. Atbilstosi izmantojot Sos jedzienus, ir iesp&jams iegiit paskaidrojosus rezultatus
[61]. Ka iepriek$gja apak$nodala autors mingja, kopuma sistemdinamikas modela izstrades
process ietver vairakus secigus solus. Sie soli savukart ietver problémas formulesanu, kas ir
dinamisku hipotézu identificéSana, kas izskaidro problémas c€lonus, modela formulé$anu un
simulaciju, kas nozZimé modela testéSanu, lai novertétu tas atbilstibu realajai situacijai, ka ar1
politikas formuléSanu un secinajumu izdarisanu [62], [63].

Saja pétijuma tika izstradats ikstundas patérina modelis, lai analizétu elektroenergijas
izmaksas: (1) standarta tiklam pieslégtai sistémai; (2) saules panelu sist€émai ar neto uzskaiti;
(3) tiklam pieslegtai sistémai ar uzstaditu akumulatoru; (4) tiklam pieslégtai sisteémai ar
kombingtu PV un akumulatora uzglabasanas sistému. Modelsana tika veikta, izmantojot Stella
Architect programmatiiru.

Modela mérkis ir noteikt bateriju uzglabasanas sisteémas uzstadisanas rentabilitati, nemot
véra majsaimniecibas kop€jo elektroenergijas paterina profilu. 2.7. attéla redzams primarais
algoritms sadzives saules panelu (PV) sist€mai ar neto uzskaiti, savukart 2.8. attela izskaidrots
gadfjums ar papildu akumulatoru, kas savienots ar saules panelu sistému.
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Pagpatérinam uzreiz Uzreiz neizmantoti

izmantotd energija energija tiek nodota ikla
Par %o energiju
nav jimaksi
Iemaksas veido parvades Mo fikla atpakal panemtais Uzkrdjuma dzg3ands
un sadales dala energijas apjoms uzskaites perioda beigas

Izmaksas veidojas ka Elektroenergijas pat@rind
standarta piesléguma no tikla

2.7. att. PV sistémas algoritms ar neto uzskaiti majsaimniecibai.

Neto uzskaites sistéma, kad saules paneli rada vairak energijas, neka sadzives tehnika var
nekavéjoties patérét jebkura bridi, elektroenergijas parpalikums tiek automatiski ievadits
koplietoSanas tikla. Tikla ievaditas elektroenergijas daudzumu var kreditét un izmantot, lai
kompensgtu paterinu velak atskaites gada laika. Tomér neto uzskaites parskata perioda beigas
uzkratais elektroenergijas parpalikums tiek atiestatits, sakot jaunu uzskaites bilanci. Ja kada
konkr&ta bridi saules panelu sistémas sarazotas un tikla uzkratas energijas kopgjais daudzums
nav pietiekams, lai apmierinatu majsaimniecibas pieprasijumu, elektroenergija tiek patéréta no
tikla ta, it ka nebitu uzstaditi PV paneli.

Pa¥patérinam uzreiz Uzreiz neizmantota energija
izmantota energija tiek nodota akumulatori

Par 30 energiju nav jamaksa

Elektroenergijas Nodod, ja
patérind no tikla akumulators ir pilns

Uzlade ari no tikla

Uzkrajuma dzeSanas
uzskaites perioda beigas

2.8. att. Sist€émas algoritms ar PV paneliem un akumulatora energijas uzkrasanu.
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Pievienojot akumulatoru sarazotas energijas uzkraSanai ieprickSmin&tajai sisteémai, ir
iesp&jams nodros$inat lielaku neatkaribu no tikla savienojuma, ka art giit ekonomisku labumu,
efektivi izmantojot akumulatora iesp&jas. Saja sistéma, kad tiek sarazots vairak energijas, neka
majsaimnieciba var patérét jebkura bridi, elektroenergijas parpalikums galvenokart tiek uzkrats
akumulatora, kas sistéma notiek automatiski. Saja gadijuma elektroenergijas iegade no tikla ir
nepiecieSama tikai brizos, kad no PV sist€mas ir nepietickama energijas razoSana un
nepietickama akumulatora padeve, lai segtu slodzi. Modelis ietver art to, ka akumulatora
rentablakai izmantoSanai to var uzladet no tikla laika, kad tas ir ekonomiski pamatoti.

Modela komponenti un parametri

Galvenie faktori, kas ietekmé elektroenergijas izmaksas un majsaimniecibu patérina
profilus dazadam sistémam, SD modelT tiek atteloti ka dazadi elementi — krajumi, plismas un
atgriezeniskas saites cilpas. So elementu vértibas tick definétas, izmantojot matematiskus
vienadojumus un konstantes. Dinamiskas sistémas ikstundas modeli tiek pienemts, ka
majsaimniecibu paterina profils ir balstits ievades datos, kas iegiiti no 2021. gada izstradata SD
modela, lai p&titu agregatoru potencialu samazinat atjaunojamas energijas parpalikumu Latvija
[63]. Modelis paredz ikstundas elektroenergijas cenas, pamatojoties uz 2021. gada
vesturiskajiem raditajiem NordPool elektroenergijas tirgl [40], uzskatot, ka tas norada
elektroenergijas cenu tendences nakamaja desmitgad@. Lai gan elektroenergijas un gazes cenas
patlaban ir kritusas, salidzinot ar 2022. gadu, Sie pien@mumi vienmér ir bitiski, jo gaidamas
izmainas sadales sist€mas pakalpojumu tarifos — inflacijas dé] palielinasies tarifu maksa
klientiem, palielinasies ari parvades tarifs, ka ar janem véra geopolitiskie apstakli un ilgtermina
nakotnes prognozes. Turklat, lai noteiktu modela rezultatu jutigumu no ievades datiem,
izstrades process ietver salidzinajumu ar 2019. un 2022. gada ikstundas elektroenergijas cenu
datiem.

Modelt tiek izveidotas atseviskas SD struktiiras visiem analiz€tajiem majsaimniecibas
elektroenergijas sistémas variantiem: (1) standarta tiklam pieslégtai sistémai; (2) PV sist€émai
ar neto uzskaiti; (3) tiklam pieslégtai sistémai ar integrétu akumulatora energijas uzkrasanu;
(4) tiklam pieslégtai sistémai ar PV un integrétu akumulatora energijas uzkrasanu. Sie varianti
ir balstiti lidzigas pamatstrukttras, tapéc metodologijas apak$nodala detaliz&ti aplukota tikai
ceturta sistéma (ka visaptverosaka, kura apliikotas visas iesp&jamas apakssistemas).

Sarazotas PV elektroenergijas ikstundas apjoms, balstoties Latvijas klimatiskajos apstaklos,
tiek noteikts apak§modeli — PV uzstadita jauda un razo$ana (2.9. att.). Saules elektroenergijas
razoSanas jauda ir balstita vid€jos saules starojuma datos [64] un pien€mumos par saules panelu
vidgjo efektivitati [51]. Sie dati tiek iegiiti no 2021. gada izstradata sistémdinamikas modela
[63]. Uzstadita saules panelu jauda tiek aprékinata, nemot vera majsaimniecibas gada
elektroenergijas patérinu, kas tiek pienemts ka 7800 kWh/gada. Tiek pienemts ari, ka PV paneli
ir uzstaditi uz jumta ar 45° slipumu majas dienvidu pus€. Tapéc modeli icklauta aprékinata PV
jauda ir 8 kW [65].
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PV panelu
efektivitate

O O O

Sarazota PV Uzstadita PV Uzstadita PV
panelu energija panelu platiba panelu jauda

Saules starojums

ParveidoSanas
koeficients no kW uz m2

2.9. att. PV uzstaditas jaudas un razosanas apaksmodelis.

Transformacijas koeficients no kW lidz m? noteikts — 0,75 kW/m?; tadgjadi PV laukums
tiek aprékinats saskana ar 16. vienadojumu.

Spy = —2— (16)

- coefirany.’
kur
Spy — uzstaditais fotoelementu laukums PV sistémai, m?;
Cpy —uzstadita fotoelementu jauda PV sistemai, kW;
Coefiransy. - transformacijas koeficients no kW Iidz m?, kW/m?.

Saules panelu sistémas razoSanas apjomu nosaka 17. formula.
Vey = SR - Epy * Spy, (17)
kur
Vpy — fotoelementu razoSanas apjoms (mezgla fotoelementu razosana — 4. att.), kW,
SR — saules starojums, W/m?;
Epy - PV lietderibas koeficients, %;

Spy — 1 sistémai nepiecie$amais PV laukums, m?.

Lai noteiktu elektroenergijas izmaksas, kas radusas konkrétaja majsaimniecibas profila,
elektroenergijai, kas iepirkta, izmantojot tikla pieslégumu, tiek izmantots NordPool ikstundas
cenas tarifs 2021. gadam. Tiek nemta vera arT fikséta elektroenergijas piesléguma maksa, kas
saskana ar sadales operatora datiem ir 3,87 EUR/m@nesT attiecigajam majsaimniecibas profilam
[66]. Modelis ietver ari elektroenergijas pardosanas maksu (2,68 EUR/MWh), elektroenergijas
parvades maksu (40,76 EUR/MWh) un PVN elektroenergijai (21 %). Sis vértibas tiek
pienemtas, balstoties ekvivalento majsaimniecibu profilu izmaksas Latvija konkrétaja perioda
saskana ar tadu elektroenergijas komersantu ka Elektrum, Enefit u. c. tirgus piedavajumiem
[67].

Akumulatora izmérs ir biitisks sist€mas parametrs. Ka uzsver Zhang Z. u. c. [33], parak
bieza izlade zema limeni vai, gluzi pretgji, parak reta pilna uzlade abos gadijumos izraisa
sistemas kalpoSanas laika saisinaSanos. Akumulatora ietilpibas noteikSanai tick veikta papildu
modela optimizacija. Izvertgjot uzstadito PV panelu daudzumu un jaudu pec iegiitajiem
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optimizacijas rezultatiem, tiek secinats, ka konkrétajai majsaimniecibai optimali ir uzstadit
akumulatoru ar 5 kWh elektroenergijas jaudu, lai segtu nakts slodzi. Tiek nemts véra arT tikla
nodotais elektroenergijas daudzums diena. Pamatojoties uz autora izstradatajiem iepriek$&jiem
petijumiem [68], kuros tika salidzinatas dazadas uzkrasanas alternativas, modelis ietver litija
jonu akumulatoru ka labako risinajumu elektroenergijas uzglabasanai majsaimniecibas. Modelt
ir ieklauti vairaki akumulatoru tehnologiskie parametri, pieméram, uzlades/izlades efektivitate,
vid&jais kalpoSanas laiks un energijas uzglabasanas ilgums. Papildu apsvérumi, kas tiek
pievienoti modelim, ietver nosacTjumus akumulatora uzladei no tikla, pamatojoties uz saules
energijas pietickamibu, ka arT saules energijas ikdienas parpalikuma uzskaiti, ko ietekmé gan
ikstundas parpalikums, gan majsaimniecibas patérina profils. Lai palielinatu akumulatora
pievienoSanas sist€mai pievienoto vertibu, akumulatora papildu uzlade no tikla tiek Istenota,
pamatojoties uz zemako elektroenergijas tarifu par MWh NordPool tirgii. Pievienojot
akumulatoru, ir jarekinas ar papildu ieguldijumiem uzstadiSanai un nomainai. Tomér Saja
ikstundas modeli $1s izmaksas netick nemtas véra, jo kopg&jas no tikla nemtas energijas izmaksas
katra gadijuma tiek salidzinatas visa gada garuma.

SD modela struktira majsaimniecibas saules panelu un litija jonu akumulatoru sist€mas
kopgjas elektroenergijas izmaksas ir aprakstitas krajuma “Elektroenergijas izmaksas ar saules
paneliem un akumulatoru” (2.10. att.). STs izmaksas ietekmé ienakosa pliisma, t. i., ikstundas
izmaksas par elektroenergiju ar fotoelementu un akumulatoru, kas ir atkarigas no
elektroenergijas tarifa, fiksétas elektroenergijas piesléguma maksas, saules energijas, kas tiek
panemta atpakal no tikla, piegades (parvades) izmaksam un elektroenergijas daudzuma, kas
izmantots no tikla, lai uzladetu akumulatoru un segtu patérinu.

o~ T
i i

\ 1
/\ o /\ %
Elektroenergijas Tikla elektroenergijas
parvades maksa izmantosana
patérina segsanai

Tikla uzkratas PV
energijas izmantosana
akumulatora uziadei

Tikla uzkratas saules
energijas izmanto$ana

patérina segsSanai
sistéma ar PV paneliem /"
un akumulaciju Parvades izmaksas par

saules energiju, kas
panemta atpakal no tikla

Tikla elektroenergijas
izmantoSana
akumulatora uziadei

) Ikstundas elektroenergijas
kW uz MW izmaksas sistémai ar
PV paneliem un akumulaciju

Fikséta elektroenergijas
b piesleguma maksa

-
e
L ]
Szt

Elektroenergijas izmaksas

Elektroenergijas izmaksas sistémai
ar PV paneliem un akumulaciju

2.10. att. Elektroenergijas izmaksu apak§modelis sistémai ar saules paneliem un akumulatoru.
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Ikstundas elektroenergijas izmaksas sist€émai ar PV un akumulatoru nosaka 18. formula.
C€ ectr.
ECh = Ccannect. + (EAcons. + EAaccum.) - ——electr + Cdeliv.s (18)

Coeftransf.
kur
EC,, — ikstundas izmaksas par elektribu ar PV un akumulatoru, EUR/h;
Cconnect. — fiks€ta elektroenergijas piesléguma maksa, EUR/h;
EA ons. — tikla elektroenergijas izmanto$ana, lai segtu patérinu, kW;
EA;ccum. — izmantojot elektroenergiju no tikla, lai uzladétu akumulatoru, kW;
Coiectr. — lektroenergijas tarifs, EUR/MWh;
Coefiransy. - transformacijas koeficients no kW uz MW, kW/MW;

Cae1iv. — 1O tikla atgiitas saules energijas piegades izmaksas, EUR/h.

Elektroenergijas daudzumu, ko izmanto no tikla, lai segtu akumulatora uzladi par
izdevigakam cenam, nosaka 19. vienadojums. Ka minéts ieprieks, akumulators tiek uzladéts no
tikla, ja piecu stundu laika netiek izpildits zemakas cenas nosacijums, nemot vera arl pieejamo
akumulatora uzlades jaudu, un uzkrata saules energija ir pietickama, lai veiktu akumulatora
uzladi.

EAgccum. = IF (Nowest price = 0) THEN 0 ELSE (Jnetwork * Npv), (19)
kur

EA j¢ccum.— izmantojot elektroenergiju no tikla, lai uzladétu akumulatoru, kW;

Niowest price — zemakas cenas nosacijums akumulatora uzladei no tikla;

Jnetwork — pieejama akumulatora uzlades jauda, izmantojot elektroenergiju, kas nemta no
tikla uzladei, kW;

Npy — PV energijas pietiekamibas nosacijums akumulatora uzladésanai no tikla.

Tikla elektroenergijas izmantoSanu, lai segtu pat€rinu modeli, nosaka saskana ar
20. formulu. To ietekm@ majsaimniecibas patérina profils, t. i., ja slodze ir lielaka par saules
panelu paslaik sarazoto energijas daudzumu, ka arT akumulatora uzkrato energiju, un tikls ir
iztercts, tad elektroenergija tiek pirkta tieSi no tikla, radot papildu izmaksas par patéréto

elektroenergiju.
EAcons. =1IF Pp household = APV+accumA THEN Pp household ~— APV+accumA - UaccumA - Unetwork ELSE O: (20)
kur

EA ons. — tikla elektroenergijas izmanto$ana, lai segtu patérinu, kW;

Py

Apy yaccum. — PV sarazotas elektroenergijas apjoms sist€mai ar PV un akumulatoru, kW;

household — Majsaimniecibas patérina profils, kW;

Ugccum. — izmantojot akumulatora uzkrato energiju, lai segtu patérinu, kW;
Unetwork — 1o tikla patérétas uzkratas saules energijas daudzums, kW.

No tikla (no uzkrasanas) atgutas saules energijas piegades izmaksas ietekmé atgiitais

elektroenergijas daudzums majsaimniecibas tilit€jam patérinam, uzkratas elektroenergijas
daudzums, kas izmantots akumulatora uzladésanai, un elektroenergijas parvades maksa (ka
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minéts ieprieks, 40,76 EUR/MWh [67]). Kopgjas piegades izmaksas par uzkratas saules
energijas iznemsanu no tikla modeli redzamas 21. vienadojuma.

_ Ctransm.
Caetiv. = Wnetwork + EApy accum.) * > (21
Coeft‘ransf.

kur

Cae1iv. — plegade (no tikla atgiitas saules energijas parvades izmaksas, EUR/h);

Unetwork — Uzkratas saules energijas daudzums, kas patéréts no tikla, kW;

EA py qecum. — izmantojot tikla uzkrato PV elektroenergiju, lai uzladétu akumulatoru, kW;
Ctransm. — €lektroenergijas parvades maksa, EUR/MWh;

Coefiransy. - transformacijas koeficients no kW Iidz MW, kW/MW.

Péc tam, kad ir noteikts picejamas elektroenergijas daudzums, kas paliek pari pec
majsaimniecibas energijas patérina segSanas un péc picejamas baterijas ietilpibas noteikSanas,
baterija uzkratas energijas daudzums tiek noteikts ar ipasiem nosactjumiem katrai gada stundai
apak$modeli “Akumulatora uzkratas energijas daudzums” (2.11. att.). Turklat, nemot véra tikla
uzkrato saules energijas daudzumu, modelis ietver to, ka pieejamo akumulatora uzlades jaudu
ietekme akumulatora uzlades efektivitate, kas, pamatojoties uz literatiira atrodamajiem datiem,
tika pienemta 0,98 [6].

y Akumulatora uzkratas energijas
\__,/' izmantosana patérina segsanai

Akumuiators uzlddes Akumulatora uzlade izmantojot ?
o
Kumulativais no akumulatora
o/

parpalikumu péc patérina segSanas

O‘/C\?

g

efektivitate PV panelu saraZotas energijas
Energijas zudumi nemtas elektroenergijas

1l
Akumulatora uzkratas

akumulatora uzlades procesa energijas daudzums daudzums patérina segsanai
/——\A? I /
(N O \_/ D >
Pieejama akun::latora uziades Tikla §ij ” ( ™ dumi i un izlades
Has Elektr zudumi P g
jauda no tikia pemrés' . / izmantosana A uzlades un izlades |:rox:esal Kumulativais efektivitates raditajs

elektroenergijas i: aku a uzladei

energijas zudumu
daudzums akumulatora

P izmantosanas rezultata
(,— 5 !‘:y',l s %
e Majsaimniecibas e
Nosacijums akumulatora uzladei patérina profils SaraZota PV
izmantojot tikla elektroenergiju Tikla uzkratas PV || panefu energija
balstoties uz zemako cenu energijas izmantosana ‘\_\—1’__\
N akumulatora uzladei TT i

L
N -
Pieejama akumulatora uzlades
jauda nemot véra tikla uzkratas

saules energijas daudzumu

Nosacijums akumulatora uzladei
no tikla balstoties uz
saules energijas pietiekamibu

2.11. att. Dala no apak§modela. Akumulatora uzkratas energijas daudzums.

Krajumus, kas atspogulo akumulatora uzkratas energijas daudzumu, ietekmé plisma, kas
raksturo akumulatora uzlades frakciju, izmantojot saules panelu energijas parpalikumu péc
majsaimniecibas patérina segsanas. ST plisma ir atkariga no pieejamas akumulatora uzlades
jaudas, nemot véra saules panelu energijas parpalikuma pieejamibu péc patérina parklajuma.
Turklat krajumus ietekmé ienakosa plisma, kas apraksta elektroenergijas daudzumu, kas tiek
izmantots akumulatora uzladésanai no tikla. Tadgjadi akumulators galvenokart tiek uzladéts,
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pamatojoties uz saules energijas pietickamibu un pieejamo akumulatora uzlades jaudu. P&c tam
tas tiek uzlad@ts, izgistot uzkrato energiju no tikla, un, visbeidzot, kad tas ir ekonomiski
pamatoti, akumulators tiek uzladets no tikla.

Uzkrata saules panelu energija, kas uzkrata tikla un ko izmanto akumulatora uzlad&sanai,
ar ir ienako$a plisma, un tas ietekmi var raksturot lidzigi ka iepriek$gjas plismas. Tomer $aja
gadijuma pieejamas tikla elektroenergijas vieta uzkratas energijas daudzums ir atkarigs no tikla
uzkrata saules energijas daudzuma, kas aprakstits 22. vienadojuma.

EApy stor. = IF Nigwest price = O THEN 0 ELSE Javaiiabie * Npv, (22)
kur

EApy stor. —tikla uzkrata saules panelu energija, izmantosana akumulatora uzladésanai, kW;

Niowest price — Zemakas cenas nosacijums akumulatora uzladeSanai no tikla;

Javaitabie — Pieejama akumulatora uzlades jauda, izmantojot elektribu, kas nemta no tikla
uzladésanai, kW,

Npy — saules panelu energijas pietickamibas nosacijums akumulatora uzladésanai no tikla.

Akumulatora uzkrato energijas daudzumu ietekmg arT izejo$as plismas. Uzkratas energijas
daudzums akumulatora samazinas, ja paterin$ tiek segts, izmantojot akumulatora uzkrato
energiju. So attiecibu modelt apraksta 23. vienadojums.

Elaccum. = IFPp household = VPV THEN MIN(Pp household — VPV;]disch.) ELSE 0, (23)
kur

El,ccum. — akumulatora uzkrata energija, ko izmanto, lai segtu patérinu, kW;

Py housenota — Majsaimniecibas patérina profils, kW;

Vpy — saules panelu razo$anas apjoms, kW;

Jaisch. — pieejama akumulatora izlades jauda, kW.

Elektroenergijas zudumi ietekmé arT uzkratas un parnestas energijas daudzumu, kas modeli
tika aprakstits ka izejo$a plisma no akumulatora uzkrata energijas daudzuma, saskana ar
24. vienadojumu.

— 1-Ciieta.
EAjsses disch. = Uaccum. Cr ) (24)
lietd.

kur

EAjpsses daisch. — elektroenergijas zudumi izlades procesa, kW;

Ugccum. — izmantojot akumulatora uzkrato energiju, lai segtu patérinu, kW;
Clieta. — akumulatora izmantoSanas un izlades lietderibas koeficients.

Vispargjais apak§modelis, kas apraksta saules panelu un energijas uzkraSanas sisteému,

ietekmé ari tikla ievaditas un uzglabatas saules panelu energijas frakciju. ST modela dala
redzama 2.11. attela.
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2.11. att. Saules panelu parpalikuma uzkrasanas tikla apak§modelis un ta turpmaka
izmantoS§ana.

Krajumus, t. i., saules panelu energiju, kas tiek parvadita tikla ar uzglabasanas sisteému,
ietekmeé ieprieks aprakstita pliisma, t. i., uzkrata saules panelu energija, kas uzkrata tikla un ko
izmanto akumulatora uzladéSanai, ka ari ienakos$a plisma, kas veido licko energiju, kas
parvadita tikla p&c patérina un akumulatora uzlades, nemot véra ari elektroenergijas zudumus,
pec 25. vienadojuma.

EAto netw. — EAsurpl. - Laccum. - EAlosses char.» (25)
kur
EA;, netw.— saules panelu parpalikums, kas nodots tiklam p&c tam, kad ir aptverts paterins

un uzladéts akumulators, kW;

EAgy 1 — saules panelu energijas parpalikums péc patérina segsanas, kW;

Loaccum. — akumulatora uzlade, izmantojot saules panelu parpalikumu péc tam, kad segts
patérins, kW;

EA}psses char. — Zudumi akumulatora uzlades procesa, kW.

Tikla uzkratas energijas apjomu ietekmé arl izejodds pliasmas. Saja apakimodeli tikla
uzkrato energiju izmanto, lai apmierinatu majsaimniecibas patérinu, ko atspogulo plisma, t. i.,
saules energijas daudzums, kas nemts no tikla pat€ripam PV sist€ma ar uzglabasanu, ko
apraksta 26. vienadojums.

EAgrom gria = IF Py nousenota. > Voy THEN MIN(Py nousenota. = Vev — Uaccum EAto netw) ELSE 0,(26)
kur
EAfrom gria uzkratas saules energijas daudzums, kas atglits no tikla, lai segtu

majsaimniecibas paterinu, kW;
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Py househota — Majsaimniecibas patérina profils, kW;

Vpy — saules panelu razo$anas apjoms, kW;

Ugccum. — izmantojot akumulatora uzkrato energiju, lai segtu patérinu, kW;

EA;y netw— saules panelu energijas daudzums, kas nodots tikla sistémai ar uzkrasanu, kWh.

Saules panelu un elektroenergijas akumulacijas sistémas apak$modeli ir nemts véra ari
uzglabasanas degradacijas koeficients uzskaites perioda beigas, kas raksturo zaudétas energijas
daudzumu. Saja apakimodeli o aspektu raksturo plisma, t.i., uzglabaSanas degradacija
uzskaites perioda beigas saules panelu sistémai ar uzglabaSanu, ko ietekmé stundu skaita
parametrs gada, ka ari tikla parvaditas saules panelu energijas apjoms. Sakaribu apraksta
27. vienadojums.

Ugegr. = IF H=1416 THEN EA¢, perw./DT ELSE 0, 27)
kur

Ugegr.— krajumu degradacija;

H — stundu skaits gada, h;

EA¢to neew. — fotoelementu energijas daudzums, kas nodots tikla sistémai ar uzkrasanu, k Wh.

2.3. Algoritms datu apkopoSanai un kritiskai analizei, aprékiniem un
prognozesanai

Lai raksturotu pasreizgjo energoapgades sistemu Latvija, tika kritiski parskatita un analiz&ta
zinatniska literatiira, zinojumi, politikas plani, attistibas tendences un nakotnes prognozes. Lai
izp&titu sakaribas starp laikapstakliem un elektroenergijas razo$anas intensitati, tika izmantotas
analitiskas metodes, apkopojot un interpretgjot no oficialajam datubazém iegiitos datus. Tika
izmantotas arT klasteru analizes metodes un aprakstosas analizes metodes, pieméram, videja
aritm@tiska pieeja un procentualais sadalfjums.

Valsts energoapgades sistému raksturoja pieejama vietéja elektroenergijas razoSanas jauda,
kopgjais valsts elektroenergijas patérin$ un pieejamie energoresursi (fosilais kurinamais un
atjaunojamie energoresursi). Lai novertétu no atjaunojamiem energoresursiem (saules, fidens,
vEja) sarazotds elektroenergijas uzkraSanos, bija jaizverteé pasreiz&€ja kopgja uzstadita
generacijas jauda, kopgja sarazota elektroenergija un tas sadalijums pa avotiem. Lai noteiktu
elektroenergijas parpalikumu, tika aprékinata sarazotas elektroenergijas bilance pret patérinu.
Elektroenergijas bilance tika izvertéta dazados laika intervalos, lai noteiktu elektroenergijas
uzkraanas potencialu Latvija.

Lai raksturotu Latvijas energoapgades sisteému, ka ievades datu avoti tika izmantoti
Centralas statistikas parvaldes, AS “Latvenergo”, AS “Augstsprieguma tikls” (elektroenergijas
tirgus parskati) dati un Latvijas Vides, geologijas un meteorologijas centra (LVGMC)
laikapstaklu nove@rojumi un petijumi.

Veicot novertgjumu, analizi un aprékinus, tika izmantoti §adi ievades dati:

» Latvijas elektroenergijas raZoSanas jaudas sadalljuma pa energijas avotiem (gada) —
informacija par dazadu veidu elektroenergijas raZoSanas avotu uzstaditajam jaudam
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Latvija; Sie dati sniedz parskatu par valsts elektroenergijas razosanas potencialu no katra

energijas avota,

» kopégja Latvija saraZota elektroenergija — dati par kop€jo Latvija sarazoto elektroenergiju,
kas meriti dazados laika intervalos, tai skaita gada, meénesa, dienas un stundas Itmenf,

= kopgjais elektroenergijas patérin$ Latvija — statistikas dati par kopgjo elektroenergijas
patérinu Latvija, ko méra dazados laika intervalos, tai skaita gada, méneSa, dienas un
stundas limeni; $ie dati atspogulo elektroenergijas pieprasijumu valsti noteiktos laika
periodos;

*  AER energoresursu sarazotas elektroenergijas Ipatsvars saraZotaja elektroenergija;

= Daugavas caurplidums (m?/s) — dati par Daugavas caurplidumu, kas ir nozimigs
hidroelektroenergijas razo$anai;

*  vgja atrums (m/s) — dati par vidéjo v€ja atrumu Latvija, lai novertétu energijas razo$anu,
izmantojot vEju.

Latvijas elektroenergijas razoSanas profila izvert§jums sakas ar esosas razoSanas jaudas
novertéjumu, apskatot galvenos elektroenergijas raZzoSanas avotus un to potencialu Latvija.
Nemot vera gan ES, gan Latvijas klimatneitralitates merkus, bija nepiecieSams veikt
energoapgades izvert€jumu no atjaunojamo energoresursu izmantoSanas perspektivas,
izvert&jot AER Tpatsvaru Latvijas kop€ja elektroenergijas patérina un ta potencialo pieaugumu
nakotné. Nemot vera to, ka AER péc bitibas ir periodiski, bija svarigi izvertet arl
elektroenergijas uzkraSanas iesp€jas parprodukcijas periodos, lai apmierinatu Latvijas
elektroenergijas patérinu. Latvijas energoapgades novert&jums tika veikts p&c $adas metodikas
(2.12. att.):

1) Latvijas esosas AER jaudas un razoSanas novert€jums, balstoties klimatiskajos

apstaklos;

2) AER ipatsvars (%) elektroenergijas razo$ana;

3) elektroenergijas raZoSanas un patérina tendences Latvija pa gadalaikiem, darba dienam

un ned€las nogalém, ka ar1 stundu svarstibam;

4) no AER sarazotas elektroenergijas parpalikuma uzkrasanas iespgjas;

5) nakotnes iesp&jas un prognozes AER jaudas palielinaSanai un elektroenergijas

razoSanai, ka ar1 nakotnes elektroenergijas uzkrasanas potencials Latvijas teritorija.
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Akumulacija nav

NE—>]

ekonomiski izdeviga

2.12. att. Elektroenergijas razo$ana un patérins, klimatiskie apstakli un Daugavas plismas
datu analizes algoritms, lai novertétu elektroenergijas parpalikuma potencialu Latvija.

24.  Tehniski ekonomiska analize elektroenergijas akumulzacijas
risindjumiem uznémumiem

Dati un pienémumi. Situacijas raksturojums

Elektroenergijas akumulacijas sistému uzstadi§ana uzn€mumos, kuru pamatmérkis ir pelnas
glisana no saimnieciskas darbibas, visbiezak tiek izveértéta no ekonomiska, drosibas un
ilgtsp&jiga biznesa viedokla. Saja pétijuma tiek analizéta un izvértéta investiciju projekta
atpelniSanas. Darba gaita tika definéts pétfjuma jautajums, vai Sadiem projektiem bruto
atpelniSanas periods ir 10 gadu robeZas ar un bez atbalsta. Sads termin pienemts, balstoties
lidzigu tehnologisko investiciju projektu biznesa planos, pieméram, saules elektrostacijas.
Svarigs faktors pienemtajam periodam ir ari tas, ka ESS tehnologijas strauji attistds, kas
dinamiska uznémejdarbibas vide nelauj investet projektos ar garaku atpelniSanas periodu. Lai
veiktu §adu analizi, ir janem véra raksturlielumu kopums, kas dotu rezultatu ar augstu
precizitates pakapi. PEtfjuma ir izmantoti gan tehnologiskie un kapitalieguldijumu parametri,
gan arT elektroenergijas publiska tikla un biznesa iestatfjumu lielumi. Tehnologija ir izvéleta,
balstoties ieprieks izstradata daudzkriteriju analizes modela rezultatos — litija jonu akumulatori
ka pamats elektroenergijas akumulacijas sistémam. Sis pétfjums attiecas uz elektroenergijas
tirgus apstakliem Latvijas teritorija, tacu, mainoties parametru vertibam, ir izmantojams ari
citas valstis. P&tijuma netiek nemti veéra pelpas scenariji no AS “AST” balans€Sanas
pakalpojumiem. Hibridu sist€ému gadijumos arT netiek nemti vera zalas izcelsmes sertifikatu
pardoSanas mehanismi.

Elektroenergijas akumulacijas risingjumu izmanto$anas atpelniSanas perioda aprékina
modelim izmantoti dazadi ietekméjosie parametri. Sie raksturlielumi tiek iedaliti divas grupas,
kas redzamas 2.13. un 2.14. attéla.
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1. Konstantes, kas biznesa modell ir nemainigi un mainas reti

1.1. Saules panelu sarazotas elektroenergijas invertoru konversijas un sisttmu zudumi un/vai
lietderibas koeficienti.
. f1 2. Litija ESS lidzstravas “turp-atpakal” konversijas un sistému zudumi un/vai lietderibas

oeficienti.

1.3. 0,4kV zema sprieguma (ZS) — 20 kV vidgja sprieguma (VS) konversijas lietderiba ar kabelu
zudumiem.

1.4. Periods — nedelu skaits gada.

1.5. Elektroenergijas tirgotaja komisija gan par pirkto, gan arT par pardoto elektroenergiju.

1.6. AS “Sadales tikli” elekfroenergijas raZotaju tarifs (par eksportéto jaudu).

1.7. AS “Sadales tikli” Iinijas jaudas uzturéSana.
1.8. AS “Sadales tikli” linijas parvades tarifi.

2.13. att. Nemainigie raksturlielumi.

2. Mainigie parametri

.1. Darba dienu skaits gada.
.2. Maksimumstundu (dargu) skaits diena.
.3. Dienas (bazes) stundu skaits diena.
. Elektroenergijas bazes cena pienemta (diena).
o8 )Litija ESS izmaksas (tikai lidzstravas dala, ar montazu, klimata kontroli, dabas resursu
.6. Litija ESS izmaksas liela méroga > 2,5M Wh (20/40 ft konteineri).
. Litija ESS lidzstravas — 0,4 kV zema sprie%uma konversijas mezglu izmaksas (ar montazu).
. Litija LFP “B” Skiras Stnu ESS resurss 0-100 % DoD.
ST 20 kV jaunu pieslégumu izmaksas (pienémums no pieredzes).
. 0,4 kV ZS — 20 kV mezglu (apaksstacijas + kabeli) izbuves izmaksas.
. Finans€jums %rants.
Finansgjums [idzdaliba.
. Finansejums kredita procentu likme.
. Nakts (Ieétu) stundu skaits diena.
Brivdienu un svétku dienu skaits gada.
Elektroenergijas cena maksimumstundas.
. Elektroener(%;_]as cena nakti.
levadaizsardzibas aparata pieprasitais nominals.
Elektroener%jas cena brivdienas un svétku dienas (iznpemot svétdienu vakarus).
. Litija LFP “B” Skiras ESS resurss 10-90 % DOD.
Litija LFP “B” 8kiras ESS resurss 20-80 % DOD.
Finansgjums kredits.
. C vertiba, ko izmanto, lai izteiktu akumulatoru uzlades un izlades atrumu.
Litija LEP “B” Skiras ESS ciklu 0-100 % DoD 0,5 C (2 stundas) izmaksas.
Litija LEP “B” Skiras ESS ciklu 0-100 % DoD 0,25 C (4 stundas) izmaksas.
. Litija LFP “B” $kiras ESS ciklu 0-100 % DoD 0,125 C (8 stundas) izmaksas.
Litija LEP “B” Skiras ESS ciklu 10-90 % DoD 0,5 C (2 stundas) izmaksas.
Litija LEP “B” Skiras ESS ciklu 10-90 % DoD 0,25 C (4 stundas) izmaksas.
. Litija LFP “B” skiras ESS ciklu 10-90 % DoD 0,125 C (8 stundas) izmaksas
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. Litija LFP “B” 8kiras ESS ciklu 20-80 % DoD 0,5 C (2 stundas) izmaksas
Litija LFP “B” Skiras ESS ciklu 20-80 % DoD 0,25 C (4 stundas) izmaksas
. Litija LFP “B” skiras ESS ciklu 20-80 % DoD 0,125 C (8 stundas) izmaksas
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2.14. att. Mainigie raksturlielumi
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Risinajumu alternativas. P&tfjuma laika tika konstatéts, ka nav vienas universalas
alternativas, tap&c tika izvirziti Cetri alternattvu raksturojosi pien€mumi, kas precizi atspogulotu
uzstadita jautajuma rezultatu.

1. Elektroenergijas patérétaja lielums.

2. Elektroenergijas patérétaji ar un bez saules elektrospekstacijas.

3. Akumuléta elektroenergija tiek izmantota paspatérinam, hibridi vai tikai pelnas noltikos.

4. Elektroenergijas akumulatoru izlades ciklu skaits diena.

Nemot véra Sos pienémumus, tika izstradatas astonas alternativas ar vairakiem
apaksscenarijiem, lai jautajumu pétitu péc iesp&jas plasak. Kopuma aprékinos 22 scenarijos
izmantotas astonas alternativas, kas redzamas 2.15. attela.

(7 N
1 Mazi un vidgji elektroenergijas patéretaji ar piesleguma jaudu 11-500 kW,
. Sl! lstlﬁlt]!q darbali:iiki 5 dienas nedela.
T .1. Maksimumstundu kompensacija.
Alternativa 1.2. Maksimumstundu un elektroenergijas patérétaja piku kompensacija.
MV)P 1.3. Dienas stundu kompensacija.
1.4. Dienas stundu un piku kompensacija.
Lielie elektroenergijas patérétaji ar jaudu virs 500 kW vidsprieguma pieslégums.
2. g lstlhl/;l(]‘!ll darbal:tliﬁi 5 Ji)enas nedela. ’
= .1. Maksimumstundu kompensacija.
Alternativa 2.2. Maksimumstundu un elektroenergijas patérétaja piku kompensacija.
(L)P 2.3. Dienas stundu kompensacija.
2.4. Dienas stundu un piku kompensacija.
3. Mazi un videji elektroenergijas patérétaji ar piesleguma jaudu 11-500 KW,
Alt - 9 stundu darbalaiks 5 dienas nedéla ar uzstaditiem B tipa saules paneliem bez
ernativa eksporta jaudas.
MV)HP 3.1. Maksimumstundu kompensacija.
(¢ ) 3.2. Maksimumstundu un elektroenergijas patérétaja piku kompensacija.
. Lielie elektroenergijas patéreétaji ar jaudu virs 500 kW vidsprieguma pieslegums,
jas p: ) J prieg P 2
_ 9 stundu darbalaiks 5 dienas nedéla ar uzstaditiem C tipa saules paneliem bez
Alternativa eksporta jaudas.
4 1.'1,\/[aksimumstundu kompensacija.
(L)HP 4.2. Maksimumstundu un elektroenergijas patérétaja piku kompensacija.
5 Mazi un vidgji elektroenergijas patérétaji ar %iesléguma jaudu 11-500kW,
. 9 stundu darbalaiks 5 dienas nedela ar uzstaditiem B tipa saules paneliem ar pilnu
T eksporta jaudu ka balanséjoss hibrids.
Alternativa 5.1.’1,\/[aksir{1umsmndu kom ené‘écija un elektroenergijas pardosana.
(MV)BHP 5.2&1 Maksimumstundu, elektroenergijas patérétaja piku kompensacija un elektroenergijas
pardosana.

J

50



\

Lielie elektroenergijas patérétaji ar jaudu virs 500 kW vidsprieguma pieslegums,
6 9 stundu darbalaiks 5 dienas ned¢la ar uzstaditiem C tipa saules paneliem ar pilnu
J eksyﬁ/c[)rta jaudu ka balans€joss hibrids.

Alternativa 6.1. Maksimumstundu kompensacija un elektroenergijas pardosana.

6.2. Maksimumstundu, elektroenergijas patérétaja piku kompensacija un elektroenergijas
(L)BHP pardosana,

6.3. Maksimumstundu kompensacija un visu stundu elektroenergijas pardosana.

6.4. Maksimumstundu, elektroenergijas patérétaja piku kompensacija un visu stundu

elektroenergijas pardosana. /

7 Liela balanséjoSa saules elektrospékstacija ar piesleguma jaudu virs 500 KW ar
: esofu izbavetu pie)slégumu (aprekini veikti arpus saules projekta pelnas no
T saraZotas energijas).
Alternativa 7.1. Maksimumstgl]du laika elektroenergijas pardosana.
(L)BDS 7.2.f I}/[aksimumstundu laika elektroenergijas pardosana ar tehnologijai saudzigaku uzlades-izlades
profilu.
8. Liela ESS ar jaudu virs 500 kW atseviski stavosa ar jaunu elektroenergijas
pieslegumu.
Alternativa 8.1. Maksimumstundu laika elektroenergijas pardosana.
8.2. Maksimumstundu laika elektroenergijas pardosana ar tehnologijai saudzigaku
(DESS uzlades-izlades profilu.
P!

2.15. att. Alternativu apraksti.

Uzskaititas astonas alternativas atSkiras p€c vairakiem parametriem, kas biitiski ietekmé&
kopgjo projekta mérki un bruto atpelniSanas periodu. Atkariba no elektroenergijas patérina
apjoma bitiski mainas izdevumu un iengmumu parametri. Saja pétijuma elektroenergijas
piesléguma jaudas robezskirtne ir 500 kW. Tie, kas ir zem, ir mazie un vidgjie paterétaji, virs
500 kW — lielie paterétaji. Sads dalijums ieviests, lai atkirtu, kuriem visbiezak biis lielakas un
kuriem mazakas elektroenergijas akumulacijas sist€émas, jo tas tie$a veida ietekmé
kapitalieguldijumus. Tapat tika izceltas atsevisSkas alternativas, lai paraditu, kuros gadijumos
uznémums glst ietaupfjumus no uzstaditas akumulacijas sist€émas, kuros gadfjumos —
ietaupfjumus un dalgji arT ienémumus no pardotas elektroenergijas un kuros — ien€émumus no
saimnieciskas darbibas, uzkrajot 1etas birzas stundas un tirgojot dargakas, tadejadi pelnot no
arbitrazas. Tad, kad iesp&jamas alternativas ir iedalitas p&c paterétaja lieluma (projekta merkis
— pelnit vai giit ietauptjumus, vai darboties hibridi), talak katrai alternativai ir jaizverteé art
dazadi scenariji, tapec kopuma tika apskatiti 22 scenariji. Kopg&jais scenariju skaits ir lielaks,
tacu $aja petijjuma neminétajiem bruto atpelniSanas periods var parsniegt pat 50 gadu. Scenariji
tika verteti péc esosa valsts elektroenergijas patérina ipatnibam, piem&ram, no ritiem un vakaros
Cetras stundas elektroenergija tiek patéréta krietni vairak neka dienas vida, tapéc $ajas stundas
cena par to var parsniegt arT 100 % pret dienas cenu un vairdk, savukart nakts laika
elektroenergijas patérin$ ir viszemakais, un nereti elektroenergijas cena pat ir negativa. Vel
viens aspekts alternativam, kur atpelniSanos veido no patérétajam giitajiem ietaupijumiem, ir
ievadaizsardzibas aparata pieprasita nominala samazinajums.
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Matematiskie vienadojumi

Aprekini veikti, izmantojot vienadojumus, kas ietver inZeniertehniskus un ekonomiskus

parametrus.

1. Elektroenergijas akumulacijas sistémas kapitalieguldijumus nosaka ar 28. vienadojumu,
kura tiek sareizinata nepiecieSama akumulatora kapacitate ar bazes kapitalieguldijumu
referenci no izvirzitajiem parametriem.

ESSk = H-PIESLp - PIESLu- (ESSbk + ESSbk / C), (28)
kur

ESSk — Izvéletas elektroenergijas akumulacijas sistémas kapitalieguldijumi;

H — izvéleto stundu skaits diena;

PIESLp — piesléguma jauda;

PIESLu — piesléguma utilizacijas intensitate;

ESSbk — elektroenergijas akumulacijas sistémas kapitalieguldijumi uz 1 MWh;

ESSbkm — elektroenergijas akumulacijas sistémas konversijas mezgla kapitalieguldijumi

uz 1 MWh;

C —izveletais izlades un uzlades atrums, kas ietekmé nepiecieS$amo akumulatora kapacitati.

2. Elektroenergijas akumulacijas sist€émas iegiitos finansialos ietaupTjumus vai ien€émumus
gada nosaka ar vienadojumu, kura tiek saskaititi kopa visi projekta uzstaditie
ietaupfjumi un/vai ien@mumu merki. Tie var biit gan maksimumstundas, gan pika
stundas, gan ievadaizsardzibas aparata pieprasita nominala samazinajums, gan dienas
stundds, gan ari visas stundas. Saja pétfjuma alternativas, kas ir ar uznémuma
paspatérinu, izmaksu dala par ST sadales tarifu un parvades tarifu, ka arT vienadojuma
pie ienémumiem ir ieklauta energijas tirgotaja komisija, jo ST §is izmaksas aprekina
automatiski. Vertibas ieglist atkariba no projekta merka, taCu ar universalu
29. vienadojumu.

IIG = (DDa — Nsk) - ESSc - (ECm — Ecn + STpt) - ESSkol X STIl + Nsk - ESSc -
(ECm — Ecbs + STpt) - ESSkol - STIl + (DDa — Nsk) - Pc X (ECd — ECn) - ESSkol -
STIl + Nsk-Pc-ECd — ECbs) - ESSkol - STIl + DDa- ESSc - (ECm - Ecn + STpt) -
EESkol - PVil - HBi + DDa- ESSc - (ECm - Ecn + STpt) - EESkol- PVil - STIl - HBi +
DDa -Pc - (EDd — ECn — ETk — STpt) - ESSkol- STIl 4+ Nsk -Pc- (ECm — ECbs —
ETk — STpt) - ESSkol-STIl + DDa - ESSc -+ (ECm — ECN — Etk — STpt) - ESSkol -

Pvil - STIl + (PIESLp - PIESLpsam) - STju, (29)

kur

Nsk — ned€lu skaits gada;

ESSc — aprekinata nepiecieSamas akumulatora kapacitate;

ECm — elektroenergijas cena maksimumstundas;

ECn — elektroenergijas cena naktT,

ECbs — elektroenergijas cena brivdienas un svétku dienas (iznemot svétdienu vakarus);
ECd - elektroenergijas cena diena (baze);
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STI1 0,4k V ZS — 20 kV VS konversijas lietderiba ar kabelu zudumiem;

ESSkol — ESS Iidzstravas “turp-atpakal” konversijas un sistému zudumi un/vai lietderibas
koeficienti;

DDa — darba dienu skaits gada;

SVa — svétdienu skaits gada;

PIESLp sam — piesleguma jaudas samazinajums;

STju — AS “Sadales tikli” Iinijas jaudas uztur&Sanas izmaksas;

STpt — AS “Sadales tikli” parvades izmaksas;

Pc — izmantota kapacitate aprékina stundu cikla;

PVil — saules invertoru konversijas lietderiba ar kabelu zudumiem;

HBi — hibridas sist€mas lietderiga izmantoSana;

ETk — energijas tirgotaja komisija.

3. Izmaksas, kas saistitas ar elektroenergijas akumulacijas sist€émas pieslégumu
elektroenergijas koplietoSanas tiklam, nosaka, saskaitot kopa piesléguma jaudas
uzturéanu, ST elektroenergijas razotaju tarifu, ST parvades tarifu un energijas tirgotaja
komisiju (30. vien.). Sis vértibas iegiist atkariba no projekta mérka, katru no mingtajiem
parametriem reizinot ar piesléguma jaudu, un izmanto, ja tas piemérojams konkrétajam
projektam.

[zG = PjX STim + Pj X Steks, (30)
kur

Pj — piesleguma jauda;

STim — ST linijas jaudas uzturé8ana elektroenergijas akumulacijas sistémas pa$patérina

nodroSinasanai;

STeks — ST elektroenergijas raZotaja tarifs.

4. Bruto atmaksas periodu nosaka, elektroenergijas akumulacijas  sistémas
kapitalieguldijumus dalot ar iep€mumiem un/vai ietaupfjumiem un atnemot izmaksas
(31. vien.).

BAP = ESSk/ (IIG - 1zG), 31
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3. REZULTATI

3.1. Daudzkriteriju analize ar TOPSIS metodi

P&c daudzkriteriju analizes, izmantojot TOPSIS metodi un nosakot vienadu svérto svaru
0,111, iegitie rezultati alternativam baterijam paraditi 3.1. attéla.
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g 0,40 0,36
0,30
> )
= 0,20
0,10
0,00
Svina-skabes Litija-jonu Plasmas Natrija-séra
akumulatori akumulatori akumulatori akumulatori

3.1. att. Akumulatora TOPSIS MCDA analizes rezultati.

Tika noteikts, ka starp Cetriem analizétajiem bateriju veidiem litija jonu baterijas ir vistuvak
idealajam variantam ar tuvuma koeficientu 0,67. Lai gan ieguldijumi litija jonu akumulatora
(EUR/kWh) ir visaugstakie starp salidzinatajiem akumulatoriem, o parametru atsver ta lielais
jaudas blivums, kas ir aptuveni divreiz lielaks neka citam alternativam, ka ar ievérojami augsta
efektivitate un uzlades/izlades ciklu skaits, kas tiek uzskatiti par primarajiem aspektiem $adu
rezultatu sasniegSanai. Ir svarigi atzimét, ka ari litija jonu bateriju socialais faktors un
tehnologiska gataviba ir novertéti visaugstak. Tapéc litija jonu akumulatori tiek uzskatiti par
vispotencialako risindjumu energijas uzkraganai misdienas. P&c tam ar ideala scenarija tuvuma
koeficientu 0,55 tiek ierindotas plismas baterijas. So akumulatoru galvenas prieksrocibas ir to
ilgais kalpoSanas laiks un lielais uzlades/izlades ciklu skaits, kas nodroSina augstu jaudas
blivumu, vienlaikus saglabajot salidzinosi zemas ieguldijumu izmaksas. Attiecigi svina-skabes
(0,48) un natrija-séra (0,36) baterijas ir sanémusas zemaku novértjumu. Sadus rezultatus
galvenokart ietekmé to salidzinoSi zemais jaudas blivums un ekspluatacijas laiks. Turklat So
bateriju ietekme uz klimata parmainam (kgCOzcq/kg) ir lielaka neka paréjam divam baterijam.
Tomer pat bateriju veidi ar zemakiem reitingiem netiek uzskatiti par nekonkurétspgjigiem
energijas uzglabasanas tehnologiju tirghi. Saskana ar konkrétiem parametriem, kas galvenokart
var atSkirties atkariba no tehnologiskajam vajadzibam un individualajiem uzskatiem, plasmas
akumulatori, svina-skabes akumulatori un natrija-s€ra akumulatori, turpinot attistit savu
inovacijas potencialu, var nodrosinat efektivu energijas uzkrasanu, veicinot globalu pareju uz
atjaunojamo resursu izmantoSanu.
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Lidzigi, veicot daudzkriteriju lemumu analizi, izmantojot 7OPSIS metodi un nosakot
vienadu sverto vertibu 0,125, rezultati, kas iegiiti par energijas uzkrasanas sist€ému alternativam,
paraditi 3.2. attela.
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3.2. att. Akumulacijas sistemas TOPSIS MCDA analizes rezultati.

Starp salidzinatajam se$am energijas akumulacijas sistémam tika konstatéts, ka
hidroelektrostacija ir tuvakais risindgjums idedlajai atjaunojamas energijas uzglabasanas
tehnologijai, sasniedzot tuvuma koeficientu 0,60. Sis rezultats galvenokart tika iegiits tapéc, ka
ta ir visattistitaka uzglabaSanas sist€éma starp aplukotajam, jo elektroenergijas uzkrasana ir
iespejama arT hidroelektrostacijas, tapéc lieli kapitalizdevumi nav nepiecieSami. Arl
ekspluatacijas laiks ir ieveérojami ilgaks, sasniedzot Iidz pat 80 gadiem, un efektivitate ir
visaugstaka — 77,5 %. Udenraza energijas (0,54) un zala amonjaka (0,51) uzglabasanas
tehnologijas ir ierindotas zemak. Saskana ar literattiras analizi §is divas energijas uzglabasanas
tehnologijas tika novertétas art ka visdaudzsolo$akas un ar augstaku pievienoto vértibu arpus
energétikas nozares. Tomér kapitalizdevumi §Tm uzglabaSanas sistémam ir ievérojami lielaki,
un tehnologiskie risinajumi joprojam ir inovaciju izstrades procesa. Ar tuvuma koeficientu 0,47
siltuma elektroenergijas akumulacijas tehnologija ir ierindota zemaka vieta, jo, lai gan
kapitalizdevumi EUR/kWh ir viszemakie starp salidzinatajam akumulacijas sist€émam,
tehnologiska gataviba joprojam ir demonstréjumu limeni, lidz ar to socialais faktors tiek
novertéts viszemak. Vistalak no ideala risindjuma ir diabatiskd saspiesta gaisa energijas
uzglabasanas sistéma (0,42) un adiabatiska saspiesta gaisa energijas uzglabasanas sist€éma
(0,37), nemot véra darbibas tehnologiskos ierobezojumus, geografiskos ierobezojumus un to,
ka saspiesta gaisa energijas uzglabasanas sist€émas infrastruktiira ir piemérota kalnu
apgabaliem, kur atrodami ari pazemes krateri. Arl reakcijas laiks abam tehnologijam ir
ievérojami ilgaks. Tomér starp salidzinatajam alternativajam uzglabaSanas sist€mas iesp&jam
katra no tam tiek uzskatita par konkurétsp&jigu uzglabasanas tehnologiju tuvaka vai talaka
nakotng, nodrosinot efektivu energijas uzglabasanu. Turklat dazadas uzglabasanas tehnologiju
koncepcijas var pielagot konkrétiem geografiskajiem regioniem un infrastrukttiras problemam.

Lai parbauditu rezultatus, tika veikta jutiguma analize akumulatoru alternativam,
izmantojot visus iepriek§ mingtos kriterijus. UzkraSanas sistémam jutiguma analize netika
veikta, jo kriteriji parklajas un plasaka analize samazinatu rezultatu parredzamibu. legitie
rezultati — 3.3. attela.
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3.3. att. TOPSIS jutiguma analize akumulatoru alternativam, mainot indikatoru svaru $adi:
a) nepiecieSamie ieguldijumi uzkrasanas ieriko$anai un uzturéSanai; b) uzglabasanas jaudas
blivums; ¢) uzlades/izlades ciklu skaits; d) tehnologijas kalpoSanas laiks; e) sisteémas reakcijas
laiks; f) uzglabasanas sist€mas efektivitate; g) ietekme uz vidi; h) sistémas tehnologiska
gataviba komercializacijai; 1) socialais faktors, tieSs labums sabiedribai.
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Nemot veéra jutiguma analizes rezultatus, ir iesp&jams noteikt katra kritrija specifisko
ietekmi uz izvéletajiem tehnologiskajiem risinajumiem atjaunigas elektroenergijas uzkrasanai,
laujot noteikt svarigakos faktorus, kas maina TOPSIS analizes rezultatus. Galvenie secinajumi,
kas izriet no bateriju analizes, ir $adi: litija jonu baterijas negativi ietekmé& nepiecieSsamo
investiciju apjoms, ari saskana ar ievades datiem var secinat, ka ieguldijumi EUR/kWh $aja
attistibas brid1 ir aptuveni divas reizes lielaki neka citi uzkrasanas veidi $aja grupa un ari p&c
tehnologijas kalpoSanas laika. Tomér to atsver fakts, ka praktiski visos citos kritérijos litija jonu
akumulatori uzrada labakos raditajus, attiecigi pamatojot to prieksrocibas, salidzinot ar citam
baterijam. JaatzZimé€, ka svina-skabes un natrija-séra baterijas gandriz neietekmé tehnologiska
gataviba, jo to novatoriskais progress ir vidgjs, tapat ka socialais faktors, tie$s ieguvums
sabiedribai, savukart reakcijas laiks Ipasi neietekmé visu veidu baterijas, jo tas ir gandriz
identisks visiem veidiem. P&dgjais redzamais ietekmejosais faktors ir natrija-s€ra bateriju
ietekmes uz vidi faktors, kas savaktajos datos arT ir ievérojami augstaks.

3.2. Sistemdinamikas modeléSana

Saja apak$nodala sniegti galvenie sakotngjie rezultati, kas raksturo PV sistému un
elektroenergijas uzkraSanas sist€émas izplatibu majsaimniecibas Latvija lidz 2050. gadam,
balstoties dazados parametros. Tiek novertéta butiskako parametru jutiba, izmantojot SD
modeli.

Sistemdinamikas modela elektroenergijas uzkrasanas prakses prognozéesanai
majsaimniecibas rezultati

Tas sava zina ir intuitivs secindjums, tomér izradijas, ka elektroenergijas cenai ir liela
nozime pareja no tikla elektribas uz PV un akumulatoru izmantoSanu. 3.4. attela redzams PV’
un PV salidzinajums ar akumulatoru sistémas diftizijas limeni pie dazadiem elektroenergijas
tarifiem. 3.4. a) attéla redzams, ka, ja clektroenergijas cena visa simulacijas perioda bitu
35 EUR par megavatstundu, kas ir aptuveni zemaka elektroenergijas cena, kada sasniegta
pedejo 10 gadu laika (2. tab.), interese gan par PV, gan PV ar akumulatoru uzstadiSanu biitu loti
zema. Interese par akumulatoriem saktos tikai pec 2040. gada, kad ieguldijumu izmaksas biitu
pietickami samazinatas, lai atmaksasanas laiks biitu mazaks neka bateriju tehniskais darbmiizs.
Ir logiski, ka ar zemam elektroenergijas cenam PV un akumulatoru atmaksasanas laiks ir parak
ilgs, lai padaritu to par vélamu iesp&ju. Modela rezultati liecina, ka pie $ada elektroenergijas
cenu Itmena 2050. gada tikai 25,4 % no visam majsaimniecibam biitu uzstadijusas tikai PV’
sistémas un 3,5 % bitu uzstadijusas PV sisteémas, kas papildinatas ar akumulatoru uzkrasanu.
Pargjie joprojam bitu pilniba atkarigi no tikla elektroenergijas.

3.4. b) attéla redzams, ka, ja elektroenergijas cena visa simulacijas perioda bitu 50 EUR
par megavatstundu, kas bija augstaka elektroenergijas cena no 2013. lidz 2020. gadam
(2.4. tab.), interese par PV un akumulatoriem batiski pieaugtu. PV tehnologijas ievieSana iegiist
vilkmi uzreiz, savukart PV un akumulatoru uzstadiSana sak picaugt jau pirms 2030. gada.
Modela rezultati liecina, ka pie $ada elektroenergijas cenu Iimena 2050. gada 48,6 % no visam
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majsaimniecibam biitu uzstadijusas tikai PV sistémas un 10,8 % biitu uzstadijusas PV sist€mas,
kas papildinatas ar akumulatoru uzkrasanu.
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(c) Elektroenergijas tarifs - 90 EUR/MWh (d) Elektroenergijas tarifs - 220 EUR/MWh

3.4. att. PV un akumulatoru sist€mas diftizija, pamatojoties uz elektroenergijas tarifu.

3.4. ¢) att€la redzams, ka, ja elektroenergijas cena visa simulacijas perioda butu 90 EUR par
megavatstundu, kas 2021. gada bija aptuvena elektroenergijas cena (tada ir bijusi arl
2023. gada) (2.4. tab.), interese par PV un akumulatoriem biitiski pieaugtu. Saja gadijuma
elektroenergijas cena ir tik augsta, ka pasreiz&jas PV un akumulatoru tehnologiju izmaksas jau
simulacijas sakuma kliist loti ienesigas, un atmaksasanas laiks ir salidzinosi Tss. Pat bez valsts
atbalsta majsaimniecibas pienem l€émumu par pareju uz PV vai PV ar akumulatoriem, un
nakotnes tehnologiju izmaksu samazinajums to veicina vél vairak, tomér tuvu 2050. gadam
uzstadiSanas temps paléninds, jo sist€éma ir tuvu pilnam piesatindjumam. Modela rezultati
liecina, ka pie $ada elektroenergijas cenu limena 2050. gada 68,6 % no visam majsaimniecibam
biitu uzstadijusas tikai PV sistémas un 18,0 % bitu uzstadijusas PV sisteémas, kas papildinatas
ar akumulatoru uzkrasanu.

3.4. d) att€la redzams, ka, ja elektroenergijas cena visa simulacijas perioda batu 220 EUR
par megavatstundu, kas bija aptuvena elektroenergijas cena 2022. gada (2.4. tab.), PV un
akumulatoru uzstadiSanas atrums “eksplodetu”. Tikla elektriba ir tik darga, ka pat akumulatoru
tehnologijas, kas $aja bridi joprojam ir dargas, $kiet ienesigakas neka tikai tikla elektroenergijas
izmantosana. Tikai PV sistémam joprojam ir liclaka proporcijas dala neka PV ar
akumulatoriem, jo kopgjais ieguldijumu atmaksasanas laiks PV vienmer biis mazaks neka PV’
sistemai, kas papildinata ar akumulatoriem. Modela rezultati liecina, ka pie sada
elektroenergijas cenu limena 2050. gada 70,8 % no visam majsaimniecibam bitu uzstadijusas
tikai PV sist€émas un 22,0 % biitu uzstadijusas PV sisteémas, kas papildinatas ar akumulatoru
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uzkrasanu. Gala rezultati ir 1idzigi tam, ja elektribas cena ir 90 EUR par megavatstundu, tomer
sakotngjais investiciju [menis ir ieveérojami augstaks.

Ir butiski min&t, ka rezultati parada situaciju, kad neto uzskaites sisteémas darbojas pilnigai
simulacijai visos elektroenergijas cenu scenarijos un visas majsaimniecibas var izmantot $o
sistemu, toméer realitate sadales sistémas operators, visticamak, nespétu uzkrat tikla visu saules
elektroenergijas parpalikumu, kas paradits ¢) un d) scenarijos, un neto uzskaite tiktu likvideta,
lai saglabatu tikla stabilitati. Tas savukart ietekmétu P}V un akumulatoru sist€mas integracijas
atrumu, jo bez neto uzskaites atmaksasanas periods palielinas un tikla piesleégumi izskatas
pievilcigaki. Tomér S$aja pétjjuma netiek analiz€ta P} integracijas atruma ietekme uz
elektrotiklu un neto uzskaites sistému. Modelis ir japaplaSina, lai analiz&tu So efektu. Tas ir
turpmako pétfjumu merkis.

3.5. attela ir paradits PV un PV ar akumulatoru integracijas limeni pamatscenarijam, kura
elektroenergijas cena tika noteikta 50 EUR par megavatstundu, kas tika pienemts ka
visrealakais nakotnes cenu Itmenis pasreiz€ja p&tijjuma. Turpmakos petjjumos cenu veidoSanas
biitu japaplasina, apsverot arT cenu svarstibas.
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—— Majsaimniecibas ar PV — = Majsaimniecibas ar PV un akumulaciju
----- Kopéjais majsaimniecibu skaits

3.5. att. PV un PV ar akumulatora integraciju 1. scenarija.

Pamatscenarijs atklaj pakapenisku PV sistémas uzstadisanas pieaugumu no
11 764 majsaimniecibam 2023. gada Iidz 96 497 majsaimniecibam ar PV 2050. gada. PV ar
akumulatora uzstadisanu sakas 2027. gada un palielinas no piecam majsaimniecibam
2027. gada Iidz 21 422 majsaimniecibam ar PV un akumulatoru kombinaciju 2050. gada. Tas
liecina, ka majsaimniecibas ir potencials akumulatoru integracijai, toméer, lai sasniegtu augstaku
integracijas Itmeni, ir nepiecieSama atbalsta politikas IstenoSana.
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3.6. att. Modela scenariju salidzinajums.

3.6. attela redzams, ka subsidiju politikas IstenoSana maina P} sist€mu, integrgjot
akumulatoru sist€mu majsaimniecibas. Var redzet, ka pamatscenarijs bez politikas rada zemako
majsaimniecibu skaitu ar PV un akumulatoru uzglabasanu 2050. gada. Ja subsidijas tiek
pieskirtas tikai PV uzstadiSanai, bet ne akumulatoru uzglabasanai, sakotngjais pieaugums
sisteému ar P} un akumulatoru uzstadiSanu ir lielaks neka pamatscenarija gadfjuma, tomer gala
rezultats ir tikai nedaudz lielaks. Sakotn&jais pieaugums ir saistits ar to, ka, subsid€jot PV
uzstadiSanu, tiek samazinatas arT sist€émas kopg€jas izmaksas ar PV un akumulatoriem, tapéc ta
ir pievilcigaka neka bazes scenarija, tomér ilgtermina tikai PJ sist€mas joprojam ir
pievilcigakas neka kombingta sisteéma.

Ja tiek subsid@tas tikai baterijas, sakotngjais palielinajums PV un akumulatoru sist€mas
uzstadiSanai ir lidzigs tam, kas paredz PV subsidijas, un lielaks neka pamatscenarija, tomér gala
rezultats ir labaks neka pamatscenarijs un subsidijas tikai PV scenarijam. To var izskaidrot ar
faktu, ka, subsidgjot tikai baterijas, kombingtas sistemas atmaksasanas laiks ir mazaks tikai P}V’
sist€mai, tapec interese par kombingto PV un akumulatoru sist€mas uzstadiSanu palielinas ne
tikai sakotngja perioda, bet ari visa simulacija.

Ja abas tehnologijas tiks subsid&tas, paredzams, ka sakotn&jais piecaugums bus lielaks neka
ieprieksgjos scenarijos. Sis pieaugums notiek ne tikai uz PV sistému rekina, bet gan tapec, ka
gan tikai PV, gan kombingtas PV un akumulatoru sisteémas klast konkur&tsp&jigas ar tikla
elektroenergijas tarifu, un uzstadiSanas picaugums notiek abas kategorijas. Tomér gala rezultats
ir Tidzigs scenarijam ar subsidijam tikai akumulatoriem, un, ta ka abas tehnologijas sanem
subsidijas, investiciju un ietaupfjumu starpiba starp risindjumiem joprojam ir par labu PV
sistémai.

No scenarija rezultatiem var secinat, ka ar 20 miljoniem EUR piecu gadu subsidijas
tehnologijam ar 50 % atbalsta intensitati patieS$am nav pietickami, lai ievérojami palielinatu
kombingtas PV un akumulatoru sisteémas ievieSanu. Starpiba starp pamatscenariju un
subsidijam abu tehnologiju scenarija ir 3696 majsaimniecibas. Pamatscenarija
21 422 majsaimniecibam ir uzstadita kombin&ta PV un akumulatoru sistéma, savukart scenarija
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ar subsidijam abam tehnologijam 25 118 majsaimniecibam ir uzstadita kombinéta PV un
akumulatoru sist€ma.

Jutiguma analizes rezultati

Jutiguma analize tika veikta, lai novertétu, ka batiskako parametru izmainas varétu ietekmét
PV un akumulatoru kombingto sistému ieviesanu. Jutiguma analize tika veikta sist€mai bez
subsidijam ar Cetriem parametriem. 3.7. att€la redzams elektroenergijas tarifa jutigums. Ir
redzama milziga plaisa starp PV un akumulatoru sist€mas uzstadisanu pie elektribas cenas
30 EUR un 150 EUR par megavatstundu.

Elektroenergijas tarifa jutiba
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3.7. att. Elektroenergijas tarifa jutiguma analize akumulatoru akumulacijas uzstadisanai (tarifa
intervals — 30-150 EUR par MWh).

Akumulatora tehniskais kalpoSanas laiks biitiski ietekmé ari kombing&to PV un akumulatoru
sistémas uzstadisanu. 3.8. att€la redzams, ka, ja akumulatoru tehniskais kalpoSanas laiks bitu
10 gadi vai mazaks, gandriz nekada akumulatoru uzglabasanas uzstadiSana nenotiktu, jo
ieguldijumi butu parak lieli, lai atmaksatos tehnologiju darbmiiza laika.

Akumulacijas kalpoSanas laika jutiba
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3.8. att. Akumulatora tehniska kalpoSanas laika jutiguma analize akumulatora uzglabaSanas
iekartas (tehniskais darbmiiza intervals — 10-30 gadi).
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Sakotngjiem ieguldijumiem ir licla nozime arT akumulatoru uzglabasanas isteno$ana, un
jutiguma analize parada, ka mainas uzstaditais PV un akumulatoru sisteému daudzums, palielinot
vai samazinot sakotngjos ieguldijumus par 25 %. Majsaimniecibu skaits ar PV un akumulatoru
sisttmu izmainam no 19 890 lielako investiciju scenarija lidz 31 029 zemako investiciju
scenarija redzams 3.9. attéla.

Akumulacijas sakotnéjo investiciju jutiba
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3.9. att. Sakotngjo ieguldijumu akumulatoru uzglabasanas iekartas jutiguma analize
(sakotngjo ieguldijumu intervals — 600—-1000 EUR par kWh).

Akumulatoru sisteému integracija nozime ir ne tikai sakotngjiem ieguldijumiem, bet ar1
investiciju samazinajumam laika gaita. Ieguldijumu samazinajuma dalas jutiguma analize
(3.10. att.) parada butiskas izmainas galarezultata, mainot ieguldijjumu gada samazinajuma dalu
no 0,5% uz 3 %. Majsaimniecibu skaits ar P}V un akumulatoru sisttmu izmainas no
19 127 zemakas investiciju samazinasanas frakcijas scenarija lidz 28 840 lielakas investiciju
samazinaSanas frakcijas scenarija redzamas 3.10. attela.

Akumulacijas investiciju samazinasanas frakcijas jutiba
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3.10. att. Akumulatora ieguldjjumu jutiguma analize samazinat frakciju akumulatoru
uzglabasanas iekartas (akumulatora ieguldijumu samazinasanas frakcijas intervals — 0,5—
3 % gada).
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No jutiguma analizes var redzét, ka visiem Getriem parametriem — elektroenergijas cenai,
bateriju uzglabasanas tehniskajam kalposSanas laikam, sakotng€jam investicijam bateriju
uzkraSand un investicijam, lai samazinatu bateriju uzkraSanas dalu, — ir milziga ietekme uz
akumulatora uzglabasanas iekartu, tapec ir loti svarigi riipigi apsvért $o parametru vertibas,
veicot nakotnes prognozi par akumulatoru uzglabasanas attistibu.

Sistemdinamikas modela simulacijas hibridai energosistéemai majsaimnieciba rezultati

Saja apaksnodala sniegti rezultati, kas raksturo energijas uzkraanas sistémas uzstadisanas
rentabilitati majsaimniecibas Latvija, nemot véra majsaimniecibas kopgjo elektroenergijas
patérina profilu.

Simulgjot sistému darbibu pie NordPool elektroenergijas stundas cenam 2021. gadam, tika
konstatéts, ka kopgjas elektroenergijas izmaksas majsaimniecibai, kuras kopéjais gada patérin§
ir 7800 kWh/gada un kas pat@re tikai energiju no tikla, ir 2663,55 EUR/gada. Savukart, ja tada
pasa profila majsaimnieciba uzstada saules panelus, sarazoto elektroenergiju izmanto
paspatéripam un izmanto tiklu ka parpalikumu, kopgjas elektroenergijas izmaksas ir
715,82 EUR/gada, Iidz ar to ir redzams biitisks uzlabojums. Ja PV ir pievienots art litija jonu
akumulators un sisteéma tiek izmantota efektivi, tad majsaimniecibas elektroenergijas izmaksas
ir 639,41 EUR/gada. Izmaksu atskiribas no SD simulacijam tris dazados gados apkopotas
3.1. tabula.

3.1. tabula
Elektroenergijas izmaksu salidzinajums
2019 1779,78 710,14 642,18
2020 1554,06 646,98 571,34
2021 2663,55 715,82 639,41
2022 4851,32 968,97 858,02

3.1. tabula redzama butiska at$kiriba kop&jas gada elektroenergijas izmaksas atkariba no ta,
kura gada dati (NordPool elektroenergijas birzas cena) simulacija izveleti ka prognozétas
elektroenergijas cenas. Tas ir skaidrots ari 3.11. attéla, vizuali salidzinot vid&jo dienas NordPool
tarifu starp gadiem, kas tika analiz&ts un salidzinats sistémdinamikas modeli.
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3.11. att. Vesturiskas elektroenergijas cenas.

Iepriekseja gada izmaksu atSkiribas ietekmé&ja dazadi argjie apstakli 2019. gada
elektroenergijas birzas cena Latvija samazindjas, salidzinot ar 2018. gadu, un 84,7 % no kopgja
patérina tika segti, izmantojot vietgjo generaciju. Tapéc elektroenergijas izmaksas bija
salidzino$i pienemamas. Elektroenergijas cenu zina 2019.-2020. gadu Latvijai var uzskatit par
mérenu periodu. Savukart 2021. gada bija verojams elektroenergijas cenu kapums, no
septembra sasniedzot jaunus vésturiski vidéjos ménesa cenu rekordus. Elektroenergijas cenas
visa Eiropa pieauga rekordaugsto gazes un CO: emisiju kvotu cenu dél. Citi ietekmgjosie faktori
bija zemaka energijas razosana v&ja un hidroelektrostacijas Eiropa, kas bija jasedz ar fosilajiem
resursiem. Turklat 2022. gads iezim&jas ar vl lielaku elektroenergijas cenu picaugumu katru
menesi, kas sasniedza 156 %, salidzinot ar pieaugumu 2021. gada. Tapeéc no modela iegiitajos
datos izmaksas, pieméram, tikai ar elektroenergijas koplicto$naas tiklu savienotai sist€mai,
2022. gada dubultojas. Viens no galvenajiem cenu pieauguma iemesliem bija Krievijas
iebrukums Ukraina, ka rezultata tika partraukts elektroenergijas imports no Krievijas un
Baltkrievijas.

3.12. attéla redzama akumulatora uzlades un izlades (kWh) dinamika atkariba no
elektroenergijas tarifa konkrétaja bridi (EUR/kWh). Grafiks attélo aptuveni vienu ned€lu no
visa simuléta perioda. Akumulatora uzkratas energijas daudzumu attélo zila likne, savukart
elektribas tarifu — sarkana likne. Ir iesp&jams konstatet, ka pie augstakam elektribas cenam
notiek atraks akumulatora izlades process, savukart pie zemakam elektribas cenam notiek
pretgjais, t. i., akumulators tiek uzlad@ets.
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3.12. att. Akumulatora uzlade un izlade, pamatojoties uz elektribas tarifu.

Saskana ar simulacijas apkopotajiem rezultatiem modelt modeli, Latvijas gadfjuma izp&tei
tika parbaudita elektroenergijas akumulacijas ierikoSanas rentabilitate ar esoSo saules
potencialu un ikgadgjo starojuma intensitati, nemot véra elektroenergijas izmaksas, kas ietekmé
akumulacijas sistémas darbibas principus. legiitie rezultati par konkréto ieprieks aprakstito
majsaimniecibu ar uzstaditu saules panelu un akumulacijas sist€ému vienai dienai (24 h bazei)
vidgjai elektroenergijas slodzei vasaras ménesi redzami 3.13. attéla.
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3.13. att. Ikdienas energijas plismas profils sistémai ar saules paneliem un akumulatoru
vasaras diena.

Vasara majsaimniecibas elektroenergijas patérin$ ir salidzino$i zems (sarkana likne
3.13. att.), tapéc akumulatora uzkratas energijas daudzums ir pietickams, lai segtu patérinu
nakts stundas (tumsi zila Iikne 2.4. att.), savukart dienas laika saules panelu sist€émas sarazotas
energijas daudzums kliist pietiekami liels, lai ne tikai segtu majsaimniecibas patérinu, bet ari
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pilniba uzladeétu akumulatoru. Turklat konkrétaja diena, kas analiz&ta 3.13. att€la, var redzgt, ka
akumulators tiek uzladéts arT no rita, izmantojot tikla uzkratds saules panelu energijas
parpalikumu p&c paterina segSanas. Ir iesp&jams konstatet, ka ipaSos apstaklos vasaras diena
netiek patéréta elektroenergija no tikla, ka arT netiek izmantots tikla uzkratas elektroenergijas
daudzums. GluZi pretgji, akumulators tiek uzladéts, nodrosinot lielaku pieejamas energijas
uzkrasanas apjomu dienam, kad saules panelu sarazotais daudzums biis nepietickams, lai segtu
patérinu.

Lai gan kopgja elektroenergijas profila sadalijums katrai no modelétajam dienam ir nedaudz
atskirigs, kopuma tas attaisno elektroenergijas akumulacijas uzstadiSanas rentabilitati perioda,
kad saules starojums ir lielaks un saulainaku dienu ir vairak, nemot véra laikapstaklus Latvija.

Lai parbaudttu arT sezonalitates ietekmi uz akumulacijas sistémas iertkoSanas rentabilitati
Latvija, tika analiz&ti dati par dienas elektroenergijas profilu par vienu izvélétu dienu ziemas
menesl. legiitie rezultati redzami 3.14. attéla.
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Majsaimniecibas paterins

Saules sarazotais

= - = Saules energija ko izmanto paSpatérina segsanai

= = = Saules energijas parpalikums un tikla uzkrata saules energija, ko izmanto uzladei
———— Tikla elektriba, ko izmanto uzlades un paterina segSanai

Akumulatora uzkrata energija

3.14. att. Ikdienas energijas pliismas profils sistémai ar PV un akumulatoru ziemas diena.

Ka redzams iegiitaja grafika, majsaimniecibu elektroenergijas patérins ziema ir salidzinosi
lielaks. Ziemas diena energijas pieprasijumu dal&ji sedz akumulatora uzkratais energijas
daudzums (tumsi zila likne 3.14. att.), savukart elektroenergijas patérins no tikla, nemot véra §1
briza tarifu, $aja diena ir loti mazs. So parametru apraksta gaisi zila linija, kas 3.14. attéla ir
gandriz nulles limeni. Ziemas méne$os akumulatora uzlad&sanai tick izmantots saules energijas
parpalikums un tikla uzkrata saules energija (zala partraukta likne 3.14. att.). Tomér ziemas
diena Latvijas apstaklos p&c paterina segSanas un akumulatora uzladeSanas vairs nav saules
energijas, ko nodot tikla, jo ta tiek pilniba patéréta. Kopuma elektroakumulacijas sistémas
uzstadiSanas rentabilitati majsaimnieciba Latvija ir iesp&jams noveérot ari ziemas perioda.

Lai iegiitu gada parskatu un novértétu modeléto sistému no ikménesa energijas plismu
viedokla, tika apkopoti SD modeli (izmantojot 2021. gada datus) iegitie rezultati. 3.15. attéla
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redzams energijas plismu profils pa gada méneSiem, ja majsaimnieciba ir uzstadita saules
panelu sisteéma, savukart 3.16. att€la paradita sist€ma ar saules paneliem un akumulatoru.
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A
s PV parpalikums nodots tikla Tikla uzkrata PV parpalikuma patérins
mmmm Razo$anas laika patéréta PV energija Elektribas patéring no tikla
e Majsaimniecibas paterins e PV saraZotais

e MEnesa sakuma PV parpalikuma uzglabatais tikla
3.15. att. Ikménesa energijas profils saules panelu sist€mai.

Iegiitie rezultati liecina, ka augstaka elektroenergijas razo$ana no saules paneliem notiek no
maija lidz augustam (zala likne 3.15. att.). Zemakais elektroenergijas patérin$ vérojams vasaras
meéneSos (zila Ikne 3.15.att.). Sarkana likne (3.15. att.) norada saules panelu energijas
daudzumu, kas katra ménesa sakuma tiek uzglabats tikla. Var noverot, ka, sakot no maija (jauna
bilances gada sakums), $is apjoms pieaug, un augstakais uzkrajums (~ 4000 kWh) tiek sasniegts
oktobri, kas lauj $o energiju izmantot Iidz nakamajam aprilim. Diagramma (3.16. att.) paradits
avotu sadalijums katra ménes, lai segtu patérinu. Ziemas ménesos (no novembra lidz janvarim)
lielakoties pat@rina segSanai tiek izmantots tikla uzkratais elektroenergijas daudzums. Savukart
vasaras perioda, jau sakot no maija lidz augustam, saules panelu sarazota energija liclakoties
tiek patéréta uzreiz un tiek izmantota tikai neliela dala no tikla sistéma uzkratas. Lidzigs
ikménesa energijas pluismu profils tika ieglits gadljumam, ja ir uzstadita saules panelu un
elektroenergijas akumulacijas sist€éma. Iegitie rezultati redzami 3.16. attéla.

67



2000 5000

4000 <
1500 2
&
=
< 3000 %
= 2
= 1000 £
© N
£ 2000 o
£ £
2 <
) g
1000 ;
g
o . mm || . . [ | | o &
. . - - I . . . . . =
Janvaris Februaris Marts Aprilis Maijs Janijs Julijs Augusts  Septembris  Oktobris Novembris Decembris a
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e V3 jsaimnie cibas patéring e OPE jais patéring ar akumulatora uzladi
e PV raZiba e \&ne3a sakuma PV parpalikuma uzglabatais tikla

3.16. att. Ikmenesa energijas profils saules panelu sistémai ar akumulatoru.

Galvenas izmainas ikménes$a elektroenergijas plismu profila, kad akumulators ir pievienots
sistémai, ir tas, ka akumulatora uzkratajam energijas daudzumam ir liela nozime
majsaimniecibu paterina segSana laika posma no oktobra Iidz aprilim, bet jo ipasi ziemas
méne$os. Vasaras méneSos saules panelu sarazotd energija, ka ari akumulatora uzkratais
energijas daudzums ir pietickams, lai segtu majsaimniecibu patérinu, tadéjadi panakot lielaku
neatkaribu no tikla un nodroginot padpatérinu. Saja gadijuma, pievienojot akumulatoru un
nodrosSinot atbilstoSu automatizacijas limeni, ir iesp&jams pat giit ekonomiskus ieguvumus,
izmantojot savstarpgjo saistibu starp elektroenergijas izmaksam un energijas pieprasijumu
konkrétaja bridi, nodroSinot augstaku rentabilitati. Sis attiecibas raksturo ikménesa
elektroenergijas plasmu profila daudzveidiba, ipasi ménesos no oktobra lidz martam.

Lai apkopotu iegiitos rezultatus, tika veikts visu Cetru analiz€to sistému salidzinajums,
nosakot elektroenergijas gada izmaksas no tikla, gada ietaupfjumu un katras sist€mas
atmaksaSanos un gada laika no tikla patérétas elektroenergijas apjomu péc analizEtajam
elektroenergijas cenam no 2019. lidz 2022. gadam. Rezultatu kopsavilkums redzams 3.2.—
3.5. tabula.
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3.2. tabula

Dazadu sistému salidzinajums ar elektroenergijas cenu 2019. gada Iiment

EUR/gada EUR/gada Gadi kWh/gada
Tikla elektriba 889 - - 7755,55
Saules panelu sistéma 293 596 16,8 331,32
Akumulators 858 31 4483 7862,27
Saules panelu + akumulatora sistéma 260 629 22,3 372,39

Pie 2019. gada elektroenergijas cenam ir iesp&jams novérot, ka brizos, kad tikla energijas
izmaksas ir salidzino§i zemas, tomér ir iesp&jams ietaupit, uzstadot PV sistemu vai PV un
akumulatoru sistemu (3.2. tab.). Tom@r uzstadiSanas izmaksu del atmaksasanas laiks biitu
ieveérojami ilgs, PV sist€mai sasniedzot gandriz 17 gadu un sist€émai ar pievienotu
akumulatoru — 22,3 gadus, tadgjadi samazinot ekonomisko pamatojumu sistémas ievieSanai
Latvijas majsaimniecibas. No otras puses, uzstadot tikai baterijas, ikgadgjais ietaupijums par
zemam elektroenergijas cenam ir nenozimigs, un, nemot véra atmaksasanas laiku, kas sasniedz
448,3 gadus, ir iesp&jams teikt, ka tikai bateriju uzstadisana konkrétajos apstaklos ir nerentabla.

3.3. tabula

Dazadu sisteému salidzinajums ar elektroenergijas cenu 2020. gada limeni

EUR/gada EUR/gada kWh/gada
Tikla elektriba 776 - - 7755,55
Saules panelu sistéma 285 491 20,35 331,32
Akumulators 724 52 266,9 7857,75
Saules panelu + akumulatora 250 526 26,6 368,78
sistéma

V&l zemaku elektroenergijas izmaksu gadijuma, t. i., pie 2020. gada elektroenergijas cenam,
kad samazinas kopgjas tikla elektroenergijas gada izmaksas katrda no analiz&tajiem sistémas
risindgjumiem, ir iesp&jams noteikt, ka gada ietaupfjums PV un PV ar akumulacijas sist€mam
samazinasies, attiecigi palielinot atmaksasanas laiku abam sistémam (3.3. tab.). Savukart
situacija, kad ir tikai akumulators, ikgadg€jais ietaupijums palielinds un atmaksasanas laiks
samazinas, atmaksasanas laiks joprojam ir nereals, un scenarijs tiek definéts ka nerentabls.
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3.4. tabula

Dazadu sistému salidzinajums ar elektroenergijas cenu 2021. gada liment

Tikla Gada Atmaksasanas Patéréta tikla
elektroenergijas  uzkrajums laiks elektroenergija
gada izmaksas
EUR/gada EUR/gada kWh/gada

Tikla elektriba 1331 - - 7755,55
Saules panelu sistema 293 1038 9,6 331,32
Akumulators 1223 108 129,2 7862,81
Saules panelu + akumulatora 259 1072 13,1 370,68
sistéma

Gadijumos, kad elektroenergijas izmaksas ir augstakas, pieméram, ka 2021. gada
elektroenergijas cenu gadijuma, ir iesp&jams panakt daudz lielaku ikgadgjo ietaupijumu un
pienemamaku atmaksaSanas periodu tikai PV panelu sistémai un PV un akumulatoru sistémai,
sasniedzot ietaupijumu 1072 EUR/gada un pédgja gadijuma samazinot atmaksasanas laiku lidz
13,1 gadam (3.4. tab.). Tas attaisno energoefektivu risinagjumu uzstadiSanas rentabilitati
majsaimniecibas Latvija. Tomér pat pie 2021. gada cenam tikai akumulatora sistéma
pienemama perioda neatmaksajas.

3.5. tabula

Dazadu sistému salidzinajums ar elektroenergijas cenu 2022. gada liment

Tikla Gada Atmaksasanas Pateréta tikla
elektroenergijas  uzkrajums laiks elektroenergija
gada izmaksas
EUR/gada EUR/gada kWh/gada

Tikla elektriba 2425 - - 7755,55
Saules panelu sistéma 350 2075 4,8 331,32
AKkumulators 2164 261 53,7 7860,62
Saules panelu + akumulatora 307 2118 6,6 367,85
sistéema

v

Cetras iepriek$gjas tabulas dati liecina par vél vienu patnibu — patéring ir lielaks scenarija,
ja ir tikai akumulators sistema, salidzinot ar pargjiem scenarijiem. Tas ir saistits ar akumulatora
uzlades/izlades procesu, kura rodas zudumi (tostarp tie, kas ir gaidstaves rezima). Lai aptvertu
to pasu majsaimniecibas patérina slodzi, izmantojot sistému, kas paredzéta tikai
akumulatoriem, ir nepiecieSams vairak elektroenergijas. Tada pati ieteckme ir vérojama saules
panelu un akumulatoru sist€émam, salidzinot ar sisttmam, kuras ir tikai PV.

Vislielakos ieguvumus var rast gadijuma, ja elektroenergijas izmaksas ir 2022. gada cenu
Iiment. Tada gadijjuma ikgad€jais ietaupijums PV sistémas uzstadisanai sasniedz
2075 EUR/gada un atmaksasanas laiks samazinas lidz 4,8 gadiem (3.5. tab.). Pie 2022. gada
elektroenergijas cenam ar saules panelu un akumulatoru sisttmam ikgadgjais ietaupijums
sasniegtu 2118 EUR/gada, savukart atmaksaSanas periods samazinatos Iidz 6,6 gadiem, tad&jadi
liecinot par sistémas uzstadiSanas rentabilitati majsaimniecibas Latvija gadijuma, ja
elektroenergijas cenas butiski nesamazinatos, salidzinot ar 2022. gada limeni, vai — ilgtermina,
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ja cenas pieaugtu citu globalu ekonomikas un vides problemu deél (pieméram, klimata
parmainas). Sist€ma, kura ir tikai akumulatori, joprojam ir sarezgita iesp&ja. Lai gan
atmaksasanas laiks samazinas, tas joprojam sasniedz 53,7 gadus, kas tiek uzskatits par parak
ilgu periodu, lai to uzskatitu par rentablu.

Konstatéts, ka Latvijas specifiskajos apstaklos (saules potencials, gada vidgja starojuma

intensitate u.c.) fotoelementu un fotoelementu un akumulatoru sisttmu uzstadiSanas
rentabilitate privatajas majsaimniecibas Latvija ir attaisnojama gan vasaras, gan ziemas
apstaklos. Vasara majsaimniecibu elektroenergijas patérin$ ir salidzino$i zems; tapéc tika
noteikts, ka akumulatora uzkratas energijas daudzumu var izmantot, lai segtu patérinu nakts
stundas, savukart PV panelu sist€mas sarazotas energijas daudzums dienas laika ir pictickams,
lai ne tikai segtu majsaimniecibas patérinu, bet arT pilniba uzladetu akumulatoru. Analiz&taja
gadTfjuma vasaras diena elektriba no tikla netiek patéréta, un tikla uzkratas elektroenergijas
daudzums ar netiek izmantots. Gluzi pret&ji, kratuve tiek papildinata, nodroSinot lielaku
pieejamas energijas daudzumu dienam, kad saules panelu sarazotais daudzums bitu
nepietickams, lai segtu pateripu. Kopuma elektroenergijas akumulacijas ierikoSanas
rentabilitate bija pamatota periodam, kad saules starojums ir lielaks un ir vairak saulainu dienu,
nemot vera laikapstaklus Latvija. Tika konstatéts, ka pat ziemas diena ir iesp&jams segt
energijas pieprasijumu ar akumulatora uzkrato energijas daudzumu, ka arT tas, ka ziemas
meénesos nelielu energijas daudzumu sarazo saules paneli, kas tiek izmantoti patérina segsanai,
tadgjadi kopuma pamatojot elektroenergijas akumulacijas sistémas uzstadiSanas rentabilitati
majsaimnieciba Latvija ari ziemas perioda.
Tomer galvenais faktors, kas kavé uzkrajuma izveidi, ir augstas ieguldijjumu izmaksas, kas
jasedz pirms atmaksas sanemsSanas no atbalsta instrumentiem. Papildu izmaksas par negrttbam
ir saistitas ar tehnologijas uztur&Sanas izmaksam, kas katra gadijuma var veidot atSkirigus
izdevumus.

3.3. Algoritms datu apkopoSanai un kritiskai analizei, aprékiniem
un prognozesanai

AER Tpatsvars kopgja sarazotaja elektroenergija Latvija redzams 2.8. attéla. Vidgji atkariba
no sezonas, kas biitiski ietekmé elektroenergijas razosanu no AER, Latvija no AER saraZo ap
40 % lidz 50 % no kopgjas nepiecieSamas elektroenergijas. Tris Daugavas hidroelektrostaciju
kaskade nodroSina lielako dalu no kopgjas sarazotas elektroenergijas, nodrosSinot Latvijas
elektroenergijas bazes jaudu [69]. Lidz 2021. gadam v€ja energijas raZoSanas jauda bija tikai
77-78 MW, 2022. gada ta palielinajas Iidz 136 MW, jo tika izveidots jauns v&ja parks [70].
2022. gada butiski palielindjas arT saules energijas jauda [71]. Saasinoties geopolitiskajai
situacijai Eiropa, iedzivotdji arvien vairak apsver individudlo energgtisko neatkaribu. Turklat
Latvijas valdiba ir piedavajusi atbalstu saules panelu uzstadiSanai majsaimniecibas [72], un ta
rezultata butiski palielinas kopgja uzstadita saules jauda. Patlaban saules energijas razo$anas
jauda valstT ir gandriz 150 MW, p&dgjo tris gadu laika ta ir palielinajusies aptuveni devinas
reizes [73].
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3.17. att Atjaunigo energoresursu Ipatsvars (%) kopéja sarazotaja elektroenergija Latvija
(2017-2022). Dati: AS “Latvenergo”.

No AER sarazotas elektroenergijas daudzums ir loti mainigs atkariba no sezonas un
laikapstakliem. Tas attiecas ne tikai uz v&ja un saules energiju, bet ari uz hidroenergiju. Tris
HES darbiba un jauda ir atkariga no ziemas skarbuma un Daugavas tecgjuma (3.18. att.). Ja ir
zems Udens limenis, ir mazak resursu, no ka razot elektroenergiju, kas nozimé, ka
elektroenergijas razoSana sausas vasaras Latvija ir vairakas reizes mazaka. Savukart pavasara
atkusna perioda vietgji razota elektroenergija pilniba apmierina pieprasijumu Latvija.

Hidroenergijas razoSana ir ne tikai sezonalas, bet arT ikgad€jas atskiribas. 2023. gada aprili
tris Daugavas hidroelektrostacijas sarazoja 893 gigavatstundas (GWh) jeb aptuveni 90 % no
kopgjas Latvija sarazotas elektroenergijas. Saja ménesi, pateicoties lielajai tidens pieplidei
Daugava, Latvija tika sarazots liclakais elektroenergijas apjoms kop$ 2011. gada aprila.
2023. gada janvari Daugavas HES sarazoja 638 GWh (69 % no kopgja valstl sarazotas
elektroenergijas apjoma). 2022. gada janvari Daugavas HES Tpatsvars kopgja sarazotaja
elektroenergija bija tikai 43 % [69].
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3.18. att. Daugavas tec&jums Jekabpili (m’/s) pa gadalaikiem (2017-2023). Avots: Latvijas
Vides, geologijas un meteorologijas centra (LVGMC) dati.
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Aprekinot Latvijas gada elektroenergijas bilanci, kas ir starpiba starp sarazoto un pateréto
elektroenergiju, rezultati parada, ka elektroenergijas razoSanas apjoms Latvija ir nevienmerigs
un nepietickams, lai apmierinatu viet€jo elektroenergijas pieprasijumu (3.6. tab).
Elektroenergijas gada bilance galvenokart ir negativa, un ta rezultata ta ir atkariga no
elektroenergijas importa.

3.6. tabula

Latvijas elektroenergijas bilance (GWh) pa ménesiem (2017-2022); pozitiva bilance, un gada
kopgjas vertibas ir izceltas treknraksta. Avots: AS “Latvenergo” dati

Janvaris 43,7 184,1 -107,8 -31,8 —65,7 -156,3
Februaris -25,8 69,7 —146,2 -16,5 —-40,7 -151,8
Marts 302,9 4,7 34,6 44,9 56,5 -192,9
Aprilis 161,5 238,8 -80,9 -177,5 73,8 75,0
Maijs 12,7 —-138,6 -160,7 -110,1 —46,6 -168,6
Junijs -164,8 —244,1 —144,7 -52,3 -200,4 -259,2
Jiilijs -177,8 -196,8 —-198,5 —293,1 -291,3 -336,1
Augusts -178,3 -141,4 -54,0 -173,0 -419,6 -310,9
Septembris -39,6 —-180,2 -17,5 —225,0 —265,9 —330,2
Oktobris -14,6 -239,3 -107,8 —285,0 —335,1 -352,4
Novembris 85,0 -151,3 —42.0 —154,8 -200,1 -104,7
Decembris 59,2 -157,1 -92,5 -151,5 -37,4 -23,5
KOPEJA 64,2 -951,5 -1118,1 -1625,7 -1772,5 -2311,5

Apkopojot sarazotas un patérétas elektroenergijas apjomu pa méneSiem un aprékinot
bilanci, tika noverota tendence, ka pavasara ménesos parsvara tiek sasniegta pozitiva bilance.
Lielakais elektroenergijas razoSanas Tpatsvars Latvija nak no trim Daugavas
hidroelektrostacijam. Vislielaka Gidens plisma Daugava ir pavasari, atkusanas perioda, kad kiist
ledus un sniegs, un ta rezultata palielinas hidroenergijas razo8ana [69]. Elektroenergijas bilance
pa ménesSiem un gadiem apkopota 3.6. tabula. Laika posma no 2017. Iidz 2022. gadam
elektroenergijas bilance Latvija bijusi pozitiva parsvara pavasara méne$os — marta un aprili.

Lai izvértétu elektroenergijas akumulacijas potencialu, tika izmantota klasterizacijas
metode, grupgjot sarazotos un paterétos apjomus pa sezonam un pa dienam — darba dienas un
nedglas nogal€s, vienlaikus veértgjot elektroenergijas razo$anas un patérina intensitati (3.19.—
3.22. att.).
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3.19. att. Elektroenergijas razo$ana no atjaunojamiem energoresursiem (AER) un patérins
ziema (nedglas nogal@s un darba dienas) Latvija 2022. gada. Dati: apkopoti no AS
“Latvenergo”.

3.19. attéla redzama elektroenergijas ziemas raZzoSanas un patérina tendence dienas laika,
paradot, ka pat@rin palielinas no plkst. 6.00 no rita un samazinas tikai pec plkst. 20.00.
Elektroenergijas razo$anas modelim ir lidziga geometriska forma ka patérina modelim, jo
viet€jas razoSanas jaudas cen$as apmierinat pieprasijumu péc eclektroenergijas, bet ziemas
perioda tas ir nepietickamas, jo samazinas AER razosanas apjomi. 3.20. att€la redzams, ka,
sakoties atku$pa periodam Daugava, elektroenergijas razoSana pavasari tuvojas patrina
limenim, kas lauj izmantot Daugavas HES bazes jaudu elektroenergijas razoSanai. Salidzinot
ar ziemas periodu, elektroenergijas patérina samazinajums bija vérojams gai$aka un siltaka
pavasara laika.
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3.20. att. Elektroenergijas raZo8ana no atjaunojamiem energoresursiem (AER) un patérins

pavasarT (ned€las nogales un darba dienas) Latvija 2022. gada. Dati: apkopoti no AS
“Latvenergo”.

74



3.21. attéla redzamas tendences vasaras perioda. Vasara samazinas gan elektroenergijas
razoSanas intensitate, gan pat€rins. Tas saistits ar Daugavas fidens plismas samazinasanos un
ilgakam diennakts gaiSajam stundam, kad apkures un apgaismes ierices tick izmantotas retak.
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3.21. att. Elektroenergijas raZo$ana no atjaunojamiem energoresursiem (AER) un patérin$
vasara (nedélas nogal€s un darba dienas) Latvija 2022. gada. Dati: apkopoti no AS
“Latvenergo”.

3.22. attéla redzama elektroenergijas razoSana un patérin$ rudens sezona. Var novérot, ka
elektroenergijas patérin$ atkal pieaug, bet razoSanas apjoms ir gandriz lidzvertigs vasaras
periodam.
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3.22. att. Elektroenergijas raZo$ana no atjaunojamiem energoresursiem (AER) un patérins

rudeni (ned€las nogal€s un darba dienas) Latvija 2022. gada. Dati: apkopoti no AS
“Latvenergo”.
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Analiz&to datu rezultati liecina, ka patlaban elektroenergijas patérins parsniedz saraZoto no
AER (3.19.-3.22. att.), lai gan Daugavas hidroelektrostacijas atseviskos periodos 2022. gada
aprill sp&ja panakt pozitivu elektroenergijas bilanci (dati nav uzraditi). Aplikojot kopgjo
elektroenergijas bilanci, ir dazi ménesi, kad elektroenergijas bilance Latvija ir bijusi pozitiva
(3.6. tab.). Pozitivais lidzsvars lauj uzglabat lieko energiju iidens rezervuaros, izmantojot PHES
tehnologiju. So uzkrato energiju varétu izmantot laika, kad pieprasijums p&c elektroenergijas ir
liels. Turklat paredzams, ka nakotné AER jaudas pieaugs un vEja un saules energija biis
nepiecie$ama, lai uzglabatu maksimalas razoSanas stundas.

Hidroelektroenergija savu maksimalo potencialu sasniedz pavasari, savukart maksimalais
vEja energijas potencials tiek sasniegts ziemas ménesos, kad visa Latvijas teritorija vérojams
lielakais vid&jais v&ja atrums (3.23. att.).

9 -

8 4

Véja atrums (vidéjais), m/s

Liepaja Ventspils Ainazi Aldksne Daugavpils Bauska

mZiema mPavasaris = Rudens mVasara

3.23. att. Vidgjais v€ja atrums (m/s) dazadas Latvijas pils€tas un gadalaikos 2022. gada. Dati:
apkopoti no Latvijas Vides, geologijas un meteorologijas centra (LVGMC).

Ir noverots, ka vid€jais v&ja atrums ir zemaks Latvijas austrumu dala, savukart Baltijas jiras
piekrasté un centralaja regiona tas ir ievérojami lielaks, padarot tos pievilcigus v&ja parku
investoriem. 2022. gada kopgja uzstadita véja energijas jauda Latvija sasniedza 136 MW [35].
Ja kopgja uzstadita jauda sasniegtu 1000 MW, saraZota elektroenergija palielinatos septinas
reizes, un, sasniedzot 2000 MW jaudu, sarazotas elektroenergijas apjoms palielinatos 14 reizes.
Ja kopgja uzstadita vEja energijas jauda 2022. gada butu 1000 MW, vEja energija ziemas perioda
vargtu nodro$inat aptuveni 25-30 % no Latvijas elektroenergijas, savukart rudeni ta varétu
sasniegt 50 % un vairak. Ja kopgja uzstadita v&ja energijas jauda Latvija 2022. gada butu
2000 MW, rudeni butu elektroenergijas parpalikums (3.24. att.).
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3.24. att. VEja energijas razo$ana (zila linija) un patérin$ (sarkana linija) Latvija 2022. gada,
VEja energijas raZosana, ja jauda batu 1000 MW (zala linija) un ja jauda batu 2000 MW
(peleka Iiija).

Aplestais Latvijas atkrastes vEja energijas potencials ir aptuveni 15 GW [74]. Patlaban §is
potencials ir neizmantots. Atkrastes v€ja energijas potencials, ja tas tiktu pilniba izmantots,
segtu Latvijas elektroenergijas patérinu daudzkart ar parpalikumu (3.25. att.).

V¢&ja energijas razoSanu Latvija planots palielinat lidz 2030. gadam [42]. V&ja energijas
attistianai bls nepiecieSamas energijas uzglabasanas iekartas. [74]. Potencialais risindjums ir
eso$o Daugavas hidroelektrostaciju parbiive, lai tajas varétu izvietot hidroelektroenergijas
akumulaciju.
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3.25. att. Latvijas atkrastes vejparku potencials (zila krasa) salidzinajuma ar Latvijas
elektroenergijas patérinu 2022. gada (sarkana krasa) pa ménesiem.
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Daugavas HES ir lielakas hidroelektrostacijas valsti, kas elektrotiklam nodroSina lielu
atjaunojamas energijas Ipatsvaru. 2022. gada Daugavas HES tika sarazotas 2,7 TWh
elektroenergijas. Uzstaditas elektriskas jaudas ir $adas: 908 MW (Plavinu HES), 402 MW
(Rigas HES) un 248 MW (Keguma HES). Vietas uz Daugavas no vistalak augSup lidz lejtecei
ir Plavinas, Kegums un Riga. P&c uzstaditas jaudas Plavinu HES ir lielaka hidroelektrostacija
Baltijas valstis un viena no lielakajam Eiropas Savieniba [75]. Tris Daugavas HES uzkraj ideni
fidenskratuves aiz dambjiem un razo elektribu pika stundas. Izn€mums ir tad, ja pavasarT up€ ir
pludi un lielaka tidens plisma. Tad hidroelektrostacijas tick darbinatas ar maksimalo jaudu. Ja
fidens ltmenis ir parak augsts, drosibas un vides apsvérumu dg] tas tiek izlaists caur noplides
vartiem. Tad&jadi HES elektroenergijas balans€Sanas iesp&jas pavasarT ir ierobezotas [76].

Augsto kapitala izmaksu un vides apsvérumu dél vélams nebavét hidroelektroenergijas
akumulacijas sist€mu no jauna, bet gan pielagot jau esosas HES kaskades [77], [78], [79], [76],
[80]. Hidroelektroenergijas akumulacijas efektivitate svarstas no 75 % Iidz 85 % [76]. PHES ir
visefektivaka uzglabasanas metode liclam elektroenergijas daudzumam. Energiju var uzglabat
ilgu laiku, un sist€mai ir atrs reakcijas atrums un elastigs palaiSanas un apstasanas laiks [76].
PHES ir noderiga atjaunojamas, pieméram, saules, energijas integréSanai un lidzsvaroS$anai
elektrotikla.

Energijas daudzums, ko var uzglabat ar PHES tehnologiju, ir atkarigs no augstuma starpibas
starp rezervuariem un Udens daudzuma, ko var transportét starp rezervuariem [76], [81].
Plavinu, Keguma un Rigas HES augstums starpibas/kritums ir 40 m, 14m un 18 m,
tidenskratuves tilpums attiecigi ir 0,509 km?, 0,157 km® un 0,339 km®. Detalizétaka tehnisko
aspektu, ka ar investiciju izmaksu analize Daugavas HES potencialajai pielagoSanai stknu
hidroelektroenergijas uzkrasanai ir arpus $1 pétijuma tvéruma.

Balstoties izvertéjuma ar izveidoto datu analizes algoritmu, rezultati liecina, ka Latvijai ir
liels potencials v&ja energijas attistiba, jo ta var razot elektroenergiju méeneSos, kad
hidroelektroenergijas razosana ir zemaka Daugavas Gidens Iimena d€l. Tas padaritu Latvijas
elektroapgadi dro$aku un mazak atkarigu no importétas energijas, vienlaikus veicinot ari
klimata mérku sasnieg8anu. Attistot arT papildu saules energijas jaudu, ir iesp&jams palielinat
viet€ji raZotas elektroenergijas Tpatsvaru, Ipasi vasaras ménesos, kad saules starojums ir lielaks.
Hidroelektroenergijas akumulacijas ieklauSana esoSajas Daugavas hidroelektrostacijas vél
vairak veicinatu atjaunojamas energijas attistibu. Sada diversificéta pieeja energijas razoSanai
un uzglabasanai var nodrosinat gan drosibu, gan ilgtsp&ju Latvijas elektroapgade.

3.4. Uznemumu tehniski ekonomiska analize

Autors uzskata, ka §1s tehniski ekonomiskas analizes rezultati varétu parsteigt daudzus
nozares ekspertus, jo patlaban valda uzskats, ka pie vid€jas investicijas zem 400 EUR/MWh
elektroenergijas akumulacija atpelnas biznesam saprotama termina, kas tiek pienemts zem
12 gadiem. S pétijuma jautajums ir, vai elektroenergijas akumulacijas sistémas atpelnas lidz
10 gadu laika ar un bez papildu atbalsta ar sistému kapitalieguldijjumiem zem 350 EUR/MWh
mazam sistémam un zem 300 EUR/MWh lielam sistémam. Par atpelniSanos ir pienemts bruto
atpelniSanas periods, kur netieck nemtas veéra kapitala izmaksas, amortizacija un iekartu
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degradacija. Izveleto sistému astonas alternativas ir izvélétas no realiem dzives apstakliem,
katrai aprékinos izmantojot faktiskos parametru liehumus. ST ir augsta detalizacijas pakape, kas
ir izmantojama arf citas valstis. Rezultatos nav att€loti petijuma rezultati, kas attiecas uz bankas
un finanSu atbalsta instrumentu ietekmi uz projekta atpelniSanas terminu. Patlaban Euribor
likmes ir augstas, un tas ietekmé $ada veida investiciju projektus.

3.7. tabula ka art 3.26. un 3.27. attéla redzami kopgjie rezultati visiem 22 scenarijiem no
astonam izveletajam alternativam, kas analiz&tas Saja pétfjuma. 3.7. tabula apkopoti rezultati
kas iegiiti no vienadojumiem, savukart grafiki ir izmantoti, lai vieglak salidzinatu un vizualiz&tu
talakos rezultatos .

3.7. tabula

Bruto atpelniSanas periods visam alternativam un visiem scenarijiem

Bruto atmaksas periods

Alternativa un SCENARIJI .
(gadi)
1 Mazais/vidéjais paterétajs (11-5S00kW)
1.1. SCEN.1. MAX STUNDU KOMPENSACIJA 13,8
1.2. SCEN.1b. MAX STUNDU UN PIKU KOMPENSACIJA 12,7
1.3.  SCEN. 2. DIENAS STUNDU KOMPENSACIJA 17,2
1.4. SCEN. 2b. DIENAS STUNDU UN PIKU KOMPENSACIJA 15,6
2 Alternativa — lielais patérétajs (> 500 kW, 20 kV pieslegums)
2.1. SCEN. 1. MAX STUNDU KOMPENSACIJA 10,9
2.2.  SCEN. 1b. MAX STUNDU UN PIKU KOMPENSACIJA 9,1
2.3. SCEN. 2. DIENAS STUNDU KOMPENSACIJA 13,3
2.4.  SCEN. 2b. DIENAS STUNDU UN PIKU KOMPENSACIJA 10,8
3  Alternativa — mazais/vid€jais hibridais paterétajs (11-500 kW)
3.1. SCEN. 1. MAX STUNDU KOMPENSACIJA 10,4
3.2.  SCEN. 1b. MAX STUNDU UN PIKU KOMPENSACIJA 9,7
4 | Alternativa — lielais hibridais pateretajs (> 500 kW)
4.1. SCEN. 1. MAX STUNDU KOMPENSACIJA 10,6
4.2.  SCEN. 1b. MAX STUNDU UN PIKU KOMPENSACIJA 8,8
5  Alternativa — mazais/vidé€jais balans€josais hibridais paterétajs (11—
500 kW)
5.1. SCEN. 1. MAX STUNDU KOMPENSACIJA UN PARDOSANA 12,0
5.2. SCEN. 1b. MAX STUNDU UN PIKU KOMPENSACIJA, PARDOSANA 11,5
6  Alternativa — lielais balans€joSais hibridais paterétajs (> 500 kW)
6.1. SCEN. 1. MAX STUNDU KOMPENSACIJA UN PARDOSANA 10,9
6.2.  SCEN. 1b. MAX STUNDU UN PIKU KOMPENSACIJA, PARDOSANA 9,9
6.3. SCEN. 2. MAX STUNDU KOMPENSACIJA UN VISU STUNDU 219
PARDOSANA i
6.4. SCEN. 2b. ~ MAXV STUNDU UN PIKU KOMPENSACIJA, VISU 20.6
STUNDU PARDOSANA ’
7  Alternativa — liela balanséjosa dienvidu SES (C tipa > 500 kW)
7.1.  SCEN. 1. MAX STUNDU EKSPORTS 14,7
7.2.  SCEN. la. MAX STUNDU EKSPORTS (GARAKS RESURSS) 18,0
8  Alternativa — liela ESS
8.1. SCEN. 1. MAX STUNDU EKSPORTS 15,5
8.2.  SCEN. la. MAX STUNDU EKSPORTS (GARAKS RESURSS) 16,5
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Mazs-vidéjais patérétajs (11-500kW) Liels patérétajs (>500kwW, 20kV

g 20,0 172 s f‘h pieslégums)
% 150 138 12,7 i 2 150 133
3 , E , 10,9 91 10,8
g 10,0 g 10,0
o »
g 50 % 5,0 I
s
£ 00 E 00
© SCEN.1. MAX SCEN.1b. MAX SCEN. 2. DIENAS ~ SCEN. 2b. © SCEN. 1. MAX SCEN. 1b. MAX SCEN. 2. DIENAS  SCEN. 2b.
g STUNDU STUNDU UN STUNDU DIENAS g STUNDU STUNDU UN STUNDU DIENAS
& KOMPENSACIJA PIKU KOMPENSACIJA  STUNDU UN @ KOMPENSACIJA PIKU KOMPENSACIJA  STUNDU UN
KOMPENSACIA PIKU KOMPENSACIJA PIKU
KOMPENSACIJA KOMPENSACIA
Mazs-vidéjais hibrids patérétajs (11- Liels hibrids patérétajs (>500kW)
= 500kw) 5
3 S 12,0 10,6
L]
3 150 £ 10,0 838
2 104 9,7 g 80
2 10,0 @
g g oo
2 g 40
© g
E 50 ]
® e 20
£ 5
5 00 & 0,0
L SCEN. 1. MAX STUNDU SCEN. 1b. MAX STUNDU UN SCEN. 1. MAX STUNDU SCEN. 1b. MAX STUNDU UN
KOMPENSACIA PIKU KOMPENSACIJA KOMPENSACIJA PIKU KOMPENSACIJA
Mazs-vidéjais balanséjoss hibrids Liels balanséjoss hibrids patérétajs
5 patérétajs (11-500kW) 3 (>500kw)
[ 2
$ 150 12,0 115 g 250 219 20,6
s g 20,0
2 10,0 @ 15,0 10,9 9,9
8 £ 10,0
g 50 E 50
£ ®
5 s 00
.g 0,0 ‘5 SCEN. 1. MAX SCEN. 1b. MAX SCEN. 2. MAX SCEN. 2b. MAX
I ’ -3 STUNDU STUNDU UN PIKU STUNDU STUNDU UN PIKU
@ SCEN. 1. MA_X STUNDU SCE'!' 1b. MAX STU_NDU UN = KOMPENSACUA UN KOMPENSACUA, KOMPENSACIA UN KOMPENSACIIA,
KOMPENSACUA UN PIKU KOMPENSACLIA, PARDOSANA PARDOSANA  VISUSTUNDU  VISU STUNDU
PARDOSANA PARDOSANA PARDOSANA PARDOSANA
Liela balanséjosa dienvidu SES (C tipa Liela ESS
5] >500kW =
k) ) § 200 16,5
€ 200 18,0 ] 155
s 14,7 2 150
2 150 3
3 g 100
£ 100 g
E £
e 50 % 50
g > 2
E >
] 0,0 & 0,0
SCEN. 1. MAX STUNDU SCEN. 1a. MAX STUNDU SCEN. 1. MAX STUNDU SCEN. 1a. MAX STUNDU
EKSPORTS EKSPORTS (GARAKS RESURSS) EKSPORTS EKSPORTS (GARAKS RESURSS)

3.26. att. Bruto atpelniSanas periods visam alternativam un visiem scenarijiem.

Iegttie dati liecina, ka bruto atpelniSanas periods svarstas no 8,8 gadiem lidz 21,9 gadiem.
Sim svarstibam ir dazada rakstura iezimes, kas ir specifiskas katrai no izvélétajam uznémumu
Tpatnibam. Minimumu no maksimuma galvenokart atSkir akumulacijas sisteémas izvele attieciga
uzdevuma veikSanai. Liela hibrida patérétaja maksimumstundu un piku kompenséSanai
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piemérota 0,25 C izlades faktora sistéma, savukart liclam balans€joSam hibridam patérétajam
maksimumstundu kompensacijai un visu stundu pardosanai tika izveleta l€nakas uzlade/izlades
sistema ar 0,125 C faktoru. Lidz ar to arT nepiecieSamas investicijas palielinajas vairakas reizes.
Nemot vera iepriek$ teikto, autors secina, ka zemaks C faktors sniedz plaSaku darbibas
diapazonu, kas var nodrosinat darbibu ilgaka perioda, tacu ekonomiskiem aprékiniem tas rada
lielaku kapitalieguldfjumu slogu. Saja analizé tika pievérsta uzmaniba iespéjamam alternativam
un scenarijiem, nevis biznesa logikai. ST metodologija palidzés uznémumiem gan Latvija, gan
ar1 arpus tas iegit loti precizus rezultatus savu biznesa modelu aprékiniem.

Lai uzskatamak var€tu aprakstit ieglitos rezultatus, tie tika ranz&ti pa ietaupijumu un
iepdmumu tipiem, lai var salidzinat, kada atskiriba veidojas vienadiem vai Iidzigiem
scenarijiem dazadas alternativas.

MAX STUNDU KOMPENSACIA MAX STUNDU UN PIKU KOMPENSACIA
8 150 38 120 3 150 127
g 109 104 106 ’ 10,9 ’g_ 11,5
P ' > 91 97 gg 9,9
gz 10,0 3z 10,0 ! !
T8 T8
£ = £
: 5,0 I I : 5,0 I I I I
2 2
2 2
[ 0,0 ) 0,0
(MV)P (L)P (MV) (L)HP (MV) (L) (MV)P (L)P (MV) (L)HP (MV) (L)
HP BHP  BHP HP BHP  BHP
DIENAS STUNDU KOMPENSACIJIA DIENAS STUNDU UN PIKU
3 20,0 17,2 § KOMPENSACIJA
§ 15,0 133 § 20,0 15,6
S5 @ 15,0 10,8
LT 10,0 3= ) 2
s £38 100
E] 0,0 9o 0,0
@ Mazs-vidéjais Liels patérétajs g Mazs-vidéjais Liels patérétajs
patérétajs (11- (>500kW, 20kV patérétajs (11- (>500kW, 20kV
500kW) pieslégums) 500kW) pieslégums)
MAX STUNDU EKSPORTS (GARAKS MAX STUNDU EKSPORTS (GARAKS
§ RESURSS) é RESURSS)
& 200 14,7 155 & 200 180 16,5
8 35 15,0 83 15,0
£ 5 100 g% 100
® 5,0 & 5,0
2 00 2 00
@ Liela balanséjosa Liela ESS @ Liela balans&josa Liela ESS
dienvidu SES (C tipa dienvidu SES (C tipa
>500kW) >500kW)

3.27. att. Bruto atpelniSanas periods, ranzéts pa scenarijiem no dazadam alternativam.

legitie dati parada to, ka, uzstadot elektroenergijas akumulacijas sistému, var noteikti
samazinat atpelniSanas periodu, ja par projekta uzdevuma mérki nosaka kompensét ne tikai
maksimumstundas, bet ari elektroenergijas paspatérina pikus. Ta rezultata paterétajs var
samazinat ievadaizsardzibas aparata pieprasito nomindlu un samazinat ikmé&neSa
elektroenergijas rékina parvades tarifa dalu. Vidsprieguma abonentu piederibas robeza eso$iem
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patérétajiem ieguvums ir bitiskaks par zemsprieguma abonentiem, ko ari var redzgt ka
atpelniSanas perioda starpibu. Lielam hibridam pat€rétajam aprékinos nemot vera ne tikai
maksimumstundu kompensaciju, bet ar1 patérétaja piku kompensaciju, atpelniSanas periods
samazinas par 17 %. Konkrétaja pieméra nepiecieSamo kapitalieguldijumu apmeérs nemainas,
tacu mainas elektroenergijas akumulacijas sistémas lietosanas paradumi, dalgji kompensgjot
paterétaja pika nepiecieSamibu ar uzkrato elektroenergiju. Pika patérini $im uznémumanm ir reti,
tapec tas biitiski neietekme akumulatoru sist€mas ilgmazibu. TieSi tadi pasi rezultati ir redzami
ar starp dienas stundu un dienas stundu ar pika stundu kompensaciju. Tacu autors secina arT to,
ka kompensét dienas stundas ir neizdevigadk ka kompensét maksimumstundas, jo
elektroenergijas cenas ir zemakas dienas laika, salidzinot ar maksimumstundam. Tatad, ja
jaizvelas starp dienas stundam, maksimumstundam un pika slodzem, tad tehniski ekonomiski
pamatotak ir kompensét maksimumstundas un pika slodzes neatkarigi no klienta profila
alternativas.

ST pétfjuma rezultati loti labi parada, ka elektroenergijas akumulacijas sistéma veido
sinergiju ar saules energiju. Var secinat, ka efektivakais veids, ka izmantot elektroenergijas
akumulacijas sisteému, ir uzstadit to lielam elektroenergijas patérétajam, kuram ir uzstaditi
saules paneli bez eksportam paredzétas jaudas. Saja alternativas scenarija tiek iegits isakais
atpelniSanas periods, jo sistémas kapitalieguldijumi ir salidzino$i zemaki ar citam alternativam
uz vienu MWh, jo lielam sisttmam Ipatngjie ieguldijumi uz MWh ir zemaki par mazam
sisteémam, ka arT tas, ka jau ir izblivéts patérétaja elektroenergijas pieslégums.

Ir jaatzist, ka reala praks€ biitu vérojamas rezultatu korekcijas alternativas ar uzstaditiem
saules paneliem, jo razibas profils ir ar sezonalu raksturu un tada gadijuma ir izaicino$ak
efektivi izmantot elektroenergijas parpalikumus, salagojot ar birzas cenam pie akumulatoru
uzlades, tacu $1s novirzes tiktu kompensg&tas no zalas izcelsmes sertifikatiem, kas $aja petjjuma
nav pemti vera.

Galvenais $1 pétfjuma jautdjums ir apstiprinats — elektroenergijas akumulacijas sist€éma
uznémumiem atpelnas 1saka laika perioda par 10 gadiem. Sadai sistémai ir jabiit uzstaditai
uznémuma ar esoSu elektroenergijas paspatérinu, kas vélas kompensét dargas elektroenergijas
cenas un savas pika slodzes, ka arT §im uznémumam ir uzstaditi saules paneli, sarazoto
parpalikumu dienas laika tas uzkraj un vakara dargo stundu laika pardod elektroenergijas
tirgotajiem. Sads risinajums viennozimigi ir izcils veids, ka radit papildu energétisko
neatkaribu, but ilgtsp&jigakam, ka arT palielinat atjaunojamo energoresursu efektivaku
izmantoSanu, novirzot to no dienas uz maksimumstundam, tadgjadi balans€jot kopgjo
elektroenergijas tirgu.

Jutiguma analize scenarijiem, kas katra no alternativam ir ar zemako bruto
atpelniSanas periodu

Nemot véra tehnologiju attistibas un cenu straujo dinamiku, tika veikt jutiguma analize
scenarijiem, kas katra no alternativam uzradija isako bruto atpelniSsanas periodu. Litija jonu
elektroenergijas uzraSanas sistému cenu svarstibas tika pienemtas no +10 % dazadu tirgus
izmainu gadijumos, piemeram, pieprasijums aug krietni atrak, neka piedavajums spgj
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nodro8inat, vai arT dazadu geopolitisku svarstibu rezultata pieaug izejvielu izmaksas vai rodas
izaicinajumi ar logistiku. Autors uzskata, ka visi mingtie faktori var islaicigi paaugstinat cenas
10 % robezas. Scenarija turpinajuma tika izskatitas cenu samazinaSanas iespéjas trijas pakapes
10 %, 20 % un 30 % robezas. Izvertejot dazadus avotus un dazadus attistibas scenarijus, ka
redzams 3.29. attéla, var secinat, ka pat pie 1éna tehnologiju attistibas tempa raZotaju
pasizmaksa tuvakajos gados strauji samazinasies. Jutiguma analizé minétie 30 % galaklientu
cenas samazinajums pret autora izmantoto $aja petfjuma var tikt sasniegts jau tuvako 3—5 gadu
laika. Tas velreiz liecina par §1 petfjuma aktualitati un to, ka izmantotie aprékini var palidzet
uznpémumiem monitorét to, kura bridi viniem S$kiet ekonomiski pamatoti uzstadit Sis

tehnologijas.
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3.28. att. Litija jonu akumulatoru sisteémas kapitalizdevumu prognoze [82].

Turklat analize liecina, ka nakamo 2—3 gadu laika paradisies vairak alternativu un scenariju
ar atraku atpelniSanas periodu, kas bez valsts atbalsta varetu ieklauties 10 gadu robezas. Tas
ietekmés tehnologiju izplatibu, lidzigi tam, ka tas noticis ar saules paneliem. Strauju attistibu
Baltijas juras regiona prognoz€ ari v&ja turbinam. Lielam brivi stavosam elektroenergijas
akumulacijas sisttmam un saules parkiem pievienotam akumulacijas sistémam atpelniSanas
periods nesamazinas tik strauji ka gadfjumos, kad ir eso$s patérétdjs, jo elektropiesléguma
izmaksas nesamazinas tik strauji. Sis ir novérojams tapec, ka elektropiesléguma izmaksam
neparedz tikpat strauju cenu samazinajumu ka akumulacijas sisttmam, kas ietekmé kopgjos
kapitalieguldijumus un [idz ar to — arT atpelniSanas periodu.

Tadu ietekmi, ka var noverot jutiguma analizes att€los, kas rodas pie cenu samazinajuma
30 % apmera, lidzigu efektu rada ar1 atbalsta mehanismi ar 30 % grantu (davinajumu), kas
nozime to, ka jau tagad $ada veida projekti uzneémumiem ir loti izdevigi ar nosacTjumu, ka ir
valsts atbalsts. Autors secina arT to, ka valsts atbalsts palidz&tu ne tikai uznémumiem, bet ar1
samazinatu elektroenergijas tiklu kop&jo noslodzi un dotu iesp&ju pieslégt jaunus potencialos
elektroenergijas patérétajus. Tas savukart dotu iesp&ju efektivak izmantot un planot tiku darbibu
un Iidz ar to arT samazinatu elektroenergijas sadales un parvades tarifus, uzlabojot Latvijas
uzne€mumu konkurétsp&ju. Tatad — ar vienu atbalstu tiktu sasniegti vairaki mérki.
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3.29. att. Jutiguma analize scenarijiem, kas katra no alternativam ir ar zemako bruto
atpelniSanas periodu.
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SECINAJUMI

Pasreiz atbilstosakais elektroenergijas uzkrasanas risinajums AER ir litija jonu akumulatori,
ka uzglabasanas sistéma izmantojama suknéta hidroenergija (hidroelektroenergijas stknu
hidroakumulators).

Sistémdinamikas modela testéSana radija parliecibu par modela atbilstibu un uzticamibu.
Rezultati paradija potencialu akumulatoru uzglabaSanas integréSanai majsaimniecibu
sektora. No scenarija rezultatiem var secinat, ka ar piecu gadu subsidijam 20 miljonu eiro
apméra tehnologiju iegadei un uzstadiSanai ar 50 % atbalsta intensitati nav pietiekami, lai
ievérojami palielinatu kombingto saules panelu un akumulatoru sistému ieviesanu (no 21
500 uz 25 000).

Elektroenergijas uzkrasanai ir vairaki ieguvumi:

3.1. tas palielina AER izmantoSanu;

3.2. tiek nodroS$inatas rezerves tikla partraukumu gadijumiem,;

3.3. radita ekonomiska drosiba AER investicijam.

Uznémumu un valsts ITmena litija jonu akumulacijas risindjumu atmaksasanas laiks jau
tagad ir mazaks par 15 gadiem, atsevi$kos gadijumos pat mazaks par 10 gadiem. Tuvako
tr1s gadu laika atmaksasanas periods var samazinaties par 30 %.

Elektroenergijas akumulacija ir kritiski nepiecieSama, lai veicinatu pareju uz AER
izmanto$anu. Nemot véra Latvijas un Baltijas jiiras regiona v&ja potencialu, bis neiesp&jami
efektivi izmantot sarazoto elektribu bez atbilsto$as energijas uzkrasanas risindgjumiem.
Elektroenergijas akumulacijas risindgjumi ir jasak uzstadit jau Sobrid, ievérojot
pakapeniskumu.

IETEIKUMI

Paplasinat elektroenergijas akumulacijas diskusijas sabiedriba, lai palielinatu iedzivotaju
izpratni par aktualitati un nepiecieSamibu.

Veidot papildu atbalsta instrumentus pétniecibas iestadém elektroenergijas akumulacijas
risinajumu un to komercializacijas sektora.

Stradat pie politiskiem risinajumiem, lai veicinatu elektroenergijas patérina profila izmainas
valsts ITment.
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Abstract: The pace of the implementation of renewable electricity storage in Europe is disappointingly
slow. Several factors influence this and there is a need to speed up the rate and increase the volumes
in order to promote a 100% transition to renewable energy resources, expand the practice of using
renewable energy, and contribute to the improvement of the quality of life of consumers. An
important factor is significantly reducing impact on the environment and climate change. Electricity
from renewable energy sources such as solar and wind has a seasonal nature that cannot provide
the necessary electricity consumption and cover peak loads. The so-called “energy resource crisis”
is also a very topical problem at the moment, which reinforces the global need to increase the
share of renewable energy resources in the overall balance of primary energy resources. Practical
wider integration of renewable electricity storage is what can help stimulate this. The availability
of renewable electricity is constantly increasing, and the level of technological innovation is rapidly
developing. Therefore, it is valuable to analyse, look for connections and for ways to accumulate
electricity in order to promote its availability from private homes to the national scale and more
broadly on the European scale. Therefore, this article analyses and compares the different options
for renewable electricity storage, from small batteries to large storage systems, arriving at the best
solution according to needs, using analysis methods such as multicriteria decision analysis (MCDA)
and TOPSIS. After comparing nine criteria, such as the amount of investment required, existing power
density, efficiency, duration of operation, and others in two groups (small and large accumulation
systems), it was concluded that lithium-ion batteries are currently the best solution among batteries,
while pumped hydro storage is the best solution among large accumulation systems.

Keywords: energy; decision-making analysis; innovations; TOPSIS; renewable; storage

1. Introduction

The last decades have seen a purposeful transition in the European energy sector
from centralized fossil use to renewable energy source systems. Taking into account the
2030 and 2050 goals set by the European Union in the climate and energy sector, one of
the contributions is the commitment to increase the share of renewable energy resources
in the total balance of primary energy resources, reduce greenhouse gas emissions and
promote energy efficiency [1]. To be able to achieve and stimulate these goals, an integral
factor is not only the use of renewable electricity to replace fossil fuel resources, but also
the targeted integration of renewable electricity accumulation. Energy storage is a critical
enabler of energy transition. The principle is based on the accumulation of excess energy
at times when the demand is lower and the efficiency of energy production is higher, but
the discharge, i.e., transfer of energy back for consumption, at times when the production
volumes are too small as affected by the seasonality of renewable electricity.

Energy storage technologies have been recognized and acknowledged for their inte-
gral role in providing ancillary services that contribute significantly to power generation,
transmission, and distribution. Energy storage technologies serve as security systems in
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power grids, providing uninterrupted power supply through peak load balancing and grid
support services that enable greater integration of renewable energy sources [2]. There are
countless benefits to using renewable electricity, especially when it comes to solar and wind
power. The most important aspect is the sustainability of the resource, making it possible
to reduce the impact of the energy sector on climate change. No less important are the
economic benefits, which can be further increased by directly storing energy. Accumulation
of electricity can meet the needs of consumers, which differ both in terms of volumes and
loads characteristic of consumption, which are uneven over the course of the year. The
benefits of accumulation are to cover the so-called peak hours and to eliminate the impact
of seasonality. By accumulating renewable energy, it not only makes it possible to ensure
self-consumption, but also gives renewable energy a higher value by selling electricity at
a higher price. On a larger scale, it is also an opportunity to postpone expensive invest-
ments in transmission and distribution infrastructure, ensuring higher efficiency of existing
networks [3].

A study by [4] investigates various aspects of renewable integrated deregulated power
systems, with an emphasis on energy storage. The authors delineate the descriptive
statistics of energy storage systems while highlighting the most recent technological ad-
vancements. The study contends that various optimization techniques should be used
to identify the most optimal and suitable system that maximizes system profits while
minimizing operation and maintenance expenses [4]. A study by [5] compares the lev-
elized cost of storage (LCOS) for various energy storage technologies, such as lead-acid,
lithium-ion, vanadium redox flow batteries, and flywheel, by concentrating on the com-
petitiveness and economic aspects of these technologies. The results demonstrate that the
linear electric machine-based gravity energy storage system has a great deal of potential
as a cost-competitive technology for primary response grid support, as well as a number
of distinct benefits [5]. Ref. [6] summarizes the different parameters of energy storage
systems and presents the main classification of energy storage technological solutions. The
study concludes that energy storage systems may not always be the optimal and feasible
choice among existing alternative storage systems. However, this suggests that despite
the possible absence of investment signals regarding flexibility, it is essential to evaluate
the long-term potential at the regional and national levels [6]. The study conducted by [7]
employs an equitable weighting technique to prioritize the techno-economic factors of
various battery energy storage systems and subsequently compares them. According to the
research, Li-ion and advanced lead-acid batteries were found to be the most appropriate
options for grid application [7]. A study by [8] conducts a comparative performance analy-
sis of different electricity storage technologies. The study integrated various economic and
technological indicators that characterize energy storage systems and developed a global
performance index. The developed method was applied to a wind-diesel hybrid system,
and the results revealed that the compressed air energy storage system received the highest
performance index value compared to other alternative energy storage technologies [8].

Prior research comparing energy storage technologies has primarily concentrated on
the techno-economic analysis, ignoring other factors such as social and environmental
considerations. In order to make data-driven and scientifically sound decisions, policy
makers must consider all relevant factors simultaneously. Therefore, this article reviews
and compares ten different storage technologies that, after extensive research, have shown
potential effects that provide high efficiency, and the ability to compete in the market
and in practice. The objective of this research was to develop an integrated assessment
methodology that incorporates technological, economic, environmental, and social factors
for a sufficient and comprehensive comparison of different energy storage technologies.

This research has addressed the research gap in two ways: (1) by incorporating
social and environmental factors into technology comparison; (2) by demonstrating the
application of a methodology that can be comprehensively replicated and utilized to make
informed decisions and develop sound policy recommendations. This study’s methodology
would enable the identification of the most prospective solution for energy storage, taking
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into account a broad range of different indicators, and the ranking of opportunities for
integrating electricity accumulation into national, regional, and local electricity grids.

2. Comparative Description of Selected Energy Storage Technologies

Accumulation systems differ both in their degree of complexity and in the number of
constructive elements, as well as in terms of cost, environmental impact, efficiency, and
other factors. The types of energy storage chosen for analysis and mutual comparison
are illustrated in Figure 1. Comparative description of the selected energy storage tech-
nologies provides a general overview of the field of accumulation, at the relevant stage of
development.

Lead-acid
Lithium-Ion
Flow

Sodium-sulphur

Adiabatic Compressed Air
Diabatic Compressed Air
Pumped Hydro

Pumped Heat Electrical
Hydrogen Energy

Green Ammonia

Figure 1. Electricity storage technologies selected for the comparative analysis.

Electricity storage technologies were divided into two groups: batteries and accumu-
lation systems. The first group compared batteries intended for storing smaller amounts of
energy in small households. The second group includes large electricity storage systems,
which are expected to be integrated into power plants on a national scale. Below is a brief
overview of the literature analysis for each of the types of accumulation.

2.1. Lead-Acid Battery

The most common batteries for energy storage are lead-acid batteries used as backup
energy sources. The basis of their operation relies on electrochemical reactions involving
the exchange of charges between the positive electrode, which consists of lead dioxide, and
the negative electrode, which consists of porous lead. These electrodes are submerged in
an electrolyte composed of sulfuric acid in water, which actively participates in the charge
and discharge reactions.

In recent years, new types of lead-acid batteries have been invented. One such battery
is the valve-regulated lead-acid battery which is sealed and does not need to be topped
up with water, and thus the maintenance cost of this type of battery is cheaper. Gel-type
lead-acid batteries, which are filled with gel instead of liquid, reduce the possibility of
leakage [9]. Taking into account the challenge of the modern world, even these batteries
continue to be improved and currently efforts are being made to improve the performance
of lead-acid batteries and extend their life cycle. One of the examples most often cited
in recent articles is to improve the discharge capacity of lead-acid batteries, for example,
through the use of graphene oxide [10].
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2.2. Lithium-Ion Battery

The energy storage technology of lithium-ion batteries seems to be particularly well-
known, given that they are used in more than 50% of the market for small, portable
electrical devices, especially mobile phones, because they can provide twice the operating
time of a conventional battery. Thus, the response time is much smaller, they charge
faster, can last longer, and have the highest efficiency [11]. Lithium-ion batteries are based
on electrochemical charge/discharge reactions that occur between a positive electrode
containing lithium metal oxide and a negative electrode composed of carbon material.
In recent years, the large-scale integration of lithium-ion batteries has been accelerating,
particularly driven by the development of automotive and energy storage innovations.
It is possible to conclude that lithium-ion batteries can unequivocally be considered the
main, potentially the most widely used storage technology of the future. Technological
development further increases energy density, operation, and cycle times. Additionally,
the cost of the system will continue to decrease, which is currently the largest part of the
capital expenditure of lead-acid, flow, or sodium—sulphur batteries. This can be improved
by increasing the industrial capacity and promoting mass production. Already, lithium-ion
batteries are used for self-consumption in residential and commercial buildings, which are
distributed for emergency support and frequency regulation, respectively, as well as for
the integration of large renewable energy equipment into power systems [12]. Recycling
processes and equipment are also being introduced, which ensure the recycling efficiency
is already well over 50% [13].

2.3. Flow Battery

Flow batteries are based on tanks in which the electrolyte is stored. This technology is
capable of providing a large amount of energy (more than 10 MWh) for balancing electricity
in the power grid. These batteries work similarly to lead-acid batteries, but the electrolyte
is stored in external tanks that vary in size depending on the amount of energy to be
stored [11]. However, current technologies for flow batteries are still expensive and have a
relatively low energy density, which limits their use in large-scale applications. Therefore,
solutions are being sought to solve this problem and organic flow batteries are offered
as one of the options, which use organic molecules and are considered one of the most
promising technologies due to their low cost and high performance [14].

2.4. Sodium-Sulphur Battery

The sodium-sulphur battery system is an energy storage system based on electro-
chemical charge and discharge reactions that occur between a positive electrode (cathode),
usually made of molten sulphur (S), and a negative electrode (anode), usually made of
molten sodium (Na). A solid ceramic material known as sodium beta alumina is used to
separate the electrodes, and it also functions as an electrolyte. Sodium-sulphur batteries are
designed to operate at elevated temperatures and possess a level of safety against external
factors and various weather conditions. Most of the installed sodium-sulphur battery
production base is in Japan and the US, and the first European projects were installed in
Reunion Island (France), Germany, and the United Kingdom. The strategic significance of
sodium-sulphur technology lies in its ability to address peak demand periods and meet the
requirements of energy-intensive applications. More specifically, in Japan, sodium-sulphur
batteries are widely used in the provision of public services, with a total of approximately
300 MW of stored energy. They are also used in the stabilization of wind farms and solar
energy production equipment, peak power, and weather changes [15].

2.5. Adiabatic Compressed Air Energy Storage

An adiabatic compressed air energy storage system is based on compressing air and
storing it in underground craters. The available electricity is used to compress the air to a
pressure of up to 100 bars and store it at a depth of about 100 m. The heat generated during
the compression process is stored through thermal energy storage, while the compressed air
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is injected into underground chambers. When the stored energy is required, the compressed
air is utilized, and the heat is extracted from storage. This process runs automatically when
there is a surplus of energy, and fuel is not used for energy recovery, which is one of the
main factors for raising the level of efficiency, as well as for the process to run without
CO; emissions. Although research into this type of energy storage system has been on-
going since 2003, it is not yet commercially available and is only implemented in the
demonstration process. One significant challenge is the cost involved, which means that the
initial installations will be notably expensive due to the requirement for highly advanced
turbo machines and innovative high-temperature storage structures. A second challenge
is the need for high-temperature piping technologies, as air temperatures can rise above
600 °C during compression. It is important to mention that regions where geological salt
formations naturally form can be used to store compressed air and are the most suitable
places for power plants of this type of compressed air technology [16].

2.6. Diabatic Compressed Air Energy Storage

The geological locations, as mentioned in adiabatic compressed air technology, are also
suitable for diabatic compressed air technology. The working principle is also very similar
to that of adiabatic compression and diabatic compression also uses air compression and
storage in craters. These are usually the aforementioned salt craters, depleted gas cavities,
aquifers, or layers of hard rock. However, the air released from the adiabatic system here is
heated by burning natural gas or fuel. Therefore, this type of energy storage technology is
not pure, but rather a hybrid system consisting of a natural gas-powered, open-loop turbine
and an electric storage system. Since the beginning of the 1980s, there are only two such
systems in the world—in the US and Germany. Although natural gas is used in this case,
after a certain period of operation the technology shows 97% production reliability and
99% compression [17].

2.7. Pumped Hydro Storage

Accumulation of electrical energy is also possible in the reservoirs of hydro stations,
considering that the principle of water potential energy is used for the accumulation of
electrical energy. In such a system, during periods of low demand and high availability
of electricity, water is pumped and stored in upper reservoirs. By releasing energy in
accordance with demand, the electricity is obtained in a shorter reaction time. The difference
between peak loads and off-peak periods is balanced, ensuring grid stabilization. Weighing
several criteria, the use of water storage is the most mature electricity storage system, when
taking into consideration the installed power, capacity, the ability to provide additional
frequency, and voltage control to the power grid. The ability of such an accumulation
system to adapt and switch to different operating modes is also important, providing
particularly efficient pumping power even at low capacities when asynchronous motor
generators are engaged. It is predicted that the use of water storage for electricity storage,
as a concept, will be the main driving factor to help countries achieve their goals in reducing
GHG emissions [18].

2.8. Pumped Heat Electrical Storage

Analogous to pumped hydro storage, accumulation can also be provided using thermo-
accumulation. In this case, instead of pumping water uphill, heat is pumped from one
storage, where the temperature is around —160 °C, to another heat storage (+500 °C) using
a reversible heat pump. Electricity is generated by driving the heat engine, while heat
is stored using wood chips. Although this type of storage system is in the development
stage, the long service life of the systems has been proven, even with regular stopping and
starting. Efforts are being made to ensure the feasibility of high-efficiency devices suitable
for operation in argon and at high temperatures. Additionally, there is a need for more
economically justified solutions for integrating such systems, because in specific situations



Appl. Sci. 2023, 13, 7349

6 of 16

this type of accumulation could be the solution, for example, in decommissioning nuclear
reactors. The system can be adjusted [19].

2.9. Hydrogen Energy Storage

Gain potential is placed on hydrogen energy storage technology systems, considering
the possibilities of using the technical solution as an independent energy supply system
in energy-isolated areas. The use of hydrogen has several applications besides the energy
sector. It can be used both as an admixture for liquefied gas after the methanization
process and as a fuel effect in vehicles, it is also possible to turn it into methanol, a
resource that can be used in industry. In the system, electricity is stored by electrolyzing
water to produce hydrogen and oxygen, whereby oxygen is released and hydrogen is
stored. However, to transfer electricity to the grid, hydrogen is re-electrified by combining
hydrogen with oxygen. An important aspect is that heat and water are released as a by-
product, which is a usable resource. Currently installed projects in Europe use alkaline
electrolysers directly, ranging in size from a few kW to several hundred MW, with a short
response time, effectively following load changes affected by wind farm output. It is also
expected that hydrogen will be transferred for mobility purposes and wholesale through
the gas network [20]. In addition, it should be mentioned that hydrogen energy storage
technologies are being further developed for example, as hydrogen-biomethane, and
hydrogen-methane storage systems, increasing the quality of syngas and biogas, however,
this will not be discussed in more detail.

2.10. Green Ammonia Storage Technology

Another large-scale energy storage method is green ammonia storage technology. It is
closely related to the hydrogen energy storage technology described above. The essence of
the method is the conversion of biomass into ammonia. This concept combines renewable
energy production, biomass chemical loop ammonia production, and direct ammonia fuel
cells [21]. One of the most promising ways to obtain “green” ammonia is by using hydrogen
from the electrolysis of water and nitrogen separated from the air. Then, using “green”
electricity, hydrogen and nitrogen create a reaction at high temperatures and pressure to
produce ammonia. Linking ammonia production with “green” hydrogen could create
many new opportunities for more rational energy storage and accumulation. At the same
time, it can also be used as a raw material for industrial production and a solution in the
transport sector. The innovative technology of ammonia fuel cells is already being used
in several transport ships in European waters. Although the technological solutions are
still in the process of developing innovations in close connection with “green” hydrogen,
“green” ammonia marks a new era not only in the world and European energy, but also in
the national economy [22].

3. Materials and Methods

In this study, TOPSIS, multi-criteria decision analysis (MCDA) was used to determine
the best solution among electricity storage technologies. The methodological framework
applied in this research is retrieved from [23-25]. The utilization of Multiple Criteria Deci-
sion Analysis (MCDA) is prevalent in the process of decision-making and assessment of
determined targets. This approach involves the consideration of diverse forms of informa-
tion and data, including qualitative and quantitative data, data from the physical and social
sciences, as well as policy and ethics. The purpose of this method is to evaluate potential
solutions to problems. Various Multi-Criteria Decision Analysis (MCDA) techniques can be
employed to address problems and they can be categorized based on various parameters
and their model structure [26].

The TOPSIS method, also known as the Technique for Order of Preference by Sim-
ilarity to Ideal Solution, is a decision-making approach that involves selecting the best
option based on its similarity to an ideal solution. This can be derived from the notion
of a shifted ideal point, whereby the solution that involves compromise is characterized
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by the minimum distance. TOPSIS offers significant benefits, including the ability to
identify an extensive range of criteria and alternatives, while utilizing a straightforward
calculation approach.

The TOPSIS methodology enables the attainment of viable and comprehensible alter-
natives for conducting comparisons. Alternatives must be selected for evaluation, which
are evaluated according to four criteria: technological, economic, environmental, and social.
The first step using the TOPSIS method is the normalization of the decision matrix, followed
by the calculation of the best and worst solution of the normalized decision matrix. The
best solution corresponds to the theoretical variant of the preferred level of each criterion,
while the worst solution corresponds to the theoretical variant of the least desirable level of
each criterion. Finally, the distance of each alternative is calculated, which further allows to
obtain the proximity coefficient of the ranking alternatives. Alternatives rank from best to
worst [25]. The equations of the TOPSIS method used in this study are described below.

The derivation of the normalized matrix value can be achieved through the multiplica-
tion of the normalized value and weight, as expressed in Equation (1).

Vi = Wi X Tig (1

where

v,; — weighted value;

w; =weight, wy +wjp + ... +wi, =1L, w;=1... m;

7ia = normalized criterion value.

The calculation of distance for both ideal and non-ideal alternatives involves the
summation of the squares of weighted criterion values. The calculation is performed by
following Equations (2) and (3).

2
where
d; = distance for each action to the ideal solution;
vf = ideal solution;
v,; = weighted value.
3

where

d; = distance for each action to the non-ideal solution;
v;” =non-ideal solution;

v,; = weighted value.

Closeness coefficient (Ca) shows the distance to the non-ideal solution, which is
determined by Equation (4).
dq

Ca=——"2—,
a af +dy

@
where

d;f +d; =sum of the distance to the non-ideal solution;

d, = distance to the non-ideal solution [25].

After conducting a literature review, it was concluded that in order to obtain more
accurate results, it was necessary to compare energy storage technologies in two groups.
Division in groups is determined by considering energy storage scalability and appli-
cability, conducting a comprehensive evaluation of various criteria to facilitate a more
suitable comparison between alternatives. It was determined that in one group, lead-acid,
lithium-ion, flow, and sodium-sulphur batteries will be compared, while in the other group,
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the literature-reviewed storage systems, adiabatic compressed air energy storage systems,
diabatic compressed air energy storage systems, pumped hydroelectric storage, pumped
heat electrical storage technologies, hydrogen energy storage, and green ammonia storage
technologies will be compared. Nine comparison criteria were defined for the batteries,
while eight were defined for the storage systems, without evaluating power density. Tech-
nological, economic, environmental, and social aspects were covered in the determination
of the criteria. The created matrices, defined criteria, and assigned values are visible in
Tables 1 and 2.

Table 1. Overview of Selected Criteria for Batteries.

A1l A2 A3 A4
Lead-Acid Lithium-Ion Flow Sodium-Sulphur
Battery Battery Battery Battery
C1 Investments, EUR/kWh 150 450 250 375
C2 Power density, W/kg 75 260 130 150
C3 Cycles, count 1750 5000 4500 4500
C4 Duration of operation, years 10 17.5 30 17.5
C5 Reaction time, s 0.003 0.003 0.003 0.003
C6 Efficiency, % 80 94 72.5 75
c7 Climate impact factor, kgCO,eq/kWh 0.2 0.175 0.183 0.67
Level of technological readiness (from
8 1—the lowest to 5—the highest) 3 4 2 3
Level of social factor (from 1—the
© lowest to 5—the highest) 2 3 1 2
[9,27] [12,28] [29,30] [15,31]

Most of the numerical values in the matrix were obtained after the literature analysis,
assuming the average values within the given range. Meanwhile, criteria for the techno-
logical readiness and social factors were determined based on information found in the
literature analysis as well as the opinions of four experts specialized in environmental
science or electrical engineering. In this case, criteria were determined on a five-point scale,
assigning values from the lowest (1) to the highest (5). Accordingly, the level of social
factor of energy storage technologies was evaluated based on their impact on sustainable
development, considering promoting and hindering factors, as well as the dimension of
participation and examples of good practices for integrating energy storage into practice.
Higher social factor indicates greater public familiarity with the technology and greater
recognition of the benefits of technology on energy transition, as well as greater oppor-
tunities for the technology to create significant social welfare. The more positively the
technology was evaluated in terms of its impact on sustainable development and com-
mercialization potential, the higher the value assigned. Meanwhile, level of technological
readiness was evaluated based on the technical maturity of the battery, or its proximity
to broader commercialization. Accordingly, the more developed the technology and the
broader its availability in the market, the higher the rating was given. Battery investments
were compared as peculiar battery investment costs per kWh. The power density criterion
determines the battery’s ability to release power at a specific moment. Storage devices with
higher power density can operate larger load devices. Meanwhile, the cycle count is related
to the lifespan and efficiency, as this parameter describes the number of charge/discharge
cycles that the battery can provide before performance degradation [32]. The response time
parameter characterizes the time required for the system to provide energy at full nominal
power. Although this parameter is the same for the observed batteries, it is more important
for comparing energy storage systems [33]. Similarly, the climate impact factor was also
proposed as a criterion, which in this case describes the intensity of emissions generated if
renewable energy is stored.
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Table 2. Overview of Selected Criteria for Accumulation Systems.

A5 A6 A8

Adiabatic Diabatic A7 Pumped A9 A10
Pumped Hydrogen Green
Compressed  Compressed Hvdro Heat Ener Ammonia
Air Air 4 Electrical 8y
C1 Investments, EUR/kWh 1600 800 3400 350 750 2900
2 Cycles, count 10,000,000 10,000,000 10,000,000 15000 10,000,000 10,000,000
c3 Duration of operation, years 30 30 80 25 17.5 30
C4 Reaction time, s 180 180 0.003 2 60 1
C5 Efficiency, % 70 55 77.5 72.5 30 52.5
Climate impact factor,
Co kgCOzeq/kWh 0.15 0.185 0.165 0.175 0.1137 0.003
Technological readiness level (from
<7 1—the lowest to 5—the highest) 2 3 45 ! 2 !
Level of social factor
8 (from 1—the lowest to 5—the highest) 2 2 3 2 5 5
[16,34,35] [17,36] [18,34] [19,34] [20,37] [22,38,39]

The energy storage system matrix was also based on the criteria, assumptions, and
sources described in the battery matrix. However, the power density criterion was not
evaluated here. Considering the different components of the systems, it is not possible to
compare this parameter separately. Similarly, the economic aspect in this matrix was deter-
mined as capital expenditure per kW, taking into account that they are mostly perceived as
long-term expenses.

Using the TOPSIS method, all criteria were given equal weights of 0.111 when eval-
uating the battery criteria and 0.125 when analysing the storage system criteria. This
assumption was made to avoid errors in the weighting process, since in this case, when
analysing storage technologies, it is not possible to distinguish between the importance
of criteria.

After the TOPSIS analysis, a sensitivity analysis was conducted to evaluate the changes
in the obtained results depending on the criteria or the determination of the weight changes
from the influencing factors.

Sensitivity analysis is a research method that determines how different sources of
uncertainty in mathematical models contribute to the overall uncertainty of the model.
This technique is used within certain limits that depend on one or more input variables.
Sensitivity analysis is often applied in the business world and economics. It is usually used
by financial analysts and economists, also known as “what-if” analysis [40].

To determine the impact of alternative allocations on the TOPSIS method results, equal
significance of alternatives is determined. Initially, the weights are set to w = 1/n (where n is
the number of influencing parameters). The weight that is subject to changes is determined
by Equation (5).

Wiy = Pr X Wk=123..n ®)

where
wi1—the weight that is subject to changes
Br—coefficient of uniform variation, which sums up to 1
wr—weight changes
The distribution of other weights is altered based on weight changes according to
Formula (6).
(1 — w1 )
n—1

, ©)

Wi21 = Wi31 =

where
Wi x—the weight that is subject to changes
n—number of influential parameters [41].
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The initial weights of alternatives are replaced with the newly obtained weights in the
TOPSIS matrix, and the approach is repeated with the results of all the set criteria. In this
work, sensitivity analysis was performed for each criterion by changing the weight values
from 0.1 to 0.9.

4. Results and Discussion

After performing a multi-criteria decision analysis using the TOPSIS method and
setting an equal weighted weight of 0.111, the obtained results for alternative batteries are
visible in Figure 2.

1.00
=
:E 0.80 0.67
= 0.55
ﬂé 0.60 0.48
§ 0.40 0.36
c
2
© 020
@)

0.00

Lead-Acid Battery =~ Lithium-Ion Battery Flow Battery Sodium-Sulphur
Battery

Figure 2. Battery TOPSIS MCDA analysis results.

It was determined that among the four analysed types of batteries, lithium-ion bat-
teries are the closest to the ideal option, with a proximity coefficient of 0.67. Although
the investment in a lithium-ion battery (EUR/kWh) is the highest among the compared
batteries, this parameter was outweighed by its high-power density, which is about twice
as high as the other alternatives, as well as the significantly high efficiency and number of
charge/discharge cycles, which are considered primary aspects for achieving such results.
It is important to note that the social factor and technological readiness of lithium-ion
batteries were also rated the highest. Therefore, lithium-ion batteries are considered the
most potential solution for energy storage. Next, with a proximity coefficient of 0.55, flow
batteries are ranked. The main advantages of these batteries are their long lifespans and
high number of charge/discharge cycles, providing high power density while maintaining
relatively low investment costs. Accordingly, lead-acid (0.48) and sodium-sulphur (0.36)
batteries have received lower evaluations. Such results are mainly influenced by their
relatively low power density and operational lifespan. However, it should be taken into
account that the capacity of batteries decreases with increasing charging and discharg-
ing time [42,43], and a more in-depth study taking into account the factors of battery
degradation is needed to gain insight into its impact on the overall results. In terms of
the environmental impact assessment (kgCO,eq/kg) and comparison, both lithium-ion
and flow batteries demonstrated lower impact ratios when compared to lead-acid and
sodium-sulphur batteries. However, even the battery types with lower overall ratings are
not considered uncompetitive in the energy storage technology market. Under specific
parameters, which may differ primarily depending on technological needs and individual
views, flow batteries, lead-acid batteries, and sodium-sulphur batteries, by further devel-
oping their innovation potential, can provide effective energy storage, promoting a global
transition to the use of renewable resources.

Similarly, after performing a multicriteria decision analysis using the TOPSIS method
and setting an equal weighted value of 0.125, the results obtained for the alternatives of
energy storage systems are visible in Figure 3.
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Figure 3. Accumulation systems TOPSIS MCDA analysis results.

Among the compared six energy storage systems, it was found that the hydroelectric
pumped storage station is the closest solution to the ideal renewable energy storage tech-
nology, reaching a proximity coefficient of 0.60. This result was mainly obtained because it
is the most matured storage system among those considered, as electricity storage is also
possible in hydroelectric reservoirs, so large capital expenditures are not necessary. The
operational lifetime is also significantly longer, reaching up to 80 years, and the efficiency
is the highest at 77.5%. The hydrogen energy (0.54) and green ammonia (0.51) storage
technologies are ranked lower. According to the literature analysis, these two technologies
for energy storage were also evaluated as the most promising and with a higher added
value outside the energy sector. However, capital expenditures for these storage systems
are significantly higher, and the technological solutions are still in the innovation devel-
opment process. With a proximity coefficient of 0.45, the electric thermal energy storage
technology is ranked lower because, although the capital expenditures EUR/kWh are
the lowest among the compared storage systems, technological readiness is still at the
demonstration level, hence the social factor is evaluated the lowest. The farthest from the
ideal solution are the diabatic compressed air energy storage system (0.42) and the adiabatic
compressed air energy storage system (0.38), considering the technological limitations of
operation, geographic restrictions, and the fact that compressed air energy storage system
infrastructure is suitable for mountainous areas where underground craters are also found.
The reaction time for both technologies is also significantly longer. However, among the
compared alternative storage system options, each one is considered a competitive storage
technology in the nearer or farther future, providing efficient energy storage. Additionally,
different storage technology concepts can be adapted to specific geographic regions and
infrastructure challenges.

To verify the results, a sensitivity analysis was performed for battery alternatives
using all the criteria mentioned before. The sensitivity analysis was not performed for the
accumulation systems, because the criteria overlap and a wider analysis would reduce the
transparency of the results. The obtained results are shown in Figures 4 and 5.
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Figure 4. TOPSIS sensitivity analysis for battery alternatives changing the weight of indicators
as follows: (a)—necessary investments for the installation and maintenance of the accumulation;
(b)—storage power density; (c)—number of charge/discharge cycles; (d)—lifetime of the technology.

Considering the results of the sensitivity analysis, it is possible to determine the specific
impact of each criterion on the selected technological solutions for the accumulation of
renewable electricity, making it possible to determine the most important factors that
change the results of the TOPSIS analysis. The main conclusions that arise from the analysis
of batteries are as follows: lithium-ion batteries are negatively affected by the amount of
required investment (Figure 4a), also according to the input data, it can be concluded that
the investment EUR/kWh at this moment of development is approximately two times
higher than the other types of accumulation in this group and also by lifetime of the
technology, however, this is outweighed by the fact that in practically all other criteria,
lithium-ion batteries show the best indicators, accordingly justifying its emergence in the
forefront of the other batteries.

It should be noted that lead-acid and sodium-sulphur batteries are almost not affected
by technological readiness (d), as their innovative progress is average, as is the social factor,
and direct benefit to society (e), while the reaction time (a) does not particularly affect
all types of batteries as it is almost identical for all types. Additionally, the last visible
influencing factor is the environmental impact factor (c) for sodium-sulphur batteries,
which is also significantly higher in the collected data.
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Figure 5. TOPSIS sensitivity analysis for battery alternatives changing the weight of indicators as
follows: (a)—system response time; (b)—efficiency of the storage system; (c)—environmental impact;
(d)—technological readiness of the system for commercialization; (e)—social factor, direct benefit
to society.

5. Conclusions

The accumulation of renewable electricity serves as the primary catalyst for advancing
a sustainable, carbon-neutral, and competitive energy sector. Given the current global
challenges and increasing concerns about energy security, understanding these techno-
logical solutions has a critical role to play. While energy storage technologies are widely
recognised as critical enablers of energy security and fundamental elements for maintain-
ing uninterrupted power supply through peak load balancing, policy makers often face a
knowledge gap regarding the availability and optimal suitability of different energy storage
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technologies for specific national and local contexts. This knowledge gap arises from the
multitude of factors that influence decision making in the energy sector.

Considering the challenges of the modern world, electricity storage technologies are
evolving very rapidly, and thought is constantly being given to how to improve their
operational capacity, extend their life cycle, reduce the cost of technology, and make other
improvements. Similarly, a large portion of the electricity storage alternatives studied
have reached the technology development stage for broader integration into the power
transmission infrastructure. The information found in the literature sources on the technical
parameters of the storage technology also allowed conclusions to be drawn about the criteria
and threshold values for their sizes. The values used in the analysis were determined based
on the experience of energy experts.

This research demonstrates a comprehensive and easily reproducible methodology
that can be used by policy makers, energy planners, and local public authorities in making
decisions about the selection of the most optimal and appropriate energy storage solution,
taking into account multiple influencing factors. After conducting the relevant analyses,
reviewing the literature sources, the most innovative solutions, weighing the influenc-
ing criteria and summarizing the results, it has been possible to achieve the goal of this
research, to determine the potentially best renewable electricity storage alternatives and
to provide a general overview of the current stage of technological development in this
field. Using the TOPSIS MCDA method, it was found that lithium-ion batteries are the
best alternative in the battery group, considering their efficiency, sustainability, and tech-
nological readiness, although the amount of investment is currently the largest for this
type. In the accumulation systems group, the pumped-hydro storage was the closest to
the ideal solution for the moment, however, weighing all the factors, it was concluded that
the technologies with more potential were hydrogen and green ammonia. The sensitivity
analysis applied for battery types gave insight into the main factor inhibiting the commer-
cialization of technologies—the high cost of installation and individual components, and
total necessary investments.

In general, research has provided insight into the renewable electricity technology
sector, evaluating the positive and negative factors of different accumulation systems, as
well as future development opportunities, by weighing the best solutions. The methodology
of this study is useful for various policy makers, ranging from local municipal development
plans to national and international targets and their implementation mechanisms, and is
the first step in selecting and ranking technologies based on a broader list of criteria. The
next step is to analyse the selected technology that best meets the defined plan with the
relevant criteria in the energy sector development model using tools such as the “Energy
Plan”, “Times” system dynamics model, and others.

Overall, when evaluating the different accumulation alternatives, it should be noted
that the suitability for a given region is particularly influenced by geographic compatibility,
independent infrastructure, and the corresponding climate zone, among other factors.
Further research could apply the methodology of this study in a specific case study to
explore a more specific comparison of technologies in a specific local energy system,
integrating more specific data on geographic constraints, the ability of the technology to be
integrated into the existing grid, impacts on social welfare, and other important factors.

Future research should consider the inclusion of additional indicators by developing
a wider range of criteria, as well as analysing other renewable electricity storage options.
This provides valuable information to promote the integration of energy-efficient storage
technologies in electricity storage and transmission systems, helping to introduce wider
use of renewable electricity both in individual households and in power plants on a
national scale.
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Abstract: Decentralized electricity production at household scale, particularly by solar panels, has
recently grown due to increased technology feasibility and financial support programs. Further
development in this field requires the introduction and efficient use of energy storage technologies.
This research aims to evaluate the benefits and economic justification of implementing energy
storage systems in private households by using system dynamics modelling. Household electricity
consumption is a dynamic problem; therefore, the system dynamics approach allows the development
of an exploratory model that accounts for the causal relationships and feedback loops in the system.
Specifically, an hourly consumption model is developed to analyze the electricity costs in four
scenarios: (1) a standard grid-connected system, (2) a PV system with net metering, (3) a grid-
connected system with a connected battery, and (4) a grid-connected system with a combined PV and
battery storage system. The structure of the build system dynamics model is described with a Latvian
context case. It is found that in Latvian climate-specific conditions, the profitability of installing
PV and PV and battery systems in private households in Latvia is justified by both summer and
winter conditions. The developed model can be used to analyze the real electricity profiles of specific
households, determining the profitability of installing energy-efficient solutions, and is adaptable for
analyzing the situations of other countries or accumulation systems.

Keywords: battery energy storage; solar panels; energy management; household consumption;
system dynamics model

1. Introduction

The growth of renewable energy sources is part of a global trend in the energy sector.
New solar, wind, and other renewable energy production facilities are being built and
regularly put into operation [1]. In 2022, the share of renewable sources in the global
electricity generation reached 39% of the total volume, and it is expected to increase in
the near future [2]. The main factors driving this trend are the practically zero emissions
produced and the abundance of primary energy sources. However, the intermittency of
the supplied energy due to weather conditions [3,4] and supply-demand displacement in
time [5] significantly limits the direct utilization of renewable sources in power systems.
Additionally, the operation of power systems, whether on a broader or smaller scale,
is characterized by an uneven energy demand, which necessitates conditions for load
balancing [6].

One of the most promising directions to address the challenges of utilizing the potential
of renewable sources in energy supply is the implementation of energy storage systems.
These systems can capture excess energy during periods of low consumption and provide
it during peak load periods, ensuring flexibility on different time scales [7]. Moreover,
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for individual consumers, i.e., households, this creates an opportunity to increase the self-
consumption of solar energy [8] and achieve grid independence, as well as gain economic
benefits by storing energy during low-price periods [9]. Battery energy storage has been
identified as the dominant type used at household scale [4,5], although the high battery
price limits their outspread in households [5].

The demand for batteries worldwide is experiencing rapid growth due to their poten-
tial to incorporate additional renewable energy sources into our power systems. Addition-
ally, batteries have the capability of making the industrial and transportation sectors more
environmentally friendly, which, in turn, positively impacts the electrification of other sec-
tors [10]. By 2030, the worldwide need for batteries is projected to surpass 2000 GWh [11].
Although consumer electronics were widely used in 2020, their low energy capacities, such
as those found in phones, resulted in a comparatively low demand in terms of gigawatts.
However, the substantial growth in demand can be primarily attributed to the shift toward
electric transportation, which will account for most of the battery demand in 2030, par-
ticularly in terms of total energy storage capacity [11]. The predicted global demand for
batteries until 2030 is shown in Figure 1.
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Figure 1. Global battery demand prediction, GWh [11].

Due to the global pandemic and war crisis, residential consumers have experienced
a rise in energy consumption costs. In accordance with the Paris Climate Agreement, the
adoption of zero-energy designs in residential buildings can significantly contribute to
addressing climate change. This agreement urges countries to enhance the utilization
of clean energy sources to reduce carbon dioxide emissions. Consequently, numerous
homeowners are actively seeking out renewable energy options, such as solar energy and
wind energy, in order to minimize their carbon footprint and achieve cost savings [12].
These factors also explain the need to analyze and implement accumulation to ensure
effective solutions and greater benefits.

The use of renewable resources, optimization possibilities for household electricity
consumption, and the benefits of implementing energy storage systems have been ana-
lyzed in previous articles. For instance, in Wang et al. [3], an analysis of energy storage
capacity optimization has been conducted, incorporating economic benefit indicators and
environmental impact assessment methods. As a result of optimization, a 40% reduction
in the volume of electricity obtained from the grid is achieved, significantly shortening
the payback period of investments [3]. In Miletic et al. [13], a mixed-integer linear pro-
gramming (MILP) model is applied to analyze different scenarios of household automation
and dynamic electricity pricing, leading to the conclusion that battery-owning households
protect the suppliers from revenue and profit drops. It also shows that batteries are not only
beneficial for the power system and the end-users, but they also facilitate the transition
towards new business models for traditional suppliers [13]. However, the majority of other
software applications used in the field of energy are black box models. Reiterating these
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models in a white box framework allows a more in-depth investigation of their underlying
structures and factor interactions. In the long term, this allows the development of a
comprehensive system dynamics model, which can help understand the behavior of the
system and aid in making the most optimal decisions.

A dedicated approach for analysis and simulation of dynamic problems with a white
box model is the system dynamics (SD) modelling. The SD approach is unique in that it is
based on the theory of system dynamics, which focuses on understanding and uncovering
the relationships between the behavior of a system’s structure and its existing structure.
Graces et al. [14] have employed an SD approach to study the possibilities of sustainable
electricity supply for small off-grid communities in Colombia. However, the scale of the
analysis of their research is regional and the energy storage system is not directly included
within the SD model [14]. Kubli and Ulli-Beer [15] have used SD for system-wide modelling
of the decentralization of energy networks, and Zapata Riveros et al. [16] have elaborated
on this by SD modelling the diffusion of prosumer communities. They include a battery
adoption feedback loop in their model; however, their main focus is the user (household)
transition from consumer to prosumer status. The existing body of literature still lacks
studies that particularly consider the hybrid energy accumulation system’s feasibility at
the household scale especially with white box models.

As electric energy storage technologies advance, the moment has come when it is possible
to carry out extensive commercialization and integration of storage technologies both in the
public and private sectors. Therefore, the aim of this article is to analyze and evaluate
the benefits and economic justification of implementing energy storage systems in private
households using the SD modelling that allows to directly investigate the linkages between
system components and their behavior. The analysis considers particular climatic conditions
(Latvia is used for the case study) and the current level of development in the field of
energy storage. The evaluated scenarios include solar panel (PV) use for renewable energy
generation in households, as they are the most widely available technology, and lithium-ion
batteries for energy storage, as they are the most widespread technology [4,5], and they are
a technology with high potential to be an optimal solution for energy storage. Overall, the
system’s profitability is assessed for four configuration scenarios and considering varied
electricity prices.

In the next section, the structure of the system dynamics model is described in the
context of the Latvian electricity system. Model components, functions, and parameters are
presented in detail, illustrating different configurations under evaluation, namely, PV or bat-
tery with net metering in the system as well as PV with battery energy storage. In Section 3,
daily energy flows and monthly profiles are presented for the different configurations. The
resulting outcome of the simulations for four consecutive years are provided in aggregates
concerning annual cost savings, i.e., electricity consumed from the grid and payback period
for the investments. Comments on simulation results driven by various price levels (from
low in 2019 to very high prices in 2022) and discussion conclude the paper.

Importantly, the described approach to SD modelling in Latvia is a case study; hence,
the locally relevant assumptions are taken. Of course, for household level research, such
assumptions that are related to economic, political, and even geographic placement condi-
tions vary across countries and even counties (i.e., solar irradiation in northern or southern
counties in central Europe). Hence, this exploratory model is a demonstration of the ac-
cumulation feasibility assessment and a prior step for more extended forecasting models.
The approach can be used in other countries with minimal adjustments to the assumptions
described in the methodology. To facilitate the replication of the process in any context, it is
advisable to perceive the description of the methodology at a theoretical level, considering
differences between countries that may affect the initial assumptions.
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2. Materials and Methods
2.1. Electricity Sector in Latvia

In recent years in Latvia, structural changes in the total consumption of energy re-
sources have been observed, i.e., as the share of natural gas consumption decreases, the
share of RES in the total consumption of energy resources has increased [17]. In 2020, the
share of natural gas in total energy production was 20.6%, while RES was 37.5%. With the
increasing RES share, Latvia is coming closer to achieving its RES promotion target, which
is to ensure that 50% of the gross final consumption is produced from RES by 2030 [18].
Latvia has the third highest share of RES in the final energy consumption in the European
Union; in 2020 it was 42.13%, while the EU average was 22.09% [19].

The installation of solar panels in Latvian households has also flourished in recent
years. According to the latest data from systems operator “Sadales tikls” LLC, which is the
leading electricity network maintainer and developer in Latvia, in the first quarter of 2022
(from January to March) 495 solar PV panel systems with a total capacity of 678 kilowatts
(kW) were connected to the distribution grid, of which 488 were solar panels for the
production of electricity for self-consumption with a capacity of up to 11.1 kW, and 7
were solar power plants. This is approximately six times more than in the first quarter of
2021 when a total of 90 microgenerators and solar power plants with a total capacity of
265 kW were connected to the system [20]. This pronounced progress can be explained
by an unprecedentedly large increase in the price of electricity on the exchange, as well
as the influence of various state support measures for the installation of solar panels, as
well as Russia’s war in Ukraine, highlighting the need to strengthen the country’s energy
independence and the transition from fossil to renewable energy resources.

Latvia participates in NordPool, Europe’s leading electricity market, which offers
trading and associated services in both day-ahead and intraday markets across 16 European
countries. NordPool comprises a commercial electricity exchange function and a market
interconnection operator function. The electricity price of the system is calculated based on
sales and purchase volumes, taking into account the available transmission capacity in the
Nordic market. The system price is the Nordic reference price for electricity trading, which
varies in different NordPool market areas [21].

Additionally, a net electricity accounting (metering) system operates in Latvia, which
regulates the order in which payments are made for electricity received from the system,
and in which the distribution system operator accounts for the electricity that the household
user transfers to and receives from the system. The settlement period of the electricity net
accounting system is one calendar month. If more electricity is transferred in the system
than received, the corresponding amount of electricity is credited in the next electricity
billing period [22].

However, the situation with the implementation of storage systems in Latvian house-
holds is not so bright. In fact, so far, the integration of storage technologies in households
in Latvia is close to zero. There is a lack of aggregated data on the implemented energy
storage projects. Hence, there is a need to analyze the profitability of the introduction
of electricity storage in Latvian households in order to promote a clean and fair energy
restructuring and lower carbon emissions [23].

2.2. The Structure of the Exploratory Model

Essentially, household electricity consumption is a dynamic problem. Hence, to evalu-
ate the profitability of installing energy storage systems in private households in Latvia,
a system dynamics (SD) modelling method was used. SD is a versatile tool that allows
for investigating the causal relationships between factors that are interlinked in complex
technological and socioeconomic systems and uncovering their underlying structures [24].
SD modelling is a computer-based simulation method appropriate for analyzing a system’s
changes over time, e.g., dynamic tendencies [25].

The SD method is based on system dynamics theory, which involves studying the
relationships between the behavior of a system and its underlying structure. System
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dynamics relies on three main concepts, stocks, flows, and feedback loops, along with
well-defined system boundaries and causal relationships. By appropriately utilizing these
concepts, it is possible to obtain explanatory results [26]. In general, the process of devel-
oping a system dynamics model consists of several sequential steps. These steps include
problem formulation, which is the identification of dynamic hypotheses that explain the
causes of the problem, model formulation and simulation, which means model testing to
assess its correspondence to the real situation, as well as policy formulation and drawing
conclusions [15,27].

In the current study, an hourly consumption model was developed to analyze the
electricity costs for (1) a standard grid-connected system, (2) a PV system with net metering,
(3) a grid-connected system with a connected battery, as well as a (4) a grid-connected
system with a combined PV and battery storage system. The modelling was conducted
using the Stella Architect software.

The aim of the model is to determine the profitability of installing a battery storage
system considering a household’s overall electricity consumption profile. Figure 2 depicts
the primary algorithm for a household solar panel (PV) system with net metering, while
Figure 3 explains the case with an additional battery connected to the solar panel system.

Energy immediately used Immediately unused energy
for self-consumption is transferred to the grid
There is no
charge for this . .
energy The cost consists of the The amount of Depletion of the reserve
transmission and energy taken back at the end of the
distribution part from the grid accounting period

Costs are formed asina  Electricity consumption
standard connection from the network

Figure 2. Algorithm for the PV system with net metering for the household.

In a net metering system, when the solar panels generate more energy than the
household appliances can immediately consume at any given moment, the excess electricity
is automatically fed into the utility grid. The amount of electricity fed into the grid can
be credited and used to offset consumption at a later time during the accounting year.
However, at the end of the net metering accounting period, any accumulated electricity
surplus is reset, and a new accounting balance is started. If, at any given time, the combined
amount of energy generated by the PV system and stored in the grid is insufficient to meet
the household’s demand, the electricity is consumed from the grid as if there were no PV
panels installed.

By adding a battery for the accumulation of generated energy to the aforementioned
system, it is possible to provide greater independence from the grid connection, as well as gain
economic benefits by efficiently utilizing the capabilities of the battery. In this system, when
more energy is generated than the household can consume at any given moment, the excess
electricity is primarily stored in the battery, which happens automatically within the system.
In this case, an electricity purchase from the grid is only required for the moments when there
is insufficient energy production from the PV system and insufficient battery supply to cover
the load. Similarly, the model includes that for a more cost-effective use of the battery, it may
be charged from the grid during times when this is economically justified.
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Energy immediately used Immediately unused energy
for self-consumption is transferred to the battery

There is no charge for this energy

Electricity

consumption Transfer when the

from the network battery is full
Charging also from
the network

Depletion of the reserve at the
end of the accounting period

Figure 3. Algorithm for the system with PV panels and battery energy storage.

2.3. Model Components and Parameters

The main factors that influence the cost of electricity and household consumption
profiles for different systems are represented in the SD model as various elements: stocks,
flows, and feedback loops. The values for these elements are defined through mathematical
equations and constants. In the hourly model of the dynamic system, the household
consumption profile is assumed based on input data obtained from a system dynamics
model developed in 2021 for studying the potential of aggregators to reduce renewable
energy surplus in Latvia [27]. The model assumes hourly electricity prices based on
historical indicators from the 2021 NordPool electricity market [21], considering them as
indicative of electricity price trends for the next decade. Although the prices of electricity
and gas have fallen at the moment, in comparison to 2022, these assumptions are ever so
relevant because changes are expected in distribution system service tariffs—the tariff fee
for customers will increase due to inflation, the transmission tariff will also increase, and the
geopolitical conditions and long-term future forecasts have to be considered. Additionally,
to determine the sensitivity of the model’s results from the input data, the development
process includes a comparison with hourly electricity price data from 2019 and 2022.

In the model, separate system dynamics structures are created for all analyzed variants
of the household electricity system: (1) the standard grid-connected system, (2) the PV
system with net metering, (3) a grid-connected system with an integrated battery energy
storage, and (4) a grid-connected system with PV and an integrated battery energy storage.
As these variants are based on similar basic structures, only the fourth system (as the most
comprehensive one, which considers all possible subsystems) is discussed in detail in the
methodology section.

The hourly amount of PV produced electricity, based on Latvian climatic conditions,
is determined in the sub-model: PV installed capacity and production (see Figure 4).
Solar electricity production capacity is based on average solar irradiation data [28] and
assumptions about the average efficiency of PV panels [29]; these data are obtained from a
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system dynamics model developed in 2021 [27]. The installed PV capacity is calculated
taking into account the considered household’s annual electricity consumption, which is
assumed to be 7800 kWh/year. It is also assumed that the PV panels are installed on a roof
with 45° inclination on the south side of the house. Therefore, the estimated PV power
included in the model is 8 kW [30].

PV Efficiency

O O O

PV production Installed Installed PV
PV area capacity

Solar irradiation

Transformation
coefficient from kW to m2

Figure 4. PV installed capacity and production sub-model.

The transformation coefficient from kW to m? is set as 0.75 kW /m?; thus, the PV area
is calculated according to Formula (1).

Spy = =—F—— (€]

where
Spy—installed PV area for a PV system, m2.
Cpy—installed PV capacity for a PV system, kW.
Coef,,uns s —transformation coefficient from kW to m?, kW/m?.
The production volume of the solar panel system is determined by Formula (2).

VpV = SR x EpV X SpV (2)

where

Vpy—PV production volume (node PV production in Figure 4.), kW.

SR—solar irradiation, W/m?2.

Epy—PYV efficiency, %.

Spy—required PV area for a PV system, m?.

To determine the electricity costs incurred for the specific household profile, for
electricity procured from grid connection, the NordPool hourly price tariff for 2021 is used.
The fixed electricity connection fee is also considered, which is 3.87 EUR/month for the
considered household profile, according to the distribution operator’s data [31]. The model
also includes the electricity sales fee (2.68 EUR/MWHh), the electricity transmission fee
(40.76 EUR/MWh), and the VAT for electricity (21%). These values are assumed based on
the costs for equivalent household profiles in Latvia in the given period according to the
market offers of electricity merchants such as Elektrum, Enefit, and others [32].

The sizing of the battery is a crucial parameter of the system. As emphasized by [33],
too frequent discharge at low level or, on the contrary, too rare full charge in both cases lead
to a shorting of the lifetime of the system. For the battery capacity sizing, an additional
model optimization is performed. By evaluating the quantity and power of the installed
PV panels according to the obtained optimization results, it is concluded that the optimum
for the particular household is to install a battery with a 5 kWh electricity capacity to
cover the nighttime load. The daily amount of electricity transferred to the network is also
considered. Based on previous research [34] developed by the authors, where different
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accumulation alternatives were compared, the model includes a lithium-ion battery as the
best solution for storing electricity in households. Technological parameters of this type of
battery, such as charge/discharge efficiency, average lifetime, and energy storage duration,
are included in the model. Additional considerations that are added to the model include
the conditions for battery charging from the grid based on solar energy sufficiency, as well
as accounting for the daily surplus of solar energy, which is affected by both the hourly
surplus and the household consumption profile. To increase the added value of connecting
a battery to the system, the additional charging of the battery from the grid is implemented
based on the lowest electricity tariff per MWh in the NordPool market. Typically, when
installing the battery, it is necessary to account for additional installation and replacement
investments; however, in this hourly model, these costs are not taken into account since
the overall costs for energy taken from the network in each case are compared during the
whole year.

In the SD model structure, the overall electricity costs for a household PV panel
and lithium-ion battery system are described by the stock: the electricity costs with PV
and battery (see Figure 5). These costs are affected by the incoming flow, i.e., the hourly
cost of electricity with PV and battery, which depends on the electricity tariff, the fixed
electricity connection fee, the delivery (transmission) costs of solar energy, which is taken
back from the grid, and the amounts of electricity used from the grid to charge the battery
and cover consumption.

Accumulated PV energy
in the grid use

for charging the battery Electricity

transmission fee

Grid electricity
use to cover
consumption

TN
i
A_—

Solar energy amount
of savings taken from
the grid to cover
consumption for a

2 Electricity
PV system with storage Shipping costs for solar from the grid
energy that is use for

taken back from the grid

/ Hourly cost of electricity

battery charging
5
Fixed electricity

with PV and batter
KW to MW 4 connection fee

Electricity costs

Electricity
cost with PV and battery

Figure 5. Electricity cost sub-model for a system with PV and battery.

The hourly cost of electricity for a system with PV and battery is determined by
Formula (3).

C,
ECy, = Ceonnect. + (EAcons. + EAnccum,) X Ce& ~+ Celiv. 3)
oeftransf.

where
ECj—hourly cost of electricity with PV and battery, EUR/h.
Ceonnect. —fixed electricity connection fee, EUR/h.
EAcons.—use of grid electricity to cover consumption, kW.
E Agecum—using electricity from the grid to charge the battery, kW.
Colectr —e€lectricity tariff, EUR/MWh.
Coef yrans f'—transformation coefficient from kW to MW, kW/MW.
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Cyeliv.—delivery costs for solar energy that is taken back from the grid, EUR/h.

The quantity of electricity used from the grid to cover battery charging at more
favorable prices is determined by Equation (4). As mentioned earlier, the battery is charged
from the grid if the lowest price condition is not met within a five-hour period, also taking
into account the available battery charging capacity, and the accumulated solar energy is
sufficient to perform the battery charging.

EAgccum. = IF ( = 0) THEN 0 ELSE (Jpetwork X Npv) 4)

N lowest price

where

E Agecum.—using electricity from the grid to charge the battery, kW.

Niowest price—lowest price condition for charging the battery from the grid.

Jnetwork—available battery charging capacity using electricity taken from the network
for charging, kW.

Npy—PV energy sufficiency condition for charging the battery from the grid.

The use of grid electricity to cover consumption in the model is determined according
to Formula (5). It is affected by the household consumption profile, i.e., if the load is greater
than the amount of energy currently produced by PV, as well as the energy stored in the
battery, and the network has been used up, then electricity is bought directly from grid,
with an additional incurred cost for the electricity consumed.

EAcons. = IF Pp household > APV+accumA THEN Pp household — APV+accum — Uaccum. — Upetwork ELSE 0 ®)

where

EAcons.—use of grid electricity to cover consumption, kW.

Py housenola—household consumption profile, kW.

Apvtaccum—PV generated electricity volume for a system with PV and battery, kW.

Ugccum.—using the energy stored in the battery to cover the consumption, kW.

U,erpork—amount of stored solar energy consumed from the grid, kW.

The delivery costs for solar energy that is recovered from the grid (from storage) are
affected by the recovered electricity amount for the household’s immediate consumption,
the amount of stored electricity used to charge the battery, and the electricity transmission
fee (as mentioned previously, 40.76 EUR/MWh [32]). The total delivery cost for taking back
the stored solar energy from the grid in the model is represented by Equation (6).

Cfransm ( 6)

Cdeliv. = (unetwork + EApy uccum,) X m

where

Cjelivp.—delivery (transmission costs for solar energy that is taken back from the grid,
EUR/h.

U,erpork—amount of stored solar energy consumed from the grid, kW.

EA py accum.—using PV electricity stored in the grid to charge the battery, kW.

Ciransm.—electricity transmission fee, EUR/MWh.

Coef trans f'—transformation coefficient from kW to MW, kW /MW.

After determining the amount of available electricity that remains after covering the
household energy consumption, and after determining the available battery capacity, the
amount of energy stored in the battery is determined, under the specific conditions for every
hour of the year, in the sub-model: the amount of energy stored in the battery (see Figure 6).
Also, taking into account the amount of solar energy stored in the network, the model
includes that the available battery charging capacity is affected by the battery charging
efficiency, which was assumed to be 0.98, based on the data found in the literature [35].
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Figure 6. A part of the sub-model: the amount of energy stored in the battery.

The stock representing the amount of energy accumulated in the battery is influenced
by the flow that describes the charging fraction of the battery using the surplus PV energy
after covering household consumption. This flow depends on the available battery charging
capacity, taking into account the availability of surplus PV energy after consumption
coverage. Additionally, the stock is affected by the incoming flow, which describes the
amount of electricity that is being used for battery charging from the grid (see Equation (4)).
Hence, the battery is primarily charged based on the sufficiency of solar energy and the
available battery charging capacity; after that, it is charged retrieving stored energy from
the grid, and, lastly, when it is economically justified, the battery is charged from grid.

The accumulated PV energy stored in the grid used for charging the battery is also an
incoming flow, and its impact can be described similarly to the previous flows. However,
in this case, instead of available grid electricity, the quantity of stored energy is dependent
on the amount of solar energy stored in the grid, which is described by Equation (7).

EApy stor. = IF Niguest price = 0 THEN 0 ELSE Jpaitabie X Npv @)
where

EApvy stor—PV energy accumulated in the grid use for charging the battery, kW,

Niowest price—lowest price condition for charging the battery from the grid,

Javailabie—available battery charging capacity using electricity taken from the network
for charging, kW,

Npy—PV energy sufficiency condition for charging the battery from the grid.

Similarly, the amount of energy accumulated in the battery is influenced by outgoing
flows. The quantity of stored energy in the battery decreases when the consumption is
covered using the energy stored in the battery. This relationship is described by Formula
(8) in the model.

Elaccum. = IFPp household > Vpy THEN MIN(Pp household — VPVi]disc}L) ELSEOQ ®

where
Elzccum—energy stored in the battery use to cover consumption, kW.
Py househola—household consumption profile, kW.
Vpy—PV production volume, kW.
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Jaiscn.—available battery discharge capacity, kW.

Electricity losses also affect the amount of energy stored and transferred, which was
described in the model as the outgoing flow from the stock of the amount of energy stored
in the battery according to Formula (9).

EAjpsses disch. = Uaccum. X (1 = Crieta.) / Clieta. )

where

E Ajpsses disch —electricity losses during the discharging process, kW.

Ugecum —using the energy stored in the battery to cover consumption, kW.

Cjietq—battery usage and discharge efficiency factor.

The overall sub-model describing the PV and energy storage system also influences
the fraction of PV energy transmitted and stored in the grid. This part of the model is
depicted in Figure 7.

PV amount of energy transferred
to the network for a system
with storage

Cumulative from grid taken back
1 )z > amount of solar energy

\'/\ i to cover consumption
PV surplus transferred Solar energy amount
to the grid after of savings taken from
consumption coverage the grid to cover
and price of charging consumption for a
N PV system with storage
5 } Cumulative unused amount

- > of solar energy for a PV
PV surleus after . \/'\/ system with storage
consumption coverage ,‘: "' Deletion of stock
~= at the end of the
Hours per year accounting period
for a PV system

N with storage
PV production O,/" ﬁL

1+
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Figure 7. Sub-model of PV surplus accumulation in the grid and its further utilization.

The stock, i.e., the PV energy transmitted to the grid with storage system, is influenced
by the previously described flow, i.e., the accumulated PV energy stored in the grid used
for charging the battery, as well as the incoming flow that accounts for the excess energy
transmitted to the grid after meeting the consumption and battery charging, considering
electricity losses as well (refer to Formula (10)).

EAto netw. = EAsurplA — Laccum. — EAlosses char. (10)

where

EAto netw—surplus PV transferred to the network after covering the consumption and
charging the battery, kW.

EAgyrp1.—surplus PV energy after covering consumption, kW.

Lgccum.—battery charging using surplus PV after covering consumption, kW.

EAjpsses char.—10sses during the battery charging process, kW.

Similarly, the volume of energy stored in the grid is influenced by outgoing flows.
In this sub-model, the energy stored in the grid is used to meet household consumption,



Environments 2023, 10, 164 12 of 21

which is represented by the flow, i.e., the amount of solar energy taken from the grid for
consumption in the PV system with storage, which is described by Equation (11).

EAfram grid = IF Pp household. > VPV THEN MIN(Pp household. — VPV - uaccum.? EAto netw.) ELSEO (11)

where

EAfrom gris—the amount of stored solar energy recovered from the grid to cover the
household’s consumption, kW.

Py nousenotra—household consumption profile, kW.

Vpy—PV production volume, kW.

Ugecum —using the energy stored in the battery to cover consumption, kW.

EAto netw—the amount of PV energy transferred to the network for the system with
storage, kWh.

The sub-model of the PV and energy storage system also takes into account the
degradation factor of the storage at the end of the accounting period, which describes the
amount of energy lost. In this sub-model, this aspect is described by the flow, i.e., the
degradation of storage at the end of the accounting period for the PV system with storage,
which is influenced by the parameter of the number of hours per year, as well as the volume
of PV energy transmitted to the grid. The relationship is described by Equation (12).

Ugegr. = IF H = 1416 THEN EAyo netw./ DT ELSE 0 12)

where

Ugegr.—stock degradation.

H—number of hours per year, h.

EAto netw—the amount of PV energy transferred to the network for the system with
storage, kWh.

3. Results

This section provides the key results that describe the profitability of installing an
energy storage system in households in Latvian conditions, considering the household’s
overall electricity consumption profile.

After simulating the systems behavior at NordPool’s hourly electricity prices for
the year 2021, it was seen that the total cost of electricity for a household with a total
annual consumption of 7800 kWh/year and consuming only energy from the network is
2663.55 EUR/year. However, if a household of the same profile installs solar panels, uses
the produced electricity for self-consumption, and uses the grid as storage for surplus, then
the total cost of electricity is 715.82 EUR/year, thus a significant improvement is seen. If a
lithium-ion battery is also connected to the PV panels and the system is used economically,
then the household’s cost of electricity is 639.41 EUR/year. Cost differences from system
dynamics simulations for three different years are summarized in Table 1.

Table 1. Comparison of electricity costs.

Grid Connection, Added PV Panels, With {\dded
NordPool Data Accumulation System
EUR/Year EUR/Year
EUR/Year
2019 1779.78 710.14 642.18
2020 1554.06 646.98 571.34
2021 2663.55 715.82 639.41
2022 4851.32 968.97 858.02

In Table 1, a significant difference in the total annual electricity costs can be seen,
depending on which year’s data (NordPool electricity exchange price) is selected in the
simulation as the predicted electricity prices. This is also explained in Figure 8, with a
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visual comparison of the average daily NordPool tariff between the years, which were
analyzed and compared in the system dynamics model.
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Number of the day
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Figure 8. Historic electricity prices.

These yearly cost differences were influenced by different external conditions. In
2019, the electricity exchange price in Latvia decreased compared to 2018, and 84.7% of
the total consumption was covered using local generation. Therefore, the cost of electricity
was relatively acceptable. In terms of electricity prices, 2019 to 2020 can be considered
a moderate period for Latvia. In contrast, in 2021, an increase in electricity prices was
observed, reaching new historical monthly average price records from September onwards.
Electricity prices were rising all across Europe due to record-high gas prices and CO,
emission allowance prices. Other influencing factors were the lower power production in
wind and hydroelectric power plants in Europe, which had to be covered by fossil resources.
Further on, 2022 was marked by an even bigger increase in electricity prices every month,
which reached 156% in comparison to the increase in 2021. Therefore, in the data obtained
from the model, the costs, for example, for solely network connected system doubled for
2022. One of the main reasons for the increase in prices was Russia’s invasion of Ukraine,
which resulted in the refusal of electricity imports from Russia and Belarus.

Figure 9 shows the dynamics of battery charging and discharging (kWh) depending on
the electricity tariff at a given moment (EUR/kWh). The graph represents approximately
one week from the entire simulated period. The amount of energy stored in the battery is
represented by the blue curve, while the electricity tariff is represented by the red curve. It
is possible to find that at higher electricity prices, a faster battery discharge process takes
place, while at lower electricity prices, the opposite happens, i.e., the battery is charged.

According to the results gathered from the model, the profitability of installing an
electricity storage was checked for a Latvian case study with the existing solar potential
and annual irradiation intensity and taking into account the cost of electricity, which affects
the principles of the operation of the storage system. The obtained results for the particular
household described above with an installed PV and storage system, for one day (24 h
basis) of average electricity load for a summer month, can be seen in Figure 10.
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Figure 10. Daily energy flow profile for a system with PV and battery on a summer day.

In summer, the household’s electricity consumption is relatively low (see the red
curve in Figure 10); therefore, the amount of energy stored in the battery is enough to
cover the consumption during the night hours (represented by the dark blue line), while
during daytime, the amount of energy produced by the PV panel system becomes large
enough to not only cover the household’s consumption but also fully charge the battery. In
addition, in the particular day analyzed in Figure 10, it can be seen that the battery is also
charged in the morning, using the surplus of PV energy stored in grid after covering the
consumption. It is possible to establish that under the specific conditions, on a summer day,
electricity from the grid is not consumed, and the amount of electricity stored in the grid is
also not used. On the contrary, the storage is replenished, providing a larger amount of
available energy storage for the days when the amount produced by the solar panels will
be insufficient to cover the consumption.

Although the distribution of the total electricity profile for each of the modelled days
is slightly different, overall, this justifies the profitability of installing electricity storage for
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the period when the solar irradiation is higher and there are more sunny days, taking into
account the weather conditions in Latvia.

To also check the effect of seasonality on the profitability of the installation of the
storage system in Latvia, the data for daily electricity profile for a day in a winter month
were analyzed. The obtained results are reflected in Figure 11.
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Figure 11. Daily energy flow profile for system with PV and battery on winter day.

As can be seen from the obtained graph, household electricity consumption is relatively
higher in winter. During the winter day, the energy demand is partly covered by the
amount of energy stored in the battery (see dark blue line in Figure 11), while the electricity
consumption from the grid, for the tariff of that moment, is very small during this day. This
parameter is described by the light blue line, which is almost at the zero level in Figure 11.

In the winter months, the solar energy surplus and grid stored solar energy is used to
charge the battery, which is described by the green dashed curve in the graph. However,
during the winter day, under Latvian conditions, after covering the consumption and
charging the battery, there is no amount of solar energy left to be transferred to the network
because it is completely consumed. In general, it is possible to observe the profitability
of installing an electricity storage system in a household in Latvia also during the winter
period.

To obtain a yearly overview and to evaluate the modelled system from the point of
view of monthly energy flows, the results obtained from the system dynamics model (using
2021 data) were summarized. Figure 12 shows the profile of energy flows by the months
of the year if the household has a PV system installed, while Figure 13 describes a system
with PV and battery.
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The obtained results indicate that the highest electricity generation from PV occurs
from May to August, which is represented by the green curve in Figure 12. Similarly, the
lowest electricity consumption can be observed in the summer months (denoted by the
blue curve). The red curve indicates the amount of PV energy stored in the grid at the
beginning of each month. It can be observed that starting from May (the start of a new
balance year) this amount is increasing, with the highest accumulation (~4000 kWh) being
reached in October, making it possible to use this energy until next April. The graph shows
the distribution of sources in each month to cover consumption. In the winter months,
from November to January, for the most part, the amount of electricity stored in the grid
is used to cover consumption. While in the summer period, already starting from May to
August, the energy produced by PV is mostly consumed immediately and only a little of
the amount stored in the grid is used, but a large amount of energy is transferred to the
grid to supplement the energy storage in the net system.

A similar profile of monthly energy flows was obtained for a case if a PV and electricity
storage system is installed. The obtained results can be seen in Figure 13.
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The main change in the monthly profile of electricity flows when a battery is connected
to the system is that the amount of energy stored in the battery plays a large role in covering
household consumption in the period between October to April, but especially in the winter
months. In the summer months, the energy produced by PV, as well as the amount of
energy stored in the battery, is sufficient to cover household consumption, thus achieving
greater independence from the grid and ensuring self-consumption. In this case, by
adding a battery and providing an appropriate level of automation, it is possible to even
gain economic benefits by leveraging the interrelationship between electricity costs and
energy demand at a given moment, ensuring higher profitability. These relationships are
characterized by the diversity of the profile of monthly electricity flows, especially in the
months from October to March.

To summarize the obtained results, a comparison of all four analyzed systems is
conducted by determining the annual costs of electricity from grid, the annual savings, and
the payback for each system and the amount of electricity consumed from the network
during the year at the analyzed electricity prices from 2019 to 2022. A summary of the
results can be seen in Tables 2-5.

Table 2. Comparison of different systems with the electricity price at the 2019 level.

Annual Cost for Annual Pavback Time Grid Electricity
2019 Grid Electricity Savings Y Consumed
EUR/Year EUR/Year Years kWh/Year
Grid electricity 889 - - 7755.55
PV system 293 596 16.8 331.32
Battery 858 31 448.3 7862.27
PV + Battery system 260 629 223 372.39

Table 3. Comparison of different systems with the electricity price at the 2020 level.

Annual Cost for Annual Pavback Time Grid Electricity
2020 Grid Electricity Savings y Consumed
EUR/Year EUR/Year Years kWh/Year
Grid electricity 776 - - 7755.55
PV system 285 491 20.35 331.32
Battery 724 52 266.9 7857.75
PV + Battery system 250 526 26.6 368.78

Table 4. Comparison of different systems with the electricity price at the 2021 level.

Annual Cost for Annual Pavback Time Grid Electricity
2021 Grid Electricity Savings y Consumed
EUR/Year EUR/Year Years kWh/Year
Grid electricity 1331 - - 7755.55
PV system 293 1038 9.6 331.32
Battery 1223 108 129.2 7862.81
PV + Battery system 259 1072 13.1 370.68

Table 5. Comparison of different systems with the electricity price at the 2022 level.

Annual Cost for Annual Pavback Time Grid Electricity
2022 Grid Electricity Savings Y Consumed
EUR/Year EUR/Year Years kWh/Year
Grid electricity 2425 - - 7755.55
PV system 350 2075 4.8 331.32
Battery 2164 261 53.7 7860.62

PV + Battery system 307 2118 6.6 367.85




Environments 2023, 10, 164

18 of 21

At 2019 electricity prices, it is possible to observe that at moments when the costs of
network energy are relatively low, it is nevertheless possible to make savings by installing a
PV system or a PV and battery system (see Table 2). However, due to installation costs, the
payback time would be significantly long, with the PV system reaching almost 17 years and
the system with a connected battery 22.3 years, thus reducing the economic justification
for introducing the system in Latvian households. On the other hand, when installing
only batteries, the annual savings at low electricity prices are insignificant, and, taking
into account the payback time, which reaches 448.3 years, it is possible to say that only
installing batteries is unprofitable under the specific conditions.

In the case of even lower costs for electricity, i.e., at the electricity prices of 2020, when
the total annual costs for network electricity in each of the analyzed system solutions
decrease, it is possible to determine that the annual savings for PV and PV with accumula-
tion systems will decrease, correspondingly increasing the payback time for both systems
(see Table 3). Meanwhile, in a battery-only situation, the annual savings increase and the
payback time decreases, the payback time is still unrealistic, and the scenario is defined as
unprofitable.

In cases where the costs of electricity are higher, for example, as in the case of the
2021 electricity prices, it is possible to achieve much larger annual savings and a more
acceptable payback period for the PV panel-only system and the PV and battery system,
reaching savings of 1072 EUR/year and reducing the payback time to 13.1 years in the
latter case (see Table 4). This justifies the profitability of installing energy-efficient solutions
in households in Latvia. However, even at the prices of 2021, a battery-only system does
not pay off in an acceptable period.

The four previous tables indicate another peculiarity—the consumption is higher
in a battery-only system than in the grid electricity scenario. This is due to the battery
charging/discharging process, where inevitable losses (including those in standby mode)
occur. Covering the same household consumption load using a battery-only system requires
more electricity. The same effect is seen for PV and battery systems in comparison to
PV-only systems.

The greatest benefits can be found in the case when electricity costs are at the 2022 price
level. In that case, the annual savings for PV system installation reaches 2075 EUR/year
and the payback time decreases to 4.8 years (see Table 5). At the 2022 electricity prices,
also for PV and battery systems, the annual savings would reach 2118 EUR/year, and the
payback period would decrease to 6.6 years, thus indicating the profitability of installing
the system in households in Latvia in the event that electricity prices do not decrease
significantly from the 2022 levels or, in long-term view, if prices rise due to other global
economic and environmental challenges (as climate change). The battery-only system is
still a challenging option; though the payback time is decreasing, it still reaches 53.7 years,
which is considered too long a period to be considered profitable.

4. Discussion and Conclusions

By simulating the SD model at the NordPool hourly electricity exchange prices for
2021, it was seen that the total electricity costs for a household with a total annual con-
sumption of 7800 kWh/year and consuming only electricity from the network amounts
to 2663.55 EUR /year (see Table 1). On the other hand, if a household of the same profile
installs solar panels, uses the produced electricity for self-consumption, and transfers it to
the network for storage (a net metering system is available in Latvia), then the total cost of
electricity would be 715.82 EUR/year. But, in the case where a battery storage system is
connected to the PV panels and the system is used economically, the electricity costs would
decrease to 639.41 EUR/year.

The strong impact of the average electricity price on payback time (as summarized in
Figure 14) is consistent throughout the analyzed period. In circumstances where the cost of
electricity increases, such as the 2021 electricity prices, much higher annual savings could
be achieved, as well as a more acceptable payback time. For the PV and battery system at
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Figure 14. Payback to price dependency in the analyzed period.

It is found that, in Latvian specific conditions (solar potential, annual average irradia-
tion intensity, etc.), the profitability of installing PV and PV and battery systems in private
households in Latvia is justified both in summer and winter conditions. In the summer,
household electricity consumption is relatively low; therefore, it was determined that the
amount of energy stored in the battery may be used to cover the consumption during the
night hours, while the amount of energy produced by the PV panel system during the
daytime is sufficient to not only cover the household consumption but also fully charge
the battery. For the analyzed case, on a summer day, electricity from the network is not
consumed, and the amount of electricity stored in the network is also not used. On the
contrary, the storage is replenished, providing a larger amount of available energy for
days when the amount produced by the solar panels would be insufficient to cover the
consumption. In general, the profitability of installing electricity storage was justified for
the period when solar irradiation is higher and there are more sunny days, taking into
account the weather conditions in Latvia. It was found that even during the winter day it is
possible to cover the energy demand with the amount of energy stored in the battery. It was
also found that in the winter months, a small amount of energy is produced by solar panels
that is used to cover consumption, thus overall justifying the profitability of installing an
electricity storage system in a household in Latvia also during the winter period.

However, the main hindering factor for the installation of the accumulation is the
high investment costs, which need to be covered prior to receiving a repayment from
the supporting instruments. Additional costs for inconvenience are related to the costs
of maintaining the technology, which can constitute different expenses in each case. The
payback time of integrating the accumulation depends on the electricity costs of the given
period. Accordingly, if electricity prices are high, the payback time of the battery system
will be shortened, which affects the decision to install energy-efficient solutions.

The cost-effectiveness of implementing a battery energy storage could be improved by
reducing the technology production and maintenance costs. But, considering the current
technology costs during periods when electricity prices rapidly increase, the payback period
of storage systems in the private household, according to the model results, is about ten
years. This leads to the conclusion that increasing the number of subsidies could promote
the practice of introducing accumulation in households in Latvia. It is also necessary to
set clear internal EU and national goals in the electricity storage sector, as well as adopt
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specific laws in this area, such as making the use of renewable energy mandatory for a
specific building sector or determining the need for collective self-consumption in order to
stimulate the introduction of storage on a larger scale.

Currently, it is possible to carry out a wide commercialization and integration of
accumulation technologies both in the state and in the private sector. The created hourly SD
model can be used to analyze the real electricity profiles of specific households, determining
the profitability of installing energy-efficient solutions both in Latvia and for analyzing the
situations of other countries or accumulation systems.

In addition, it is concluded that the implementation of energy storage systems in
private households can provide several potential benefits. Firstly, it can increase self-
consumption of electricity generated from renewable sources, in this case, PV, allowing
homeowners to rely less on the grid and reduce their electricity bills. Secondly, integrated
energy storage systems can also provide backup power during grid outages, improving the
resilience and reliability of the electricity supply.

As identified earlier, this exploratory model demonstrates the accumulation feasibility
assessment. The obtained model structure can be used as a base for the further development
of a system dynamics model for forecasting the development of long-term accumulation
and making the most optimal decisions at household, municipal, and national levels.
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Abstract: Increasing renewable energy share in total energy production is a direction that leads
toward the European Union’s aims of carbon neutrality by 2050, as well as increasing energy self-
sufficiency and independence. Some of the main challenges to increasing renewable energy share
while providing an efficient and secure energy supply are related to the optimization and profitability
of de-centralized energy production systems. Integration of energy storage systems in addition to
decentralized renewable energy production, for example, by solar panels, leads to more effective
electricity supply and smart energy solutions. The modeling of such a complex dynamic system
can be performed using the system dynamics method. The main aim of this research is to build
and validate the basic structure of the system dynamics model for PV and battery diffusion in the
household sector. A system dynamics model predicting the implementation of battery storage in
private households was created for the case study of Latvia. Modeling results reveal that under the
right conditions for electricity price and investment costs and with the right policy interventions,
battery storage technologies combined with PV panels have a high potential for utilization in the
household sector. Model results show that in a baseline scenario with no additional policies, up to
21,422 households or 10.8% of Latvian households could have combined PV and battery systems
installed in 2050. Moderate subsidy policy can help to increase this number up to 25,118.

Keywords: battery energy storage; energy management; household consumption; photovoltaic; solar
panels; system dynamics

1. Introduction

Renewables are our future. For decades now, the European Union (EU) has maintained
its course toward increasing its renewable energy aims, with the current target set as at
least 32% of renewable energy share in 2030 [1]. The EU climate or carbon neutrality targets
set by the European Climate Law [2,3] prescribe greenhouse gas (GHG) emission reduction
by at least 55% in 2030 and net-zero GHG emissions by 2050. A complementary effect to
achieving the 55% GHG emission reduction by 2030 could be a renewable energy share
increase to 38—40% of gross final consumption [4].

But, to get to that future, the challenges of today have to be solved. On one hand,
recent technology advancements have promoted significant deployment of renewable
energy technologies; for example, with an increase in photovoltaic (PV) module production,
the prices have reduced significantly [5], and, consequentially, PV cost reduction is said to
be one of the most important reasons for an increase in global installed capacity [6]. On
the other hand, the practical concerns are frequently related to the fluctuating nature of
solar resources and PV power intermittency [7,8] and subsequent overvoltage incidents [9].
Hence, the transition toward sustainable power generation from renewable sources is not
viable without sufficient energy storage [10].

Energy storage systems (ESSs) provide the possibility to confront the problems that
arise due to intermittent power generation by renewable energy systems [11]. ESSs also
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allow increasing our effective ability to harvest and consume renewable energy and simul-
taneously increase the renewable energy share in the demand profile. On the downside,
ESS capacity configuration affects the system’s economic feasibility [7]. Montoya-Duque
et al. [12] report that in isolated systems that require energy storage, CAPEX might be even
two-fold. A significant challenge that is considered in ESS research with an aim to ensure
system reliability is the sizing of the storage system [13].

There are various types of energy storage systems, i.e., battery energy storage, com-
pressed air energy storage, hydrogen fuel cells, power-to-gas methane, superconducting
magnetic energy storage and fly-wheel energy storage to name some [10,14]. Elmorshedy
et al. [8] also report that hydraulic storage and supercapacitors are used in combination
with PV and wind turbine systems. It is reported that electric batteries are deployed in
77.1% of cases and hydrogen tanks in 15.4% of cases of energy storage systems [8]. Hyvonen
et al. [11] report lithium batteries to be most feasible for small-scale applications, while
hydrogen and thermal energy storage is unfeasible for their considered scenario of indi-
vidual detached houses. An integrated supercapacitor and battery system might improve
system reliability and self-sufficiency and aid in overcoming the limitations of battery
energy storage that arise due to the changing nature of household consumption load [8].

ESSs can be deployed at various scales. Landl and Kirchsteiger [9] use Matlab /Simulink
to analyze a large-scale PV farm and battery energy storage system (BESS) in the European
network context. Research on renewable energy source (RES) and ESS integrated use at
the single-dwelling, multi-house and even village levels is currently progressing. At the
community level, Mazzeo et al. [15] used the artificial neural network method for sizing
and energy performance prediction of a hybrid renewable energy system that includes
batteries (EV charging) for energy storage. Their model, which is implemented by using
TRNSYS and Matlab simulation, is aimed at promoting Zero Energy District develop-
ment [15]. Matera et al. [13] supplement the aforementioned model for a case of small office
communities. Wang et al. [7] provide a literature overview on numerous models that have
recently been developed for PV-integrated systems both in general and at the household
level. They note that the research on village-level systems, their configuration and life cycle
economic benefits is lacking [7]. Cirone et al. [16] also apply TRNSYS for the dynamic
modeling of a system of four interconnected municipality buildings, which includes PV
generation, battery energy storage and shared electricity use. Monroe et al. [17] elaborate
even more by applying agent-based modeling to analyze the dynamics of electricity prices
in a consumer-prosumer system at the neighborhood level and including storage solutions.

To stimulate households to implement onsite renewable energy generation, as well as
to seize the additional opportunities provided by energy storage technologies, the perfor-
mance of such systems in local and relevant conditions must be evaluated by modeling
and prediction. Mazzeo et al. [18] report that HOMER (hybrid optimization model for
electric renewables) and Matlab are the most widespread software programs for hybrid
system analysis. Hyvonen et al. [11] modeled energy storage scenarios for a detached
house in Finnish climate conditions by using a Matlab computational model with graphical
capacity optimization. With a particular focus on system costs (including life cycle costs
and levelized cost of storage), they found that the use of energy storage systems may only
be feasible for households in detached houses in the case of (a) high electricity market
prices or (b) the availability of economic support mechanisms [11]. But they also state
that their previous experience has indicated linear optimization to be less than optimal
for energy storage size elaboration [11]. Mascherbauer et al. [19] modeled a single-family
house system including PV and battery storage, a hot water tank and thermal storage by
building mass at the household and national levels in Austria with the aim to determine
the potential of a smart energy management system. Wang et al. [7] use an optimiza-
tion model (particle swarm optimization algorithm) to elaborate optimal energy storage
capacity, power and typical energy storage output for different scenarios, including PV
off-grid and on-grid systems for community context. The modeling inputs are based on
cost-benefit analysis, and indicators such as the net present value and internal rate of return
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are used to determine the system’s economic feasibility. For the environmental dimension,
Wang et al. [7] take into account the avoided greenhouse gas emissions (including, CO,,
NO;, SO,) in g/kWh. Elmorshedy et al. [8] assessed the technoeconomic feasibility of a
hybrid renewable energy system with energy storage. They used HOMER Pro platform
software for the optimization of the studied design and integrated Matlab /Simulink mod-
eling to analyze the dynamic changes in the system [8]. Mileti¢ et al. [20] use a mixed
integer linear programming (MILP) model for a household that includes PV, electric vehicle
charging and a BESS. Baki¢ et al. [21] performed a dynamic analysis of a household PV and
wind hybrid system by optimization simulation in the TRNSYS program. They noted that
in order to achieve a constant electrical power supply from the system throughout the year,
addition of energy storage is needed, e.g., batteries or a hydrogen-based system [21].

The abovementioned exemplifies that researchers are searching for ways to model
the dynamic nature of an integrated RES and ESS smart system. Another suitable method
would be system dynamics (SD) modeling. SD modeling is a computer-based modeling and
simulation method [22] that allows one to uncover the causal relationships and feedback
mechanisms underlying technological, economic and social systems [23]. The advantages
of SD modeling include the model’s “open structure” and flexibility [22]. SD modeling
has been applied to the case of solar-energy-based electric vehicle charging [24]. Kubli
and Ulli-Beer [23] developed an SD model for the analysis of likely deployment patterns
of decentralized energy generation, and Riveros et al. [25] applied SD to model diffusion
of distributed generation and consumption (prosumer) communities. Jimenez et al. [26]
analyzed how the diffusion of PV with or without battery storage affects the electricity
supply system in Colombia. Castaneda [27] modeled a system that includes net metering
but does not include energy storage solutions and analyzed how increasing the renewable
share impacts the whole electricity industry. Later, Castaneda et al. [28] developed an
SD model to assess the effects of feed-in tariff changes on PV and PV-BESS adoption by
households in United Kingdom circumstances.

While there have been some previous SD studies regarding RES and ESS integration,
the applications are still expanding, and the models have variation due to different national
conditions. The contribution of this study is showcasing an alternative to the SD model
design. The main aim of the research is to build and validate the basic structure of the
system dynamics model for PV and battery diffusion in the household sector. Considering
the complexity of this research direction, in the future, this base model structure can be
extended further, and it can be adjusted for the initial energy system condition in foreign
countries. Though we mainly focus on establishing a reliable initial model structure, policy
testing is also applied, and provisional predictions of battery uptake in households are
presented. After the sensitivity analysis, an initial forecast for the practice of electricity
storage in Latvia in the coming decades is obtained from the validated model. The rest
of the paper is structured as follows: SD model conceptualization, structure, input data
and assumptions, as well as model validation, are described in Section 2. The results
of simulations and sensitivity analysis are presented in Section 3. Finally, the overall
discussion and conclusions are presented in Section 4.

2. Materials and Methods

In order to predict the practice of electricity storage in Latvia in the coming decades,
the SD modeling method was used. Modeling was performed using Stella Architect
3.3 software.

SD is a method for studying the dynamic development of complex systems, with the
help of which complex problems can be solved. SD theory is based on the study of the
relationship between the behavior of the system and the underlying system structure. This
means that by analyzing the structure of the system, a deeper understanding of the causes
of the behavior of the system is formed, which allows us to better address the problematic
behavior of the observed system [29].
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SD was established in the mid-1950s by Professor Jay Wright Forrester of the Mas-
sachusetts Institute of Technology. SD was originally designed to help business leaders
improve their understanding of production processes, but its application is now much
wider, including policy analysis and development in both the public and private sectors [30].

For decades, system dynamics modeling has been employed in energy system research.
The fundamental advantage of system dynamics over other modeling methodologies is its
ability to capture the complexity of dynamic systems [29]. The most fundamental difference
between system dynamics and other modeling methodologies is its endogenous approach,
which means that model structure and elements defined within the system, rather than
exogenous inputs, are responsible for dynamic behavior. System dynamics models can take
into account four major factors that other modeling methods frequently overlook:

Material and information delays;
Non-linear relationships;
Causation not correlation;
Feedback in the system.

More information on how system dynamics is used in energy modeling, as well as
the advantages over alternative modeling methodologies, may be found in the following
works [31,32].

2.1. Model Contextualization

As defined by Sterman [33], there is no single best approach to successful modeling.
However, his five-step guidelines, including (1) problem articulation, (2) formulation of
dynamic hypothesis, (3) formulation of simulation model, (4) model testing and (5) policy
design and evaluation [33], are widely used in SD model building [32,34] and also followed
in current research.

The analyzed problem, as identified in the introduction, is the need to increase the
share of renewable electricity, especially from carbon-neutral sources such as PV. Because
PV technologies are fitting for decentralized applications, detached individual households
are a significant beneficiary. Though a recent increase in PV installations is seen due to price
competitiveness and subsidy policy, the installation of combined PV and BESS systems is
still not widespread. The selected modeling timeframe is until 2050, corresponding to EU
climate neutrality vision.

The dynamic hypothesis of the study is presented in Figure 1 in the form of a causal
loop diagram.

The causal loop diagram displays the diffusion process of PV panels and battery
storage in the household sector. The core element here is households that are informed
about the possibility to install PV or batteries but have not yet decided to do so. This is
the place from which the diffusion of specific technologies starts. Uninformed households
cannot make the decision; only informed households can. The causal loop diagram shows
several development pathways. Households can decide to install only PV panels, or
they can decide to install a combined PV and battery storage system. The decision on
which pathway to choose is made by comparing the economic benefits of separate systems,
including the benefits of choosing none of the systems. Not only informed households can
make the decision on installing the battery storage but also the households who already
have PV installed. As the technologies do not have unlimited service life, decommissioning
is also included in the modeling of the diffusion process. Each technology has a different
service life; therefore, the rate at which decommissioning happens will vary based on the
technology installed and the lifetime of the technology. Afterward, the decommissioning
households can make the decision on which technology to install (if any) again.

The model structure for the system dynamics model was built based on the basic
principles presented in the causal loop diagram in Figure 1.
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Figure 1. Causal loop diagram of PV and battery storage diffusion.

2.2. Model Structure

As a result of the dynamic hypothesis, the system dynamics model predicting the
implementation of battery storage in private households was created for the case study of
Latvia. All the input parameters, like solar radiation, electricity price, number of households
and other parameters used, were specific to the case of Latvia.

The numerical values of the model parameters are based on assumptions derived
from the analysis of statistical databases, analyzing electricity market data, as well as
other sources. The central part of the model structure is depicted in Figure 2. This part of
the structure represents the main dynamics of PV panel and battery system installation.
An important parameter in the development of this model is the total number of private
households (single-family buildings) in Latvia. In this research, the installation of solar PV
and battery storage systems is considered and forecasted only for single-family buildings
with small-scale PV and battery systems. Based on the official Latvian statistics database,
there are around 200,000 detached (single-family) households in Latvia. Part of these
households have information about the possibility to implement micro-generation and
storage applications in their households. Some households have already implemented
these applications; however, there are still a large number of households that lack the
information about micro-generation and storage or lack the information about advantages,
which means that before the actual implementation of micro-generation or storage can
happen, it is necessary to inform these households. Special information campaigns can be
organized for this purpose; however, there is also word of mouth happening regardless of
any information campaign. The inventory “Uninformed households” describes the part of
private households in Latvia that still need to be specifically informed about alternatives
for self-generating and storing electricity. When a household receives enough information
about micro-generation and storage, it moves from the “Uninformed household” stock to
the “Informed household” stock and is now ready to make decisions on micro-generation
and storage implementation. These stocks are affected by the information rate, which
depends on the informing fraction and in the model is assumed to be 0.1. In this research,
the informing fraction is a single parameter including both information campaigns and
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word-of-mouth informing. At this stage, it is not modeled in more detail; however, the plan
is to expand this section in future research. Equation (1) describes the flow.

IR = HHyy, - IFr, )

where IR—information rate of uninformed households, units/year; HHy,—number of
uninformed households, units; IFr—information fraction which describes the speed at
which uninformed households get informed about PV and battery technologies.
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Figure 2. PV and battery storage diffusion sub-model.

Accordingly, households that obtain information and begin to evaluate the installation
of solar panels or batteries at some point come to a decision to install one of the options (PV,
batteries or both) or to keep the current grid connection without additional technologies.
Outgoing flows describe the total number of informed households and the decision made
accordingly. The flow “PV installation rate” is described in the model by Equation (2).
The outgoing flow “PV and battery installation rate” is also determined according to the
same principle.

InR; = HHiy¢ - Dy, (2)

where InR;—installation rate of the specific solution, units/year; HHy,s—number of in-
formed households, units; D;—investment decision in a specific solution.

The model also includes a flow “Battery installation rate”, which describes the number
of households that decide to install a battery when PV panels are already installed previ-
ously or re-install a battery because the battery life is shorter than the life of the PV panel
system duration.

The stock “Households with PV” describes the number of households that have
installed only PV panels. On the other hand, the stock “Households with PV and batteries”
describes the number of households that have not only installed PV but also added a battery.
This number is not currently counted and analyzed in publicly available data in Latvia, but
it was assumed that this number is minimal, setting five households as the initial value.
Both of these stocks are also affected by the outflow, which describes the technology’s
depreciation time, which is affected by the average lifetime of the technology. This means
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that after the end of the technical lifetime of the technology, the household returns to the
previous stock. As the technical lifetime for batteries is shorter than for PV, households
with PV and batteries move to the stock “Households with PV” after the technical lifetime
of batteries has ended as they still have working PV panels left. Afterward, they can again
make a decision on installing the batteries. “Households with PV” after the end of the
technical lifetime for PV move back to the stock “Informed households” and can again
make a decision on installing the PV or PV and batteries. The flow “Decommissioning rate
of the PV” is determined according to Equation (3). The flow “Decommissioning rate of the
batteries” is also determined according to the identical principle.

DC; = HH;/LT;, 3

where DC;—decommissioning rate of the specific technology (PV or battery), units/year;
HHj—mnumber of households with specific technology solution, units; LTj—technical life-
time of the specific technology (PV or battery), years.

The decision on installing the PV or battery system in the model is made based on the
rentability of each system. Figure 3 represents the model structure responsible for decision
making. For the system to be attractive, the payback time must be lower than the lifetime
of the particular technology. Otherwise, the interest in installing the technology will be
negligible, and the choice in favor of installing the specific technology will be made only
by those for whom the financial aspect is not decisive in making the choice. It is usually a
very tiny fraction. The interest of the rest of society increases if the payback time is shorter
than the lifetime of the equipment. The faster the payback time, the greater the interest
in choosing the particular technology. The decision regarding the choice of technology is
calculated by using a logistic function in which the rentability of all the solutions, including
installation of no technology, is compared. The highest share of decision makers opt for the
solution with the fastest payback time, and the lowest share of decision makers choose the
option with the longest payback time.

D; = exp(—o - Rj)/(exp(—« - Ry) + exp(—« - Rp) + exp(—« - R3)), 4)

where Ri—payback time of the specific technology (years); x—elasticity coefficient that
describes the decision-making nature of decision makers.
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Figure 3. Decision-making sub-model.
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Decisions to install PV and battery systems are largely influenced by the amount of
investment required and the payback time of technology installation. Investment costs
depend on the installed capacity of the technology. Also, the payback time is affected by
the granted subsidies and the intensity of support. On the other hand, the payback time is
affected by the necessary investments for installing the technology, as well as the savings in
electricity costs. The sub-model of these influencing parameters can be seen in Figure 4.

Specific investment Inverter investment
costs of inverter )
decrease fraction

Specific investment mcosts of Inverter A
costs of battery Average installed <

household PV capacity

Inverter investment
A decrease rate
[ 4 Specific investment costs of PV

Battery investment
decrease rate

= 1
PV investment decrease rate
Battery investment Investment costs of PV system

decrease fraction

- PV investment decrease fraction
Investment costs of
PV system with subsidies

/ & support intensity for PV system
Q Available funding for PV \()

Payback time for PV and battery i"s'_a/uatro" O Inconvenience costs
and battery system -

N for PV installation
Payback fime for PV system

F— )

Savings in electricity costs from

" f i ok Electricity costs for
Savings in electricity costs from A
grid for PV and battery system Qg’id A syys!em grid efectricity users
Inconvenience costs
for battery installation
Electricity costs for Grid electricity costs for Grid electricity costs for
grid electricity users PV and battery system PV system

Figure 4. Payback time calculation sub-model.

The payback time, if solar panels are installed for a household, is determined by the
investment costs of the PV panels and the savings in electricity costs, which are respectively
determined by the comparison of the annual electricity costs with grid connection versus
the electricity costs with installed solar panels. Electricity costs for grid electricity users,
grid electricity costs for the PV system and grid electricity costs for the PV and battery
system were calculated by using a model previously developed by the authors [35]. In
this research, electricity price was assumed to be constant for the whole simulation period;
therefore, the costs of grid electricity for all three systems were also assumed to be constant
for the whole simulation. The explanation of why the constant electricity price was chosen
for this research is given in Section 2.2. Similarly, the payback time of the system with
accumulation is affected by the corresponding savings in electricity costs and investment
costs and is determined according to the formula of the same principle. The PV payback
time is determined according to Equation (5).

PT; =1S;/S;, ®)

where PT;—payback time for specific system (PV or PV and battery), years; IS;—investment
costs for specific system (includes subsidies if granted), EUR; S;—savings made by using
specific technology, EUR/year.

On the other hand, investment costs with subsidies depend on the investment costs of
installing the technology, the intensity of the support and the amount of support available
for increasing energy efficiency. This parameter in the PV system situation is calculated
according to Equation (6). If the available support for increasing energy efficiency is
available, then the investment costs depend on the intensity of the support; otherwise, the
investment costs of the technology are taken into account. The investment costs of the
battery system are also determined according to the same principle; only in this case, the
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costs of the PV system are additionally included because when installing the battery for the
storage of renewable energy, it also resonates with the PV panel system.

IS =IF(AF > 0; I; - (1 — S); Ij), (©)

where AF—available funding for PV and battery installation, EUR; I —total investment
costs for specific system without subsidies, EUR; SI;—support intensity for specific technol-
ogy (either PV or battery).

The investment costs of PV depend on the installed capacity of the PV system, as
well as the investment costs of the inverter, as it adds up to additional costs, as it also
needs to be replaced when comparing lifetimes. Also, the parameter is affected by the
specific investment cost, which is affected by the rate of cost decrease (which depends on
the fraction of decrease and is assumed in the model to be a decrease of 0.02 units per year)
as the costs of these technologies are expected to decrease over time.

Ipy = Cpy - Splpy + Iy, 7)

where Ipy—PV investment cost, EUR; Cpy—installed PV capacity for household, kW;
Splpy—specific investment costs of PV, EUR/kW; Ij,,—investment costs of inverter, EUR.
Also, the payback time parameter for determining savings, comparing the benefits of
a PV-only system and a PV-battery system, is created according to the same structure and
calculation equations.
The abovementioned stock “Available funding for PV and battery installation” comes
from the sub-model with related flows and parameters shown in Figure 5.
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Figure 5. Support policy scheme sub-model.

The amount of support available in the stock is also affected by the allocation of the
incoming flow of funding, which describes the additional planned funding. According to
the data of the Ministry of Economy, support is planned in the amount of EUR 20 million;
however, separate financing is available also from the Ministry of Climate and Energy and
from the Ministry of Environmental Protection and Regional Development [36]. On the
other hand, the amount in the stock is reduced by the outgoing flow “Funds utilization
rate”, which describes the support granted to the implemented energy efficiency projects.
Considering that the system dynamics model describes the predictive situation, and the
model does not include all possible exceptional cases, as well as that the parameters are
based on assumptions, the outgoing flow and its influencing parameters are determined
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according to the following equations. The outgoing flow is determined by formula (8)
where, if the support requested at a given time is more than the available support, then it is
included in the model, and the support is stopped.

FU = IF(ER > AF; AF/DT; FR), 8)

where FU—funding utilization rate, EUR/year; FR—funding requested by households for
PV and battery installation, EUR/year; DT—delta time of simulation, year.

On the other hand, the parameter “Total funds requested” depends on the requested
support for the installation of the PV system, which is affected by the intensity of the
support, the amount of installation and investment costs and the requested support for the
installation of the storage system, which depends on the investment costs of the battery,
system installation and the intensity of the support as well as the total available support.
The parameter of the requested total funds is determined according to Equation (9).

FR = IF(AF > 0; (FRpy + FRg)/DT; 0), ©)

where FRpy—funds requested for PV installation, EUR/year; FRg—funds requested for
battery installation, EUR/year.

2.3. Input Data and Assumptions

In this section, the most relevant input data and assumptions used in the system
dynamics model are described.

Relevant data about technologies are taken from technology catalogs. Information
about average capacities for technologies is taken from statistics and scientific literature.
Information about households is taken from statistic databases. The most relevant infor-
mation used in the system dynamics model is shown in Table 1. These data represent the
current situation of the system and are used as initial values in the model for scenario
modeling displayed in Section 2.5, Table 3.

Table 1. Model input parameters.

Parameter Value Unit Reference
PV investment cost (with installation) 1100 EUR/KW [37]
Inverter investment cost 100 EUR/kKW [37]
Battery investment cost 800 EUR/kKkWh [38]
Average installed household PV capacity 8 kW [39]
Average installed household battery capacity 5 kWh [40]
Average PV technical lifetime 35 years [37]
Average battery technical lifetime 20 years [37]
Number of one-family households 198,541 number [41]
Number of households with PV 11,764 number [39]

Historic electricity spot price data were taken from the NordPool database [42] for the
years 2013 to 2022 to evaluate the change in electricity spot price and decide on the best
value to use for battery diffusion forecast simulation. Average yearly values were compared.
Historic data show (see Table 2) that there are fluctuations in electricity price from 2013 to
2020; however, the price stays between 34 and 50 euros per Megawatt-hour. Fluctuations
are mostly due to changes in hydro resource availability and changes in natural gas price,
as those are the main resources in electricity generation in Latvia. It is also dependent
on the price of imported electricity. Years 2021 and 2022 came with several shocks to the
system and it is clearly reflected in the huge increase in electricity price. Lower water levels
in hydro reservoirs and lower wind energy production in the Nordic-Baltic region resulted
in switching to more expensive electricity generation means. The increase in demand for
natural gas and coal increased the price of resources, which is reflected in the electricity
price. The Ukraine-Russia conflict also played a huge role in the electricity price increase
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because of sanctions put on Russia. As Latvia historically imported most of the natural
gas from Russia, the natural gas price increase after the Ukraine-Russia conflict had a
devastating effect on the energy sector, and the yearly average electricity price reached
the unprecedented level of 227 euros per Megawatt-hour. As the Nordic-Baltic region has
worked together in the last year to reduce the dependence on Russian natural gas, the
prices of natural gas and electricity have gone down significantly; however, the overall
electricity price is still higher than it was from 2013 to 2020. It is hard to predict what will
be the electricity price in the future and how much time will be necessary for the energy
system to adapt to the new reality; however, the authors believe that due to many wind and
solar energy projects already at the building stage and many more in the planning phase,
combined with the diversification of natural gas importers in the region, electricity prices
will eventually go down. For the purpose of this research, it is assumed that the energy
system will adapt to the shocks of 2021 and 2022, and the baseline price of electricity in the
long term will be at the 2013 to 2020 level rather than at the 2021 or 2022 level.

Table 2. NordPool yearly average electricity price for Latvia.

Average electricity price

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
48.40 50.12 41.85 36.10 34.68 49.90 46.28 34.07 88.77 226.92

Color scale from green to red in this table is used for easier identification of the years with a lowest (green) and
highest (red) electricity prices.

There is no information on how many households so far have installed battery storage;
therefore, it is assumed that this number is negligible. The assumed number is 5 households.

It is also assumed that average electricity price will be constant for the whole simu-
lation. The model allows us to make this parameter changeable, and in future research,
this option might be exercised; however, the goal of the current research was to test the
model structure, rather than to predict the electricity price changes, and therefore, for this
research, electricity price was set as constant for whole simulation.

For subsidies, it was assumed that for all subsidy scenarios, EUR 20 million (based
on national plans [36]) would be allocated at the beginning of the simulation, and new
finances at the same EUR 20 million level would be allocated every 5 years.

2.4. Model Validation

To build confidence in a model, it is necessary to carry out several model validation
tests. No model exactly matches the real object or system being modeled, so absolutely
reliable models do not exist. Models are considered reliable and valid if they can be used
with confidence. Forrester and Senghi believe that confidence is the most appropriate
criterion for testing a model’s behavior because there is no absolute proof of a model’s
ability to describe reality. In order to build confidence in the model’s validity as a result of
model validation, the purpose of the model must first be clearly defined [43].

The purpose of the verification or approval of the system dynamics model is to
determine the validity of the model structure. The accuracy of the reproduction of the
real behavior of the model is also assessed, but this is only meaningful if we already have
sufficient confidence in the structure of the model. Thus, the overall logical validation
order is to first check the validity of the structure and then start testing the accuracy of
behavior only after the model structure is perceived as adequate [44]. This sequence was
also used in this research. There are several different structure and behavior tests, like
model structure verification test, parameter verification test, dimensional consistency test,
boundary adequacy test, extreme condition test, behavior reproduction test, behavior
anomaly test and others.

Structure and parameter verification was performed by consulting energy experts and
analyzing scientific literature to make sure that the structure of the created model complies
with generally accepted principles and that all the parameters have matching elements in
the real system. Since SD can be traced back to the engineering theory, SD models must
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ensure dimensional consistency. The dimensional consistency test provided an analysis
of the dimensions of the parameters used in the model equations. This test allowed us
to make sure that no inadvertent error had crept into any of the equations. An extreme
condition test was carried out in order to make sure that the model would perform in an
adequate manner even if the values fell out of the common range. It is important that the
model works properly for different kinds of shocks.

Also, behavior validation tests were carried out to assess whether the model can
represent the behavior of the real-life system. To assess the adequacy, model results were
compared to the historic data of PV integration in households in Latvia. For this test, the
historic input data for technology costs, electricity prices, relevant historic policies and
other parameters were put into the model. The model was simulated from year 2013 to
year 2022. As can be seen from Figure 6, the model describes the historic development of
PV integration very well. Although simulated results do not exactly match the historic
development, the overall trend is very similar, and this builds confidence in the model.
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Figure 6. Model validation with historical data for PV installation.

Historical development trends of battery implementation cannot be compared because,
so far, the installation of batteries in households in Latvia has hardly taken place, and there
is nothing to compare against. What validation showed in the case of the battery storage
installation is the same as in the real-life system. Based on historic battery prices, technology
parameters and electricity prices, model results showed that practically no battery systems
were installed for the period from 2013 to 2022 because for the most part, the payback time
was a lot higher than the lifetime of the battery. This also explains why there were almost
no battery systems installed in Latvia during this period.

2.5. Defining Scenarios

This section describes the scenarios that were selected and modeled within this re-
search. It describes what policy measures were chosen to be tested and what sensitivity
parameters were chosen.

The main purpose of the research was to build and validate the system dynamics
model which allows one to predict the future implementation of the PV and battery systems.
To test out the validated model, it was supplemented with one policy measure—subsidies.
As the main aim of the research was to build and validate the basic structure of the system
dynamics model, rather than to analyze and assess the optimal way to promote battery
storage diffusion in the household sector, only one policy measure was tested. In future
research, the model can be supplemented with additional policies to test their effect on
battery system integration in households. In this research, four separate scenarios were
developed. The baseline scenario describes the system in which no additional policies
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are implemented apart from what is already existing in the current energy system. This
is mainly related to the net metering for households that have installed PV systems. It
allows for transferring excess solar energy to the grid when production is higher than
consumption and taking it back when consumption is higher than the solar production of
installed PV. This essentially means that the distribution grid is working as storage. The
advantage comes from lower electricity prices when taking back the solar energy surplus.
When accumulated solar energy surplus is taken back from the grid, only the distribution
system operator tariff must be paid instead of the full electricity tariff. This is taken into
account when calculating the costs of each system (grid only, PV, battery, PV and battery).

There are 3 separate subsidy scenarios (see Table 3). Each of them includes the
already existing policies mentioned above and in addition provides subsidies for specific
technology implementation. The main difference between scenarios is the technology that
receives the subsidies and the amount of financial aid available. For scenarios in which only
1 technology receives the subsidies, the funding amount is EUR 20 million every 5 years;
however, when both technologies receive subsidies, EUR 20 million is allocated separately
for each technology implementation.

Table 3. Scenario description.

Technology Receiving the Subsidies

Scenario PV Batteries Financing, MEUR Support Intensity, %
Scenario 1 0 0
Scenario 2 X 20 50
Scenario 3 X 20 50
Scenario 4 X X 2x20 50

2.6. Sensitivity Analysis

To test the sensitivity of the model to changes in various parameters, sensitivity
analysis was carried out. Electricity tariff, technical lifetime of the battery, initial investment
of the battery and battery investment decrease fraction were chosen as the four parameters
with the most influence on the model results. Table 4 shows the intervals tested for
sensitivity analysis. The results of the sensitivity analysis are displayed in the Results
section. Sensitivity analysis was performed for each parameter separately. For parameters
shown in Table 4, the specific interval was tested, while for other parameters, the values
presented in Table 1 were used.

Table 4. Parameters for sensitivity analysis.

Parameter Unit of Measurement  Lowest Value = Highest Value
Electricity tariff EUR/MWh 30 150
Technical lifetime of battery Years 10 30
Initial investment of battery EUR/kWh 600 1000

Battery investment decrease

fraction Yo/ year 05 3

3. Results

This section provides the key initial results that describe the diffusion of PV systems
and electricity storage systems in households in Latvia up to the year 2050 based on
different parameters. The sensitivity of the most relevant parameters is assessed.

3.1. Model Results

This is in a way an intuitive conclusion; however, electricity price proved to have a
large role in the transition from grid electricity to PV and battery utilization. Figure 7 shows
the comparison of PV and PV with battery system diffusion levels at different electricity
tariffs. It can be seen in Figure 7a that if the electricity price for the whole simulation period
was 35 euros per Megawatt-hour, which is about the lowest price electricity has reached in
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the last 10 years (see Table 2), interest in both PV and PV with battery installation would
be very low. Most of the households would stay connected to the grid without additional
production or storage capacities. Interest in batteries would start only after the year 2040
when investment costs would have decreased enough for payback time to be lower than
the technical lifetime of batteries. It is logical that with low electricity prices, the payback
time for PV and batteries is too long to make it a desirable option. Model results show
that at this electricity price level in the year 2050, only 25.4% of all households would have
installed PV-only systems, and 3.5% would have installed PV systems complemented with
battery storage. The rest would still be fully dependent on grid electricity.
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Figure 7. PV and battery system diffusion based on electricity tariff.

Figure 7b shows that if the electricity price for the whole simulation period was
50 euros per Megawatt-hour, which was the highest electricity price from the year 2013 to
2020 (see Table 2), interest in PV and batteries would significantly increase. This means
that payback time is significantly lower than it was at previous electricity prices, and
micro-generation and storage technologies become more lucrative even without additional
support from the government. PV technology implementation gains traction right out of the
gate, while PV and battery installation has started to rise already, before 2030. Model results
show that at this electricity price level in the year 2050, 48.6% of all households would have
installed PV-only systems, and 10.8% would have installed PV systems complemented
with battery storage.

Figure 7c shows that if the electricity price for the whole simulation period was
90 euros per Megawatt-hour, which is similar to the electricity price in the year 2021 (see
Table 2), interest in PV and batteries would significantly increase. In this case, electricity
price is so high that the current technology costs for PV and batteries are becoming very
lucrative already at the beginning of the simulation, and payback time is very short.
Even without government support, households make the decision to switch to PV or PV
with batteries, and the future technology cost decrease promotes it even more; however,
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close to the year 2050, the installation rate slows down because the system is close to full
saturation. Model results show that at this electricity price level in the year 2050, 68.6% of
all households would have installed PV-only systems, and 18.0% would have installed PV
systems complemented with battery storage.

Figure 7d shows that if the electricity price for the whole simulation period was
220 euros per Megawatt-hour, which was around the electricity price in the year 2022 (see
Table 2), PV and battery installation rates would explode. Grid electricity is so expensive
that even battery technologies that at this point are still expensive would seem to be more
lucrative than using only grid electricity. PV-only systems still take a larger fraction than
PV with batteries because total investment and payback time in PV will always be lower
than for PV systems supplemented with batteries. Model results show that at this electricity
price level in the year 2050, 70.8% of all households would have installed PV-only systems,
and 22.0% would have installed PV systems complemented with battery storage. End
results are similar to the ones with the electricity price at 90 euros per Megawatt-hour;
however, the initial investment rate is significantly higher.

It is crucial to mention that results show the situation when net-metering systems are
working for the whole simulation in all electricity price scenarios and all households can
use this system; however, in reality, the distribution system operator most likely would not
be able to accumulate all the solar surplus electricity showed in (c) and (d) scenarios in the
grid, and net metering would be eliminated in order to keep the grid stability. This would
in turn affect the PV and battery system integration rate because without net metering,
the payback period increases, and grid connections look more attractive. In this research,
however, the effect of the PV integration rate on the electricity grid and net-metering system
is not analyzed. The model must be extended in order to analyze this effect. This is a goal
for further research.

Figure 8 shows the PV and PV with batteries integration rate for the baseline scenario
in which the electricity price was set at 50 euros per Megawatt-hour, which was assumed
to be the most realistic future price level for the current study. In further studies, the price
formation should be extended, and price variation should be considered.

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

2026 2029 2032 2035 2038 2041 2044 2047 2050
Years

—— Households with PV — = Households with PV and batteries

Total number of households

Figure 8. PV and PV with battery integration in scenario 1.

The baseline scenario reveals the gradual increase in PV system installation from
11,764 in 2023 up to 96,497 households with PV in 2050. PV with battery installation starts
in the year 2027 and goes up from 5 households in 2027 to 21,422 households with PV and
battery combination in 2050. This shows that there is potential for battery integration in
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households; however, to reach the higher integration rate, support policy implementation
is necessary.

Figure 9 shows how the subsidy policy implementation changes the PV with battery
system integration in households. It can be seen that the baseline scenario with no policies
shows the lowest number of households with PV and battery storage in 2050. When
subsidies are given only for PV installation, but not for battery storage, the initial increase
in the installation of systems with PV and batteries is higher than for the baseline scenario;
however, the end result is only slightly higher. The initial increase is due to the fact that
by subsidizing PV installation, the total cost of the system with PV and batteries is also
reduced; therefore, it is more attractive than in the baseline scenario. However, in the long
term, PV-only systems are still more attractive than a combined system.

30,000

25,000

20,000

-
o
=3
=3
=3

10,000

5000

Number of households

2023 2026 2029 2032 2035 2038 2041 2044 2047 2050
Years

—— Scenario 1 —— Scenario 2 - Scenario 3 —— Scenario 4

Figure 9. Model scenario comparison.

When only batteries are subsidized, the initial increase in PV and battery system
installation is similar to the one with PV subsidies and higher than in the baseline scenario;
however, the end result is better than in the baseline and subsidies for the PV-only scenario.
This can be explained by the fact that by subsidizing only batteries, the payback time for
the combined system is closer to the PV-only system; therefore, interest in combined PV
and battery system installation increases and increases not only for the initial period but
throughout the simulation.

If both technologies are subsidized, it is predictable that the initial increase will
be higher than in previous scenarios. This increase happens not at the expense of PV-
only systems but because both PV-only and combined PV and battery systems become
competitive with a grid electricity tariff, and an installation increase happens in both
categories. The end result, however, is similar to the scenario with subsidies for batteries
only, and as both technologies receive subsidies, investment and saving differences between
solutions are still in favor of the PV system.

From the scenario results can be seen the fact that EUR 20 million subsidies every
5 years for technologies with 50% support intensity is not enough to significantly increase
the adoption of combined PV and battery systems. The difference between the baseline
scenario and subsidy for both technologies’ scenarios is 3696 households. In the baseline
scenario, 21,422 households have combined PV and battery systems installed, while in the
scenario with subsidies for both technologies, 25,118 households have combined PV and
battery systems installed.

3.2. Results of Sensitivity Analysis

Sensitivity analysis was carried out in order to assess how the changes in most rele-
vant parameters might impact the implementation of combined PV and battery systems.
Sensitivity analysis was performed for the system without subsidies. Figure 10 shows the
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sensitivity of the electricity tariff. A huge gap can be seen between PV and battery system
installation at electricity prices of 30 and 150 euros per Megawatt-hour.

Sensitivity of electricity tariff
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Figure 10. Sensitivity analysis of electricity tariff on battery storage installation (tariff interval:
30-150 EUR per MWh).

Technical lifetime of the battery also has a high impact on the combined PV and battery
system installation. Figure 11 shows that if the battery technical lifetime was 10 years or
lower, almost no installation of battery storage would take place because the investment
would be too high to pay off within the lifetime of the technology.
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Figure 11. Sensitivity analysis of battery technical lifetime on battery storage installation (technical
lifetime interval: 10-30 years).

Initial investment also plays a huge role in battery storage implementation, and
sensitivity analysis shows how the installed amount of PV and battery systems changes
when increasing or decreasing initial investment by 25%. The number of households with
PV and battery systems changes from 19,890 in the highest-investment scenario to 31,029 in
the lowest-investment scenario (see Figure 12).

Not only initial investment itself but also investment decrease over time plays a role
in battery system integration. Sensitivity analysis of the investment decrease fraction (see
Figure 13) shows significant changes in the end result when changing the yearly investment
decrease fraction from 0.5 to 3%. The number of households with PV and battery systems
changes from 19,127 in the lowest-investment-decrease-fraction scenario to 28,840 in the
highest-investment-decrease-fraction scenario.
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Figure 12. Sensitivity analysis of initial investment on battery storage installation (initial investment
interval: 600-1000 EUR per kWh).
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Figure 13. Sensitivity analysis of battery investment decrease fraction on battery storage installation
(battery investment decrease fraction interval: 0.5-3% per year).

From sensitivity analysis can be seen that all four parameters—electricity price, tech-
nical lifetime of the battery storage, initial investment of battery storage and investment
decrease fraction of battery storage—have a huge impact on the battery storage installation,
and therefore, it is crucial to carefully consider the values of these parameters when making
a future prediction on battery storage development.

4. Discussion and Conclusions

Extensive testing and validation of the model were performed before the forecast
simulation and sensitivity analysis. Model testing results built confidence in the model’s
adequacy and reliability. Behavior validation results showed the same development trend
of PV system integration in households as historic data.

Results showed the potential for the integration of battery storage in the household
sector. Although the battery storage implementation rate is heavily dependent on electricity
prices, the moderate scenario model results show that a total of 21,422 households could
install battery storage until 2050 if the electricity price level on average stays around
50 euros per Megawatt-hour, and no support policies are implemented aside from the ones
already in place. In addition, 21,422 households are more than 10% of all households in
Latvia. This is also in line with the research conducted by Australian researchers in which
a no-policy slow-growth scenario showed a similar increase of around 13% until 2050 [45].
Australians projected that with additional policies in the best-case scenario, up to 50%
of households could have battery storage installed by 2050. For a model of the United
Kingdom's energy system, 30% PV penetration is projected based on only a high feed-in
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tariff measure (in a system without a net-metering measure) [28]. For our model, additional
policy implementation and testing are planned for future research.

The initial testing of subsidy policies highlights subsidizing both technologies at the
same time, instead of separately. Results showed that by implementing subsidy policy and
funding both PV and battery installation, the number of households with combined PV
and battery systems increased by 3696 households from 21,422 to 25,118 when compared to
the baseline scenario.

Electricity prices have a huge impact on battery storage implementation. In the
last few years, Latvia has experienced a significant increase in electricity price. This has
resulted in a significant increase in the demand for PV system installation in the household
sector. Though the battery installation rate in Latvia is still low, model results show that if
electricity prices remain high and battery investment costs keep falling, combined PV and
BESS installations will gain traction, and a rapid increase in battery storage implementation
can be predicted.

In addition to electricity prices, other parameters like the technical lifetime of batteries,
initial investment and investment decrease fraction are very sensitive to changes, and even
small or moderate changes in these parameters can have a huge impact on future battery
storage installation rates.

For the current model configuration, only scenarios with different subsidy levels were
tested. Further development of the model’s structure and adjustment to varied initial
conditions (e.g., according to a particular country’s energy system) would allow us to
add additional policies and test what is the highest percentage of households with battery
storage that can be reached.

In future research, the model shall also be complemented with an extended structure
for information transfer from uninformed to informed households. Information about
available technologies and their benefits is key to transforming the energy sector and
increasing the PV and battery system installation rate. Only households with access to
qualitative information can make rational decisions. The differences in various households’
abilities to afford PV and, especially, battery technology solutions is another area of research
that can be elaborated; hence, SD methodology can be well used to combine economic and
technical aspects. The model must also be complemented with additional effects between
existing elements to increase the adequacy of the model even more. For example, the current
model does not consider links between the installed amount of PV or battery capacity and
electricity distribution tariff due to increased costs for infrastructure maintenance and
expansion; however, the real-life system has this link. There is also a link between the
installed amount of PV and battery systems and the installation rate in real-life systems,
which is not included in the current version of the model.
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Abstract— Renewable energy sources (RES) are the key element of sustainable energy systems.
To accommodate the intermittency of wind (and solar) electricity generation, energy storage
is critical. The aim of the study was to evaluate the potential of wind energy storage in the
existing hydropower plant reservoirs in Latvia with the pumped hydroelectric energy storage
(PHES) technology, considering the current and projected future wind energy capacities. An
algorithm was developed and used for data aggregation and analysis, calculations, and
forecasting. The three River Daugava hydroelectric power plants are the largest electricity
producers in Latvia, and their generation capacity depends on seasonal variations. Currently,
Latvia's electricity generation from RES is the highest during the spring season when
maximum hydropower potential is utilized. However, wind energy has a potential to grow
and could supplement hydropower throughout the year. Decreasing the existing
administrative procedure heaviness to faster achieve the climate neutrality targets and energy
autonomy by increasing RES development in Latvia is a way to create sustainable energy
production. A rational future scenario in Latvia is to expand wind parks and integrate
pumped hydroelectric energy storage systems in the existing cascade hydropower plants.

Keywords — Electricity production; energy storage; Latvia; pumped hydroelectric energy
storage; renewable energy.

1. INTRODUCTION

Climate change has become a grave global threat. The world is currently facing two serious
challenges — to meet the growing demand for energy and to reduce greenhouse gas (GHG)
emissions, while also improving energy efficiency. Increasing the share of renewable energy
sources (RES) is an effective way to address these challenges and to contribute to energy
transition [1], [2]. RES also play an important role in ensuring energy security, reducing
pollution and the associated health effects, and increasing employment [3]. Renewable energy
reduces GHG emissions by harnessing natural resources such as solar radiation, wind, water,
and geothermal energy. However, the production capacity of renewable energy is difficult to
predict, and it is subject to the diurnal cycle, weather conditions, seasons, and yearly
variations. To accommodate the intermittency of solar and wind energy generation, renewable
energy can be accumulated and stored during peak production periods and utilized when
weather conditions prevent sufficient renewable electricity production and the demand for
electricity is high. This reduces the need to rely on fossil fuels such as oil, coal, and natural
gas to meet electricity demands [4].
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Currently, the share of wind and solar photovoltaic (PV) power together is a little over 1 %
of the global primary energy supply. However, the global increase in installed wind and solar
capacity has been ‘striking’ [5]. In the period between 1980 and 2018 the annual growth rate
of installed onshore and offshore wind power capacities in the world averaged 25 % [5].
Besides hydropower, onshore wind energy is the most significant renewable energy
technology globally and it has grown from 13 % to 24 % of the renewable energy capacity
over the period 2009-2018 [6], [7]. Due to its cost-effectiveness and sustainability wind
energy is regarded as one of the most feasible renewable energy sources. Wind farms are
being built in many countries worldwide, that add renewable electricity to their grids [8].
Wind and solar energy are the renewable energy technologies with the highest potential to
satisfy future electricity demands and to meet the decarbonization targets [9], [10].

The key challenge in integrating renewable energy (solar and wind) into the power system
is to balance the supply and demand when variable factors, solar intensity and wind speed,
determine the electricity generation [10]. Fluctuations in electricity supply and demand can
be balanced by accumulating and storing electricity during periods of high production and
low demand and releasing it back to the electric power grid when production is lower or
demand is higher [4], [11]-[13]. Energy storage allows to balance not only inherent but also
disruption induced supply-demand disbalances, having a positive effect on the energy system
resilience [14].

Available energy storage technologies for the power system are classified into mechanical,
chemical, electrochemical, electromagnetic, and thermal [10], [15]. Pumped hydroelectric
energy storage, for example, belongs to the mechanical storage technologies [12].
AL Shagsi et al. [16] have reviewed and compared technical characteristics, advantages,
limitations, costs, and environmental aspects of the available energy storage technologies.

A pumped hydroelectric energy storage (PHES) system contains two water reservoirs. It
stores the electrical energy in the form of potential energy of water in the upper reservoir.
Surplus electricity is used during lower demand periods to pump water from the lower
elevation water reservoir to the upper elevation water reservoir. In the higher demand periods,
the water stored in the upper reservoir is allowed to flow through turbines to generate
electricity exactly as in the conventional hydroelectric power generation system [15], [17].
PHES systems can consist of one upper and one lower reservoir (closed-loop system) or one
upper reservoir and a river, lake, sea or other waterbody serving as the lower reservoir (open-
loop system) [18]. Conventional cascade hydropower plants (HPPs) can also be transformed
into pumped hydroelectric storage systems [19]-[21], what is the focus of the current study.

Pumped hydroelectric energy storage is considered the most mature of all available energy
storage technologies [22]. The reported share of PHES in the global electricity storage
capacity is 96 % [16], [23]. PHES have large capacity and long discharge time, that are
essential in averting curtailment, decreasing total costs, and reducing emissions [22],
[24], [25]. In several recently published review papers ([4], [12], [18], [22]-[28]) the
increasing importance of PHES in different energy systems is shown. Ali ef al. [18] provide
a systematic review of the drivers and barriers to the deployment of PHES facilities.
Mahfoud et al. [22] review optimal operation of PHES and the current research and
industry-oriented aspects. One of the conclusions is that PHES can operate with single energy
source but can also be linked to several different (e.g., wind and solar) energy sources to form
an efficient energy system, providing more flexibility for operators and decision-makers [22].
The main role of PHES is to balance the electrical grid regardless of the power production
sources used to produce electricity. However, it is the most useful to accumulate and store
wind and solar energy [15], [27]. To compensate for a potential electrical grid stability
reduction because of an increasing share of intermittent renewable energy sources, large scale
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utilization of energy storage will become critical [26]. Additionally, the electrification rates
are likely to increase in the future and the electricity sector will play an even more important
role [10].

PHES is included in various energy system models [29], [30]. For example, Liu et al. [29]
propose an optimum clean energy dominated fuel mix integrated with pumped hydroelectric
energy storage and green vehicles for a city to advance decarbonization by 2050. The study
covers residential, commercial, industry and transport sectors.

Hydropower is by far the largest electricity production source in Latvia [31]. There are
three cascade HPPs on the largest river in the country — River Daugava. The total installed
electrical capacity of Daugava HPPs is 1558 MW [32]. There are considerable seasonal and
annual produced hydroelectricity variations [31]. The hydropower generation varies from
season to season and year to year. In 2022, the electricity output at the Daugava HPPs was
2.7 TWh [32].

Integration of renewable energy sources and pumped hydroelectric energy storage in the
reservoirs of existing HPPs has been studied elsewhere ([19]-[21], [33]), however, studies on
the potential of storage of wind energy with the PHES technology in Latvia are scarce [34].

While in the world context, the country with the largest installed capacity of wind energy
is China, already reaching several hundred GW of capacity, meanwhile, a total of 112 wind
turbines with a total capacity of 136 MW have been installed in Latvia [35]. Evaluating
Latvia's developing wind energy capacity in the context of the Baltic states, Lithuania and
Estonia have built more wind farms, doubling and quadrupling Latvia's capacity [36].

In 2023, the European Commission published a report ‘Technical support for RES policy
development and implementation — simplification of permission and administrative
procedures for RES installations (RES Simplify)’ [37], where the administrative burden of
EU countries to develop RES is assessed. Lithuania and Estonia have taken steps to reduce
the administrative burden for renewable energy development in several stages, while Latvia
has eased only pre-application consultation. Project implementation steps for onshore wind
in Latvia are also among the hardest in Baltic countries [37]. In Latvia, there are appropriate
weather conditions to build onshore and offshore wind farms but there are a lot of steps of
administrative procedure and many unclear factors because of the lack of experience of wind
farms’ development at national level.

At the end of 2022, the Latvian Parliament (Saeima) approved the Law on the Facilitated
Procedures for the Construction of the Energy Supply Buildings Required for the Promotion
of Energy Security and Autonomy [38] to facilitate the construction of wind farms of 50 MW
and more. However, according to State Environmental service of the Republic of Latvia no
wind farm developer has requested technical rules within the framework of this law [39].

The aim of the study was to evaluate the potential of wind energy storage in the existing
hydropower plant reservoirs in Latvia with the pumped hydroelectric energy storage
technology, considering the current and projected future wind energy capacities. The results
are applicable also to other countries with hydropower plants on large rivers in similar, plain
terrain.

2. MATERIALS AND METHODS

Scientific literature, reports, policy plans, development trends, and future forecasts were
critically reviewed and analysed to characterise the current energy supply system in Latvia.
Analytical methods were employed to explore relationships between weather conditions and
electricity production intensity by aggregating and interpreting data obtained from official
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databases. Cluster analysis methods and descriptive analysis methods, such as the mean
arithmetic approach and percentage distribution, were also utilized.

The country's energy supply system was characterised by the available local electricity
generation capacity, the total electricity consumption of the country, and the available energy
resources (fossil fuels and renewables). To assess the potential for storage of electricity
generated from renewable energy sources (solar, water, wind), it was necessary to evaluate
the current total installed generation capacity, the total electricity generated, and its
distribution by source. The balance of generated electricity against consumption was
calculated to determine the electricity surplus. In cases where the electricity balance was
positive (surplus), the generated electricity exceeded local consumption, allowing for storage
of electricity that can be used during periods when the balance is negative. The electricity
balance was assessed in various time intervals - annually, monthly, daily, and hourly - to
determine the potential for electricity storage in Latvia.

To characterize Latvia's energy supply system, identify its development trends, and
estimate potential electricity storage volumes, data from official databases such as the Central
Statistical Bureau of Latvia (CSB), Latvenergo AS, Augstsprieguma tikls AS (electricity
market reports), weather observations from the Latvian Environment, Geology, and
Meteorology Centre (LEGMC), and research studies were used as sources of the input data.

In conducting the assessment, analysis, and calculations, the following input data were
used:

— Latvian electricity generation capacities by energy sources (yearly): information on
the installed capacities of different types of power generation sources in Latvia. These
data provide an overview of the country's electricity generation potential from each
energy source.

— Total electricity generated in Latvia: data on the total electricity production in Latvia,
measured at different time intervals, including yearly, monthly, daily, and hourly
levels.

— Total electricity consumption in Latvia: statistical data on the overall electricity
consumption in Latvia, measured at different time intervals, including yearly, monthly,
daily, and hourly levels. This data represents the electricity demand in the country
during specific time periods.

— Share of renewable energy in the total electricity generated: the proportion of
electricity generated from renewable energy sources in the total electricity generation.

— Daugava River flow rate (m?*/s): data on the flow rate of the Daugava River, which is
significant for hydroelectric power generation.

— Wind speed (m/s): data on the average wind speed in Latvia, which is essential for
assessing the potential energy generation from wind turbines.

The assessment of Latvia's electricity production profile began with an evaluation of the
existing production capacity by assessing the main sources of electricity generation and their
potential in Latvia. Considering both the EU and Latvia’s climate neutrality goals, it was
necessary to conduct an evaluation of the energy supply from the perspective of renewable
energy resource utilization, assessing the RES share in Latvia's total electricity consumption
and its potential increase in the future. Considering that RES are intermittent in nature, it was
also important to assess the possibilities of electricity storage during periods of surplus
generation to meet Latvia's electricity consumption. The assessment of Latvia's energy supply
was conducted according to the following methodology (see the data analysis algorithm in
Fig. 1).
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1. Assessment of Latvia's existing RES capacity and production based on climatic
conditions (water flow, wind speed, etc.).

2. Share of RES (%) in electricity generation.

3. Trends in electricity production and consumption in Latvia by seasons, weekdays and
weekends, and hourly variations.

4. Possibilities for the accumulation of surplus electricity generated from RES.

5. Future opportunities and forecasts for increasing RES capacity and electricity
generation, as well as future electricity storage potential in Latvia's territory.
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Fig. 1. Electricity production and consumption, climatic conditions, and the Daugava River flow data analysis algorithm
to assess the potential for surplus electricity storage in Latvia.

700



Environmental and Climate Technologies

2023/27

3. RESULTS AND DISCUSSION

The share of RES in the total generated electricity in Latvia is shown in Fig. 2. On average,
depending on the season, which greatly influences electricity generation from RES, Latvia
generates around 40 % to 50 % of the total required electricity from RES. The three River
Daugava hydropower cascades contribute the largest share to the overall electricity
generation, providing the base capacity of Latvia's electricity [31]. Until 2021, the capacity
of wind energy generation was only 77-78 MW, but in 2022, it increased to 136 MW due to
the launching of a new wind farm [40]. In 2022, there was also a significant increase in solar
energy capacity [41]. With the intensification of the geopolitical situation in Europe, residents
are increasingly considering individual energy independence. Additionally, the government
of Latvia has offered support for the installation of solar panels in households [42], leading
to a significant increase in the total installed solar capacity. Currently, solar energy production
capacity in the country is nearly 150 MW, in the past three years it has increased
approximately nine times [43].
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Fig. 2. Share of renewable energy sources (%) in the total generated electricity in Latvia (2017-2022). Data: Latvenergo
AS.

The amount of electricity generated from RES is highly variable depending on the season
and weather conditions. It is true not only for wind and solar energy, but also for hydropower.
The operation and output of the three HPPs depend on winter harshness and the flow of the
Daugava River (Fig. 3.). If there is low water, there is less resource to generate electricity
from, which means that the electricity generation in dry summers in Latvia is several times
lower. On the other hand, during the spring thaw period, the locally generated electricity fully
meets the demand in Latvia.

There are not only seasonal but also annual variations in hydropower production. In April
2023 the three hydropower plants on River Daugava produced 893 gigawatt hours (GWh) or
approximately 90 % of the total electricity produced in Latvia. In that month due to the high
inflow of water in River Daugava, the largest amount of electricity was produced in Latvia
since April 2011. In January 2023 Daugava HPPs produced 638 GWh (69 % of the total
electricity produced in the country). In January 2022 the share of Daugava HPPs in the total
electricity produced was only 43 % [31].
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Fig. 3. Daugava River flow in Jekabpils (m*/s) by seasons (2017-2023). Data: aggregated from Latvian Environment,

Geology and Meteorology Centre (LEGMC).

By calculating Latvia's annual electricity balance, which is the difference between
generated and consumed electricity, it was concluded that the production volume of electricity
in Latvia is uneven and insufficient to meet local electricity demand (Table 1). The annual

electricity balance is mainly negative, resulting in a reliance on electricity imports.

TABLE 1. LATVIA’S ELECTRICITY BALANCE (IN GWH) BY MONTH (2017-2022);

POSITIVE BALANCE AND THE ANNUAL TOTAL VALUES ARE HIGHLIGHTED IN BOLD DATA:
AGGREGATED FROM LATVENERGO AS

Month 2017 2018 2019 2020 2021 2022

January 43.7 184.1 -107.8 -31.8 —65.7 -156.3
February -25.8 69.7 -146.2 -16.5 -40.7 -151.8
March 302.9 4.7 34.6 44.9 56.5 -192.9
April 161.5 238.8 -80.9 -177.5 73.8 75.0

May 12.7  -138.6 -160.7 -110.1 -46.6 -168.6
June -164.8 2441 1447 -52.3 -2004  -259.2
July -177.8 -196.8 -198.5 -293.1 -291.3 -336.1
August -1783 -141.4  -54.0 -173.0 —419.6 3109
September  -39.6 1802  -17.5 -225.0 2659 3302
October -14.6  -239.3 -107.8 -285.0  -335.1 -352.4
November 85.0 -151.3 —42.0 -154.8 -200.1 -104.7
December 59.2 -157.1 -92.5 —-151.5 -37.4 -23.5

Total: 642 9515 -1118.1 -1625.7 -1772.5 -2311.5

Summarizing the volume of generated and consumed electricity by month and calculating
the balance, a trend was observed where a positive balance is mostly achieved during the
spring months. The largest share of electricity production in Latvia comes from the three
Daugava hydropower plants. The highest water flow in the Daugava River occurs during
spring, the thawing period when ice and snow melt, which results in higher hydropower
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production [31]. This can be seen in Table 1, which shows the electricity balance by months
and years. Over the period 2017-2022 the electricity balance in Latvia has been positive
predominantly in spring months — March and April.

To evaluate the potential of electricity storage, a more detailed assessment was conducted
using a clustering method, grouping the generated and consumed volumes by seasons and by
days — weekdays and weekends, while assessing the intensity of electricity production and
consumption (Figs. 4-7).
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Fig. 4. Electricity generation from renewable energy sources (RES) and consumption in winter (weekends and weekdays)
in Latvia in 2022. Data: aggregated from Latvenergo AS.
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Fig. 5. Electricity generation from renewable energy sources (RES) and consumption in spring (weekends and weekdays)
in Latvia in 2022. Data: aggregated from Latvenergo AS.
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Fig. 4 illustrates the electricity winter production and consumption trend within a day,
showing that consumption increases from 06:00 in the morning and decreases only after
20:00. The electricity generation pattern has a similar geometric shape to the consumption
pattern because local generation capacities strive to meet the demand for electricity, but
during the winter period, they fall short due to decreased RES production volumes. In Fig. 5
it is evident that electricity generation in spring approaches the consumption level due to the
onset of the thawing period in the Daugava River, enabling utilization of the base capacity of
Daugava HPPs to generate electricity. In comparison to the winter period, a reduction in

electricity consumption was observed during the brighter and warmer spring weather.
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Fig. 6. Electricity generation from renewable energy sources (RES) and consumption in summer (weekends and weekdays)

in Latvia in 2022. Data: aggregated from Latvenergo AS.
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Fig. 7. Electricity generation from renewable energy sources (RES) and consumption in autumn (weekends and weekdays)

in Latvia in 2022. Data: aggregated from Latvenergo AS.
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Fig. 6 shows the trends during the summer period. In the summer, there is a decrease in
both electricity generation intensity and consumption. This is associated with a decrease in
the water flow of the Daugava River and the longer daylight hours when heating and lighting
devices are used less frequently.

Fig. 7 depicts electricity generation and consumption during the autumn season. It can be
observed that electricity consumption increases again, while the production volume is nearly
equivalent to the summer period.

From the analysed data it was concluded that currently the consumption of electricity
exceeds its generation from RES (Figs. 4-7), although the Daugava hydroelectric power
plants were able to achieve a positive electricity balance during certain periods in April 2022
(data not shown). Looking at the total electricity balance there are a few months when the
electricity balance in Latvia has been positive (see Table 1). The positive balance enables to
store the excess energy in the water reservoirs with the PHES technology. This stored energy
could be used during times when the demand for electricity is high. In addition, the capacities
of RES are expected to grow in the future, and wind and solar energy will be needed to store
during peak production hours.

If hydroelectric power reaches its maximum potential during spring, then the maximum
potential for wind power is achieved in winter months when the highest average wind speeds
are observed throughout the territory of Latvia (Fig. 8).
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Fig. 8. Average wind speed (m/s) in different Latvian cities and seasons in 2022. Data: aggregated from Latvian
Environment, Geology and Meteorology Centre (LEGMC).

It has been observed that average wind speed is lower in the eastern part of Latvia, while it
is significantly higher along the Baltic Sea coast and in the central region, making them
attractive for wind park investors. In 2022, the total installed wind energy capacity in Latvia
reached 136 MW [40]. If the total installed capacity reached 1000 MW, the generated
electricity would increase by a factor of 7, and reaching a capacity of 2000 MW would result
in a 14-fold increase in generated electricity. If the total installed wind energy capacity in
2022 were 1000 MW, wind generation could provide approximately 25-30 % of Latvia's
electricity during the winter period, while in autumn, it could reach 50 % or more. If the total
installed wind energy capacity in Latvia in 2022 were 2000 MW, there would be an excess of
electricity in autumn (see Fig. 9).
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Fig. 9. Wind energy generation (blue line) and consumption (red line) in Latvia in 2022, wind energy generation if the
capacity were 1000 MW (green line), and if the capacity were 2000 MW (grey line).

The estimated Latvia’s offshore wind energy potential is approximately 15 GW [44]. This
potential is untapped as there are currently no offshore wind generators installed on the coast
of Latvia in the Baltic Sea. The offshore wind potential, if fully exploited, would cover
Latvia’s electricity consumption in excess (Fig. 10).

Wind energy production in Latvia is planned to grow by 2030, as outlined in the National
Energy and Climate Plan of Latvia 2021-2030 (NECP) [45]. Expansion of wind energy will
require adjustments in the current electrical grid [44], as well as new energy storage facilities.
Conversion of the existing Daugava River hydropower plants to accommodate pumped
hydroelectric energy storage is a potential solution.

To achieve the established wind energy goals in national level, it is necessary to revise the
national regulations to make it feasible — shorter administrative procedures, taking in account
other countries’ experience. For example, in Germany 2 % of the territory is reserved for
onshore wind park development which means that in these zones wind parks can be developed
without environmental impact assessments [46]. To develop wind parks in these zones it is
necessary to pay 450 EUR per MW a year and to install bird protection solutions (cameras,
radar etc.) [47].

In NECP of Latvia it is mentioned that it would be useful to develop publicly available
maps that depict the development potential of solar and wind energy parks in the territory of
Latvia, considering the conducted studies on various limitations, as well as the limitations of
territorial planning [45].

The River Daugava HPPs are the biggest hydropower plants in the country, that provide a
large share of renewable energy to the electrical grid. In 2022, 2.7 TWh of electricity were
generated at the Daugava HPPs. The installed electrical capacities are: 908 MW (Plavinas
HPP), 402 MW (Riga HPP), and 248 MW (Kegums HPP). The locations on River Daugava
from the most upstream to downstream are: Plavinas, Kegums, and Riga. By installed capacity
Plavinas HPP is the largest hydropower plant in the Baltic states and one of the largest in the
European Union [32]. The three Daugava River HPPs store water in the reservoirs behind
dams and produce electricity during peak hours. An exception is when there is flood and
higher water flow in the river in spring. Then the hydro power plants are operated at maximum
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capacity. If the water level is too high, it is let through spillway gates for safety and
environmental reasons. Thus, electricity balancing capabilities of HPPs are limited in
spring [34].
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Fig. 10. Latvia’s offshore wind farm potential (shown in blue) compared to Latvia's electricity consumption in 2022 (shown
in red) by month.

Due to high capital costs and environmental reasons, it is preferred not to build the pumped
hydroelectric energy storage system anew, but rather adapt already existing cascade HPPs
[19]-[21], [33], [34]. The efficiency of pumped hydroelectric energy storage range between
75 % and 85 % [48]. PHES is the most effective storage method for large amounts of electrical
energy. The energy can be stored for a long time and the system has a fast response velocity
and flexible start and stop times [49]. PHES is useful for integration and balancing of
renewable, e.g., solar and wind, energy in the electrical grid.

The amount of energy that can be stored with PHES technology depends on the height
difference between the reservoirs and the volume of water that can be transported between
the reservoirs [17], [34]. Plavinas, Kegums, and Riga HPPs have net heads of 40, 14, and
18 m and volumes of the water reservoirs are 0.509, 0.157, and 0.339 km3, respectively. A
more detailed analysis of the technical aspects, as well as investment costs of potential
adapting of Daugava HPPs for pumped hydroelectric energy storage is outside the scope of
this paper. Further research is needed.

Based on the evaluation with the created data analysis algorithm, it can be concluded that
Latvia has a great potential for wind energy development, as it can generate electricity during
months when hydroelectric power production is lower due to the water level of the Daugava
River. This would make Latvia's power supply more secure and less dependent on imported
energy, while also contributing to the achievement of climate targets. By developing
additional solar energy capacity as well, it is possible to increase the share of locally produced
electricity, particularly during the summer months when solar irradiation is higher.
Incorporation of pumped hydroelectric energy storage in the existing River Daugava
hydropower plants would further facilitate the development of renewable energy. This
diversified approach to energy generation and storage can ensure both security and
sustainability in the electricity supply of Latvia.
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4. CONCLUSIONS

The three Daugava hydroelectric power plants are the largest electricity producers in Latvia,
and their generation capacity depends on seasonal weather conditions such as winter intensity
and rainfall, which affect the water flow in the Daugava River. Currently, Latvia's electricity
generation from RES is the highest during the spring season when maximum hydropower
potential is utilized. Therefore, the share of RES in the total electricity produced in Latvia
ranges from 39-80 %. The HPPs capacity of Latvia is fully used, there are no more options
to develop large HPPs. However, there is unused potential in other RES such as wind and
solar. The existing wind energy capacity in Latvia is only 136 MW while in the other Baltic
countries — Lithuania and Estonia — the installed capacity of wind energy is higher. The
analysis of available data shows that by developing additional wind (and solar) energy
generation capacities, Latvia would have the opportunity to supplement electricity production
during seasons when the output from the Daugava hydroelectric power plants is low. It would
be advantageous to expand wind energy capacities in Latvia; increasing the existing
generation capacities by a factor of 7 would provide an additional 25 % of the total electricity
consumption, while a 14-fold increase in capacities could supply more than 50 % of Latvia's
total electricity consumption. To achieve this ambitious target faster - to increase installed
wind energy capacity, it is necessary to decrease the existing administrative procedure
heaviness of RES development. Many administrative steps for wind farms’ development are
unclear because of the lack of experience on national level in Latvia, what is the main obstacle
to wind capacity increase. A rational future scenario in Latvia is to expand wind parks and
integrate pumped hydroelectric energy storage systems in the existing cascade hydropower
plants to ensure sustainable energy supply.
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