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ANOTACIJA

Oglekla dioksida un citu siltumnicefektu izraisoso gazu (SEG) emisiju
samazinaSana Eiropas Savienibas ekonomika ir viens no svarigakajiem Eiropas Savienibas
klimata un energétikas politikas mérkiem. Elektroenergijas nozare ir viena no nozarém,
kura ir panakts bitisks progress SEG emisiju samazinasana, savukart transporta nozare
joprojam rada loti ievérojamu dalu no tam, un progress to samazinasana tiek uzskatits par
salidzinosi pieticigu. Transporta nozares elektrifikacija, veicinot elektrotransporta un ar to
saistitas infrastrukttras attistibu, ka arT attistot no elektroenergijas razotu sintétisko
degvielu razoSanas nozari un infrastruktiiru, no emisiju samazinasanas un izmaksu
viedok]a tiek uzskatita par daudzsolosu politiku transporta nozar€. Planojot Sos solus, ir
jaizverté ari potencialas problémas, ko $ada attistibas tendence rada elektroenergijas, ka
ari citam saistitam tautsaimniecibas nozarém. Ir svarigi identificét elektroenergijas razotnu
un infrastruktiiras attistibas izmaksas, elektroapgades sisteémas tehniskas parvaldibas
tehnologiskos izaicinajumus, ka arT minéto attistibas tenden¢u mijiedarbibu ar energijas
tirgus darbibu.

Promocijas darbs, kas balstits uz tematiski saistitu promocijas darba autora
zinatnisko publikaciju kopumu, sniedz plasu un sistematisku analizi par specifiskiem
pasakumiem elektroenergijas un transporta nozaré. Promocijas darba mérkis ir izpétit
iespéjamos viegla un smaga transporta (t.sk. kugu un aviacijas) dekarbonizacijas
risinajumus, kas balstiti uz no atjaunojamiem energoresursiem razoto elektroenergiju
(ieskaitot tas lietojumu sint€tisko degvielu razosand), novértgjot to tehnisko un
ekonomisko potencialu. Promocijas darba ietvaros veikta analize pievérSas galvenokart
atjaunojamo energoresursu energijas razotnu Ipatsvara piecaugumam, tehnologisko
risindjumu ietekmei uz energétikas un transporta nozares oglekla emisijam, ka ari
paredzamajam $o risinajumu socialekonomiskajam izmaksam. P&tTjuma nemts vera arf tas,
ka lielu un sarezgitu politikas pasakumu TstenoSanai nozimigs ir ne tikai $o pasakumu
tehnologiskais un ekonomiskais pamatojums, bet ari butisks sabiedribas atbalsts un
lidzdaliba tadu pasakumu TstenoSana, kuru nodroSinasanai ir divi svarigakie

prieksnoteikumi. Pirmkart, tie ir pieradami socialekonomiskie ieguvumi lietotajiem



galapatérétaju Iiment, un otrkart, sabiedribas vairakuma atbalsts valsts parvaldes institiiciju
planotas politikas praktiskai istenosanai, ko veicina valsts parvaldes institucionala
kapacitate. Promocijas darba viens no uzdevumiem ir noskaidrot, vai transporta
elektrifikacijas un sintétisko degvielu, kuras razotas no elektroenergijas, nozaru attistiba ir
tehnologiski un ekonomiski pamatota Latvijas apstaklos un kada ir $o nozaru attistibas
scenariju ietekme uz elektroenergijas razo$anas jaudam un tirgus attistibu, energijas un
galapatérétaju mobilitates izmaksam, ka arT kop&jo emisiju apjomu. Darba uzdevums ir art
noteikt iesp&jamos tehnologiskos un politiskos priekSnoteikumus, kas saistiti ar
institucionalo sp&ju stiprinasanu, lai nodroSinatu veiksmigu pasakumu TistenoSanu
transporta dekarbonizacijai. Balstoties uz darba secinajumiem, sniegti ieteikumi
elektroapgades un transporta klimatneitralitates politikas planoSanai. P&tjjumam izvirzita
hipotéze, ka ir iespgjama viegla un smaga autotransporta dekarbonizacija Latvija 11dz2050.
gadam, dekarbonizgjot vieglo transportu ar elektrifikacijas palidzibu un aizstajot fosilas
degvielas smaga transporta sektora ar sintétiskajam degvielam, kas ir razotas no atjaunigas
elektroenergijas. Mingtas tehnologijas ir nepiecieSams ieviest, Tstenojot atbilstoSus
politikas pasakumus no atjaunojamiem energoresursiem razotas elektroenergijas un no
elektroenergijas raZotu sintétisko degvielu attistibas veicinasanai .

Promocijas darba izmantotas petniecibas metodes: sisttmdinamikas model&sana,
kas balstita uz “Stella Architect” modeléSanas riku; deterministisks ievades-izvades
kompleksu energosistému model&$anas riks "EnergyPlan"; ka arT matematiska modeléSana
ar skaitliskam tabulam un statistiska analize. Sistémdinamikas model&Sana lauj novertet
dazadu politikas pasakumu c€lonsakaribas un mijiedarbibu, ka arT nozares attistibas
tendences laika gaita. EnergyPlan vide veiktas modeleSanas merkis ir prognozgt transporta
elektrifikacijas pasakumu ietekmi uz elektroenergijas sist€mas tehnologiskajiem un
ekonomiskajiem raditajiem. Ar matematisko modelu palidzibu veikti aprékini par
elektromobilitates izmaksam uz vienu galalietotaju, bet statistiska analize parada
vésturiskas tendences korelacija starp atjaunojamas energijas razo$anas apjomiem un
elektroenergijas vairumtirdzniecibas cenam, uz kuru pamata var prognozet sagaidamo
elektroenergijas cenu svarstibu dinamiku nakotn€ un papildu pieprasijuma avotu iectekmi

uz cenu veidoSanos.



Péc ievada 1. nodala sniegts parskats par pétamajiem jautajumiem, t.i.,
elektrifikacijas un sintétisko degvielu, kuras razotas no elektroenergijas, perspektivam
Latvijas apstaklos, elektroenergijas un transporta nozaru iesp&jamam tehnologiskajam un
ekonomiskajam sinergijam, ka ari butiskiem priek$noteikumiem politikas ievieSanai, lai
sekmétu pasakumu veiksmigu TstenoSanu, 2. nodala aprakstita p&tijuma izmantota
metodologija. 3. nodala sniegti pétijuma rezultati, kas ieguti, balstoties uz ieprieks
minétajam metodologijam, kas lauj noslégt promocijas darbu ar secinajumiem. Promocijas
darba rezultati lauj secinat, ka lidz 2050. gadam ir iesp&ams dekarbonizgt smaga
transporta nozari, izmantojot momentanos atjaunojamas elektroenergijas parpalikumus, lai
razotu sint&tiskas degvielas un uzglabatu tas liclos apjomos, un no elektroenergijas razotu
sintetisko degvielu uzkrasana lauj minimizgt elektribas importu. Savukart viegla transporta
sektora par perspektivako uzskatama virziba uz elektrotransportu, kas ir sasniedzams
meérkis, balstoties uz jau Sobrid prognozéjamo AER elektroenergijas razoSanas attistibu
Iidz 2050. gadam. Secinams ari, ka elektrouzlade pozitivi ietekmé tikla noslodzi un
investiciju atdevi, turklat atra uzlade sekmé tiklu optimizaciju- maksimumslodzu

samazinasanu.



ANNOTATION

Reducing emissions of carbon and other greenhouse substances in the European
Union's economy has been one of the most important objectives of the European Union's
climate and energy policy. The electricity sector is one of the sectors where overall
significant progress has been made in reducing emissions, while the transport sector still
accounts for a very significant share of total climate-related emissions, and progress in
reducing them is considered relatively modest. The electrification of the transport sector,
including by promoting both the development of electric transport and its infrastructure,
as well as by promoting the development of so-called sectors and infrastructure for the
production of electric fuels, is considered from the point of view of emission reduction and
costs as a potentially promising policy for reducing emissions in the sector, however, when
planning these steps, it is also necessary to assess the potential challenges that such a
development trend poses to the electricity sector, as well as other related economic sectors.
Among other things, it is important to identify the necessary costs for the development of
electricity production plants and infrastructure, technological challenges for the technical
management of the electricity supply system, as well as the interaction of the
abovementioned development trends with the operation of the energy market.

The doctoral thesis, which is based on a set of thematically related scientific
publications of the author of the thesis, provides an extensive and systematic analysis of
specific measures in the electricity and transport sector, the purpose of which is to identify
the technological and economic interaction of several technological solutions for the
decarbonization of the transport sector with the electricity sector and the technological
development trends observed in it (primarily — the increase in the share of renewable
energy production plants), technological the impact of the options on the overall emissions
of the energy and transport sectors, as well as the expected socio-economic costs of these
options. When developing the study, it is also taken into account that not only the
technological and economic justification of these measures is essential for the
implementation of large and complex policy measures, but also significant public support
and participation in the implementation of measures, for the provision of which the most

important prerequisites are, firstly, demonstrable socio-economic benefits of users at the



level of final consumers, as well as the support of the majority of the public for the practical
implementation of the planned policy of state administration institutions, which is helped
by the institutional capacity of the public administration. The task of the doctoral thesis is
to find out by modelling whether the development of transport electrification and electric
fuel sectors is technologically and economically justified in the conditions of Latvia, and
what is the impact of these development scenarios on the production capacity and market
development of the electricity sector, energy and mobility costs of final consumers, as well
as on the total amount of emissions, as well as to identify possible technological and
political ones, preconditions related to strengthening institutional capacity to ensure the
successful implementation of measures to decarbonize transport. Based on the conclusions
of the work, it is planned to provide recommendations and for the planning of electricity
and transport policies. In connection with the study, the author hypothesizes that policy
measures to promote the development of electricity and electric fuels aimed at the transport
sector in Latvia are crucial for achieving sustainable climate neutrality.

The following research methods have been used in the doctoral thesis: including a
system dynamics model, which is based on the Stella Architect's system dynamics tool and
which is used primarily to assess the causal relationships and interactions of different
policy measures and development trends over time; an energy system modelling tool
("EnergyPlan"), which aims to predict the impact of transport electrification measures on
the technological and economic performance of the electricity system; as well as
mathematical and statistical analysis, with the help of which calculations have been made
of the cost of electromobility per end-user, as well as historical trends in the correlation
between renewable energy production volumes and wholesale prices, on the basis of which
the expected dynamics of electricity price fluctuations in the future and the influence of
additional demand sources on price formation can be predicted.

Subsequently, after the introduction, Chapter 1 provides an overview of the issues
to be studied, i.e., the prospects for electrification and electric fuels in the Latvian
conditions, the possible technological and economic synergies of the electricity and
transport sectors, as well as the essential prerequisites for the implementation of the policy
for their successful implementation, Chapter 2 describes the methodology that was used in
all publications. Chapter 3 presents the results of the research based on the above
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methodologies, which allow the author to conclude the doctoral thesis with conclusions.
The results of the doctoral thesis led to the conclusion that by 2050 it is possible to
decarbonize the heavy transport sector by using instantaneous surpluses of renewable
electricity to produce synthetic fuels and store them in large volumes, and the storage of
synthetic fuels produced from electricity allows to minimize electricity imports. In turn, in
the light transport sector, the most promising is the move towards electric transport, which
is an achievable goal based on the already predictable development of renewable electricity
production by 2050. It can also be concluded that electric charging has a positive effect on
network load and return on investment, and fast charging contributes to network

optimization - reduction of peak loads.
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IEVADS

Eiropas Savienibas (ES) energétikas un klimata politika pédgjas desmitgadgs ir bijusi
viena no galvenajam prioritatem ES darba kartiba. Lai gan ES dalibvalstis censas Tstenot
ES Iimena dokumentos noteiktos mérkus un noteikumus, joprojam nak klaja jauni tiesibu
aktu priekslikumi, un dalibvalstim ir jaizstrada jauni politikas priekslikumi, lai izpilditu
kopigos ES planus. Tai skaita — samazinot siltumnicas efektu veicino$o gazu (SEG)

emisijas, ka arT citu vides piesarnojumu, kas ir saistitas ar energoresursu lietosanu.
SEG emisiju ierobezo$anas joma transporta nozare ir viena no problematiskakajam. ES
iekS§zemes transporta SEG emisijas laikposma no 2013. Iidz 2019. gadam pastavigi
palielinajas, jo palielinajas pasazieru un iek$zemes kravu parvadajumu apjoms (kas ir ciesi
saistits ar ekonomikas izaugsmes tendencém) [1]. Laikposma no 2019. lidz 2020. gadam
emisijas samazinajas par 13,6 %, jo Covid-19 pandémijas laika krasi samazinajas
transporta aktivitate [2]. Saskana ar provizoriskam aplésém emisijas 2021. gada
palielinajas par 7,7%, kas bija saistits ar ekonomikas atveseloSanas ietekmi.
Salidzinajumam, gados p&c ekonomikas krizes pirms desmit gadiem emisijas samazinajas
par 1-3 % gada [3]. Sadi dati norada uz to, ka saglabajot lidzgingjo SEG emisiju
ierobezoSanas politiku transporta sektora un neveicot jaunus pasakumus fosilo transporta
degvielas pat€rina ierobezoSanai, pastav loti nozimigs risks, ka pieaugot ekonomiskas

izaugsmes tempiem, strauji palielinasies arT transporta radito SEG emisiju apjoms.
Promocijas darba mérkis ir izp&tit iesp&jamos viegla un smaga transporta (t.sk. kugu
un aviacijas) dekarbonizacijas risinagjumus, kas balstiti uz no atjaunojamiem
energoresursiem razoto elektroenergiju, novertgjot to tehnisko un ekonomisko potencialu.
P&tijuma aktualitate izriet ne tikai no ES klimata mérkiem, bet arT nemot véra
picaugosas energijas cenas 2021./2022. gada, kas ir mudinajusas daudzus elektroenergijas
patérétajus pariet uz elektroenergijas raZoSanu paspatérinam un kopuma ir stiprinajusas
atjaunojamas energijas tehnologiju konkurétsp&ju art komerciala limeni. Turklat vietgjas
elektroenergijas raZoSanas pieaugums un transporta fosilo degvielu importa ierobezoSana
ir arT svarigi energétiskas neatkaribas aspekti, kas ir aktuals jautajums geopolitiskaja
konteksta. Tadgjadi transporta elektrifikacijas politikas pasakumi, ir tik aktuali ka nekad
agrak. Turklat, nemot véra dazadu tehnologiju attistibu un ar So attistibu saistitos
ierobezojumus, ir pamatoti apliikot gan elektrifikaciju, kuru var saukt par primaro
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transporta elektrifikaciju, proti, scenarijus, kuri paredz elektriskas piedzinas pielietojumu

transporta, gan ar1 elektrifikaciju, kuru var raksturot ka sekundaru elektrifikaciju, proti,

tehnologijas, kuras elektroenergija tiek izmantota ka resurss gazveida vai skidro sintétisko

degvielu, razosanai no atjaunojamam izejvielam. Promocijas darba mérka sasniegSanai

tika noteikti §adi uzdevumi:

L.

Izvertét viegla un smaga transporta elektrifikacijas risinajumus, analizgjot
tehnologiskos un ekonomiskos aspektus, ka ari ietekmi uz klimatu, izvertét
elektrisko transporta Iidzeklu (ETL) skaita pieauguma dinamiku viegla
autotransporta sektora atkariba no to tehnologiskas attistibas un atbalsta
instrumentiem, ka ari §Ts dinamikas ietekmi uz CO> emisijam. Ar §1 uzdevuma
izpildi ir saistiti pétijumi, kuri atspoguloti publikacija “Solar Energy Based
Charging for Electric Vehicles at Fuel Station.” (Environmental and Climate
Technologies Volume 26 (2022): Issue 1 (January 2022);
https://doi.org/10.2478/rtuect-2022-0088)

Izanalizet viegla ETL attistibas iesp&jamo ietekmi uz elektriskas slodzes profilu
dazadiem uzlades infrastruktiiras attistibas scenarijiem, ka arT ietekmi uz elektrisko
tiklu tehniski-ekonomiskajiem raditajiem. Ar §1 uzdevuma TstenoSanu ir saistiti
petijumi, kuri atspoguloti publikacijas “Impact of electric vehicle charging
infrastructure on the electric load profile of power system: the case of Latvia”
(CONECT 2023: XVI International Scientific Conference of Environmental
and Climate Technologies: Book of Abstracts 2023 Doi:
10.7250/conect.2023.041) un “Relation between Electric Vehicles and
Operation Performance Of Power Grid” (Environmental And Climate
Technologies VOLUME 25 (2021): Issue 1 (January 2021) DOI:
https://doi.org/10.2478/rtuect-2021-0086).

Noteikt PV (PV) un vé&ja elektrostaciju (VES) sarazotas elektroenergijas
izmantoSanas potencialu viegla ETL sektora. Ar §1 uzdevuma izpildi ir saistiti
petfjumi, kuri atspoguloti publikacijas “Synergy between solar energy and
electric transport” (2021 IEEE 62nd International Scientific Conference on
Power and Electrical Engineering of Riga Technical University (RTUCON);
DOI: https://doi.org/10.2478/rtuect-2022-0088), Solar Energy Based
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Charging for Electric Vehicles at Fuel Stations”, un “Impact of electric vehicle
charging infrastructure on the electric load profile of power system: the case

of Latvia.”

. ”Izvértet ekonomiskas un tehniskas perspektivas smaga transporta dekarbonizaciju

ar no atjaunojamas izcelsmes elektroenergijas razotu sintétisko degvielu palidzibu,
nemot véra paredzamo atjaunojamo energoresursu tehnologiju elektrisko jaudu, ka
ari sintétisko degvielu razoSanas jaudu attistibu, infrastruktiras tehnologiskas
iesp&jas un institucionalos aspektus. So pétniecisko uzdevumu analize ir veikta
publikacijas ‘Use of synthetic fuels, derived from green hydrogen and CO: in
heavy-duty and long-range transport: the case of Latvia” (CONECT
International Scientific Conference of Environmental and Climate
Technologies May 2023 DOI:10.7250/CONECT.2023.053) un “CO2-to-Fuel’ —
Business and Institutional Aspects of Implementation Dynamics”
(Environmental and Climate Technologies 2022, vol. 26, no. 1, pp. 1182-1195
https://doi.org/10.2478/rtuect-2022-0089).

. Izvertét elektroenergijas tirgus cenas iespgjamas attistibas tendences VES
sarazotas elektroenergijas picauguma rezultata, tadejadi raksturojot primaras un
sekundaras elektrifikacijas iespgjamo ekonomisko izdevigumu un ietekmi uz
elektroenergijas tirgus darbibu. Izvert§jums atspogulots publikacija: “Influence of
wind power production on electricity market price” (Environmental and
Climate  Technologies 2020, vol. 24, mno. 1, pp. 472-482;
https://doi.org/10.2478/rtuect-2020-0029).
. Piedavat priekslikumus jauniem transporta elektrifikacijas politikas pasakumus un
metodiku to vert€sanai, kas var tikt lietoti Latvijas energétikas politikas planoSanas
dokumentos, ieskaitot Nacionalo energétikas un klimata planu, vienlaikus sniedzot
kvantitativus pien€mumus par $o pasakumu ietekmi. P&tfjums un priekslikumi
aprakstiti publikacija “Application of EnergyPlan Modelling Tool for
comparative Analysis of Selected Energy Policies in Case of Latvia” (2019
IEEE 60th International Scientific Conference on Power and Electrical
Engineering of Riga Technical University (RTUCON); DOI:
10.1109/RTUCON48111.2019.8982335).
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Izvirzita hipotéze: ir iespéjama viegla un smaga autotransporta dekarbonizacija
Latvija lidz 2050. gadam ar viegla transporta elektrifikacijas un sintétisko degvielu
smaga transporta sektora palidzibu, ievieSot atbilstoSus politikas pasakumus no
atjaunojamiem energoresursiem razZotas elektroenergijas un sintétisko degvielu

attistibas veicinaSanai.

Promocijas darba zinatniska nozime

P&tljumam ir zinatniska nozime, jo darbs visaptverosi un sistematiski analiz& tehnologiski
aktualakos transporta un elektroenergijas politikas pasakumus, aptverot tehnologijas, kas
ir lietojamas visos transporta sektoros. Darba zinatnisko nozZimigumu pamatot ar1 apstaklis,
kas tas ir istenots ar savstarpgji papildinosam, dazadam metodologiskam pieejam, nonakot
lidz galigajai teorija balstitajai pieejai, lai integrétu visas pétijuma dalas.

Kopgjais pétijums ir balstits uz vairakam metodologijam, lai noveértétu elektroenergijas un
transporta politiku no dazadiem aspektiem, tadgjadi tas nodroSina atsevisku katra
potenciala politikas pasakuma izpéti, pirms tiek izmantota uz teoriju balstita pieeja
pétijuma rezultatu apvienosanai un kopgjo secinajumu veiksanai.

Promocijas darba izmantotas S$adas pé@tniecibas metodes: sisttmdinamikas modelis,
matematiska un statistiska analize; energosist€tmas darbibas simulacija; tehniski
ckonomiskie aprékini. Sistémdinamikas modelis darba galvenokart ir izmantots, lai
novertetu dazadu politikas pasakumu c€lonsakaribas un mijiedarbibu un attistibas
tendences laika gaita. Energosisteémas simulacijas r1iks darba pielietots ar mérki prognozet
transporta elektrifikacijas pasakumu ietekmi uz elektroenergijas sistémas tehnologiskajiem
un ekonomiskajiem raditajiem. Matematiska un statistiska analize darba izmantota, lai
veiktu aprékini par elektromobilitates izmaksam uz vienu galalietotaju, ka ar1 vesturiskas
tendences korelacija starp atjaunojamas energijas razoSanas apjomiem un
vairumtirdzniecibas cenam, uz kuru pamata var prognozét sagaidamo elektroenergijas cenu
svarstibu dinamiku nakotn& un papildu pieprasijuma avotu ietekmi uz cenu veidosanos.
Tehniski-ekonomiska analize darba izmantota, lai salidzinatu, pirmkart, elektroenergijas
lietotaju izmaksas un ieguvumus atkariba no atjaunojamas energijas razo$anas iekartu un

elektrotransporta pielietojuma mobilitates un energoapgades vajadzibu nodro§inasanai, un,

14



otrkart, lai veiktu elektroenergijas sadales sistémas izmaksu prognoz&jamo dinamiku

atkariba no tikla noslodzes svarstibam.

Promocijas darba praktiska nozime

Promocijas darba praktiska nozime ir pamatojuma ar faktu, ka darbs sniedz
novert&jumu par vairaku transporta elektrifikacijas un sintétisko degvielu tehnologiju
ilgtsp&ju Latvijas apstaklos. P&tljums nem veéra ar1 ierobezojumus, kurus nosaka Latvijas
elektroenergijas parvades sistémas darbiba, infrastruktiiras prognozéjama kapacitate,
elektroenergijas tirgus cenu ekonomiska pamatotiba un ilgtspgja, un prognozé paredzamo
izmaksu ietekme gala lietotaju Itmeni. P@tjjuma ietvaros ir izstradats praktisks
pétnieciskais modelis, ko var izmantot ka instrumentu, lai novertétu vairaku no
elektroenergijas razotu sintétisko degvielu un elektrifikacijas tehnologiju izmaksas,
ietekmi uz emisijam un ietekmi uz energoapgades kop&jo bilanci. Ka biutisks darba
pétnieciskais aspekts ir jamin arT tas, ka darba ir vertéta ne tikai politikas pasakumu
ievieSanas iesp&jamiba, bet arT So pasakumu ievieSanas iesp&jama dinamika laika, ka art
nepiecieSamie institucionalie faktori, kuri var atstat iespaidu uz politikas pasakumu
ievieSanas sekmém un atrumu.

Pétijumam ir tie$a lietojuma iesp&ja Latvijas politikas uzlaboSanai elektroenergijas un
transporta nozar€s, ne tikai lai veicinatu esoSo klimata mérku sasniegSanu, bet arT lai
izvirzitu jaunus, ambiciozakus mérkus, sekmgjot gan transporta, gan elektroenergétikas

sektoru attistibu un ilgtspgju.

Petijuma rezultatu aprobacija
P&tljuma rezultati ir aprobéti 9 starptautiskas zinatniskas konferenc€s un 8§ zinatniskajos
rakstos, public@ti 6 raksti (6 SCOPUS datubazg) un 2 raksti ir iesniegti recenz&Sanai un

iespgjamajiem papildinajumiem.
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Promocijas darba struktiira un apraksts

Promocijas darba pamata ir tematiski saistitas 8 zinatniskas publikacijas, kas publicétas

vai iesniegtas starptautiskos zinatniskos zurnalos, kuri indekséti SCOPUS datubaze un ir

brivi pieejami, ka arT viena pétfjuma prezentacija starptautiska zinatniska konference.

Septinas publikacijas veikta dazada transporta dekarbonizacijas un atjaunojamas energijas
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razoSanas un patérina aspektu analize, bet astotaja publikacija sniegts ieskats par
institucionalo un ekonomisko aspektu ietekmi uz transporta un energgtikas
dekarbonizacijas pasakumu istenoSanas dinamiku.

Promocijas darbs ietver ievadu un tris nodalas:

1. Ieprieks veikto p&tijumu apskats.

2. Pé&tniecibas metodologijas.

3. Rezultati un diskusija.

4. Secinajumi un rekomendacijas

Ievada sniegts promocijas darba meérkis, kam seko uzdevumi mérka sasniegSanai.
Ievads sniedz arT hipot€zi un apraksta Promocijas darba zinatnisko un praktisko nozimi.
Tam seko informacija par pétljumu rezultatu aprobaciju, piedaloties starptautiskas
zinatniskas konferenc€s un publicétajas zinatniskajas publikacijas.

Lidzsingjo pétijumu apskats 1. nodala sastav no parskata par p&tniecibas jomu, t.i.,
atjaunojamas energijas un transporta dekarbonizacijas jomu un attiecigajiem autora
publikacijas aplukotajiem politikas pasakumiem. 2. nodala aprakstita metodologija, kas
tika izmantota visas publikacijas, lai izveértetu dazados transporta dekarbonizacijas un
atjaunojamas energijas ievieSanas tehnologiskos pasakumus, kas ir vértejami ka
perspektivi Latvijas energétikas un transporta politika. 3. nodala sniegti p&tijuma rezultati,
balstoties uz iepriek§ min&to metodologiju, kas lauj autoram pabeigt promocijas darbu ar
secinajumiem.

Promocijas darba pétijuma struktiira ir paradita 1. att€la, atspogulojot, pirmkart, darba
izvertetos merkus, izpétes, kuras tiek risinatas p&tijumu gaita un ar to izpildi saistitas autora

zinatniskas publikacijas.
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Transporta sektors

a
v

Metodes

~L X

Rezultati

e Vieglais
transports

e Kravas sauszemes
transports

e Jiras transports
e (aisa transports

Sistemdinamikas
modelésana
Tehniski-
ekonomiska
analize

Statistiska analize
Energosistemu
imitacijas
modelésana

e Apstiprinats  oglekla
emisiju samazinajuma
potencials transporta

e Noverteta
elektrotransporta
ietekme uz
infrastruktiiras un
razotnu darbibu

o Veikts energijas
razosanas apjomu un
transporta patérina
atbilstibas novertgjums

e Veikts sint&tisko
degvielu razosanas
apjomu novertgjums

1. att. Promocijas darba struktira.
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1. IEPRIEKSEJO PETIJUMU APSKATS

Promocijas darba izstrades gaita, vértgjot pieejamas tehnologijas, kas var tikt
izmantotas transporta radto tieSo (ar transportlidzeklu izpludes gaz&m izdalito) un netieSo
(transportlidzeklu un degvielu razoSanas procesa radito) emisiju samazinasanai, tika

identificeti sekojosi biitiskakie izp&tes aspekti.

Pirmkart, nemot véra vieglajam pasazieru transportam raksturigas lietotaju uzvedibas
patnibas, ka arT pieejamas tehnologijas, par perspektivako tehnologiju viegla pasazieru
transporta dekarbonizacijai var uzskatit elektromobilu tehnologiju, kas ir balstita uz
elektroenergijas akumulatora un elektrodzingja tehnologijam (IEA (2024), Global EV
Outlook 2024, IEA, Paris https://www.iea.org/reports/global-ev-outlook-2024, Licence:
CC BY 4.0). Galvenokart to nosaka tadi aspekti, ka paredzama transportlidzeklu lietosanas
intensitate, lietotaju paredzamais uzlades pakalpojuma lietoSanas biezums, ka arT izmaksu
prieks$rocibas ilgtermina ekspluatacijas laika salidzinot ar iekSdedzes dzingju

transportlidzeklu ilgtermina liectoSanas izmaksam.

Otrkart, promocijas darba izstrades gaita veiktajos p&tijumos ir apliikotas arT smaga
kravas un pasazieru sauszemes transporta, ka arT juras transporta dekarbonizacijas
perspektivakas tehnologijas, un, pamatojoties uz $1 transporta sektora tehnologiskajam un
lietoSanas Tpatnibam, par kuram var tikt uzskatitas no atjaunojamas elektroenergijas
razotas sintétiskas degvielas, proti, degvielas, kuru primara izejviela ir elektroenergija un

kuras ir razotas, izmantojot hidroliz€ razotu fidenradi un oglekla dioksidu (CO»).

Treskart, rekinoties ar to, ka vésturiski energétikas nozare, tai skaita elektroenergijas
razosana ir biitisks antropogéno oglekla emisiju avots, pétijuma ietvaros ir pieveérsta
uzmaniba arT aspektiem, kas ir saistiti ar transporta sektora netieSo emisiju samazinasanu.
Tai pétijums pievérSas arl atjaunojamas energijas tehnologiju attistibas paredzamajai
trajektorijai elektroenergijas razoSanas sektora, jo tiesi elektroenergijas sektora razo$anas
tehnologijas noteiks noteikts ar transporta emisiju samazinasanas dinamiku. P&tTfjuma
apliikota arT transporta sektora radita netie$a un tiesa ietekme uz elektroenergijas apgades

infrastruktiiru, un uz tas lietoSanas izmaksam, kas ir btisks atbilstosa politikas pasakuma
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ekonomisko ilgtsp&ju noteicoss faktor./ Darba vertéts arT transporta sektora potencials
uzlabot kopgjo elektroenergijas tirgus ekonomisko un tehnisko funkcioné$anu, $ada veida
veicinot iesp&jas elektroenergijas tirgh sekmigi integrét elektroenergiju, kurai ir raksturiga

mainiga un nepastaviga izstrade un kuru bitiski ietekme dabas apstakli.

Ceturtkart, ir veikts arT novertéjums par iesp&ju attistit AER elektroenergijas razo$anu
apjoma, kas sedz prognoz&jamo elektroenergijas pieprasijumu, ieskaitot ari transporta
sektora paredzamo pieprasijumu. Latvijas p&tnieki jau ir izmantojusi vairakus modeléSanas
rikus Latvijas energoapgades sistemas modeléSanai, lai novertétu atjaunojamo
energoresursu potencialu [26]. Tomer, salidzinot ar ieprieksgjiem pétijumiem, §T petijuma
gaita uzmaniba ir pievérsta arT papildu vert€Sanas krit€rijiem no ekonomisko un vides
raditaju viedokla. Pieméram - dazadu attistibas scenariju gada izmaksam vai oglekla
dioksida emisiju apjomam dazados scenarijos, vienlaikus novertgjot konkréta model€sanas
rika pieme@rotibu ilgtermina energosistémas funkcion€Sanai gan no tehniska, gan
ekonomiska viedokla. Turklat petijuma tika izvirzits meérkis noteikt atjaunojamo
energoresursu, energotaupibas pasakumu un elastibas risinajumu vispargjo ietekmi uz valsts
energosistémas darbibu un izmaksam, ka arT uz energétikas nozares radito oglekla emisiju
limeni. P&tijuma gaita ari ir salidzinati pieci dazadi energgtikas politikas attistibas scenariji
ar atjaunojamo energoresursu un elastiguma tehnologiju, ka ari €ku energoefektivitates

raditaju merkvertibam, kas tika izstradatas laikposmam no 2017. [idz 2050. gadam.

1.1.Viegla ETL skaita pieauguma dinamika un CO: emisiju izmainas atkariba no to

tehnologiskas attistibas un atbalsta instrumentiem

Atskiriba no fosilas degvielas transporta [idzekliem (FTL), ETL izmaksas, kas saistitas ar
infrastruktiiras uzstadisanu un izmantoSanu, veido loti btisku dalu no gala izmantoSanas
izmaksam. Tapéc, daudzi ieprieksgjie pétijumi, kas skar elektromobilitates attistibu, ir
koncentrgjusies uz uzdevumiem, kas saistiti ar ETL uzlades infrastruktiiras ekonomisko

un tehnisko optimizaciju, ka ari ETL un PV razotas elektroenergijas integraciju.
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Portugal@ veikts péttijums par “park-and-ride” infrastrukttiras integraciju ar PV razoSanu
un ETL wuzlades pakalpojumiem apstiprindja, ka 2017. gada prognozetais sakotngjo
ieguldijumu atdeves periods sasniedza aptuveni 14 gadus, tadgjadi apstiprinot $ada
uznéméjdarbibas modela iespgjamibu [4]. Sadus apstiprinodus rezultatus var attiecinat
ari uz scenariju, kad PV un ETL uzlades pakalpojums tiek izmantots sinergija ar degvielas
uzpildes stacijam, wuzlades operatoram nodroSinot  papildu ienakumus no
mazumtirdzniecibas saimnieciskas darbibas. Petijumi arT uzsver butiskas prieksrocibas no
ETL uzlades un PV sinergijas no tikla slodzes svarstibu viedokla [5, 6]. Tie konstatg, ka,
izmantojot atbilstoSu cenu noteikSanas politiku uzlades pakalpojumiem, ir liels potencials
samazinat nepiecieSamibu p&c tikla izmantoSanas un energijas uzkraSanas iekartam, kas
papildus lauj samazinat ETL kopgjas emisijas to dzives cikla. P&tTjumi liecina, ka, nemot
vera pasreizgjo vispargjo ETL izplatibu transporta sisttma un FTL un ETL iegades cenu
atSkiribu, publiskajiem uzlades pakalpojumiem ir vélamas valsts subsidijas to atrakai
attistibai [4, 7, 8]. Vienlaikus vispargja situacija energijas tirgi, tai skaita fosila kurinama
izmaksu kapums un energijas cenas svarstibas, ka ari tendences pasaules automobilu
riipnieciba var ari butiski mainit ETL uzlades pakalpojumu ekonomiskas perspektivas.. Ka
iesp&jams biitisks ekonomisks un tehnologisks ierobeZojums iesp&jamajai ETL attistibai
tieck min&tas elektrotikla attistibai nepiecieSamas investicijas, ko var izraisit izraisa
pieprasijuma pieauguma kapums elektrotiklos. Tomer vienlaikus ir biitiski nemt véra, ka
gadijumos, ja tikla infrastruktiras noslodze ir zema un pietiekama ar transporta sektora
saistita pieprasfjuma nodroSinasanai, ETL ietekme uz tikla ekonomisko un tehnisko
darbibu saistita ar tikla efektivaku noslodzi var but ar pozitiva. Atbilstosi Efektivak
noslogojot gan tiklu, gan arT intensivak izmantojot ETL uzlades iekartas, ar tam saistitas
ETL izmaksas samazinasies. Turklat elektrifikacijas pasakumi var pozitivi ietekmét art PV
konkurgtspéju, jo, pieméram, PV iekartu uzstadisana ETL uzlades stacijas lauj PV sarazoto
elektroenergiju pardot galalietotajam, samazinot nepiecieSamibas sarazoto elektroenergiju
parvadit tikla.

Ta ka arvien lielaks skaits politikas veidotaju veic pasakumus, lai atvieglotu ETL
izmantosanu, kliist svarigak izmantot pieejamos politikas instrumentus, lai panaktu

vislielako oglekla emisiju samazinajumu un vienlaikus nodrosinatu mobilitates
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pakalpojumu  vislieladko pieejamibu sabiedribai. Saja pétijuma tiek izmantots
sisttmdinamikas modelis, lai novertétu, kada ir publiskas ETL uzlades infrastruktiiras
pieejamibas un izmantoSanas ietekme uz ETL izmantoSanas pieaugumu un no ta izrieto$o
oglekla emisiju samazinajumu gadijuma, ja ETL infrastrukttru tiek izmantota sinergija ar
PV. Pettjuma ir veikts $ada iesp&jama ETL attistibas risindjuma rezultatu salidzinajums ar
citiem ETL transporta atbalsta pasakumiem un faktoriem. Pieméram, veikts salidzinajums
tiesam subsidijam ETL iegadei vai atbalstu PV sisttmu veicinasanai. Darba ietvaros veikta
jutiguma analize lauj izmérit un salidzinat dazadu strat€giju ietekmi, ka arT noteikt
vienlaicigi pieméroto pasakumu kopgjo ietekmi.

PV un ETL uzlades sinergijas matematisko model&$anu ir p&tijusi daudzi pétnieki. Tomér
vairuma gadijumu model&sana tika veikta, koncentrjoties uz ekonomisko perspektivu [9]
vai tikla darbibas perspektivu [7]. Vienlaikus, novertgjot sinergijas ietekmes uz apkartgjo
vidi aspektus, pétnieki norada, ka lidziga uznémejdarbibas modela izmantosana dazados
geografiskajos regionos var radit ievérojami atSkirigus rezultatus, pieméram, Eiropas
valstis $adas sinergijas pozitiva ictekme var but lielaka neka daudzos citos regionos [10].
Tapeéc, var apgalvot, ka, lai iegltu vislabakos rezultatus, ir javeic dazadu ETL
veicina$anas instrumentu salidzinajums konkrétai valstij vai regionam, izmantojot
specifiskus parametrus, kas raksturo transporta izmantoSanas atskiribas valstt, PV iekartu
efektivitates atskiribas utt. Saja pétfjuma izmantoti ekonomiskie parametri un tehniskie
pienémumi, kas raksturo tadas valstis vai regionus ka Latvija. Tom&r vienlaikus jauzsver,
ka izstradato sistémdinamikas modeli, veicot tam nepiecieSamos, relativi nelielos

pielagojumus, var izmantot ari citu valstu vai regionu analizei.

1.2.Viegla ETL uzlades infrastruktiiras attistibas scenariju ietekme uz elektriskas

slodzes profilu elektrotiklos to efektivitati

Ka uzsver daudzi petnieki, slépts Skérslis transporta elektrifikacijai ir tas, ka sabiedriba
valda neizpratne un informacijas par to, kada ir elektrifikacijas ietekme uz kopgjam
elektroenergijas lietosanas izmaksam, infrastruktiiru un raZo$anas izmaksam [11]. Nemot
to véra, ETL ietekme uz elektroenergijas tiklu darbibu, jo Ipasi saistiba ar atjaunojamo

energoresursu pieaugo$o nozimi elektroenergijas raZoSanas nozar€, joprojam ir viens no
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izp€tes jautajumiem, uz kuru sniedzot atbildes, ir novertét transporta dekarbonizacijas
centienu ilgtsp&ju un saistitas izmaksas. Pieprasijums peéc ETL uzlades var bitiski mainit
energosistémas slodzes profilu [12], kas apvienojuma ar tadiem mainigas izstrades
elektroenergijas razoSanas avotiem ka v&ja elektrostacijas (VES) vai PV var radit
pieprasijumu p&c jaunas infrastruktiiras. Tapat ar lietotaju uzvedibu saistitas izmainas tikla
var radit nepiecieSamibu p&c citiem papildu tehniskiem un ekonomiskiem pasakumiem,
lai nodrosinatu elektrotiklu drosu un ekonomisku darbibu. Tomér, lai drosi planotu
elektrotiklu un ETL wuzlades infrastruktiiras attistibu, ir javeic atbilstosa dazadu
energosistémas attistibas scenariju modelésana. Iepriek$gjie petijumi apstiprina, ka viens
no model&Sanas rikiem, ko var veiksmigi pielagot $adai analizei, ir “EnergyPLAN”
model&sanas riks. Sis 1iks ir veiksmigi izmantots, lai izveidotu starpnozaru un starpregionu
energosistémas modeli ar dazadiem perspektiviem scenarijiem, ka ari ar dazadam
plano$anas stratégijam un izmantotajiem ETL uzlades algoritmiem [13]. “EnergyPLAN”
ir deterministiskas ievades-izvades model€Sanas vide, kura var analizét kompleksu
energosisteému attistibas scenarijus stundu griezuma un viena gada garuma. Model&Sanas
riks nem véra ari dazadu veida pat€rina un razo$anas patrina iekartu, tehnologiju un
pieejamo tikla jaudu ietekmi uz energoapgades sist€émas stabilitati. Rika izvéle promocijas
darba ir pamatota ar to, ka, saistiba ar darba izvirzito uzdevumu atjaunojamo
energoresursu tehnologiju modeléSanai ir nepiecieSama pietickami preciza izSkirtsp&ja
laika (ievérojot AER raksturigo izteikti mainigo izstradi), ka arT dazadu tehnologiju, t.sk.
transporta sistému, integréSana vienota energoapgades sistéma, atspogulojot dazadu
tehnologiju mijiedarbibu. Viena no galvenajam “EnergyPlan” modeléSanas rika
prieksrocibam ir iesp&ja izmantot katrai valstij specifiskus energosistémas pieprasijuma
un piedavajuma datus stundu griezuma, kas lauj prognozet un simulét energosistémas
darbibu ar salidzinos$i augstu precizitati [14]. Tadgjadi ir iesp&jams identific€t 1stermina,
vid&ja termina un ilgtermina nelidzsvarotibu starp pieprasijumu un piedavajumu konkrétas
valsts energosistéma. ST pétfjuma mérkis ir izmantot “EnergyPlan” model&sanas riku, lai
novertétu ETL uzlades ietekmi uz elektriskas slodzes profilu atkariba no diviem
butiskakajiem faktoriem — pirmkart, ETL skaita, un, otrkart, uzlades infrastruktiiras
darbibas Tpatnibam atkariba no ta, kada apjoma uzlades infrastruktiira nodroSina atru,
vid&ji atru vai 1&nas uzladi.. Turklat petijuma tiek novertéts, cik lielu daJu no kopgja ETL
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energijas pieprasijuma var nodro§inat ar atjaunojamiem energoresursiem, t.i., véja un PV
energijas, nemot véra $o tehnologiju uzstaditas jaudas un atbilstibu starp elektroenergijas
jaudas un slodzes sakritibu stundu griezuma. Jaatzime, ka modelesana, tostarp modelésana
ar “EnergyPlan” riku, jau ir veiksmigi izmantota, lai noveértétu dazadus ETL un
atjaunojamas energijas attistibas scenarijus [15], tomér straujas parmainas energgtikas
nozarg, kas saistitas ar pieaugosajiem ieguldijumiem saules energijas razoS$anas iekartas
un tikla slodzes profilu izmainam, pamato nepiecieSamibu regulari atjauninat $adu uz
valstim balstitu model€Sanu un pé&tniecibu. Ieprieksgjo petijumu salidzinajums apstiprina,
ka “EnergyPlan” var novértét ka loti pielagojamu un elastigu energijas planoSanas
instrumentu, ko var izmantot gan lielaku un integrétu energosistému model&sanai [16, 17]
gan mazakam un izolétam energosistémam, pieméram, salam vai mazakiem regioniem
[18,19]. Sis riks ir veiksmigi izmantots gan dazadu energétikas politikas scenariju [8]
salidzinasanai 20, 21, 22, 23, 24], vai atjaunojamo energoresursu, pieméram, v&ja un
saules energijas, potenciala noveértéjums par valstu energosistému primaro piegades avotu

un fosila kurinama energijas avotu aizstasanu [25, 26].

1.3. Saules un véja elektrostaciju sarazotas elektroenergijas izmantosanas potencials

vieglo ETL sektora.

Saules energijas un ETL uzlades sinergijas matematisko modelé$anu ir veiku$i daudzi
pétnieki; tomér vairuma gadijumu model&sana tika veikta, koncentr&joties uz ekonomisko
perspektivu [66] vai tikla darbibas perspektivu [28] . Tomeér, veértgjot sinergijas ictekmes
uz vidi aspektus, pétnieki norada, ka lidziga uznéméjdarbibas modela izmantoSana
dazados geografiskajos regionos var radit ieveérojami atSkirigus rezultatus, pieméram,
Eiropas valstis $adas sinergijas ietekme var bt liclaka neka daudzos citos regionos [67,
68]. Tapec, lai iegiitu vislabakos rezultatus, ir javeic dazadu ETL veicinasanas instrumentu
salidzinagjums konkrétai valstij vai regionam izmantojot specifiskus parametrus, kas
raksturo transporta izmantoSanas atSkiribas konkreta valsti, PV iekartu efektivitates
atskiribas un izstrades patnibas, u.t.t. Saja pétijuma izmantoti ekonomiskie parametri un
tehniskie pienémumi, kas raksturo Latviju un tai lidziga valstis vai regionus ka

Latvija. Tomér japievér§ uzmaniba, ka  izstradatais
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sisttmdinamikas modelis, mainot atbilstosos tehnisko pien€mumus un parametrus var tikt
izmantots citu valstu vai regionu analizei.

Nemot véra augstas razoSanas izmaksas un informacijas trikumu par elektromobilu
iesp&jamo ietekmi uz vidi un socialekonomisko labklajibu, iniciativas elektromobilitates
veicinasanai biezi vien saskaras ar ievérojamu sabiedribas skepsi. Viens no jautajumiem,
kas biezi rodas, ir elektrotikla infrastruktiiras nepiecieSamas attistibas un uzturéSanas
izmaksas, lai nodrosinatu elektromobilitati. Taja pasa laika elektroenergijas tiklos veikto
investiciju faktiskas slodzes un strukttiras analize liecina, ka elektromobilitates ietekme uz
tikla darbibas izmaksam, pret€ji bazam, daudzos gadijumos var biit pozitiva [28, 112].
ETL var veicinat tikla efektivitati gadijumos, ja faktiska tikla noslodze ir zema. Tapéc, §1
petljuma pétijuma jautajums ir noteikt ETL iesp&jamas dinamikas ietekmi uz
nepieciesamajiem ieguldijumiem elektroenergijas tiklos.

Cik mums zinams, ETL uzlades infrastruktiras tehnisko ietekmi uz elektroenergijas
sadales tiklu ir plasi p&tijusi daudzi p&tnieki [112, 142,37, 38]; tom&r plasi p&tjjumi par
to, ka ETL skaita pieaugums ietekmés elektroenergijas tikla darbibu no to darbibas
ekonomiskuma viedokla, ir veikti salidzinosi neliela apjoma, turklat tie daudzos gadijumos
ir piem&rojami tikai individuala tikla ekonomisko raditaju noveértéSanai. Tas ir saistits ar
apstakli, ka kopuma tiklu tehniska noslodze un ekonomiskie raditaji dazadas valstis un
regionos var loti batiski atSkirties. Tikmér esoSie pétjjumi, kas koncentr&jas uz
elektromobilitates tehniskajiem efektiem, sniedz vairakus svarigus faktus saistitajai
ekonomiskajai analizei. Pieméram, model&sanas rezultati pierada, ka koordinéta uzlades
jaudu pieSkirSanas stratégija un pietiekami parvaldita uzlades strat€gija var palielinat
pielaujamo teorétisko ETL skaitu sisttma lidz pat 6 reizém [27]. P&tijums Vacija
apstiprina, ka ETL uzlades tehniska ietekme ir loti atkariga no vietgjas topologijas un
jaudas izmantoSanas elektrotikla [28]. Tadgjadi petijumi apstiprina, ka gadijumos, kad
pieejamajam tikla jaudam ir zems vispar€jais izmantoSanas [imenis, pieméram, Iidz 30 %,
sisttmas ltmeni nav pieradamas tieSas saiknes starp ETL izplatibu un pieaugosu
pieprasijumu ieguldijumiem tikla vai ta ekspluatacijas izmaksam, jo kopuma ETL uzlades
pakalpojumam pieejamas jaudas ir pietickamas, lai segtu ETL pieprasijumu. ETL uzlades
papildu slodzei ir tada pati ietekme uz tikla darbibu ka jebkuram citam papildu
pieprasijumam péc elektroenergijas [29] . Tas nozimé, ka nepietickami izmantota tikla

26



uzlades gadijuma elektrisko transportu var izmantot ka stratégiju, lai uzlabotu tikla
vispargjo izmantosanu un veiktu tikla ekonomisko optimizaciju [30, 31]. Vairaki citi
petijumi arT parada cieSu saikni starp optimiz€tu un adaptivu elektrotransporta uzlades
infrastrukttiras attistibas strat€giju un to potencialu ietekme uz vidi saistiba ar energijas
zudumiem un oglekla emisijam [32, 33]. Promocijas darba §1 izp&tes jautajuma zinatniska
aktualitate ir saistita ar to, ka p&dgja desmitgade un jo Ipasi pedgja gada laika
elektromobilitates attistiba Latvija ir piedzivojusi strauju izaugsmi, vienlaikus p&tijumi par
to, ka elektromobilitates pieaugums ietekmées tiklu tehnisko un ekonomisko darbibu, nav
veikti. Tapat sagaidams, ka nakamajos gados elektromobilitates attistibai blis sp&cigs
politikas atbalsts. Elektrotiklu uznémumu pieredze rada, ka daudzos gadijumos
elektromobilitates izraisito pieprasijuma picaugumu pec tikla pakalpojumiem var uzskatit
par ekonomiski labveligu tikla infrastruktiiras attistibas scenariju. Tomer, atkariba no
dazadiem ETL attistibas scenarijiem, kurus var ietekmét politiski [émumi, tikla attistibai
nepiecieSamo ieguldfjumu apjoms un ar to saistitie ieguvumi un izmaksas galalietotajiem
var atskirties.

Nozares ekspertu apléses Latvija liecina, ka ETL attistiba no elektroenergijas tikla
infrastruktiiras attistibas skatu punkta ir saistita ar divam vienlaicigdm tendencém. Pirma
butiska tendence, saskana ar elektroenergijas tiklu operatoru sniegto novert€jumu, ir
paredzamo investiciju pieprasijuma picaugums elektroenergijas sadales sisteémas, lai
nodrosinatu droSu ETL uzlades punktu pieslégSanu tiklam un nepiecieSamas jaudas
nodrosinasanu ta turpmakai darbibai. V&l viena svariga tendence ir izmainas kopgja
elektrotiklu noslogojuma. Latvijas elektroenergijas parvades un sadales sistému operatoru
sniegtie dati liecina, ka kop€ja sistémas jauda ir ievérojami liclaka par elektroenergijas
sist€mas lietotaju faktisko slodzi, un daudzos gadijumos slodzi ir iesp&jams palielinat pat
vairakas reizes [34] [123] . Attieciba uz Latviju to labi ilustr€ fakts, ka 1990. gada Latvijas
elektroenergijas lietotaju kopgja patérina slodze sasniedza 2000 MW, bet elektroenergijas
patérins $aja gada sasniedza ap 10,7 TWh [34]. Tadgjadi vesturiski registréta maksimala
slodze tikla aptuveni divas reizes parsniedz Latvijas 2019. gada vidgjo slodzi, bet kopgjais
elektroenergijas patérin$ — 1990. gada bijis ir aptuveni 1,4 reizes lielaks, neka 2019. gada.
Nemot véra, ka ievérojama dala, t. i., [idz 80 % no elektrotikla infrastruktiiras izmaksam,
paliek nemainiga neatkarigi no patérina, var samera ticami prognozg&t, ka elektroenergijas
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patérin$ no ETL, ievérojot kopgjos esosos tikla jaudas ierobezojumus, neradis bitisku
elektroenergijas infrastruktiras izmaksu pieaugumu. Gluzi pretgji, efektivaka tikla slodzes
izmantoSana var pat samazinat vienas lietotajiem piegadatas elektroenergijas vienibas
parvades un sadales izmaksas. Tapéc, ST izp&tes mérkis ir noteikt ~ ETL ietekmi uz
elektrotikla ekonomiskajiem un ekspluatacijas raditajiem, nemot vera faktisko elektrotikla
uzstadito jaudu un potencialo ETL pieprasijumu. Analize ietver elektrotikla lietotaju
izmaksu un ieguvumu novert&jumu, mainoties tikla jaudas izmantojumam. Tiek noverteti
arT ieguvumi, kas izteikti naudas izteiksm& un ko visai sabiedribai sniedz noverstas oglekla
emisijas, ko rada fosilas degvielas aizvietoSana vieglo transportlidzeklu sektora ar ETL.

Aplukojot lidz $im veiktos p&tijumus, var secinat, ka saules energijas un elektromobilitates
sinergijas, integracijas un potencialas problémas no tehniska viedokla ir bijusas p&tnieku

uzmanibas centrd un aptver nozimigu pasaules regionu, tostarp ASV, ka ari Eiropas

Savienibas un Azijas valstis. P&tijumi apstiprina, ka elektromobilitatei var biit bitiska
pozitiva ieteckme uz PV sarazotas elektroenergijas ipatsvara veiksmigu pieaugumu
energosistémas. Ta var kalpot arT ka tehnologija istermina patérina lidzsvaro$anai no

energosistémas vadibas viedokla, ka arT nodroSinat elektroenergijas parpalikuma

uzkrasanos no PV [35, 36] .

Taja pasa laika var secinat, ka petijumu klasts, kura novertéts elektromobilitates un
saules energijas ekonomiskas sinergijas potencials, un to salidzinajums ar alternativiem
scenarijiem, ir ievérojami mazaks. Turklat jaatzime, ka atskiriba no pétijjumiem par PV vai
automastnu uzlades tehnisko ietekmi uz elektrosisteému darbibu, p&tijumi, kas apraksta $o
tehnologiju ekonomisko ietekmi, ir attiecinami galvenokart tikai valstim vai teritorijam,
kuras §ie petijumi tiek veikti. Tas ir izskaidrojams ar faktu, ka aprékinos vairakiem no tajos
nepiecieSamajiem parametriem ir izteikti lokals raksturs, kas daudzos gadijumos var izrietét
no viet§jiem vai regionaliem apstakliem, pieméram, pakalpojumu sniedz&ju tarifiem,
nodoklu sistémas, transporta un degvielas nodokliem saules starojuma intensitates un citiem
butiskie faktoriem. Mingtie, lokalie parametri un apstakli tiek aplikoti Saja darba un

pieméroti Latvijas gadijuma izp&tei [106], [108].

Ieprieksgjie pétijumi liecina, ka vairaki ekonomiskie parametri, kas raksturo sinergiju

starp PV un ETL uzlades tehnologijam, liela méra izriet no ta, cik sekmigi $is tehnologijas
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tiek tehniski integrétas energosisttma un kada ir to ietekmes uz elektroenergijas tiklu
sisttmu darbibu. Pieméram, no tehniska viedokla petnieki uzskata, ka gan PV, gan ETL

uzlades tehnologijas ir savstarpéji papildinoSas, bet sava zina ari pretrunigas [37 , 38].

Nekontroléta ETL uzlades iekartu ienakSana sistéma, kura jau saskaras ar biitiskam
problémam tiklu darbibu stabilitates nodroSinasana, piem&ram, tiklu parslodzes vai slikta
tehniska stavokla dgl, varétu butiski ietekmét sist€mas uzturé$anas izmaksu turpmaku
pieaugumu [35]. Taja pasa laika elektromobilu uzladei ir potencials klat par tehnologiju,
kas var pozitivi ietekmét ar citu tehnologiju PV tehnologiju veiksmigu integraciju
elektroenergijas tirgii. Sadu secinajumu var izdarit, nemot véra faktu, ka elektroenergijas
razo$ana no PV diennakts griezuma ciesi korele ar kopgjo ekonomisko aktivitati un
energijas patérinu [39]. Turklat, stimuléjot elektromobilu TpaSniekus uzladet
transportlidzeklus periodos, kad elektroenergijas razo$ana no PV razoSana tradicionali ir
visaugstaka, ir iesp&jams samazinat neatbilstibu starp elektroenergijas patérinu un razo$anu
sistéma [40]. Saja gadijuma PV tehnologijas un ETL uzlades pakalpojuma mijiedarbiba
turklat var radit arT ekonomiska ietekme — elastigi palielinoties pieprasijumam periodos,
kuros elektroenergijas izstrade no AER ir augsta, ir paredzama vairumtirdzniecibas
elektroenergijas cenu svarstibu samazinaSanas , un tiek samazinata iesp&ja, ka butiska
elektroenergijas parpalikuma elektroenergijas cenas var sasniegt negativu veértibu, uzsver
petnieki [39] .

Veicot analizi un prognozes par saules energijas un elektromobilitates iesp&amo
ekonomisko sinergiju Latvija, ir janem véra Latvijai raksturigie apstakli un perspektivas,
kas Sobrid nosaka abu tehnologiju attistibu. Pirmkart, Latvijas apstaklos PV sarazota
elektroenergija vairumtirdzniecibas tirgli kopuma nav pietickami konkurétspé&jiga, jo saules
energijas vidgjas Iidzsvarotas elektroenergijas raZzoSanas izmaksas joprojam ir augstakas par
vidgjo elektroenergijas cenu regiona, ko galvenokart nosaka hidroelektrostaciju un VES
razo$anas izmaksas [39]. ST iemesla d&l visbiezak PV razosanas tehnologiju izmanto$ana
Latvija un citos tuvgjos tirgos visbiezak ir saistita ar elektrostacijas Tpasnieka vai operatora
pasa patérina seganu. Saja scenarija PV saraZotas elektroenergijas konkurétspéja ir biitiski
lielaka, jo elektroenergijas lietotajam, patéréjot savu sarazoto elektroenergiju, ir iespgjams

samazinat tikla lietoSanas izmaksas, nodoklus, ka ari citas ar publisko tiklu lietosanu
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saistTtas izmaksas, piem&ram obligata iepirkuma komponentes maksajumus. Nemot véra
Latvijas elektroenergijas gala cenu faktisko struktiiru, elektroenergijas vairumtirdzniecibas
cena parasti veido aptuveni vienu tre§dalu no elektroenergijas gala cenas. Tas nozimég, ka
saules elektrostacija sarazotas elektroenergijas izlidzinatas izmaksas ir tikai viens no
faktoriem, kas nosaka saules elektrostacijas konkur&tsp&ju. Papildus $Tm izmaksam.
ekonomiskos ieguvumus no saules elektrostacijas izmantoSanas nosaka ari tikla
pakalpojumu tarifs un So pakalpojumu lietoSanas apjoms, ka ari citi piem&rojamie

maksajumi.

Vienlaikus japiebilst, ka Latvijas administrativais regul&jums, ka arT valsts atbalsta
politika PV energijas joma ir tas izmantoSanu veicinoSa, ar regul&jumu unatbalsta
maksajumiem atbalstot lietotajus, kuri iekartas izmanto sava pat€rina segSanai, un
nodro$inot majsaimniecibu lietotajiem un mazajiem un vidgjiem uzn@émumiem pieeju neto

uzskaites un norékinu sisttmam. [40].

1.4. Tehniskas un ekonomiskas perspektivas smaga transporta dekarbonizacijai ar

sintetisko degvielu palidzibu.

Nemot vera, ka lielaka dala vieglo transportlidzeklu flotes, ar lielu varbitibu, tiks
aizstati ar ETL, $o transporta sektoru, samazinot elektroenergijas razosanas oglekla emisiju
apjomu, ir iesp&jams padarit klimatam neitralu relativi vienkarsi. Tomer talsatiksmes un
lieljaudas mobilitatei, tostarp gaisa un kugu transportam, vismaz dal&ji bus japalaujas uz
Skidro degvielu [41]. Sintétiskas degvielas, kas ir razotas no elektroenergijas, t.sk., e-
petroleju, metanolu, dimetiléteri (DME) un amonjaku var izmantot Iidzigi ka fosilo
degvielu gan gaisa kugu reaktivajos dzin€jos, gan mehanisko transportlidzeklu un kugu
iekSdedzes dzingjos, aizstajot tradicionalo reaktivo degvielu, benzinu un dizeldegvielu (2.

att.).
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2. att.. Sintétiskas degvielas raZzosanas shéma , kas norada $i pétijjuma fokusu.

Atbilstosi promocijas darba izvirzitajiem mérkiem, ta darba ietvaros nepiecieSams
izvertét Latvijas lieljaudas un talsatiksmes transporta nozares (kravas automobili, kugi un
gaisa transports) dekarbonizacijas tehnisko iespgjamibu ar sintétiskajam degvielam, kas
ir iegiitas no Udenraza, kas iegiits no atjaunojamiem resursiem un CO2, Vertgjot
scenariju, kurd elektroenergijas razosanas avoti ir VES un PV tehnologijas. Lai novértu ST
tehnologiska risindgjuma iesp&jamibu, ir janosaka cik daudz zala tdenraza un CO; ir
nepiecieSams, lai aizstatu fosilas degvielas mingtajas transporta nozares ar
sintétiskajam degvielam. Tapat ir ari janovérté, cik lielu dalu no elektroenergijas
pieprasijuma  sintétisko  degvielu razoSanai var piegadat no atjaunojamiem
energoresursiem, t. i., PV un VES energijas, nemot véra $o tehnologiju uzstaditas
jaudas un jaudas parpalikumu, ko var izmantot hidrolizes procesa sintétisko degvielu
razoSanai. P&tljuma rezultatus var izmantot, lai noveértétu nepiecie$samos politiskos un
tehniskos pasakumus un to iesp&amas izmaksas, kas saistitas ar veiksmigu
dekarbonizaciju lielas noslodzes talsatiksmes transporta nozarg, tostarp energétikas
nozares parveidi. P&tjjums lauj noveértét esoSo elektroenergijas parvades un sadales
tiklu pietickamibu atjaunojamas elektroenergijas razoSanas vajadzibam, ka ari
iespgjamas tehnologiskas problémas, kas saistitas ar energosist€mas kontroli un
balansésanu, un ieteikumus to risinasanai.
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Nemot véra uzdevumu nodro§inat smaga transporta degvielas razoSanu no AER, rodas
likumsakarigs jautajums - vai ir iesp&ams uztvert CO2 no energijas parveido$anas
procesiem un parverst to par transporta degvielu? Uz $o jautajumu iesp&jams sniegt
apstiprinosu atbildi - oglekla uztverSanas un izmantoSanas (carbon capture and utilisation
- CCU) tehnologijas jau tiek attistitas [42]. CCU tehnologijas papildus energoefektivitates
uzlabojumiem un atjaunojamo energijas avotu izmanto$anai varétu palidzet dekarboniz&t
musu ekonomiku [42]. P&c tam uztverto CO» var savienot ar Gdenradi, ko iegiist
elektroliz€ un ko darbina AER, lai iegiitu no elektroenergijas razotu sintétisko degvielu
[43]. Lai gan koncepcija un galvenie principi ir skaidri, joprojam ir daudz tehnisku,
ekonomisku un instituciondlu aspektu, kas jaatrisina, lai tehnologiju ieviestu plasa méroga.
Liela COz uztverSanas procesu energointensitate, ka arT nepiecieSamiba péc turpmakas
attiriSanas ir dazi no tehniskajiem izaicinajumiem, un augstas izmaksas rada
ekonomiskus izaicinajumus [44]. CCU tehnologiju, tapat ka citu tehnologiju, ievieSanai ir
loti svarigs sabiedribas akcepts, un tas ir saistits ar tehnologijas socialajiem ieguvumiem
[44]. Vertgjot sintetisko degvielu izmaksu struktliru, jamin, ka fidenraza razosana ir lielaka
no uz alkohola bazes razotu sintétisko degvielu izmaksam, tapéc elektrolizes izmaksu un
elektroenergijas cenas samazinaSana ir galvenais faktors, kas padara $o degvielu
konkurétsp&jigu [43]. sintetisko degvielu. Loti liela nozime ir art CO; emisiju cenai,
un, lai CCU bitu iespgjama, ir jasasniedz noteikts minimalais cenas Iimenis [45].
Tomér pedgja laika varam novérot CO2 emisiju un fosilo energijas avotu cenu pieaugumu
un sagaidit CCU tehnologiju talaku attistibu nakotng. Sintétisko sintétisko degvielu
razoSana no uztverta CO2 nav uzskatama par tehnologiju, kura pilniba novers transporta
raditas oglekla emisijas, jo, uztvertais ogleklis nonak atpakal atmosfera péc tam, kad no ta
sarazota degviela tiek sadedzinata transportlidzekla dzingja. Tomér tas sniedz vairakas
prieksrocibas. Zala Gidenraza razoSana nodroSina elastigu pat€rinu nepastavigas izstrades
atjaunojamiem energijas avotiem [46], ka arl augsta energijas blivuma degvielas
uzglabasanas iesp&jas [47]. Tapéc ir svarigi saprast, kadi ir vides un socialekonomiskie
ieguvumi, ko var sniegt no elektroenergijas raZzotas sintétiskas degvielas risinajums.
Papildus javerteé ari tas, kada atbalsta politika varétu but efektiva tehnologijas

izmantos$anas veicinasanai. Cik mums zinams, joprojam trukst p&tijumu,
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kuros tiktu model&ta noteiktu institucionalu atbalsta mehanismu izmanto$anas ietekme uz
elektroenergijas razotas sintétiskas degvielas tehnologiju attistibas dinamiku. Tas ir
pamatots ar faktu, ka ieintereséto pusu skatfjums §is tehnologijas joprojam tiek uzskatitas
par jauniem uznéméjdarbibas modeliem. Tapéc §1 pétijuma bitisks uzdevums ir
noskaidrot: cik nozimigs, salidzinot ar citiem tehniski-ekonomiskiem faktoriem, ir atbalsts
sintétisko degvielu razo$anas tehnologiju, kurds tiek izmantots CO pé&tniecibai un
izstradei, un kads ir CO; emisiju samazinaSanas potencials transporta nozaré atkariba
no Siem tehniski-ekonomiskajiem faktoriem? Kada ir modelétas sist€émas jutiba pret
tehniskajiem, ekonomiskajiem un institucionalajiem faktoriem, kas var but svarigi
sintétisko degvielu razosanas uznémeéjdarbibas modela attistibai?

Nodala "Metodes" aprakstita modela strukttira, izmantojot c€lonsakaribu cilpas
diagrammu (CLD), modeli izmantotas ievades vertibas un modela test€Sana, savukart
rezultatu un diskusiju nodala ir paradits un aprakstits noversto CO> emisiju Tpatsvars,
ko var sasniegt transporta sektora, sint€tisko degvielu Tpatsvaru transporta, ka arT sintetisko

degvielu razosanas jaudu, kas varetu tikt nodota ekspluatacija Iidz 2050. gadam.

1.5. Mainigo elektroenergijas razosanas avotu ietekme uz elektroenergijas tirgus

attistibas tendencém un mijiedarbiba ar transporta sektoru.

Atjaunojamas energija, jo ipaSi elektroenergija, kas razota ar v&ja un saules energijas
tehnologijam, klist par arvien nozimigaku energoapgades avotu gan Eiropas valstis, gan
citos pasaules regionos. Saskana ar statistiku no tadiem avotiem ka Ziemelvalstu
elektroenergijas birza “Nord Pool”, jau tagad v€ja energijas Ipatsvaru var uzskatit par
butiski augstu, t.i., 30 %. Tadgjadi noteiktos periodos v&ja energija ilgstosi var klat par otro
lielako elektroenergijas razoSanas avotu Ziemelvalstu un Baltijas regiona un atseviskos
brizos pat par lielako elektroenergijas avotu regiona. Tikmér dazas valstis, piem., Danija,
vEja energijas razo$anas apjoms var viegli parsniegt valsts kop&jo elektroenergijas
patérinu. Sakara ar to, ka v&ja un saules elektrostacijam nav vajadzigs kurinamais, to
darbiba nerada siltumnicefekta gazu emisijas, un to tehnologiska konkurétspéja palielinas,
daudzi politikas veidotaji uzskata, ka v&ja un saules energija ir viens no perspektivakajiem

nakotnes energijas avotiem.
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Tacu So tehnologiju nelielas Tstermina robeZizmaksas salidzinajuma ar daudzu tradicionalo
energijas razoSanas tehnologiju kurinama un darbaspéka izmaksam ir izraisTjuSas
nozimigas diskusijas energétikas nozar€ par $o energijas avotu ietekmi uz elektroenergijas

vairumtirdzniecibas cenam.

Kopuma pastav vienpratiba, ka vE&ja un saules energija, visticamak, radis lejupvérstu
spiedienu uz elektroenergijas cenam [58]. Tomér ir nemt véra, ka bez citiem tirgus
mehanismiem vai subsidijam cenu samazinaSanas elektroenergijas tirgl, kura
robezizmaksas, ka arT pieprasijums un piedavajums ir galvenie cenu noteiksanas faktori,
var klut sarezgiti saglabat ilgtsp&jigas cenas, kas atbalstitu turpmakos ieguldijumus
elektroenergijas razosana. Proti, elektroenergijas cenu limena pazeminasanas stipra véja
periodos var apdraudét stimulus veikt papildu ieguldijumus atjaunojamos energijas
razo$anas avotos [48, 49]. Tadgjadi nakotnes elektroenergijas cenu attistibas prognozesana
saistiba ar v&ja un saules energijas plasaku izplatibu klist par arvien svarigaku uzdevumu
gan politikas veidotajiem, gan investoriem. ST p&tfjuma uzdevuma aktualitati un zinatnisko
nozimi pamato fakts, ka lielaka dala Eiropas Savienibas valstu, tostarp Latvija, par vienu
no savam politiskajam prioritatém ir izvirzijusas atjaunojamas energijas razosanas un tas
Tpatsvara palielinaSanu kopé&ja energijas bilancé nakamajas desmitgadés. Arl vairakas
nozares organizacijas prognozé v&ja un saules energijas plasaku izmantoSanu ka
neizbégamu virzienu, kura energétikas nozarei butu jaattistas [50, 51, 52]. Tomér
pasreizgjie petijumi un prognozes nesniedz skaidru atbildi par $adu attistibas tendencu un
vE€ja un saules energijas atbalsta politikas ekonomisko ietekmi [50, 51, 52, 53, 54, 55]. Ir
ari svarigi atzimet, ka dazas publikacijas un analize [56, 57] galvenokart balstjas uz dienas
vai ménesa statistiku, savukart faktiskie dati no "Nord Pool" birzas skaidri parada, ka cenu
un razosanas svarstibas ir daudz nozimigakas stundas griezuma. Dienas vai ménesa vidgjas
cenas, visticamak, ne vienmér pareizi atspogulo vE&ja energijas razotaju faktiskos
ekonomiskos raditadjus un vEa energijas razo$anas ietekmi uz elektroenergijas
vairumtirdzniecibas cenam. Statistika, kas atspogulo cenu dinamiku stundas un attiecigos
véja energijas raZotdaju ienakumus, varétu but piemé&rotaka, lai novertétu razotaju
ekonomiskos raditajus un to ietekmi uz tirgu kopuma. Intensivu pétniecisko darbu par vgja
energijas raZoSanas ietekmi uz energijas tirgu uzvedibu jau vairak neka desmit gadus veic

vairaki pétnieki, un vairakas publikacijas liecina, ka v&ja energijas raZzoSanas picaugumam
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un tam sekojoSam v&ja energijas Ipatsvara pieaugumam kopéja energijas bilancé vajadzetu
novest pie pakapeniskas elektroenergijas vairumtirdzniecibas cenu krituma [49, 56, 57, 58,
59] . Zviedrija veiktais p&tijums par laikposmu no 2000. [idz 2016. gadam apstipringja, ka,
paliclinoties vEja energijas razo$anai par 1 %, elektroenergijas vairumtirdzniecibas cena
samazinajas par aptuveni 0,08 %, un ilgaka laikposma §1 samazinajuma vertiba var pieaugt
lidz aptuveni 0,1 % [60]. Tomé&r $aja pétjjuma izmantota metodologija nav pilniba
piclietojama esosaja elektroenergijas tirgus situacija vai prognozés$ana, jo vEja energijas
ipatsvars analiz€taja regiona jau ir batiski palielindjies un, iesp&ams, iepriek$ veiktas
analizes vairs precizi neraksturo pasreizgjo situaciju. Turklat p&tijums ir balstits uz ménesa
datiem, kas saskana ar faktiskajiem cenu svarstibu novérojumiem stunda vai diena ne
vienmer pilniba atspogulo visu v€ja energijas razo$anas apjomu un cenu svarstibas, ka ari
vEja energijas Tpatsvaru elektroenergijas bilancé. Lai gan ir ievérojams skaits publikaciju,
kuras analiz&ta v&ja energijas razo$anas un véja elektrostaciju uzstaditas jaudas pieauguma
ietekme uz elektroenergijas vairumtirdzniecibas tirgu, daudzos gadijumos pétnieki savu
analizi ir koncentrgjusi uz jautajumiem, kas, iesp&jams, ierobezo to pielietojamibu
ilgtermina energosistémas modelé$ana. Pieméram, p&tijuma par v&ja energijas integréSanu
energosistémas [57] galvena uzmaniba ir pieversta visrentablako elastiguma risinajumu
noteikSanai, analiz&ot un salidzinot izmaksas (t. i., iedzivotaju izmaksas, kurinamais,
oglekla dioksids un darbaspéka izmaksas) katru gadu. Tomér pétnieki sava publikacija
atzist, ka kopuma v&ja energijas Tpatsvara palielinaSanai energosistémas ir pozitiva ietekme
uz izmaksam gala paterétajam. Taja pasa laika 1 attistiba apdraud investiciju ilgtsp&ju v&ja
energijas nozaré. Tikmér pétijumi par v€ja energijas ietekmi uz elektroenergijas tirgus
cendm saistiba ar parrobezu jaudu pieejamibu Danija un Irija liecina, ka augsta vEja
energijas razoS$ana apvienojuma ar labu parrobezu jaudu pieejamibu veicina
elektroenergijas cenu samazinasanos un cenu konvergenci starp dazadiem regioniem [61,
, 62, 63]. Tomer $ie rezultati arT parada, ka no v&ja energijas razo$anas nozares viedokla
elektroenergijas cenu samazinasanos vairumtirdzniecibas tirgi ne vienmér var uzskatit par
velamu tirgus attistibas tendenci, jo ta samazina investoru ekonomisko motivaciju veikt
investicijas jaunos razoSanas aktivos, ka arT dazos gadijumos nodara zaud&umus tirgus
dalibniekiem. P&tTjums arT nesniedz pietickamus datus, lai novértétu korelaciju starp vgja
energijas razo$anu un cenam tirgos ar loti augstu ekonomiskas un tehniskas integracijas
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pakapi ar kaiminu teritorijam, pieméram, Baltijas valstis, Danija, Norvégija, Zviedrija un
Vacija. Vienlaikus vairaki autori atzist, ka gadijuma, ja prognozes par v&ja un saules
energijas ietekmi uz elektroenergijas cenam piepildisies, nozares ekspertiem biis jaapsver
jaunu tirgus mehanismu ievieSana, lai ilgtermina saglabatu elektroenergijas razotaju
ekonomisko ilgtspgju, piemeram, ar jaudas maksajumu palidzibu [48, 64, 65]. Tadel
promocijas darba viens no uzdevumiem ir izp&tit un analizgt faktisko korelaciju starp v&ja
elektroenergijas raZzoSanu un tas ipatsvaru faktiskaja elektroenergijas pieprasijuma ar
elektroenergijas vairumtirdzniecibas cenam Baltijas valstis un atsevi$kas Ziemelvalstis
2019. gada. legiitos korelacijas datus var izmantot, lai sagatavotu turpmakas
metodologiskas pieejas energosistému modelé$ana, ipasi ilgtermina modelésana 20 gadu
vai ilgakam periodam, turklat elektroenergijas cenas batiski ietekmé elektrotransporta
lietosanu un sintétisko degvielu razoSanas izmaksas un izmaksu prognozgjamibu
ilgtermina. Pe&tjjuma papildus rezultats ir sniegta iesp&a noteikt, vai tadu
vairumtirdzniecibas tirgu ka “Nord Pool” esosie darbibas principi ir pietickami elastigi, lai
tos varétu pielagot ari tadu elektroenergijas razoSanas , neapdraudot stimulus veikt papildu

ieguldijumus atjaunojamas energijas raZzoSanas avotos.
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2. PETIJUMA METODOLOGIJA

Promocijas darba ietvaros izvirzito uzdevumu sasniegSanai un uzdevumu izpildei tiek

izmantotas 4 dazadas metodes, kuras atspogulotas 3. att€la. Vairaku metozu pielietojums

lauj piemérot teorija balstitu integrétu metodologiju, lai novértétu $o promocijas darba

apliikoto transporta klimata neitralitates veicinasanas pasakumu ievieSanas iespgjas, ka ari

ekonomisko un tehnisko pamatotibu. Lietotds metodes, ilustr§jot ar katru no tam

sasniedzamos pétnieciskos uzdevumus un sasniedzamos rezultatus, ir atspogulotas 3.

attéla .

Transporta un energétikas

sisttmas modelésana ar
energosisttmu  imitacijas
modeléSanas riku
“EnergyPlan“

Sistemdinamikas
analize ar
modeléSanas riku
,»Stella Architect*

~

A

Statistiska un

ekonomiska

izmaksu -

ieguvumu analize

S

N

Tehniski -

ekonomiska analize

AER elektroenergijas un

transporta sektora
mijiedarbibas un izmaksu un
radtto emisiju analize, nemot
sezonalas

veéra svarstibas,

infrastrukttiras kapacitati.

Novertgjums par
institucionalo aspektu
un  uzn@mgjdarbibas
ietekmes uz transporta
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energijas politikas
pasakumu  ievieSanas
dinamiku,
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analize.

AER izstrades un
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vairumtirdzniecibas
cenu korelacijas

analize;

Transporta sektora
radita elektroenergijas
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pakalpojuma attistibas

scendriju ietekme uz

tiklu  tehnisko  un
ekonomisko  darbibu
un  gala  lietotaju
izmaksam.

3. att. Promocijas darba metodologiska struktiira
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2.1. ETL skaita pieauguma dinamika viegla autotransporta sektora atkariba no
tehnologiskas attistibas un atbalsta instrumentiem un saistito CO:2 emisiju izmainas
Lai petitu vieglo pasaZzieru elektrotransporta attistibu ka p&tjjuma metode tika izmantota
matematiska modelesana, izmantojot sistemdinamikas pieeju, t.i., sisttmu model&sana, to
izveidojot ka struktiiru, kas sastav no krajumiem un plismam. Sistemdinamikas modelis
tika izveidots Stella Architect programma [69]. Model&sanas laika periods ir no 2021. lidz
2050. gadam ar laika soli (dt) 1/4 no gada, jo mazaka laika konstante modelT ir viens gads.
Tika izmantoti dati no statistikas datubazeém, publikacijam un zinojumiem. Atseviskiem
datiem, kurus nevargja atrast informacijas avotos, tika izmantotas pienemtas vertibas..
Modela struktiira ir paradita c€lonsakaribas cilpas diagrammas veida (CLD, 4. att.), kas
atspogulo modela galvenos elementus un to savstarp&jo saistibu. CLD lauj izveidot
dinamisku hipotézi par sist€mas iesp&jamo uzvedibu, bet hipotézi var parbaudit tikai

kvantitativaja modeli, izmantojot krajumus un pliismas.

JaunaETL cena

Cunas atikirita starp ETL un FTL

N N

legadato ETL skaits G'\ Arhulie pacencillie ETL lietoth

ETL subsidljas 2
: ©

Potenclalo ETL Uetotéju saskarsme

Oglekia emisijas no FTL

4.att. Modela celonsakaribas cilpas diagramma (CLD).

Paskaidrojums: "Plus zZime" diagramma nozimé, ka c€lona palielinasanas/samazinasanas izraisa
efekta palielinasanos/samazinasanos attieciba pret stavokli, kads citadi biitu bijis, ja visi pargjie

faktori ~ paliktu ~ nemainigi. "Minusa  zime"  nozim&, ka  c€lona
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palielinaSanas/samazinaSands izraisa ietekmes samazinaSanos/palielinaSanos attieciba pret

stavokli, kads citadi butu bijis, ja visi pargjie faktori paliktu nemainigi.

ETL kopums, kuru atspogulo krajums “legadato ETL skaits” (4. att.) ir svarigakais
parametrs model, kas ietekmé vieglo transportlidzeklu kopgjas CO, emisijas. So krajumu
kontrole plisma "iegadato ETL skaits" (4. att.). Palielinoties "legadato ETL skaitam",
palielinas arT kontaktu biezums starp ETL lietotajiem un potencialajiem lietotajiem, un
informacijas apmainas efektu de] nakotn@ tiek iegadats vél vairak ETL. ST ir pastiprino3a
(pozitiva) atgriezeniska saite R (4. att.), kurai butiskaka ietekme ir ETL krajuma augSanas
sakumposma. Palielinoties "legadato ETL skaitam", "AtlikuSo potencialo elektrisko
transportlidzeklu lietotaju" krajums tiek izsmelts, un "legadato ETL skaita" raditaja
pieauguma atrums sak samazinaties, kad balansgjosa (negativa) atgriezeniska saite B1 klast
specigaka par pastiprinoSo efektu R. "legadato ETL skaitu" spécigi ietekm& "Fosilas
degvielas un elektrisko transportlidzeklu cenu starpiba” (4. att.). Savukart cenu starpiba ir
atkariga no "Subsidijas ETL" un "Jaunu ETL cena". "Subsidijas ETL" ir endogéns
parametrs, jo to var ietekm&t parametrs "CO: emisijas no fosilas degvielas
transportlidzekliem". Proti, subsidiju apjoms, t.i., kop€jais subsidiju budzets, subsidijas
vienam transportlidzeklim, laiks utt., ir politiski noteikts. Politisko [émumu var ietekm&t
starpiba starp faktiskajam CO- emisijam transporta nozaré un CO2 emisiju mérki. Jo lielaka
plaisa, jo vairak politiki ir gatavi pieskirt subsidijas ETL iegadei un pretgji. Ta ir
lidzsvarojosa atgriezeniska saite B2, jo palielinats "iegadato ETL skaits" samazina "CO>
emisijas no fosilas degvielas transportlidzekliem" un samazina "subsidijas elektriskajiem
transportlidzekliem" (samazinatas politiskas gribas dgl), ka rezultata rodas lielaka cenu
atskiriba, neka tas biitu citadi, pie nosacijuma, ja citi nosacijumi . Lielaka cenu starpiba
nozimé "legadato ETL skaita" samazinajumu. Modelt tiek nemti veéra tikai jaunu ETL
pirkumi. "Cenu starpibu starp fosilo degvielu un elektriskajiem transportlidzekliem"
ietekm@ arT "Jauna elektriska transportlidzekla cena", kas ir eksogéns parametrs modelt.
Vienlaikus japiebilst, ka petjjuma ietvaros ir pienemts, ka ETL cenu Latvijas tirgus
neietekm€ ta maza izméra del. Ir arT verts pieminét, ka uzlades infrastruktiiras pieejamiba
neietekmé ETL iegades [émumus, un modelt tiek pienemts, ka uzlades infrastruktiira tiek

attistita pietieckama atruma kopa ar ETL izaugsmi.
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Modelis satur krajumu un plismu apaksmodelus (5. att.) ETL skaita aprékinaSanai,
uzlades iekartu un PV uzstadiSanas dinamikai degvielas uzpildes stacijas, PV sarazotas
energijas dalai un no ta izrieto§ajam CO» emisiju samazindgjumam. Modeli tiek nemti véra
arT ekonomiskie faktori, pieméram, subsidijas ETL iegadei, ieguldijumi ETL uzlades

infrastrukttira un PV, ka arT uzlades izmaksas.

UZ PV BALSTITA ETL UZLADE DEGVIELAS

UZPILDES STACIIAS

CO; emisijas

Investiciju lEmums par PV > PVjaudu izblve

Subsidijas ETL ’V 3

L

PVizmaksas uz vienu DUS

I
)

—o

ETL iegade

ETL uzlades infrastruktiira valsti

| Kapitalieguldijumi uz vienu

FTL uzlades punktu

ETL uzlades punkti DUS

r

ETL uzlades infrastruktiras

Uzlazu skaits

Jaudu izbiives modelis

5. att. Galvena modela apaksmodeli

Iegadato ETL skaita piecauguma dinamika ir atkariga no kopgja subsidiju apjoma, kas
atspogulots ka krajums, gan no subsidijam uz vienu jaunu ETL, kas tiek paradits ka
parametrs. ETL iegades samazina subsidiju fondu, un, kad tas ir izsmelts, krajuma tiek
ievadits jauns daudzums ar piecu gadu intervalu (Vien. 1.):

t

= [Sacev (t) - Swev (t)]dt + EVsf(to) , (1)
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kur EVsf(t) — ETL subsidiju fonds, EUR;
EVsf (10) — sakotnéjais ETL subsidiju fonds, EUR;

Sagv, — subsidijas, kas pieskirtas ETL subsidiju fondam, EUR/gada;
Swev -subsidijas, kas izlietotas no ETL subsidiju fonda, EUR/gada.

(t) — laiks;

Naudas ieplude subsidiju fonda ir atkariga no starpibas starp faktiskajam un mérka CO;
emisijam, cenu starpibas starp ETL un FTL (4. att.). Cena ir izskiross faktors [emumam
par ETL iegadi. Samazinoties jauna ETL cenali, palielinasies subsidiju dala par jaunu ETL,
un, nemainoties citiem nosacijumiem, tas palielinas motivaciju iegadaties jaunu ETL. ETL
skaits valstl nosaka patérétas elektroenergijas daudzumu ETL uzladéSanai, uzlades
infrastruktiiras izbtivi degvielas uzpildes stacijas, ka arT saules PV attistibu.

Potencialos ETL pircgji var sadalit divas kategorijas: tie, kuri var atlauties iegadaties
jaunu ETL bez subsidijam, un tie, kuriem nepieciesamas subsidijas. Ta ka potencialie ETL
lietotaji iegadajas ETL, vini klast par ETL lietotajiem un tiek iznemti no "Potencialo ETL
lietotaju, kuri pien€ma l&émumu par pirkumu" krajuma ar ETL iegades atrumu, t.i., "ETL

lietotaja pieauguma atrumu” (Vien. 2.).

Pev (t)
t

= [ [Dev(t) + Ps (¢) - EVir]dt + Pev,(to) , (2.)

to
Kur (t) —laiks

Py, (t0) — sakotngjie potencialie ETL lietotaji, kuri pien@ma Iémumu par pirkumu, cilveki;

Dgy — lémums iegadaties ETL, cilveéki/gadi (iegades atrums atrums, iedzivotajiem kuriem nav nepiecieSamas
subsidijas);

EV g- ETL lietotaju picauguma temps, cilveki/gadi;

Ps— lémums par pirkumu subsidiju dél, cilveki/gadi (iegadato ETL skaita dinamika iedzivotaju grupa, kuriem

nepieciesamas subsidijas).

Lémumu par ETL iegadi ietekmé "no mutes mute" efekts (4. att.), kas ir izSkiross
virzitajspeks iedzivotaju grupa, kurai nav nepiecieSamas subsidijas ETL iegadei. Atsevisks
modulis (5. att.) tiek izmantots, lai noteiktu atrumu, kada ETL uzlades vienibas jauzstada

degvielas uzpildes stacijas. Tiek nemtas vera jau esoSo degvielas uzpildes staciju skaits un
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uzlades infrastruktiira. Ta ka tiek pienemts, ka maksimalais ETL uzlades vienibu skaits
degvielas uzpildes stacijas ir seSas, tika apsveérta arT uzlades vienibu uzstadisana arpus
degvielas uzpildes stacijam. Lidz 2021. gadam Latvija ir uzbtivétas 169 ETL uzlades
iekartas, no kuram 16 atrodas degvielas uzpildes stacijas un 11 ir publiski pieejamas
bezmaksas uzlades ierices citas vietas. Nemot vera, ka ETL uzlades infrastruktiira Latvija
galvenokart balstas uz ETL uzlades iekartam, kas atrodas arpus degvielas uzpildes
stacijam, modeli rékina ETL uzlades iekartu uzstadisanu degvielas uzpildes stacijas un art
arpus tam. Elektroenergijas patérin$ ETL uzladei degvielas uzpildes stacijas ir atkarigs no
ETL uzlades skaita un ilguma $ajas stacijas. Tiek nemts vera ari sastréguma koeficients
0.8, kas nozimg, ka 20% ETL, kas v&las izmantot uzlades pakalpojumu, to nevar izmantot,
jo pieejamie pieslégumi jau tiek lietoti, tap€c ir spiesti izmantot citu degvielas uzpildes
staciju.  ETL wuzladei nepiecieSama elektroenergija tiek aprékinata, nemot véra
elektroenergijas patérinu uz vienu km un vid&jo nobraukto attadlumu uz vienu ETL gada
(sk. 1. tabulu).

PV, visticamak, tiks uzstaditi uz degvielas uzpildes staciju jumta virsmas, un 2. tabula ir
paraditi dati, kas izmantoti degvielas uzpildes stacijas uzstadamo PV maksimalas jaudas
aprékinasanai. L€mums par ieguldijumiem PV sistémas uzstadisanai (4. att.) tiek pienemts
tikai tad, ja pasreizgja neto vertiba $im ieguldijumam ir vienada vai lielaka par nulli. Tas
nozimg, ka tikla elektroenergijas cenai ir jabut pietiekami augstai, lai raditu nepiecieSamo
energijas izmaksu ietaupfjumu naudas plismu. Ja paSreizgja neto vértiba ir mazaka par
nulli, nepiecieSsamas subsidijas tiek aprékinatas apjoma, kas nepiecieSams ieguldijuma
rentabilitates nodrosinasanai. Modeli nem veéra ari PV sakotngjo T1patngjo
kapitalieguldijumu samazindgjumu tehnologiju apguves liknes jeb efekta dél. PV
uzstadisana, lidzigi ka ETL wuzlades bloku uzstadiSana, tiek modeléta ka jaudas
palielinaganas modelis, kas sastav no vairakiem krajumiem un pliismam. Sie krajumi un
plusmas parada, ka jauda sakotngji tiek pasiitita un parvietota uz razoSanas stadija esosas
jaudas krajumiem (Vien. 3.). Vidgjais buivniecibas laiks nosaka atrumu, kada §1 jauda tiek
parvietota uz ekspluatacija esosas jaudas krajumu, t.i., "nodoSanas ekspluatacija atrums".

Iekartu vidgjais darbmiizs nosaka jaudas iznemsanas no ekspluatacijas atrumu.
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PVuc(t)
¢
= [ [01pv,(£) - Crev,(£)]dt + PVuc(to) (3.)

kur, PVuc(t)- buvniecibas stadija esoSo PV skaits degvielas uzpildes stacijas,
vienibas/stacijas;

PVuc (to) — sakotngjais blivniecibas stadija esoSo PV skaits degvielas uzpildes stacijas,
vienibas/stacijas;

Orpv,, — PV pasiitijuma atrums degvielas uzpildes stacijas, vienibas/stacijas/gados;

Crepv,y, — PV nodoSanas ekspluatacija atrums degvielas uzpildes stacijas,

vienibas/stacijas/gados.

Lai aprékinatu ar PV sarazoto elektroenergijas daudzumu, tiek uzskatits, ka uzstaditas
jaudas izmantoSanas ilgums ir 850 stundas gada, tacu §1 vertiba dazadas valstis var
ieverojami atSkirties, un butiski svarstities ari atkariba no geografiskas atrasanas vietas. Ta
ka ir iesp&jama starp PV razoSanu un ETL uzladi, tiek pienemts, ka 0,2 no PV sarazotas
elektroenergijas tiek izmantoti citiem mérkiem, nevis ETL uzladei. Nemot véra, ka saules
energijas daudzums nespés segt visu nepiecieSamo ETL pieprasijumu, dala
elektroenergijas tiek iegadata no tikla.

Modela galvenais rezultats ir CO> emisiju samazinajums, kas tiek panakts, aizstajot
fosilas degvielas transportlidzeklus ar ETL transportlidzekliem. Tiek pienemts, ka
transportlidzeklu parka kopgjais lielums saglabasies nemainigs, un p&tjjuma netika nemta
vera FTL transportlidzeklu parka dinamika saistiba ar izmantoto degvielu kombinaciju,
vecumu un no ta izrietoSajam CO> emisijam uz km. Netika nemtas v&ra arl izmainas
elektroenergijas raZoSanas strukttira attieciba uz tikla elektroenergiju. Tapéc tika pienemts,

ka COz emisijas faktori FTL un tikla elektroenergijai ir nemainigi (sk. 1. tabulu).
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1. tab. Bazes scenarija modell izmantotas vertibas

Nosaukums Vertiba Meérvieniba Atsauces
Indikativais ETL subsidiju budzets 10 Milj. EUR [70]
Indikativas  subsidijas  vienam 4500 EUR/Transportlidzekli [70]
jaunam ETL

Jaunu ETL un fosilo  33000/18000 EUR/ Transportlidzekli [71]
transportlidzeklu sakotngja vidgja

cena

Sakotngjais ETL skaits 2106 Transportlidzekli [72]
Sakotngja ETL lietotaju dala ar 0,8 bez vienibas Pien€mums
subsidijam

Jauna  ETL vidgjas  cenas 0,02 Bez vienibas, gada Pieneémums
samazinajums

Ipatngjo kapitalieguldijumu 0,025 Bez vienibas Pienémums
samazinajums PV iekartam,

Varbutiba parliecinat sabiedribas 0,4 Personas/kontaktpersonas ~ Pienémums
dalu, kura sanem subsidijas

Kontaktu Iimenis ar subsidiju grupu 6 Kontakti/personas/gads Pienemums
Varbiitiba parliecinat iedzivotaju 0,5 Personas/kontaktpersonas ~ Pienémums
grupas, kas nesanem subsidijas

Kontaktu ITmenis ar sabiedribas 12 Kontakti/personas/gads ~ Pien€mums
grupam, kas sanem subsidijas

Maksimalais uzlazu skaits vienibu 6 Vienibas/stacija Pieneémums
skaits degvielas uzpildes stacijas

(DUS)

ETL meérkis uz vienu uzlades 10 Transportlidzekli/vientbu  [73]
vienibu

DUS skaits 436 Stacijas *
Sakotngjais  ekspluatacija  esoSo 11 Vienibas *

publisko uzlades vienibu skaits

Sakotn&jais uzlades vienibu skaits 16 Vienibas *

DUS
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Uzlades iericu vidgjais kalpoSanas
laiks

Vidgjais ETL kalpoSanas laiks
Sakotngjie 1patnéjie ieguldijumi PV
energija

PV sistemas vid€jais kalpoSanas
laiks

Diskonta likme

PV jaudas blivums

PV izmérs

Degvielas uzpildes stacijas jumta
izmers

ETL elektroenergijas patérins uz km
Uzlades iekartas elektriska jauda
Jaudas maksa tikla pieslégumam par
kW

Tikla elektroenergijas cena

Pv O&M vienibas izmaksas

CO2  emisijas  faktors  tikla
elektroenergijai

Vidgjais transportlidzekla
nobrauktais attalums

Kopgjais transportlidzeklu skaits
CO, emisijas uz  degvielas

transportlidzekli uz kilometru

20

10
945

25

0,05
0,155
0,166
200

0,2
50
10

143

0,012

101

13000

749909
168

Gadi

Gadi
EUR/KW,

Gadi

kW/m?
m?/Vienibu

m?/Stacijas

kWh/km
kW/Vienibu
EUR/kW/gads

EUR/MWh
EUR/kWh
t/kWh

km/gada/Transportlidzekli

Transportlidzekli
g/km

Pienémums

Pienémums

[74]

[74]

Pienémums
[75]
Pienémums

Pienémums

Pienémums
Pienémums

Pienemums
[76]
Pienemums
[77]

[78]

[79]
(80]

* Dazadi avoti - vertibas tika iegiitas, apkopojot informaciju no dazadiem avotiem par degvielas uzpildes

stacijam un uzlades vienibu atrasanas vietu.
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2.2. Viegla ETL un dazadu uzlades infrastruktiiras attistibas scenariju iespéjamas

ietekmes elektrotiklu darbibu novértéjums

Lai novertetu viegla ETL un dazadu uzlades infrastruktiras attistibas scenariju iespgjamo
ietekmi uz elektriskas slodzes profilu elektrotiklos un tiklu tehnisko un ekonomisko
efektivitati, pétijuma tika izmantota Latvijas energosisttmas model&Sana pa stundam
visam 2050. gadam. Ka riks tika izmantota uzlabota energosistému analizes modelésanas
programmatiira "EnergyPLAN". ST modelésanas rika pamatotibu nosaka fakts, ka riks lauj
model&t energosistémas darbibu ar vienas stundas laika soli, kas irpamatoti, nemot véra
to, ka PV un VES razoSanai, ka arT uzladei, ir raksturigas biitiskas svarstibas art diennakts
ietvaros.

. Petijuma tika nemti véra tikai vieglie pasazieru transportlidzekli, jo, ka mingts Sis
transporta segments nakotné var€tu tikt elektrificets ar visaugstako varbiitibu. To
galvenokart pamato tadi apsvérumi ka nepiecieSamo transportlidzeklu un uzlades
tehnologiju pieejamiba un arl ekonomiskais pamatojums. Citas transporta nozares un
siltumapgades sektors, kas ir uzskatams par veél vienu bitisku potencialo
elektroenergijas patérina avotu, pétijuma netika analiz&tas un palika nemainigas, un $o
nozaru ietekme modell atspogulota, balstoties uz statistikas datiem par 2021. gadu.
Japiebilst, ka modelesanas procesa 2021. gads tika pienemts par modela bazes gadu.

Galvena uzmaniba tiek pievérsta AER avotu izmantoSanai, apliikojot scenariju, kura
AER saraZotais elektroenergijas daudzums varétu pilniba segt visu ETL nepiecieSamo
elektroenergiju. Modela funkcionalitate paredz iesp&ju analize ieklaut elektroenergiju, kas
razota, izmantojot v&ja, saules energiju un hidroenergiju. Transporta nozares sadala ir
iespgjams model&t transporta nozares ietekmi uz kopgjo valsts elektrotiklu. Attieciba uz
2050. gadu pétijums apskata scenariju, kas paredz pilniba partraukt fosilo degvielu
izmanto$anu un autoparku, kas sastav tikai no ETL. Sis pienémums ir batisks, lai ar

rika palidzibu butu iesp&jam noteikt prognozgjamo maksimalo elektrisko slodzi.
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6. att. Vieglo transportlidzeklu tendencu likne Latvija 2050. gadam [81].

Nakotnes prognozes par transportlidzeklu skaitu Latvija: ka redzams 6. attela, tiek
prognozets, ka pasazieru transportlidzeklu skaits Latvija palielinas lineari. Neviena cita
veida tendences likne nevarétu uzradit tik augstu korelacijas koeficientu. Atbilstosi
prognozei, 2050. gada vieglo transportlidzeklu skaits Latvija jau var&tu parsniegt 1,1
miljonu vieglo transportlidzeklu. Lai gan nakotn€ var biit prognozgjami vairaki
demografiskie un ekonomiskie apstakli, kas potenciali negativi var ietekmé&t izmantoto
transportlidzeklu skaitu, pétjuma netika veikta $adu parametru analize. , Tadejadi
elektrisko transportlidzeklu slodzes ietekme uz tiklu tika noteikta ar p&c iesp&jas vairak
lietotajiem.

Kopgjais ETL elektroenergijas patérins 2050. gada: Lai iegiitu ETL kopgjo elektroenergijas
patérinu, svarigi noteikt kop&jo ETL lietotaju skaitu (EVn), (kopgjais transportlidzeklu
skaits 2050. gada no 6. att.)), auto vidgjo nobraukumu (am, (13’000 km [82])) un vidgjo
elektroenergijas patérins, kas noteikts ka 199 Wh/km (aw) [83]. Aprékins tiek veikts,
reizinot kopa trTs iepriek§ min€tos parametrus un izmantojot zemak esoSo vienadojumu.

(Vien. 4.):

tec=evn-am-aw, 4.)

kur

am vidgjais automasnu nobraukums, km/(gab x gada);

aw vidgjais ETL elektroenergijas patérins, Wh/km;

tec  kopgjais elektroenergijas patéring, kas saistits ar elektromobiliem, Wh/gada.
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Aprekinu cela galigas iegiita vertiba ir 2,845 TWh / gada, kas attiecigi tiek izmantota
ievadei EnergyPLAN rika .

2. tab. Viedas Uzlades Sistemas Ievades Dati Programmatiira EnergyPlan.

Elektroenergijas patérins TWh/gads
Vieda uzlade 2,845
Vienkarsa uzlade 0
Viedie uzlades papildinajumi Vertiba Vienibas
Maksimalais tiklam pieslégto EV 1patsvars 20 o
(1]
maksimala pieprasijuma laika
Tikla un akumulatora savienojuma jauda 3420 MW
Stavvieta novietoto automasinu Tpatsvars,
) 70 %
kuras pieslégtas tiklam
Efektivitate (no tikla 11dz akumulatoram) 95 %
Akumulatora un tikla pieslégumu jauda
500 MW
(nodot energiju no ETL akumulatora tikla)
Efektivitate (no akumulatora Iidz tiklam) o
o

(nododot energiju no ETL akumulatora tikla)

Efektivitates koeficients, kas raksturo to, cik no tikla nodotas elektroenergijas var
tikt uzkrata akumulatora uzlades procesa, pétijuma ietvaros ir aizgiits no ieprieksgjiem
petijumiem un noteikts 0,95 apjoma [84]. ETL akumulatora ietilpiba tiek noteikta,
balstoties uz pétniecisko pienémumu, ka taja tick uzkrata elektroenergija, lai péc tam
to varétu nodot atpakal tikla, pamatojoties uz elektroenergijas tirgus cenam. Aprekina tika
nemts vera ar1 kopgjais elektromobilu skaits un vidgja akumulatora ietilpiba.
Petijuma turpmakaja gaita tika izstradati koeficienti, kuri lauj atspogulot dazadu ETL
uzlades pakalpojuma izmanto$anas paradumu ietekmi uz elektroenergijas sistémas
darbibu, prognozgjot paterina slodzi atkariba no ta, kada tipa uzlade (p&c tas atruma)
tiek izmantota ETL patérina nodroSinaSanai. Koeficientu vertibas ir balstitas reali

apkopotiem datiem, kas raksturo ETL lietotaju paradumus uzladét savus transportlidzeklus
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noteikta laika perioda, tadgjadi koeficientu vértibas iegistot ik stundu, gadu. Sads
zinatnisks pétijums tika veikts Danijas teritorija, 2018. gada [85], kur Ipasas koeficientu
vertibas tika izveidotas, iegistot elektroenergijas skaititaju datus no vairakiem uzlades
punktiem (t.sk. majsaimniecibam), ka arT aprakstot ETL lietotaju uzlades staciju lietoSanas
paradumus.
Sim pétijumam ievades datu koeficienti tiks summéti no iegfianas koeficientiem, kas
ieprieks mingtaja darba tika sadaliti pa majas, publiskajiem un atras uzlades veidiem. Lai
varétu noteikt maksimalo iesp&jamo kopgjo koeficientu starp Siem trim koeficientu
veidiem, ir japaredz procentualais atbalsts, péc kura var noteikt katra veida ETL uzlades
stacijas proporciju. Tomér procenti noraditi ka fikséts lielums visa gada garuma, un
atskiriba no stundas koeficientiem, tie nemainisies. Piem&ram, ja majas uzlades koeficients
un lietosanas Itmenis ir 1,5 (hx) un 70% gada par noteiktu diennakts stundu, 1,1 (px)
un5% sabiedriskajam stacijam, 2 (fx) un 25% atras uzlades stacijam, tad kop&jo koeficientu
iegiis zemak esosais vienadojums. (Vien. 5.):

tx=hx-70%+px-5%+ fx-25%,(5)

kur

HX majas maksas koeficients noteikta diennakts stunda;

px  publiskas maksas koeficients konkréta diennakts stunda;

fx  atras uzlades koeficients noteikta diennakts stunda;

tx  kopgjais koeficients no visiem uzlades veidiem noteikta diennakts stunda.

Lintodanas riefithjs

4 35 6 § 9 10 11 1 BB M1 l 1 i ¥ 20 2 2 I
Diennakts stunda

70-525  Scnirs — 35 10-55"  Soovrp Elektrosisiémos sliodze

7. att. ETL uzlades slodzes profila piemeérs abiem scenarijiem janvara pirmaja diena.
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leglito rezultati uzskatami atspogulo ari ETL uzlades kopgo ietekmi uz
energosistémas darbibu Latvija. Tie nem vera pieejamos datus par to, kads ir
elektroenergijas patérind majas ETL uzladém, publiskajai 1énajai ETL uzladei un atrajai
uzladei. Sadas vértibas var iegit, aprekinot kopégjo elektroenergijas daudzumu, ko patéré
atras un publiskas uzlades stacijas. Saja darba proporcionali tika aprekinats atrais un
sabiedriskais staciju paterin$ (Vien. 6) [86. 87, 88, 89, 90, 91, 92]. Par publiskajam
stacijam stacijas petijuma tiek uzskatitas stacijas lielveikalu vai benzintanku zonas, un kuru
operators nav Celu Satiksmes Drosibas direkcija vai elektroapgades uzne€mums
"Latvenergo”. Gan CSDD, gan "Elektrum" uzlades stacijas $aja pétijuma dala tiek

uzskatitas par atras uzlades stacijam.

cf="S.ec, 6.)

ccs
kur

CCS CSDD uzlades staciju skaits, gab.;

XCS uzlades staciju skaits, kuru kop&jais energijas patérin§ nav zinams, gab.;

ec  energijas patérina limenis visam CSDD atras uzlades stacijam, GWh/gada;

cf kopgjais energijas patérin§ konkrétam raZotdja uzlades stacijam, kuru kopg&jais energijas patéring

nav zinams, GWh/gada.

Ir vérts pieminét, ka daudzas no publiskajam stacijam var konkur&t ar Iidzigam energijas
plismam ar atras uzlades stacijam, tacu lielaka dala no §Tm 30 publiskajam uzlades stacijam
spgj uzladet tikai 22 kW jaudu. Kopgjais atras uzlades staciju paterins tiek aprékinats ap
1.35 GWh/gada, kas ir 25% no kopgja elektroenergijas patérina transporta sektora (~ 5.6
GWh/gada). Skaidribas labad, nemot véra 2021. gada Latvija registréto elektromobilu
skaitu (2174 gab., [93]), kopgjais elektroenergijas patérins, kas saistits ar elektromobiliem,
bija 5,6 GWh/gada, izmantojot vienadojumu. (Vien. 6). legiistot datus par publisko staciju
pieejamibu Latvija un salidzinot to proporcijas attiecibu ar CSDD staciju patérina datiem,
So staciju patérin$ tiek noteikts aptuveni 0,15 GWh/gada. Proporcija kopgja
elektroenergijas patérina tieck mérita aptuveni 3% robezas, tomér, ja publisko staciju tikla
ietilpst pakalpojumu sniedzgju “Tesla” un “lonity” atras, publiskas uzlades stacijas, kuram

ir vislielaka jauda starp jebkura veida stacijam Latvija, tad tiek pienemts, ka procents ir
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5%. Pamatojoties uz So aprékiniem, secinams, ka atras uzlades staciju Tpatsvars kopé&ja
transporta nozaré paterétas elektroenergijas apjoma ir 25% un sabiedriskas stacijas 5%.
Nemot to véra, iesp&jams aprékinat, kada dala elektroenergijas tiek patéréta majas
uzladei, kas %aja gadijuma 2021. gada ir 70 %. Sadu aprékinu veida tiek iegiti
nepiecieSamie koeficientu svari, uz kuriem balstoties tika noteikta kopgja koeficienta
vertiba katrai gada stundai. Atbilstosi kop&ja koeficienta vertibai ir iesp&jams model&t art
paredzamas maksimalas elektroenergijas sistémas slodzes slodzes.

Vertgjot iesp&ju nodrosinat transporta sektora radito energoresursu pieprasijumu, tika
nemtas veéra arl modeléSanas prognozes par paredzamo atjaunojamo energoresursu
razo$anas jaudu attistibu (galvenokart VES un PV) elektroenergijas sektora. Lai izstradatu
prognozes, tika nemts véra kopg&jais atjaunojamo energoresursu jaudu attistibas
potencials, ko pamato sist€mas operatora novértgjums par PV un VES faktisko
potencialu Latvijas teritorija, elektroparvades infrastruktiiras iesp&as. Prognozes nemts
vera ar1 razoSanas projektu un infrastruktiras attistibai nepiecieSamie termini, ka arl
paredzamo parrobezu infrastruktiiras attistibai nepiecieSamais laiks.

Energosistémas simulacija tika parbaudits scenarijs, kura 2050. gada Latvijas
elektroenergijas pieprasijums tiek segts tikai ar atjaunigu energiju, ka primaros avotus
izmantojot VES, PV un hidroelektrostaciju razoto elektroenergiju. Scenarijs paredz,
razotnes, kuru darbibai tiek izmantots fosilais kurinamais, savukart elektroenergijas
patérin§ modeléts, balstoties uz parvades sist€mas operatora prognozém par
elektroenergijas patérina piecauguma prognozéjamo dinamiku 10 gadu periodam.
Modelésanas ietvaros uzdevums bija parliecinaties, vai Latvijas elektroenergijas razo$ana
tikai no atjaunojamajiem resursiem var tikt attistita apjoma, kas pilniba sedz Latvijas
elektroenergijas patérinu, ieskaitot arl patérinu, kur§ dekarbonizacijas pasakumu
rezultata veidotos arT transporta sektora, proti, biitu saistits ar EV ieviesanu. Papildus tam
modelésana tika vertets, vai dazadiem EV uzlades pakalpojuma attistibas scenarijiem var
but ietekme uz elektroenergijas sist€mas darbibu, pieméram, samazinot vai palielinot
elektroenergijas parrobezu plismas. Tabula Nr. 3 paraditi izmantojamie elektroenergijas

razoSanas veidi un to apjomi, kas 2050. gadam tiek prognozeti Latvijas teritorija.
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3. tab. Elektroenergijas razoSanas avoti 2050. gada scenarija.

Elektroenergijas raZo$anas veids Jauda, MW
Hidroenergija 1588

VEjs§ 2070

Jiras v&ja energija 1685

PV 1297

Maza hidroenergija 31

Biomasas stacijas 232
Biogazes stacijas 182

Scenarijs ar prioritaro majas '70-5-25" uzlades profilu: Kopgjie koeficienti ir
aprekinati un saistiti ar pirmo model&to scenariju 2050. gadam, kura majokla uzlade tiek
noteikta par prioritati un svari atbilst miisdienam (2021). Tas nozime& 70% svaru majas
uzladei, 5% svaru publiskai un 25% svaru atras uzlades iespgjai.

Piem@ram, aplikojot 8. att., ir iesp&jams redzet ETL lietotaju izveidotu grafiku viena no

februara dienam, kura laika visvairak ETL tiek uzladéts stundas.

8. att. ETL uzlades paradumu tendencu grafiks konkréta februara diena "70-5-
25" uzlades profilam.
Ka redzams 8. attéla., visbiezak uzlade $aja diena tiek veikta vakara stundas. Maksimalas
slodzes tiek sasniegtas apmeram vakara stundas no 20:00 Iidz 23:00, runajot par prioritati
majas uzlades iespgjas.
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Elektroenergijas patéring: nedéln februarn

G00 920 940 950 980 1000 1020 1040

W Patériod W usjosss jstes I Exsports
B Elastiba Elektroliza Hidrosnangiya

9. att. ETL uzlades paradumu tendencu grafiks konkrétaja februara nedéela

""70-5- 25" uzlades profilam.

Ka paradits 9. attela., kas ietver arT iepriek§ min&to februara dienu, patrina grafiks visam
§1s nedelas dienam ir I1dzigs. Lielakas, izteiktakas maksimumslodzes tiek noverotas katru
dienu vakara stundas. Saja zina kopgjie koeficienti katrai sezonai starp attiecigajiem
meneSiem ir Iidzigi. Starp pasSiem gadalaikiem koeficienti ir tikai neliela nov@rojuma
novirze. Apskatot ETL lietotaju uzlades paradumus, uzlades koeficienti vasaras dienas
atSkiras ar zemaku slodzi visas dienas garuma. Lielakas pieprasijuma maksimuma vértibas
tiek noverotas tikai atseviskas dienas, piem&ram, ziemas dienas profila. Nakts un rita
dienas posmos uzlades koeficienti ir diezgan lidzigi ziemas perioda profiliem, turklat

tas ir raksturigs ari citiem gada méneSiem.
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10. att. ETL uzlades paradumu tendencu grafiks konkrétaja julija nedela "70-5-

25" uzlades profilam.

Saskana ar Siem datiem var 18st, ka ziema nepiecieSamais elektroenergijas daudzums
lai segtu pieprasito ETL uzlades energiju, biis lielaks neka vasara. Sis pieprasijums
galvenokart ir saistits ar pieprasijumu majas uzladei. Pieprasijumu raksturojosa likne
kopuma ir lidziga arT pavasarT un rudent un izlidzinas starp ziemas un vasaras pieprasijumu.
Scenarijs ar prioritaru atras uzlades profilu "35-10-55": Otraja scenarija 2050. gadam tiek
izskatta atras uzlades staciju prioritate un tas ietekme uz kopgjo elektrotiklu. Saja scenarija
svaru izvéle balstas uz pienémumiem, ka nakotng, picaugot ETL lietotaju skaitam, pie
daudzdzivoklu majam triiks uzlades staciju. Tas nozimé&tu, ka vairak lietotaju mekl&tu
iespgjas izmantot atras uzlades stacijas. Svars tiek pieskirts atbilstosi, 35% majas uzladei,
10% publiskajiem un 55% atras uzlades stacijam.

Aplukojot ar ETL uzladi saistito ietekmi uz elektrotikla maksimuma slodzeém scenarija, kas
paredz lielaku atras uzlades prioritati (11. att.), ir secinams, ka uzlades scenarija izmainam
ir identific€jama ietekme uz patérina slodzém pa stundam, tom&r maksimumslodzu stundas

nav verojamas nozimigas atskiribas.
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11. att. ETL uzlades paradumu tendencu grafiks konkréta februara diena "35-10-

55" uzlades profilam.

12. att. ETL uzlades paradumu tendencu grafiks konkrétaja februara nedela
""35-10- 55" uzlades profilam.
Savukart aplikojot scenarija ietekme uz energosisttmas darbibu ned€las griezuma,

secinams, ka izmainas, salidzinot ar iepriek$€jo scenariju, v€rojamas maksimumslodzu
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stundas (12. att).). Ja majas uzladei $1s maksimala patérina slodzes stundas bija daudz
izteiktakas, tad atrai uzladei tas ir vienmerigakas. Analizetas nedélas vidii attéls neuzrada

nebija izteiktu maksimumu, un viss dienas periods turpinajas ar vienadu pieprasijumu.
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13. att. ETL uzlades paradumu tendencu grafiks konkrétaja jilija nedela "35-10-
55" uzlades profilam.

Vasara modelis norada uz vel vél lielakam atSkirtbam. Ja majas uzladei maksimumslodzes
bija nedaudz izteiktakas vakara stundas, tad atrajai uzladei $os maksimumus var noveérot
gada siltajos periodos pusdienlaika, vai , ari tie nav novérojami, jo pieprasijums tiek
izlidzinats visas dienas garuma.
Lai salidzinatu abu scenariju uzlades slodzes variacijas un to ietekmi uz elektrotiklu, tika
model&ti slodzes grafiki katrai gada sezonai. Ka redzams 15. attgla., abu scenariju liknu
veids ziemas méneSos ir relativi lidzigs. Majas "70-5-25" uzlades scenarijam ir lieclakas
virsotnes vakara stundas, tatu kopgjie maksimumi abiem grafikiem ir lidzigi. Atras uzlades

scenarijs "35-10-55" atstaj lielaku ietekmi uz dienas stundam.
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14. att. Uzlades slodzes profila salidzinajums abiem scenarijiem konkréta

februara nedéla

Pavasara ménesos (sk. 14. att.) atras uzlades scenarija liknes grafiks "35-10-55" ir Iidzigs
ziemas perioda profilam, bet majas "70-5-25" uzlades scenarijam maksimumi ir daudz

lielaki.
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15. att. Uzlades slodzes profila salidzinajums abiem scenarijiem konkréta

aprila nedéla
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Vasara (sk. 15. att.) joprojam veérojama tada pati tendence, ka majas "70-5-25" uzlades
scenarijs prasa lielaku elektrisko jaudu tajas pasas vakara stundas. Turklat ir iesp&jams

noverot, ka maksimums tiek sasniegts pat rita stundas atras uzlades "35 -10-55" scenarijam.
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16. att. Uzlades slodzes profila salidzinajums abiem scenarijiem konkréta

augusta nedéela
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17. att. Uzlades slodzes profila salidzinajums abiem scenarijiem konkréta

novembra nedéla
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Rudent (sk. 17. att.) ir iesp&jams redzet, ka noteikta diena atras uzlades "35 -10-55"

scenarija maksimums prognoz€jams lielaks neka majas "70-5-25" uzlades scenarijam.

Spriezot p&c informacijas, kas iegiita no EnergyPL AN rika, grafikos atspogulotais rezultats

tiks apstiprinats arT ar model&Sanas rika palidzibu. No tikla pieprasitas jaudas apjoms ir

nedaudz augstaks vasaras periodos, 1pasi julija. To var redzet tabula Nr. 4.

4. tab. Vidgjais elektroenergijas slodzes pieprasijums meénesi viedajai uzlades

sistemai.

Meénesis Prioritate majas uzladei, MW Prioritate atrai uzladei, MW
Janvaris 308 307
Februaris 308 307
Marts 308 307
Aprilis 308 307
Maijs 307 307
Junijs 308 308
Julijs 310 312
Augusts 307 307
Septembris 308 307
Oktobris 308 307
Novembris 307 307
Decembris 308 307
Gada 851 654
maksimums

Lai gan visas vertibas ir lidzigas, scenarija, kas paredz lielaku majas uzlades Tpatsvaru

tiek noveéroti lielaki jaudas maksimumi. To var redzet arT péc gada maksimalas jaudas

pieprasijuma vértibas. ST vértiba ir gandriz par 200 MW augstaka scenarija, kas paredz

liclaku majas uzlades Tpatsvaru, kas nozimé, ka elektroenergijas razoSanas tehnologijas,

kas sp&j nodrosinat §adu jaudu, blis nepieciesamas noteikta stunda. Programmatiira nav

iesp&jams noteikt, kura stunda $ads maksimums ir redzams visa gada laika. Tomer,
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apliikojot ieprieks mingtos grafikus, var arT secinat, ka, nemot véra lielo jaudas diapazona
atSkiribu starp abiem scenarijiem, visticamak, biis vairaki $adi periodi ar izteiktam

maksimumslodzém .

ETL ietekmes uz tikla slodzi modelésana tika veikta, izmantojot Latvijas datus par
kopgjo elektroenergijas pieprasijumu vajadzibam, kas nav saistitas ar elektromobilitati, ka
ari kopgjo tikla uzstadito jaudu. Saja pétijuma dalam tika izdariti vairaki pienémumi par
ETL un no fosila kurinama iegtitu pasazieru transportlidzeklu raksturlielumiem, ka art

Tpatngjam CO> emisijam un izmaksam (5. tabula).

5. tab. Galvenie aprékiniem izmantotie parametri un pienémumi saistiba ar

transporta un CO: emisiju raksturlielumiem

Parametrs Vertiba
Pasazieru ETL vidgjais Tpatngjais
elektroenergijas patérins (kWh/km) 0.196
Vidgjais pasazieru nobraukums gada ETL
(km/gada)** 13000
Fosilas degvielas pasazieru transportlidzeklu gada
vidgjais energijas patérin$ (kWh/gada) 13152
Vidgjas CO; emisijas no pasaZieru ETL Latvija (kg/gada) 509.6
Vidgjas CO: emisijas no vieglajiem fosilas

2600
degvielas transportlidzekliem Latvija (kg/gada)
Vidgja nepieciesama uzlades jauda uz ETL (kW) 10
CO; emisiju cena (EUR/) 25

[Datu avots: Eiropas Komisija, Latvijas Celu satiksmes drosibas direkcija; Elektrisko

transportlidzeklu datu bazes https://ev-database.org/]

Aprékini veikti, pienemot, ka ikgadgjais investiciju skaits elektroenergijas sadales sistéma
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tiek saglabats esosaja Iimeni. Tas ir balstits pienémuma, ka ETL skaita pieaugums visos
gadijumos nav saistits ar nepiecieSamibu ieguldit elektrotikla. Dazu pétfjumu rezultati
liecina, ka integrgjot ETL uzlades infrastruktiiru tikla, tikla operatoriem ir plass iesp&ju
klasts tikla slodzes optimizacijai. Tadgjadi tiklos planoto ieguldijumu apjoms bitu
jauzskata par lémumu, kas galvenokart ir saistits ar tikla vispargjo ieguldijumu un
regulativo politiku vai pat politiskiem l€mumiem, nevis par parametru, kas ir tiesi saistits
ar paterétaju pieprasijumu. Tomer modelis ietver arT iesp&ju salidzinat scenarijus ar papildu

ieguldijumiem tikla.

6. tab. Galvenie parametri un pienémumi, kas izmantoti sadales tikla efektivitates

aprekinaSanai
Parametrs Vertiba
Uzstadita sadales tikla jauda (MVA) 6118
Pieprasita sadales tikla jauda (MVA) 11503
Maksimalais pieprasijums Latvijas tikla 2020. gada
(MVA) 1250
Pienemtais sadales tikla vienlaicibas koeficients,
ieskaitot ETL uzladi 3
Vidgja gada jaudas maksa (fiksétas izmaksas) tikla
(EUR/MVA gada) 2464
Vidgja jaudas sadales maksa (mainiga dala) (EUR/kWh)
0,04399

Veikta analize palidz noveértét, ka ETL attisttba var uzlabot esosas elektrotikla
infrastruktiras ekonomiskos raditajus. To var arT izmantot, lai modelétu alternativu
attistibas scenariju rezultatus ar tadiem mainigiem parametriem ka papildu investicijas
tikla, elektroenergijas tarifu struktiiras izmainas vai tarifa izmainas. Nemot to véra, $aja
pétijuma dala tika izstradati aprékini, kas parada ar ETL saistita elektroenergijas patérina
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un investiciju pieprasijuma ietekmi uz elektroenergijas sadales sistémas darbibas
izmaksam.

Petijumi par ETL uzlades infrastruktiiras attistibu lidz $im liecina, ka biitiska ietekme
uz pieprastjumu pec dazada veida ETL uzlades iekartam var attistities vairakos iespgjamos
scenarijos no kuriem katram ir raksturiga atskiriga potenciala ieteckme uz tikla slodzi, ka
ar1 lietotaju uzvedibu. Ir konstatéts, ka ETL lietotaji parasti dod prieksroku uzladei
majsaimnieciba (aptuveni 50 Iidz 80% gadijumu), ka arT darbavietas (no 15 lidz 25%
gadijumu), un tikai aptuveni 10% uzlades notiek sabiedriskas, publiski pieejamas uzlades
vietas [94]. Tika arT secinats, ka uzlades pakalpojumu pieejamibai lietotaju maja ir izSkirosa
ietekme uz pieprastjumu péc uzlades jaudas un jaudas dazadas tikla sprieguma kategorijas.
Piemé&ram, Vacija, kur salidzinosi liels iedzivotaju skaits dzivo individualas majas (ar
pieejamu uzladi pagalma vai garaza), galvenokart tiek pieprasita mazjaudas uzlade (Iidz 22
kW), un Sis pieprasijums neprasa ieveérojamus ieguldijumus tiklos. Savukart Niderlandg, kur
ir registréta ievérojami zemaka uzlades pieejamiba majas, pieprasijums péc publiskiem
uzlades punktiem bija lielaks [95]. Sie p&tijumi apstiprina, ka nav skaidras korelacijas starp
pieaugoso uzlades jaudu un faktisko elektroenergijas sadales sist€mas slodzi. No ta izriet,
ka gadijumos, kad tikla jauda kopuma sp&j apmierinat paredzamo kumulativo ETL
pieprasijumu, nav pieradijumu, ka ETL skaita pieaugums korel€ ar ieguldijumiem tikla, jo
tikla operators var bt elastigs attieciba uz ieguldijjumiem un veicinat tikla jaudas
ekonomisku izmantosanu, tadgjadi ietekm&jot paterétaju uzvedibu un paradumus [96], [97].
Ir ar secinams, ka biezi vien uzlades infrastruktiiras blivumam, nevis pieskirtajai jaudai
katra no uzlades stacijam ir izSkirosa loma ETL izmantoSanas veicinasana [98], [99] [100].
P&tijumi arT norada uz loti sp&cigu korelaciju starp konkrétu regionu iedzivotaju struktiru,
dzivojamo €ku tipu, iedzivotaju blivumu un elektromobilitates lietoSanas paradumiem un
l1dz ar to arT konkréta veida uzlades infrastruktiiras attistibu [101]. Piem&ram, tieck uzsverts,
ka Niderlandg, kur savrupmaju izplatiba un pieejamiba ir salidzinosi zema, valsti raksturo
lénas uzlades staciju attistiba, un §Ts stacijas ir attistijusas loti augsta blivuma. Uzlades
staciju skaits ir ievérojami lielaks, un tas atrodas tuvak viena otrai neka valstis, kur ETL
uzlade atrodas majas un ir liela atras uzlades punktu izplatiba [96]. Biitiskakais secinajums,
kas jaizdara no lidz §im veiktajiem pétijjumiem par elektromobilitates uzlades pakalpojuma
attistibas scenarijiem un ta saistibu
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ar citiem socialekonomiskiem faktoriem, ir tads, ka, lai gan elektromobilitates sakotngjo
attistibu liela méra nosaka valstu socialekonomiskas norises, to biitiski var ietekm&t art
politikas un infrastruktiiras parvaldibas lémumi. lesp&jama situacija ka valstis ar augstu
Iénas uzlades pakalpojumu elektromobilus var izmantot vienlidz intens1vi ka valstis ar plasi
izplatitu atras uzlades infrastruktiiru [102], [103]. No energoapgades infrastruktiiras
attistibas viedokla §is konstatgjums ir loti svarigs, jo tas norada, ka politikas veidotajiem ir
jaizvelas vairaki iesp&jamie infrastruktiiras attistibas scenariji, kas tiesi ietekme pasakumu
ietekmi uz elektroenergijas tikliem un ieguldijumiem tiklos [104][105]. Jaatzimé, ka
atskiriba no daudziem citiem sabiedribas energijas patérina paradumiem, elektromobilitatei
nav vienas kopigas un izteiktas patérina tendences, kas precizi atspogulotu tas ietekmi uz
tikla veiktsp&ju. Nav pietickamu pieradijumu, kas liecinatu, ka ETL izmanto$anas modelis
ievérojami atskirsies no fosila kurinama transporta izmantosanas modela, un tadgjadi var
pienemt, ka maksimalais ETL lietojums tiks sasniegts rita stundas un vakara stundas.
Vesturiskie dati arT liecina, ka transporta izmantosanas paradumiem dienas laika nav art
tiesas korelacijas ar transportlidzeklu degvielas uzpildes vai uzlades pieprasijumu, lidz ar
to Sobrid nav pamata uzskatit, ka §T tendence mainisies, palielinoties ETL Tpatsvaram, un
atspogulosies arT elektrotikla darbiba [106].

No elektromobilitates pétijuma var secinat, ka elektriskas uzlades staciju vispargja
planosana parasti ir optimizgta, kas nodrosina uzlades pakalpojuma pieejamibu atkariba no
regiona mobilitates paradumiem (pieméram, vid€jais parvietoSanas attalums, mobilitate
pilséta vai arpus pilsétas). Optimizeta planosana ievérojami samazina ETL kopgjo uzlades
blivumu noteikta apgabala, ka arT So uzlades staciju nepieciesamo elektrisko jaudu [107].
Daudzos gadijumos uzlades punktu faktiska atrasanas vieta var biit elastiga un nemt véra
arT vairakus citus planosSanas aspektus, piemé&ram, €kas teritorijas pieejamibu, uzlades
punkta mijiedarbibu ar citiem publiskas infrastruktiiras objektiem (piemé&ram, ttrisma
galamérkiem vai citiem sabiedrisko pakalpojumu objektiem) [108]. P&tjjumu rezultati
liecina, ka gan nepiecieSsamiba p&c Tpasa uzlades staciju blivuma konkréta teritorija, gan no
ta izrietosa ietekme uz tiklu liela méra ir atkariga no iedzivotaju blivuma, ka arT no esosa
tikla tehniskajam 1pasibam un stavokla. Nemot vera Sos secinajumus, konsultgjoties ar

elektroenergijas sadales uznémuma "Sadales tikls" specialistiem, tika veikts Latvijas
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elektroenergijas sadales sistémas tikla svarigako tehnisko ipatnibu novért&jums. Minétas
tehniskas TIpatnibas ietekm& gan potenciali nepiecieSsamo investiciju apjomu
elektromobilitates attistibai, gan tikla tehniskos un ekonomiskos raditajus nakotng. P&c
uznémuma "Sadales Tikls" apkopotajiem datiem, Latvijas publisko sadales tiklu kopgjais
garums ir aptuveni 93 000 km (neskaitot neatkarigos sadales operatorus), kas nozimg, ka
kopgjais tikla garums uz 1 000 iedzivotajiem ir aptuveni 48,1 km [109]. Salidzinajumam,
p€c Igaunijas un Lietuvas statistikas, t.i., [gaunijas sist€mas operatora “Elektrilevi” [110]
un Lietuvas sist€mas operatora £SO, publiska sadales tikla garums uz 1 000 iedzivotajiem
ir aptuveni 45,1 km Igaunija un 46,1 km Lietuva. Tas nozimg, ka Latvija tikla uzturéSanas
un kapitalieguldijumu atgtisanas izmaksas tikla lietotajiem ir augstakas neka kaiminvalstTs.
Savukart elektroenergijas patérin$ 2020. gada, péc ‘“Nord Pool” apkopotajiem datiem,
Lietuva sasniedza 11,84 TWh, Igaunija — 7,95 TWh un Latvija — 7, 059 TWh, kas liecina,
ka arT elektroenergijas patérin$ uz 1 km tikla garuma Latvija zemakais, t.i., vidgjais uz
kilometru tikla sarazotas elektroenergijas Lietuva sasniedza 91 MWh/gada, 132,5
MWh/gada Igaunija un 76 MWh/gada Latvija.

Lai gan Sos skaitlus var uzskatit par vispar&ju salidzinajumu, kas nesniedz precizu
ieskatu elektroenergijas sadales tikla ekonomiskajos aspektos, tie parliecino$i norada uz
butiskam elektrotikla Tpatnibam Latvija. Proti, to raksturo zema slodze uz tikla garumu, kas
ar1 veicina tikla ekonomiskas efektivitates pazeminaSanos. Nemot to véra var secinat, ka
Latvijas elektrotiklam Sobrid ir nelabveéliga ekonomiska darbibas vide un tehniskie
priek$noteikumi ta darbibai neka kaiminvalstis. Lidz ar to v€lams palielinat kopgjo
elektrotiklu noslodzi un valsts elektroenergijas patérinu Latvija. Sads secinajums izriet art
no sadales sistémas operatora tarifa pamatprincipiem un pielaujamas ienémumu
aprékinasanas metodikas [111]. No uzn€muma parstavju pausta viedokla var secinat, ka
nozimigakie modernizacijas darbi un ar tiem saistitas investicijas tikla, kas saistitas ar
elektromobilitates difuziju, ir gaidamas tikla zemsprieguma dala (parsvara 0,4 kV tikla),
ko parasti raksturo zemakas specifiskas investicijas uz kilometru. Esosa tikla tehniskais
stavoklis ir salidzinosi labs, ko apliecina uzlabojumi tikla pakalpojumu SAIDI un SAIFI
[109].

Latvijas sadales tikla kopgjo zemo slodzi raksturo ari sadales tikla esoSo tikla
transformatoru uzstadito jaudu un patérétaju pieprasitas jaudas salidzinajums (., no kura
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var secinat, ka pat maksimala patérina apstaklos sisteémas kopgja slodze paliek krietni zem
transformatoru maksimalas jaudas un mazak neka 30% no teorétiskas jaudas (faktiskais
pieprasijums, ko var apmierinat ar transformatoru uzstadito jaudu, var maintties atkariba
no faktiska jaudas koeficienta, slodzes absorbétas realas jaudas attieciba pret Skietamo k&de
plustoso jaudu). Tapéc tikla jaudas novert&jums liecina, ka Latvijas elektrotikls potenciali
spgj nodrosinat teorgtisko pieprasijuma slodzi, kas parsniedz esoSo slodzi pat 4 reizes.
P&tijumi arT liecina, ka kopg&jais ETL uzlades vienlaicibas koeficients biitiski neatskiras no
kopgja faktora citiem patérina veidiem, jo katru dienu tiek izmantoti aptuveni tikai 78%
transporta, un vienlaicibas koeficients ETL wuzladei sasniedz tikai aptuveni 50%
ekstremalakajos scenarijos [112]. Novert&jums apstiprinaja, ka tikla kopgja jauda joprojam
ir pietickama, lai nodro$inatu visu registréto un aktivi izmantoto transportlidzeklu (tostarp
kravas automobilu un pasazieru autobusu) pilnigu nomainu Latvija, kas atbilst aptuveni 1
miljonam transportlidzeklu. P&c uznémuma "Sadales Tikls" specialistu domam, arl
planotas investicijas un modernizacijas programma tiek uzskatita par svarigu
prieksnoteikumu elektromobilitates attistibai, tacu kopuma nav iesp€ams identificet
investicijas, kuram vajadz&tu biit tiesi saistitam ar pieprasijumu p&c pakalpojumiem, ko
rada elektromobilitates attistiba. Kopuma papildu nepiecieSsamo investiciju apjoms
periodam no 2022. Iidz 2026. gadam ir noteikts aptuveni 100 miljonu EUR apméra, kas
veido vidgjo gada investiciju pieprasijumu aptuveni 20 miljonu EUR apméra jeb par
aptuveni 20% vairak neka paSreizgjais vid€jais gada raditajs. Nemot véra uznémuma
kopgjos darbibas ienakumus 320 miljonu eiro apmeéra, kuri bija raksturigi regulativajam
periodam no 2020. gada, kas attiecigi atspogulo uzn€muma sniegta pakalpojuma faktiskas
izmaksas, var secinat, ka uzn€muma investiciju programma $o modernizacijas pasakumu
IstenoSanai atbilst aptuveni 6% no uznémuma gada apgrozijuma.

Pétijuma, kura vértéta elektrotransporta lietoSanas ietekme uz tikla pakalpojumu
model&Sana tika veikta, izmantojot speéka esoSos publiskos sadales tarifus, publiski
pieejamas elektroenergijas un degvielas cenas, ka arT publiski pieejamu informaciju par
konkrétu auto modelu cenam. Model&sana tika veikta, izmantojot modeli, kas izveidots
programma Microsoft Excel, un, pamatojoties uz formulam, kuras tika nemti véra sekojosi
lielumi: mainigas un fiksétas izmaksas saistiba ar tikla pakalpojumiem, to svarstibas
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atbilsto$i dazadiem scenarijiem; izmaksas, kas saistitas ar energijas piegadi (dizeldegvielas
vai elektribas veida); ka arf izmaksas par elektroenergijas izmanto$anu merkiem, kuri nav

saistits ar mobilitati. Analize veikta katram no scenarijiem, kas aprakstiti talak p&tjjuma.

Vairaki pienémumi par ekonomiskajiem faktoriem parametriem un ar tiem saistito
ietekmi tika izdarTti vai iegliti no nozares statistikas (7. tabula), un tas ir balstits uz scenariju,
ka ETL uzlade pienemtajam mobilitates vajadzibam tiek nodroSinatas ar majsaimniecibas
elektroenergijas pieslégumu. Pétljuma netika icklautas citas uzlades iespg&jas, pieméram,
dargaka atra uzlade vai bezmaksas publiska uzlade. Turklat tika analizéts arT scenarijs ar
pilniba autonomas PV sisteémas uzstadiSanu un energijas uzkrasanu. Tomer jau sakotn&ja
modeléSana atklaja, ka salidzinajuma ar citiem scenarijiem ikgad€jas energijas un
mobilitates izmaksas $aja scenarija ir augstakas neka citos scenarijos, tapéc tas netika
atspogulots pétljuma gala rezultatos. Sadam scenarijam bitu nepiecieSsams papildu
salidzinajums ar scenariju, kas ietver jauna elektroenergijas tikla piesléguma un attiecigas

infrastrukturas biivniecibu un finansé$anu.

7. tab. : Galvenie aprekiniem izmantotie parametri un pienémumi

Parametrs Vertiba
Pienemtais gada elektroenergijas patérin$ bez ETL
(kWh) * 3600
Fiksetas tikla izmaksas (3 fazes, 20A pieslegums)
EUR/menesT * 7.66
Tikla pakalpojumu maksa (mainiga) EUR/kWh **

0,04076
Tikla maksas un nodokli (mainigi) EUR/kWh) **

0,0717
Gada nobraukums, km *** 13 000
Izmaksas par 1 litru dizeldegvielas, EUR 1,25
Dizeldegvielas zemakais sadegSanas siltums litra, kWh

10,84
Izmaksas par 1 kWh dizeldegvielas, EUR

0,115
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Dizeldegvielas paterins, kWh/km 0,6504
Elektroenergijas patérin$ mobilitatei uz 100 km, kWh

19,6
Elektroenergijas patérin$ mobilitatei uz km, kWh/km

0,196
Elektroenergijas vienibas izmaksas no tikla, EUR/kWh

0,053
Uzstadita PV (PV) jauda, kW 5,44
PV uzstadiSanas izmaksas uz 1 kW, EUR 1194
Kopgjas PV uzstadisanas izmaksas, EUR 6 495
PV sarazotais elektroenergijas daudzums, kWh/gada

5457
PV elektroenergijas razoSanas izlidzinatas izmaksas (LCOE) 10
gadu periodam, EUR/kWh

0,119
Dizeldegvielas patérins (kWh) uz 1 km, kWh/km

0,6504
Dizeldegvielas patérin$ energijas vienibas gada, kWh/gada

8455
Elektroenergijas patérin$ mobilitatei gada, kWh/gada ****

2548
Dizelmotora transportlidzekla iegades izmaksas, ieskaitot 7 gadu
finansé$anu un registraciju (Nissan Qashqai), EUR***%* 25750
ETL iegades izmaksas, ieskaitot 7 gadu finansgjumu un 32262

registraciju  (Nissan Leaf), EUR****
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Gada nodoklis dizelmotora transportlidzeklim ar COz izmeSu 132
daudzumu 188 g/km, EUR **

Energijas akumulacijas iekartas iegades (23,04 kWh) izmaksas | 17546
(EUR)

[Datu avots: *Eiropas Komisija; **AS Sadales Tikls; Latvijas Celu satiksmes drosibas direkcija; ****

Elektrotransportlidzeklu datu baze https://ev-database.org/ Razotaja ieteikta cena, ieskaitot finanséSanas

izmaksas 7 gadu periodam un sakotngjas registracijas izmaksas ]

Ir pamats uzskatit, ka saules energijas razoSanas iekartu un ETL uzlades tehnologiju
ekonomiskas sinergijas efekts Latvijas apstaklos primari ir svarigs scenarijam, kura gan
saules energijas razoSanas iekartas, gan ETL uzlades iekartas pieder lictotajam un tiek
pieslégtas publiskajam tiklam ar vienu pieslégumu. Lai novertétu sinergiju ekonomisko
ietekmi, ir lietderigi salidzinat ekonomiskos ieguvumus un izmaksas lietotajam ar vairakiem

alternativiem scenarijiem (8. tab.):

8. tab.: Modelesana izmantotie lietotaja mobilitates un energoapgades scenariji.

1. scenarijs 2. scenarijs | 3. scenarijs | 4. scenarijs
Elektroapgade no | Izmanto Izmanto Izmanto Izmanto
tikla
Elektroapgade no | Neizmanto Neizmanto | Izmanto Izmanto
PV
ETL Neizmanto Izmanto Neizmanto Izmanto
Ieksdedzes Izmanto Neizmanto | Izmanto Neizmanto
transportlidzeklis
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1. Scenarijs, kura lietotdjs izmanto elektroenergijas pieslégumu publiskajam tiklam,
neizmanto saules energijas iekartas un izmanto fosila kurinama transportlidzekli ("No tikla

iegltas elektroenergijas un fosila kurinama transportlidzekla izmantoSana").

2. Scenarijs, kurd lietotdjs izmanto analogas jaudas elektroenergiju publiska tikla
pieslégumam, neizmanto saules energijas razoSanas iekartas, bet izmanto elektromobili un

nodrosina ta uzladi savas robezas ("Elektrotikla un ETL elektroenergijas izmantoSana")

3. Scenarijs, kura lietotajs izmanto gan elektroenergiju ar analogu jaudas pieslégumu
publiskajam tiklam, gan saules energijas razoSanas iekartas, bet gan fosilas degvielas
transportlidzekli ("No PV un fosilas degvielas transportlidzekla ieglitas energijas

izmantosana").

4. Scenarijs, kura lietotajs izmanto gan analogas jaudas elektribas pieslégumu
publiskajam tiklam, gan saules energijas razo$anas iekartas, ka arT ETL, nodro$inot uzladi

savas robezas ("Energijas izmanto$ana no PV ar ETL").

Lai nodroSinatu péc iespgjas pilnigaku saules un ETL uzlades sinergijas scenarija
salidzinajumu ar dazadiem alternativiem ekonomikas scenarijiem, tika veikts salidzinajums
starp gala izmaksam uz vienu energijas vienibu (kWh) kop&jam energijas patérinam un
energijas patérina gala izmaksam, nemot véra gan energijas patérinu transporta vajadzibam,
gan citam vajadzibam. Sads salidzindjums batu pamatots ar to, ka atbilstodi Latvijas
elektroenergijas sadales tarifu struktirai elektroenergijas patérina izmaksas galalietotajam
papildus dazadiem energijas izmantoSanas scenarijiem ietekm& ne tikai patéréta
elektroenergija, bet art virkne citu faktoru — pieméram, piesléguma slodzes efektivitate un
intensitate, attiecinamas nodok]u likmes, ka arT lietotaja ieradumi [113], [114]. Atseviskos
gadijumos, pieméram, kad elektroenergija tick razota, lai segtu paSpatérinu, elektroenergijas

nodoklis vispar nav jamaksa.

2.3. Smaga transporta elektrifikacijas ar ar sintétisko degvielu palidzibu

modelé§ana, nemot véra AER jaudu attistibu un ietekmi uz tiklu

Petijuma iepriek$&ja gaita ir secinats, ka viegla pasaZieru transporta dekarbonizacija

parejot uz ETL, ir ekonomiski pamatota un arT tehniski iesp&jama, tomér kravas transporta
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elektrifikaciju butiski ierobezo fakts, ka kravas auto lietosanas intensitate kopuma ir
ieverojami augstaka, neka vieglajam transportam. Turklat, kravas automasinu razoSanas
segmenta razotaji intensivi izverté iesp&jas arl izmantot sintétiskas degvielas, kuras ir
razotas no atjaunojamas energijas. Balstoties uz to, arT $aja pétijjuma ka ticamakais
scenarijs tika izvertéts scenarijs, kas paredz smaga transporta dekarbonizaciju ar sintetisko
degvielu, kas raZotas no elektroenergijas, palidzibu. Saja pétijuma, kura mérkis ir noteikt
tehniskas perspektivas smaga transporta dekarbonizacijai ar sintgtiskajam degvielam, tika
veikta Latvijas energosisttmas modelesana, izmantojot riku "EnergyPlan" [18], nemot
véra ari paredzamo atjaunojamas elektroenergijas raZosanas jaudu attfstibu. Pamatojoties
uz viedas energosistémas koncepciju, riks "EnergyPlan" tiek plasi izmantots, lai model&tu

nakotnes energijas scenarijus [115], [116], [117]

Modela piemérosana Latvijai balstfjas uz parvades sist€émas operatora un citu par
energ@tikas nozari atbildigo institiiciju sniegtajam attistibas prognozém. Lai pamatotu
modela izmantoSanu, tika veikta ta validacija, kas ietvéra Latvijas energosist€émas
ekonomisko un energobilances modelésanu 2017. gadam un iegito rezultatu ar faktiskajiem
§1 gada raditajiem salidzinajumu. Modela ievade bija tadi sist€mas parametri ka dazadu
energijas avotu jauda, razo$ana un ieguldijums. Sos parametrus atseviski pieméro
konkrétiem, ieprieks definétiem scenarijiem, kas atspogulo konkrétu ieguldijumu [émumu
un politikas pasakumu ietekmi. Lai novertetu Latvijas energosisteémas attistibas
perspektivas, un noteiktu paredzamo AER elektroenergijas razo$anas jaudu attistibu, ka ari
to ietekmi uz oglekla emisiju samazinajumu tika izmantoti pieci dazadi scenariji: "ierastas
darbibas" = scenarijs, atjaunojamas energijas attistibas scenarijs, kas paredz proaktivu
atbalstu saules un v&ja energijai; energoefektivitates scenarijs, kas paredz koncentréties uz
energotaupibas pasakumiem; kombingtais scenarijs, kas paredz kombingtus stimulus gan
atjaunojamas energijas attistibai, gan centieniem samazinat energijas pat€rinu; ka ari
elastibas scenarijs, kas paredz koncentréties uz energijas patérina elastibas tehnologiju un
stimulu ieviesanu un atbalstu. Detaliz&ts parametru apraksts katram scenarijam ir sniegts 8.
tabula, paredzot, ka v&ja energijas jaudas ierobezojums aptuveni 1200 MW apméra tiek
noteikts atbilstosi esoSajai augstsprieguma tikla jaudai un energoresursu pieejamibai véja

energijas balanséSanai
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9. tab. : Galvenie ievades parametri un pienémumi modelétiem scenarijiem.

Ievades parametri | Ierastas AER Energoefektivitates | Kombinétais Elastibas
scenarijiem un | darbibas scenarijs .. scenarijs scenarijs
scenarijs

pienemtas vertibas o

scenarijs
1.Elektroenergijas 13.85 13.85 9.87 9.87 16.46
patérin$ gada (TWh)
2. Uzstaditas PV | 41 300 41 300 129
jaudas (MW)
3. Uzstaditas VES | 678 1200 678 1200 978
jaudas (MW)
4. Vidgjais | 95 95 43 43 95
siltumenergijas
patérins (KWh/m?)
5. ETL skaits (takst.) | 300 350 350 350 550
6. Vidgjais investiciju | 70 100 200 200 100
apjoms majoklu
renovacijai (EUR/m?)

Papildus galvenajai analizei tika veikta jitibas analize par tadiem bitiskiem ievades
parametriem ka elektroenergijas vairumtirdzniecibas cena, dabasgazes cena un oglekla
emisiju cena, lai noteiktu to ietekmi uz viena no ierosinatajiem attistibas scenarijiem, AER
scenarija, darbibu, kura galvena uzmaniba pieversta intensivai atjaunojamo energoresursu
energijas razoSanas jaudu attistibai un to turpmakai ipatsvara palielinaSanai kopgja
energoresursu struktiira. Jutibas analize paredzgja salidzinat tris scenarijus: bazes scenariju,
kas tika izmantots ka noklus€juma ievades parametrs visos analizes scenarijos; zemu cenu
scenarijs, saskana ar kuru prognozetas cenas bija par 20% zemakas neka bazes scenarija;
augstas cenas scenarijs, saskana ar kuru katras ievades vertibas prognozgetas cenas bija par

20% augstakas neka bazes scenarija.
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Scenariju modelésanas rezultatu analize apliecin3ja, ka kopuma gan no tehniska, gan
ekonomisko apsvérumu viedokla, Latvijas elektroapgadde ar atjaunojamiem
energoresursiem ir tehnologiski un ekonomiski principiali iesp&jama, un to apjoms ir
pietickams, lai nodrosinatu arT transporta sektora iesp&jamo pieprasijumu. Nemot to vera,
papildus tika turpinata papildus scenariju modelé$ana un analize, lai taja nemtu véra ari
transporta sektora iesp&jamo ietekmi uz energoapgades sisteémas darbibu, papildinot ar ar
atjauninatiem datiem, un veicot modeléSanu pamatojoties uz jaunakiem pieejamiem
datiem. Nakotnes scenariju model&sana 2050. gadam, noteica nepiecieSamas v&ja turbinu
jaudas, lai apmierinatu energijas pieprasijumu tdenraza un talak sintétisko degvielu
razo$anai, kas apmierina kravas automasinu, kugu un gaisa transportlidzeklu pieprasijumu.
Tika izveidots un validéts eso$as sistémas modelis, kas balstits uz Latvijas energoresursu
bilanci 2021. gadam. P&c tam Sis modelis tika izmantots, lai izveidotu tris nakotnes

scenarijus.

1. scenarijs — " Visticamakais"
"Visticamakais" scenarijs ir balstits uz Latvijas elektroparvades tikla operatora AS
“Augstsprieguma Tikls” veiktajam nakotnes prognozém par elektroenergijas pieprasijumu
un razoSanas jaudam no atjaunojamiem energoresursiem [118]. Prognozes sniedzas lidz
2032. gadam, un dati tika ekstrapoléti uz 2050. gadu, pienemot tadu pasu piecauguma
tendenci. Tika prognozets, ka 2050. gada kopgja elektroenergijas raZzosanas jauda bus 7085
MW, no kuriem 1297 MW biis PV, 2070 MW - sauszemes v&ja elektrostacijas (VES) un
1685 MW - juras VES. Gada elektroenergijas pieprasijums, kas izslédz hidrolizes iekartu
patérinu, ir 9,9 TWh. Ir ieklauta sintétiska kurinama uzglabasana, kas sp&j segt 10% no
gada pieprasTjuma p&c sintétiskas degvielas razo$anas. Saja scenarija VES un PV jauda var
bt nepietickama, lai piegadatu energiju sintétisko degvielu razoSanai noltka pilniba
dekarbonizét kravas transportu, aviaciju un kugu transportu. Saja scenarija bitu
nepiecieSams elektroenergijas imports.
2. scenarijs — "Maksimala atkrastes véja energija"

Pamatojoties uz 1. scenarija rezultatiem, 2. scenarijs tika izveidots, balstoties uz
energosistému, kas var nodro$inat pietickami daudz elektroenergijas, lai raZotu sintétiskas

degvielas visam lieljaudas transporta sektoram no VES un PV. Atkrastes v&ja parku jauda
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tika palielinata tada meéra, lai nodrosinatu Latvijas energoapgadi gada griezuma, un
vienlaikus paredzot butiskus apjomus no saraZotas elektroenergijas eksportét.
3. scenarijs — ""Maksimala sintétiskas degvielas uzglabasana"

Arf §is scenarijs ir balstits uz 2. scenarija rezultatiem. Saja scenarija energosistémai tika
pievienota sintétiskas degvielas uzglabasana, ka ar1 VES jauda un sarazotie apjomi.
UzkraSana palielina VES un PV sarazotas elektroenergijas dalu, paredzot to novirziti
sintétiska kurinama razoSanai energijas parpalikuma razoSanas laika. Scenarijs nem
vera, ka sintétiskas degvielas uzglabasana tdenraza veida tehniski ir ieveérojami
vienkarsaka un 1&taka.

Vertgjot sintetiskas degvielas pieprasijumu, p&tijuma nemts veéra, ka 2019. gada Latvija
registréti gandriz 830 tiikstosi sauszemes transportlidzeklu, no kuriem aptuveni 12% bija
lieljaudas kravas automasinas [119]. Lai gan transportlidzeklu skaits katru gadu palielinas,
kopgjais lieljaudas kravas automasSinu Tpatsvars joprojam ir aptuveni 12%. Lai prognozetu
lieljaudas kravas automasinu skaitu nakotng, tika izmantota statistika no 2010. Iidz 2019.

gadam [119] un nakotnes prognozes tika veiktas ar linearu tendenci (sk. 9. tabulu).

10. tab. Lielas noslodzes un talsatiksmes transportlidzeklu skaits 2010. un 2019. gada
ar prognozi 2050. gadam [119]

Transportlidzeklu
skaits
Relativas
Gads 2010 2021 2050 izmainas starp
2019 un 2050

Kravas 100 163

76 600 +62%

autotransports 943 414

Lidmasinas 4 667 7 557 16 402 +117%
Kugi 59 122 59 500 40 487 -32%

Dati par juras un gaisa transportlidzeklu degvielas patérinu tika iegfti no energijas

bilances [120]. Tomer tika nemts véra, ka lieljaudas kravas automasinu degvielas
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patérin energijas bilancé nav atdalits no sauszemes pasazieru transportlidzekliem, tapéc
datu ieguvei tika veikti papildu aprékini. Avoti [121], [122] tika izmantoti, lai noskaidrotu
vieglo transportlidzeklu skaitu, viena transportlidzekla vid&o gada nobraukumu
kilometros un vidgjo degvielas patérinu uz 100 km pasazieru un kravas transportlidzekliem
atseviski. Izmantojot Sos datus formulas (Vien. 7) un ( Vien 8), tika aprékinats lielas

noslodzes autotransporta lidzeklu kopgjais energijas patérin un prognozes 2050. gadam.

Er=E-Ep, (7

kur

E visu autotransporta lidzeklu kopgjais energijas paterin$ gada, TWh;

Ep visu pasazieru autotransporta Iidzeklu kopgjais energijas patérin$ gada, TWh;

Er visu sauszemes kravas transportlidzeklu kopgjais gada energijas patérins, TWh.

Ef=E - (k" Np-Savgp* Davgyp), ®)
kur
k dizeldegvielas zemakais sadegSanas siltums = 10,564 kWh/l;

Np pasazieru autotransporta Iidzeklu skaits;
Savgp viena pasazieru autotransporta lidzekla vidgjais nobraukums  gada,
km/gada;

Davgp ~ Viena pasazieru autotransporta Iidzekla vidgjais dizeldegvielas patérins, I/km.
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11. tab. — Lielas noslodzes un talsatiksmes transportlidzeklu degvielas paterins 2010.

un 2019. gada ar prognozi 2050. gadam. [119], [121], [122]

Degvielas patérins, TWh/gada

Izmainas
laikposma
Gads 2010 2021 2050
no 2019. hdz
2050. gadam
Kravas +62%
2,00 2,58 4,18
autotransports
LidmaSinas 1,37 1,84 3,99 +117%
Kugiem 0,06 0,04 0,03 -32%
KOPEJA 3,43 4,45 8,20 +84%

Elektroenergijas raZoSana un patérins: izmantojot Latvijas elektroparvades tikla
operatora prognozes [123], tika veikta prognoze par elektroenergijas patérinu,

elektrostaciju jaudam un parrobezu parvades tiklu jaudam 2050. gadam (sk. 11. tabulu).

12. tab. Elektroenergijas sistéemas patérin§ un maksimalas slodzes paSreizéjas

vertibas un prognozes Aprekinus

Gads 2021 2022 2032 2050
Energijas patérin$, TWh 7,382 7,511 8,306 9,935
Maksimala slodze, MW, 1251 1273 1465 1882
Piecjamas parrobezu

2460 2460 3060 3060
parvades jaudas, MW,

Dabasgazes  kogeneracijas

staciju (kogeneracijas) jaudas, 1163 1163 16 0
MW,

Biomasas/biogazes
kogeneracijas staciju 163 163 346 414

(kogeneracijas) jaudas, MW,
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Hidroelektrostaciju ~ (HES)

_ 1558 1558 1588 1588
jaudas, MW,

Atjaunojamo energoresursu
staciju (v€ja, PV, mazo HES) 360 429 2146 5082

jaudas, MW,

Sobrid kogeneracijas stacijas, kuras izmanto dabasgazi, gada sarazo gandriz 3 TWh
siltumenergijas (sk. 12. tabulu), un, pienemot ka kogeneracijas stacijas tiks pakapeniski
iznemtas no ekspluatacijas (sk. 12. tabulu), ir prognozgjams, ka siltuma razosSanu liela méra
parnems siltumsikni. Modeleésana tika pienemts, ka So siltumstknu efektivitates
koeficients (COP) biis 4, un $aja gadijuma 0,65 TWh elektroenergijas, ko izmantos
siltumsiikni, naks no atjaunojamiem energijas avotiem. Siltumsiknu elektroenergijas
pieprasijums ir ieklauts kopgja elektroenergijas patérina 2050. gada (sk. 9. tabulu). Tiek

pienemts, ka kop&ja centraliz&tas siltumapgades razoSana paliks nemainiga (sk. 13. tabulu).

13. tab. Centralizétas siltumapgades siltumenergijas raZosanas pasreizéjas vertibas

un prognoZu apréekini.

Siltuma razoS$ana, TWh

Gads 2021 2050
Dabasgazes kogeneracija 2,925 0
Biogazes/biomasas 2,767 3,210
kogeneracija
Ripnieciskie siltumsiikni 0 2,480
KOPEJA 5,69 5,69
UzglabaSana

Lai pilniba dekarboniz&tu lielas noslodzes un talsatiksmes transportlidzeklu nozares, 8,2
TWh fosila kurinama ir jaaizstaj ar sintStiskajam degvielam (sk. 14. tabulu). Bet, lai
varétu razot So sintétisko degvielu apjomu laika, kad ir atjaunojamas elektroenergijas

parpalikums, nevis laika, kad transporta nozare to pieprasa, ir jaizveido
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degvielas uzglabasanas tvertnes. NepiecieSamais uzglabasanas tvertnes tilpums ir

balstits uz sintetiskas degvielas raksturojuma datiem no 13. tabulas.

14. tab. Sintetiskas degvielas raksturlielumi, pamatojoties uz degvielas veidu [124],
[125], [126], [127]

Sintetiskas degvielas veids DME E-Petroleja Amonjaks
Kravas transporta veids Kravas
sauszemes ) y
Lidmasinas Kugiem
transportlidze
kli

NepiecieSamais H: daudzums,
lai sarazotu 1 TWh sintétiskas 1,44 1,15 1,15
degvielas, TWh

NepiecieSamais CO:
daudzums, lai sarazotu 1 TWh 0,33 0,26 -

sintétiskas degvielas, Mt

NepiecieSamais N2 daudzums,

lai sarazotu 1TWh sintétiskas - - 0,16
degvielas, Mt
Elektrolizes efektivitate 0,8 0,8 0,8
Sintetiskas degvielas sintezes

0,8 1 1
efektivitate
Degyvielas blivums, kg/m? 670 775 603
1 kg sintétiskas degvielas

7,89 11,89 5,22
energija, kWh
NepiecieSsama tilpums 1 TWh
sintetiskas degvielas 188 847 108 494 318 008

uzglaba$anai, m3
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Turklat, izmantojot 9. un 13. tabulas datus, més varam aprékinat, cik daudz tdenraza ir
nepiecieSams sintetiskas degvielas razoSanai, un validét Sos datus, izmantojot
EnergyPLAN modeli. Lai sarazotu 8,2 TWh sintétisko degvielu, kopa ir vajadzigas 10,64
TWh tidenraza — 6,02 TWh DME, 4,59 TWh e-petrolejai un 0,03 TWh amonjakam.
Sintetisko degvielu uzglabasana ir lidziga saskidrinatas naftas gazes (LPG) uzglabasanai,
un uzglabasanas tvertnu izmaksas tiek uzskatitas par vienadam. Neriis§joSais térauds vai
oglekla térauds tiek izmantots ka materials to izgatavoSanai, un attiecigi, $1 tehnologija ir
uzskatama jau par pilniba komercializgtu.

Lai vértétu sintétiskas degvielas tehnologiju istenoSanas dinamikas
uznéméejdarbibas un institucionalos aspektu, modela aprobacijai izmantojot etalonu,
tika izmantota sisttmdinamikas modelésana. Sistéemdinamikas model&Sana jau daudzus
gadus tiek izmantota energosist€émas model&Sana, pieméram, valsts energétikas politikas
planosana [128] [10], [129], [127] [11], [130]. Sisttmdinamikas model&Sana ir labi
pieme@rota metode, lai izprastu potencialo dinamiku sintétisko degvielu razosanai no CO-,
kas uztverts no riipnieciskajam emisijam. Modelis tika veidots un ir aprobéts sintetiskas
degvielas etanola razoSanai, tomér tas ir piemérojams ari citam sint€tisko degvielu
razoSanas tehnologijam. Svariga atgriezeniska saite ir saite starp novérstajam CO-
emisijam un sintétisko degvielu patsvaru transporta nozaré uz ieguldijumiem etanola

razosanas jauda.
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Eso3ais sint&tisko ¥ Novérstas CO;

degvielu ipatsvars emisijas transporta
transporta
No riipniecibas g
LietoSané eso$as etanola 4 ulhfej‘tﬁsCDz - y R
emisijas Investicijas attistiba, izp&te

raZoSanas jaudas ]
un subsidijas
Mérkvértiba

sintétisko 4 L
degvielu Q‘-.:’ b -
ipatsvaram B1 A !
transporta ( ¥
] Atlikusais uztveramais L
COz emisiju apjoms Visnibiss cares
Etanola raZo§ana
4 Investicijas etanola L
& Starpiba starp esoSo raZoSanas jaudas
unmérka vertibu Sintéetisko degvielu
» S B
salidzino&as izmaksu
prieksrocibas salidzinot b
arcitam degvielam
Zinasanu apguves
Dala, kas no novérsto atrums pateicoties
COz emisiju izpetei un attistibai

p
un attistibai
18. att. Modela celonsakaribas cilpas diagramma (CLD)
(R&D — pétnieciba un attistiba;, RE — atjaunojama energija;, RI1 — pastiprinosa, jeb
pozitiva cilpa Nr. 1; Bl — balanséjosa jeb negativa cilpa Nr. 1; B2 — balanséjosa jeb
negativa cilpa Nr. 2). "Plus zime" nozimé, ka célona palielinasandas/samazindasands
rezultata palielinas/samazinds efekts attieciba pret to, kas citadi butu bijis, ja viss
paréjais  paliktu nemainigs. "Minusa ~ zime"  nozimé, ka celona
palielinasands/samazinasands izraisa ietekmes samazinasanos/palielinasanos attieciba
pret to, kas citadi biitu bijis, ja viss paréjais paliktu nemainigs. Divas vertikalas linijas

uz bultinam nordda, ka laika spridis starp celoni un sekam var biit salidzinosi gars.

Atgriezenisko saiti ietekm€ starpiba starp sintStisko degvielu faktisko Ipatsvaru
transporta un sasniedzamo mérka veértibu. Modelésanas galvenais mérkis ir izstradat
modeli, kas var tikt piem&rots talakiem pétjjumiem, izmantojot dazadus iesp&amos
attistibas scenarijus [131], kas lauj salidzinat dazadu politikas pasakumu paredzamo
aptuveno ietekmi, nevis sniedz precizas prognozes. Modela merkis ir atbalstit izzinas
procesu, scenariju analizi, ekspertu grupu mijiedarbibu, politikas izstradi un sist€mas, kuru
méerkis ir sniegt datus problému risinasanai. Modelis tika izveidots, izmantojot ekspertu
grupu darbseminarus, un tas ir integréts interaktiva simulatora, ko var izmantot politikas

scenariju test€sanai. Etanols tika izvelets par CO, hidrogen&sanas galaproduktu, jo to plasi
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izmanto transporta [ 132]. Etanolu var izmantot ka benzina piedevu, un tas samazina ari CO
un PM emisijas. Salidzinot ar metanolu, tas ir mazak toksisks un bistams. Etanols ir arT
vertiga izejviela dazadu kimisko vielu razosanai [43]. Lai gan benzina dala, kas ir etanola
razotnes mérka degviela, ir ievérojami zemaka neka dizeldegvielas Tpatsvars, sintetiskas
dizeldegvielas raZoSana, izmantojot FiSera—Tropsa sintézi, ir sarezgits process, kas prasa
vairakus reaktorus un posmus rafinéSanas procesa, lai iegtitu galaproduktu [41]. Etanola
termokimiska sint€ze no CO», izmantojot dimetilétera (DME) sintzi, tika izvelcta
salidzinosi augstas kopgjas energoefektivitates un CO> konversijas pakapes del [43].
Petijuma izveléta CO; uztverSanas tehnologija bija kimiska absorbcija ar amina attiriSanu
skruberi. ST tehnologija pétijuma tikai izvéléta, nemot véra tas augsto tehnologiskas
gatavibas Itmeni [43]. Sarmaina elektrolize tika izvéléta par H> razoSanas tehnologiju,
nemot véra tehnologijas briedumu liela apjoma tdenraza razoSanai  [43] un
labuenergoefektivitati [133] (sk. 13. tabulu). Kapitalieguldijumi etanola razosanas jauda
(sk. 14. tabulu) var biit ievérojami parvertéti salidzinajuma ar [47] avota izmantotajiem
datiem tom@r ieguldfjumi ir atkarigi no riipnicas lieluma, geografiskas atraSanas vietas,
pieejamas infrastruktiiras, bGvniecibas gada utt. Tapec tika nolemts izmantot lielaku
kapitalieguldijumu vertibu un novertét $a parametra ietekmi uz modela rezultatiem jutibas
analize.

15. tab. Modeli izmantotas ievades vértibas bazes scenarija

Atsauc
Parametrs Vertiba

e
Elektrolizes efektivitate, pamatojoties uz fidenraza o [43],[13

(V]
iznakumu 3]
_ ) ) 90
Udenraza vienibas razo$anas izmaksas [43]
EUR/MWh

Udenradis, kas nepiecieS8ams etanola vienibas
) 0.258 t/t [43]
sarazoSanai

CO», kas nepiecieSsams vienas etanola vienibas
) 1.89 t/t [43]
razoSanai
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CO; emisijas cena 94 EUR/t [134]

CO> vienibas uztverSanas izmaksas 25 EUR/t [42]

Riipniecibas radito CO; emisiju dala, kas tiek 015
uztverta '

CO: emisijas no riipniecibas un energijas raZzo$anas
' 2496 tikst. t  [135]
(uztverSanas avoti; 2020. gads)

Transporta raditas CO; emisijas (2020. gads) 3064 tukst. t [135]

Kopgjais energijas galapatérin$ transporta (2020.
Pel s saap P 13.1 TWh [136]
gads)

Atsauc
Parametrs Vertiba

Ipatngjie kapitalieguldijumi uz vienu vienibu 10 000

etanola raZzoSanas jaudas EUR/(t/gads)

Diskonta likme 3%

Razosanas jaudas ekonomiskais dzives ilgums un )
S ) 20 gadi
tehniskais kalpoSanas laiks

Udenraza un kapitalizmaksu Tpatsvars kop&jas Attiecigi 44

1izmaksas % un 38 %

Modela struktiira ir paradita c€lonsakaribas cilpas diagrammas (CLD) veida (19. att.),
kas atspogulo modela galvenos elementus un to savstarpgjo saistibu. CLD lauj izveidot
dinamisku hipot€zi par sistémas uzvedibu, bet hipotézi var parbaudit tikai kvantitativa
modeli, izmantojot krajumus un plismas.

Etanola razosanas jauda ir galvenais krajums modeli (19. att.), jo tikai reali ieguldijumi
fiziskajos razoSanas aktivos var rezultSties atjaunojamo energoresursu izmantoSana.
Etanola razosanas jauda ieguldijumi tiek veikti, ja etanola vienibas razoSanas izmaksas ir
konkuretsp&jigas ar alternativas biodegvielas razoSanas vienibas izmaksam.

Kapitalieguldijumu dalu etanola razoSanas jauda (Vien. 9) nosaka, salidzinot etanola
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vienibas razosSanas izmaksas ar alternativas biodegvielas vienibas razoSanas izmaksam
LOGIT funkcija:

1

ISEPC= e ©)

kur

ISEPC investiciju dala etanola razoSanas jauda;
Ci etanola vienibas razoSanas izmaksas, EUR/t (izmainas no 1740 EUR/t 2021. gada

Iidz 911 EUR/t 2050. gada);
C alternativas biodegvielas vienibas razoSanas izmaksas, EUR/t (pienemts, ka tas ir
nemainigas 1200 EUR/t);
o parametrs, kas ietekm€ parejas atrumu starp aprékinato ieguldijumu dalu alternativu
razo$anas jauda, reag€jot uz vienibas razoSanas izmaksu izmainam (t. i., liknes

stavums); a = 0,0075 (modelt izmantotais pien€émums).

CO2 uziversana
v d un iIZmantosana

/ cOo2
x A4

Etanols Etanols
Izmaksas - —— "
»] i & . razosana — Zvairsanas no LUL
razosana y
jauda ik sas

®, 3
5 H2

. Udenradis
razosana

elanola izmaksas
razosana

c oo

19. att. Modela struktiira ar bitiskakajiem tehnologiju ietekméjoSajiem faktoriem.

Ta ka iegulditajiem ir vajadzigs zinams laiks, lai apzinatu etanola razoSanas salidzinosas

82



prieksrocibas, faktisko ieguldijumu dalu etanola razoSanas jauda SEPC aprékina,
izmantojot ISEPC pirmas kartas eksponencialo izlidzinasanu ar eksponencialu vidgjo tris

gadu periodam ("Stella Architect" iebuveta funkcija [137]):

SEPC =SMTH1(ISEPC,3) (10)

Sabiedriba var nolemt atbalstit sintétisko degvielu tehnologiju attistibu, finansgjot
petniecibu un attistibu, ka arT subsidgjot etanola razosanu (19. 20. att.). P&tniecibas un
attistibas, un subsidiju finanséjuma avots varétu biit ienakumi, ko var giit, samazinot CO2
emisijas transporta nozaré€, tad, ja fosilais kurinamais tiek aizstats ar etanolu. Finansgjuma
avots varétu biit CO; emisijas kvotas, ko varétu pardot, vai finans€jums, kas nav iztéréta
emisiju kvotu iegadei. Petniecibas un attistibas finans€jums un subsidijas padara etanolu
vél konkurétsp&jigaku, kas lauj palielinat etanola razoSanas jaudas vel vairak. Ta rezultata
tieck noveérsts vél lielaks CO2 emisiju apjoms, kas savukart lauj pieskirt vel vairak
finans€juma p&tniecibai un attistibai, ka ar1 subsidijam. Tadgjadi tiek izveidota pastiprinosa
cilpa R1. Tas ir modela galvenais institucionalais aspekts. Vargtu iebilst, ka §o mehanismu
bltu griiti vai neiesp&jami Istenot, jo Tpasi, ja transporta nozare nav dala no emisiju
tirdzniecibas sistémas. Tomér més varam ta vai citadi izteikt novérstas CO, emisijas
naudas izteiksmé (piem€ram, izmantojot ar§jo izmaksu pieeju) un nolemt, ka dala no
novérstajam CO; emisiju izmaksam tiek ieguldita p&tnieciba un attisttba vai subsidijas,
kas nakotn€ vel vairak palielinatu ieguvumus.

Tas ir politisks [émums, kas biitu japienem, un modelis ilustré $ada politiska Iémuma
sekas. Modeli tiek pienemts, ka lémums par novérsto CO> emisiju dalu, kas tiek izmantota
pétniecibas un attistibas, un subsidiju finans€Sanai (19. att.), tiek pienemts, pamatojoties
uz starpibu starp faktisko sisteémas stavokli un klimata mérki noteikta transporta nozarg.
Sintétisko degvielu Tpatsvars transporta nozaré modeli tiek izmantots ka transporta klimata
raksturlielums, jo $is mérkis ir noteikts ES valstu nacionalajos energétikas un klimata
planos. Ja starpiba starp mérki un sintétisko degvielu faktisko Tpatsvaru transporta nozaré
samazinas, var mazinaties arT stimuls finans&t p&tniecibu un attistibu, vai subsidet etanola
razoSanu, un ar zinamu laika nobidi finans€jums tiek samazinats. Tadgjadi veidojas
balansgjosa cilpa B1 (19. att.). Sis lidzsvarojosais efekts, ko rada stimulu samazinasanas,

tuvojoties merkim, ir raksturiga "tiekSanas uz mérki" sisttmu uzvedibai, t.sk. sistémam,
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kas apraksta klimata un energgtikas politikas istenoSanu. Starpibu starp sintétisko degvielu
Tpatsvaru transporta un Tpatsvara merki méra ka attiecibu starp faktisko Tpatsvaru un merki,
kas mainas no 0 uz 1 (20. att.). Kad merkis ir pilniba sasniegts, attieciba klust par 1, un
finans€jums pétniecibai un attistibai, un etanola razosanas subsidijam netiek pieskirts. Ja
attieciba ir mazaka par 1, finans€jums tiek nelineari palielinats, [idz tas sasniedz 1
(20. att.), proti, viss finansgjums, kas ir pieejams no noverstajam COz emisiju

izmaksam, tiek pieskirts petniecibai un attistibai, un subsidijam etanola razoSanai.
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Sintetiskas degvielas ipatsvara un mérka attieciba transporta
20. att. Sintétisko degvielu Ipatsvara un pétniecibai pieskirta finanséjuma
savstarpeja ietekme.
Funkcija, kas ilustré atgriezenisko efektu no sintetiskas degvielas transporta faktiskas
dalas un merka attiecibas finanséjumu, kas pieskirts pétniecibai un izstradei, un etanola
razosanas subsidijam. Kad merkis ir sasniegts, attieciba kliist par 1 un finanséjums netiek

pieskirts. Viss pieejamais finanséjums tiek pieskirts, ja attieciba ir 0.

Palielinoties etanola razoSanas jaudai (18. att.), palielinas arT sintétisko degvielu Tpatsvara
un mérka attieciba transporta (pienemot, ka kopgjais degvielas pat€rin$ transporta
nepalielinas), un finansgjums, kas ieguldits p&tnieciba un attistiba, un subsidijas (19. att.)
samazinas. Tiek pienemts, ka sintétisko degvielu mérkis transporta ir 2,6%, kas atbilst

Latvija apspriestajai 2030. gada vértibai saistiba ar merkiem transporta nozarg, atbilstosi
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ES klimata iniciativai "Gatavi mérkraditajam 55%". Mérkis var tikt palielinats péc 2030.
gada, bet paslaik nav informacijas par iespgjamo vértibu. Turklat sintetiskas degvielas segs
tikai dalu no transporta nozares vajadzibam, jo dala tiks elektrificeta, un, visticamak, tiks
izmantotas citas degvielas, piem&ram, biodegviela, biometans, utt. Nemot vera Sos
apsveérumus, mérkis par sintétisko degvielu Ipatsvaru transporta tiek uzskatits par argju
(neatkarigu no modela aprékiniem) parametru modeli. Tomér sp&ja pielagot mérki, kad tas
tiek sasniegts, ir svarigs pieradijums institucionalajai spgjai noteikt klimata mérkus, un
tapec So merki varétu ieklaut ka ieks€ju (atkarigu no modela aprékiniem) parametru
turpmakajos pétjjumos. P&tniecibai un attistibai un subsidijam pieskirta finans€juma
izmainu dinamika ir paradita ka attieciba starp faktisko pieskirto finans€jumu (katra laika
posma) un pieskirta finans€juma maksimalo vertibu (19. att.). Sakotngji finans&jums ir
neliels, jo etanola raZzoSanas jauda ir maza un nav uzkrats finansgjums no novérstajam CO»
emisijam. Pakapeniski, palielinoties etanola razoSanas jaudai, palielinas arT pieskirtais
finans€jums, sasniedzot maksimumu tiesi tad, kad faktiska sintétisko degvielu ipatsvara
attieciba transporta un merkis sasniedz 1 (20. att.). P&c tam pieskirtais finans€jums sak
samazinaties. Tomér [idz tam laikam p&tnieciba un attistiba jau ir padarijusi etanola
razoSanas izmaksas konkur&tspgjigas ar alternativo degvielu, un tapéc etanola razosanas
jauda turpina palielinaties, sasniedzot robezvértibu, kad CO> daudzums, kas uztverts
ripnieciskos procesos, sasniedz maksimalo robezu. No §1 rezultata var secinat, ka
lidzsvarojosais efekts B1 nav galvena izaugsmes robeza, un galvena balansgjosa cilpa
var€tu bt B2, t.i., izejviela etanola razoSanai. JaatzZime, ka modeli tiek pienemts, ka 50 %
no kopgja finansgjuma, kas pieskirts p&tniecibai un attistibai, un tada pati dala etanola
razoSanas subsidijam vienibas razoSanas izmaksu samazinasanai. Saprotot, ka tieSas
subsidijas etanola razo$anai var but loti sarezgits politisks 1€mums, tiek veikta jutibas
analize, lai novertetu rezultatu gadijumam, ja viss finans€jums ir pieskirts p&tniecibai un

attistibai.
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21. att. Saistiba starp ekspluatacija esoSo jaudu, sintétisko degvielu Ipatsvaru un, pétniecibai un

subsidijam pieskirtajiem lidzekliem.

Attels ilustré ekspluatacija esosas etanola razosanas jaudas dinamiku (kreisd ass),
sintétisko degvielu faktiskas dalas un merka attiectbu transporta (labd ass), sis attiectbas
ietekmi uz novérsto CO> emisiju izmaksu dalu, kas tiek novirzita pétniecibas un attistibas,
un etanola razosanas subsidiju finansésanai (labd ass), ka art petniecibas un attistibas, un
etanola razosanas subsidiju pieskirta finanséjuma attiectbu pret maksimalo pieejamo

finanséjumu.

Var rasties jautajums - ka kvantitativi noteikt ieguldfjumu p&tnieciba un attistiba ietekmi
uz etanola razos$anas vienibas izmaksam (22. att.)? Modeli tiek pienemts, ka p&tnieciba un
attisttba var samazinat vienibas razoSanas izmaksas lidz 0,5 no sakotngjam vienibas
razoSanas izmaksam, bet p&tniecibas process un izstrade (komercializacijas process) prasa
laiku, t.i., "Izp&tes laiks vienibas izmaksu samazinasanai" pienemts 5 gadi un "Izstrades
laiks vienibas izmaksu samazinaSanai” pienemts 3 gadi. Abas laika konstantes norada, cik
gadu biitu nepiecieSams, lai samazinatu sakotngjas vienibas razoSanas izmaksas 1idz 50%
no sakotng&jam izmaksam, ja p&tniecibas un attistibas radita izmaksu samazinajuma temps

paliktu tads pats ka sakotngji. P&tniecibas un attistibas finansg¢jums samazina abas laika
86



konstantes, t.i., laika konstantes tiek reizinatas ar "MaciSanas atruma reizinataju" (LRM),
ko aprekina $adi:

LN(1-LR)

LRM=( ey w2 (11)

Fp
kur

FC pasreizgjais finans€jums pé&tniecibai un attistibai;

FB  bazes limena (sakotngjais) finans€jums pétniecibai un attistibai;

LR macisandas atrums, kas tiek definéts ka laika, kas nepiecieSams tehnologijas
pétniecibas un attistibas procesam, ja finans€jums pétniecibai un attistibai tiek
dubultots, un modeli $is lielums ir 0,2.

Ja macisanas atrums palielinas, laiks, kas nepiecieSams, lai samazinatu etanola razoSanas
vienibas izmaksas p&tniecibas un attistibas d&l, samazinas ( 19. att.). LR 0,2 nozimg, ka, ja
finans€jums pétniecibai un attistibai dubultojas, tad laiks, kas nepieciesams, lai samazinatu
etanola razoSanas vienibas izmaksas pétniecibas un attistibas dé] pienemtaja apjoma,
samazinas par 20%. MaciSanas atruma izmanto$anas koncepcija ir aizgiita no energétikas
jomas, kur to izmanto, lai raksturotu Tpatngjo kapitalieguldijjumu samazinasanos dazadu
energijas razo$anas jaudas, dubultojot globalo uzstadito jaudu [138]. MaciSanas atrums
tiek uzskatits par argu parametru modeli. Tomér $ads pien€mums ir vienkarsots, jo,
tehnologijai attistoties, maciSanas atrums varétu samazinaties, un to varétu ieklaut ka
iek$&u modela parametru. Sads scenarijs biitu iespjams, ja vardtu kvantificgt
atgriezenisko saikni no tehnologiju brieduma limena uz maciSanas atrumu.

Analizgtaja sistéma var identificét vel vienu lidzsvarosanas efektu. Proti, palielinoties
etanola razosanas jaudai (19. att.), palielinas ar1 CO, emisiju apjoms, kas tiek uztverts
no riipniecibas. Palielinoties uztverto CO2 emisiju apjomam, samazinas COz emisiju
uztverSanas potencials nakotng, jo CO; emisiju daudzums, ko ir praktiski uztvert no
rupnieciskiem procesiem, ir ierobezots. Tuvojoties $ai robezai, no Siem procesiem var
uztvert arvien mazak un mazak, jo atlikuSo emisiju uztversana kltst parak darga vai
tehniski sarezgita. Samazinoties CO; uztverSanas potencialam, samazinas arT investicijas
jauna etanola razoSanas jauda, ceteris paribus, ka rezultata veidojas balansgjosa cilpa B2.

Pastiprinosas cilpas R1 kombinacija ar divam balansgjosam
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cilpam B1 un B2 liek domat, ka $ai struktiirai biitu janodrosina S-veida etanola razos$anas
jaudas pieaugums. To apstiprina modela rezultati (20. att.).

Dati, kas izmantoti modela parametriem, tika nemti galvenokart no zinatniskam
publikacijam un oficialas statistikas vai citiem publiskiem informacijas avotiem, kad vien
tie bija pieejami. Tomer ir izdariti daudzi pienémumi par parametriem, kuri, p&c pieejamas
informacijas, , nav skaitliski noraditi informacijas avotos. No $adiem parametriem var
minét piemeram, sintetiskas degvielas faktiskas dalas un mérka vertibas attiecibas
ietekme uz pétniecibai un attistibai pieskirto finans€jumu, ka arT maciSanas atruma
reizinataji pétniecibai un attistibai. Tomér, nemot vera to, ka p&tijuma merkis nebija
precizu vértibu aprékinasana, bet gan modelétas sist€émas jutibas novert§jums pret
tehniskiem, ekonomiskiem un institucionaliem faktoriem, kas var biit svarigi sint&tiskas
degvielas razoSanas biznesa modela attistibai, Sie pienémumi lauj giit vertigu ieskatu par
pétamas sistémas attistibas iesp&jamo dinamiku, reaggjot uz izmainam svarigos faktoros.
Kvantitativais krajumu un plismas modelis tika konstruéts "Stella Architect"
programmatiiras vidé [137]. Model&sanai izveletais laika posms ir 2021.-2050. gads, ar
laika soli skaitliskiem aprékiniem, kas vienads ar 1/4 no gada, jo gads ir mazaka laika
konstante modelT un tas ir laika periods, ko parasti nem véra, izstradajot energétikas un
klimata politiku.

Modela testéSana tiek veikta, sakot ar tieSiem struktiiras testiem, kurus var klasificet
ka teor€tiskas struktiiras testus, kuros struktiiras apstiprinasanai modela struktiira tiek
salidzinata ar vispargjam zinasanam, kuras var iegiit no dazadiem informacijas avotiem,
tostarp zinatniskam publikacijam [131]. Tas pats tika darits arT attieciba uz konceptualo un
skaitlisko parametru apstiprina$anu. Tomér informaciju, kas saistita ar etanola raZoSanu,
hidrogengjot uztverto CO,, vargja iegiit no zinatniskam publikacijam, bet ar balansgjoso
cilpu B1 saistito modela struktiiru nevargja parbaudit, izmantojot publicétos informacijas
avotus. ST dala tika parbaudita vairakos darba seminaros, kuros piedalijas energétikas
jomas un politikas zinatnes eksperti. Arl tiesa struktiras testa ietvaros tika veikta
ekstremalu apstaklu test€Sana [131]. Tiesas struktiiras testa pédgja dala — mervienibu
konsekvences tests [131] tiek veikts modela veidoSanas procesa, jo tas ir ietverts "Stella
Architect" funkcionalitate. Uz strukttiru orientéts uzvedibas tests tika veikts ka nakamais
test€Sanas solis, izmantojot jutibas analizi, kas parada, ka

88



modela uzvediba, reag€jot uz dazu svarigu parametru izmainam (19. att.), ir tada, kada biitu
sagaidama realaja dzive. Plasaka informacija par jutibas analizi ir sniegta punkta "Rezultati
un diskusija". Tika ar1 parbaudits, ka modela iegiito uzvedibu nemaina laika sola izmainas
vai skaitliskas integracijas metodes izvéle. Sakara ar to, ka modelis tika veidots
galvenokart izp&tes procesam un att€lo iespg&jamo sintetiskas degvielas razosanas biznesa
modela turpmako attistibu noteiktu institucionalo faktoru ietekmg, nebija iesp&jams veikt
uzvedibas modela testus [131], lai parbauditu modela sp&ju atkartot realas sist€mas

uzvedibas modelus, balstoties uz vesturiskiem datiem.

2.4. AER ietekmes uz elektroenergijas tirgu un mijiedarbibas ar transporta sektoru

modelésana.

Analize par mainigo elektroenergijas razoS$anas avotu ietekmi uz elektroenergijas tirgus
attistibas tendencém ir balstita uz 2019. gada faktisko cenu un elektroenergijas izstrades
datu statistisko analizi, tostarp “Nord Pool” energijas birzas stundas cenam konkrétam
valstim, v&ja energijas fizisko razoSanu katra konkrétaja stunda un v&ja sarazotas
elektroenergijas patsvaru kopgja elektroenergijas patérina konkrétaja stunda. Dati tika
apkopoti un apstradati ar "Microsoft Excel", lai noskaidrotu, vai pastav biitiska korelacija
starp v&ja razoSanu un elektroenergijas cenam, t.i., vai augstakas elektroenergijas
vairumtirdzniecibas cenas veidojas pie mazaka v€ja raZzoSanas Tpatsvara un otradi — vai v€ja
elektrostaciju izstrades pieaugums veicina cenu kritumu. Lai precizak varétu raksturot
ieglitos datus, papildus tika veikta arT korelacijas koeficienta aprékinasana. Nemot veéra
“Nord Pool” birzas un nacionalo tiklu operatoru stundas datu pieejamibu par konkrétam
valstim, analize tika veikta diviem regioniem — Danijai, kas sastav no divam tirdzniecibas
zonam, ka arT Baltijas regionam, kas sastav no Latvijas, Lietuvas un Igaunijas tirdzniecibas
zonam. Stundas cena katram regionam tika aprékinata ka vid&ja cena par apgabala cenam,
savukart vgja energijas razo$ana katram regionam tika aprékinata ka v&ja energijas
razo$anas summa attiecigajos apgabalos. VEja energijas Ipatsvars elektroenergijas bilance
tika aprékinats procentos k@ vEja energijas razoSanas attiecigajas teritorijas Ipatsvars
kopgja elektroenergijas pieprasijuma $ajas teritorijas. Turklat, lai salidzinatu iesp&jamas
korelacijas atskiribas starp stundas un dienas tirgus cenam un attiecigo produkciju, tika

veikta analize plasakam regionam, tostarp Danijai, Somijai un Baltijas valstim. Saja
89



gadijuma véja energijas raZzoSanas apjomu veidoja v€ja energijas raZoSanas summa visas
valstts, savukart dienas cena bija dienas vidgja sistémas cena “Nord Pool” birza, kura
ietilpst arT Norvégijas un Zviedrijas tirdzniecibas zonas. Zviedrijas un Norvégijas v&ja
energijas razo$anas statistika analiz€ netika ieklauta, jo nebija pieejami $o valstu dienas vai
stundas dati. Tomér gan “Nord Pool”, gan Norvégijas tikla operatora "Statnett" dati liecina,
ka Ziemelvalstu un Baltijas regions ir salidzino$i viendabigs no v€ja energijas raZzoSanas
viedokla. Ikdiena augstie v€ja energijas razo$anas apjomi kada no valstim norada uz
augstiem vai vidgji augstiem v&ja energijas razoSanas apjomiem visas “Nord Pool”
teritorijas.

Papildus tika veikta divu Tsaku laika periodu analize Baltijas valstu, Danijas un Somijas
teritorijas, lai salidzinatu vairumtirdzniecibas cenas situacija, kad vienigais bitiskais
mainigais parametrs bija v&a energijas razoSana, bet citi svarigi faktori, piem&ram,
elektroenergijas pieprasijums, hidroenergijas resursu pieejamiba, ko raksturo kratuves

Somija, Norvégija un Zviedrija, ka ar apkart€ja gaisa temperatiira bija [1dziga.

Lai, veicot prognozu izstradi par atjaunojamas energijas attistibas tendencém un
ar to saistito ekonomisko ietekmi, tai skaita ietekmi uz tirgus darbibu un kopejam
lietotaju izmaksam, nodroSinatu pienemtas pétniecibas metodes pietiekamu
uzticamibu, tika EnergyPlan modeléSanas rika tika izstradats modelis un veikta
izstradata modela validacija. Lai noteiktu model&Sanas precizitati, faktiskie statistikas dati
par 2017. gadu tika salidzinati ar EnergyPlan model&sanas rika iznakuma datiem. Modelis
nodrosinaja pietickami precizu elektroenergijas un siltumapgades sezonalo sadalfjumu
atbilstosi hidrologiskajiem apstakliem un tipiskajam siltuma pieprasijumam, ka arf uzradija
precizas apléses par vid€jo pieprasijumu péc elektriskas slodzes un siltumslodzes katram
gada meénesim. Turklat validacija iegiitas ari loti realistiskas apl€ses par vE&a un
hidroenergijas pieejamibu dazados gada méneSos. Turpmakajos pétljuma posmos tika
veikts katra scenarija rezultatu salidzinajums péc vairakiem parametriem: oglekla dioksida
emisijas, energoapgades gada izmaksas (kas sastav gan no mainigajam izmaksam, gan
tadam fiksétajam izmaksam ka kapitalizmaksas energétikas nozarg), kopgjais primaro
energoresursu pieprasijums, ka ari elektroenergijas importa vai eksporta apjoms. Tomer,
lai lielaku uzmanibu pieveérstu rezultatiem, kas
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raksturo energosist€mas ekonomisko un vides ilgtsp&ju, turpmaka analize koncentrgjas uz
diviem nozimigakajiem parametriem - oglekla dioksida emisijam un energoapgades

kopgjam gada izmaksam.

Salidzinot modelésanas rezultatus no oglekla dioksida emisiju viedokla, visi ieprieks
aprakstitie attistibas scenariji, tostarp “lerastas darbibas” scenarijs paredz ievérojamu
oglekla emisiju samazinajumu analiz€taja perioda. Savukart “Elastibas scenarijs”,
neskatoties uz to, ka tas paredz vislielako kop&jo energijas patérinu, uzrada vismazako
oglekla dioksida emisiju daudzumu. Rezultati apliecina, ka transports joprojam ir viens no
nozimigakajiem oglekla emisiju avotiem Latvija, un fosila kurinama aizstasana ar tadiem
energijas avotiem ka elektriba var radit loti ievérojamu rezultatu oglekla emisiju

samazinasana [118].

Oglekla emisiju apjoms (milj.t.) modelétajos
scenarijos 2050.gada
Elastibas scenarijs N S 37
Kombingtais scenarijs [ NN - 3/

Energoefektivitates scenarijs NG 12

RES scenarijs NG - /3
“lerastas darbibas" scenarijs [ NN - -3

2017.gads I 7,33

0 1 2 3 4 5 6 7 8 9

22. att. Modeleto scenariju salidzinajums no gada oglekla dioksida emisiju

viedokla.

Tikmer gada izmaksu salidzinajums liecina, ka Energoefektivitates scenarijs, Elastibas
scenarijs un Kombingtais scenarijs piedava visievérojamakos finansu ietaupijumus
vispargjai ekonomikai. Tas ir saistits ar fosila kurinama pat€rina samazinasanos apkures
nozar€ Kombinéta un Elastibas scenarija gadijuma un ar fosila kurinama pat€rina

samazinaSanos transporta nozaré saskana ar Elastibas scenariju. AER scenarija ir
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paredz&tas visaugstakas izmaksas no visiem scenarijiem, kas ir saistits ar to, ka, iznemot
stimulus veicinat energijas raZoSanu no atjaunojamiem energoresursiem, scenarija nav
paredzéeti butiski papildu pasakumi energijas patrina samazinasanai. Tomer ari $aja
scendrija uz vienu patéréto energijas vienibu lietotdaja izmaksas joprojam saglabajas

konkurgtspgjigas ar citiem scenarijiem.

Gada izmaksu apjoms (milj.EUR) modelétajos
scenarijos 2050.gada

Elastibas scenarijs NI 7259
Kombinétais scenarijs NG 7347
Energoefektivitates scenarijs NN 7136
RES scenarijs NN 5238
“lerastas darbibas" scenarijs NN 7234
2017.gads I 10962

0 2000 4000 6000 8000 10000 12000

23. att. Modeléto scenariju salidzinajums no kopéjo energoapgades gada izmaksu

viedokla.

Lidzigas izmaksu atskiribu tendences katra var no scenarijiem novérot, salidzinot katra
scenarija kop&jos energijas patérina datus. Lai gan AER scenarijs, Skiet, panak tikai
nenozimigu kopgja energijas pieprasijuma samazinajumu salidzinajuma ar “Ierastas
darbibas” scenariju vai atsauces gadu, ir jaatzim&, ka AER scenarijs paredz bitiskas
izmainas energijas gala paterina struktira, paredzot ievérojami lielaku elektroenergijas
Tpatsvaru gala patérina un emisiju izmaksu samazinajumu.

Analizes scenariju salidzinajums arT norada uz to, ka tadu parametru ka primaras energijas
patérins tradicionalo izmantoSanu ka butiska indikatora energosisttmas un politikas
ilgtsp&jas novertésanai pielietoSana nakotn€ var nebiit pamatota. Tas ir pamatots ar
apsvérumu, ka saskana ar vairakiem scenarijiem palielinats atjaunojamas energijas
Ipatsvars sistéma arT palielindja primaras energijas patérinu. Tomeér taja pasa laika Sie

scenariji uzradija labakus rezultatus no oglekla dioksida emisiju viedokla.
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Pieméram, gada izdevumu apmérs, saskana ar lerastas ricibas scenariju galvenokart ir
saistiti ar kurinama iegadi, savukart izdevumi atbilstosi tadiem scenarijiem ka Kombingta
scenarija butiskaka apmeéra tiek novirziti ieguldijumiem atjaunojamas energijas razo$ana
un &ku renovacija. Jaatzimé, ka lielakai kapitala izmaksu izdevumu dalai salidzinajuma ar
lielaku dalu, kas tiek teréta par kurinamo (tpasi importeto kurinamo), ir biitiski atskiriga
ietekme uz energétikas nozares makroekonomisko ilgtsp&ju. Tas ir pamatots ar apsveérumu,
ka pieméram, €ku renovacija veicina biivniecibas nozares attistibu, savukart palielinata
iek§zemes atjaunojamas energijas razoSana uzlabo tirdzniecibas bilanci. Var arT apgalvot,
ka lielaka izdevumu dala par ekam veicina arT netieSu sabiedribas labklajibas un dzives
kvalitates pieaugumu, jo ta samazina citu sadedzinasanas blakusproduktu, pieméram, cieto
dalinu, emisijas no siltuma razosanas ¢kas, ka arT palidz noverst elpoSanas celu slimibas,
kas saistitas ar nepietickamu siltumapgadi majsaimniecibas. Uz nepiecieSamibu parskatit
tradicionalos raditajus energosist€ému novertésana noradija ari vairaki citi p&tnieki [139].

Tikmér dazadu elektroenergijas cenu scenariju jutibas analize liecina, ka
elektroenergijas vidgjas vairumtirdzniecibas cenas tikai ierobezota méra ietekmé kopgjo
energijas bilanci vai CO; emisiju limeni. Tomér tai ir butiska ietekme uz kop&am
izmaksam, un no ekonomisko ieguvumu viedokla politika, kuras pamata ir lielaki
ieguldljumi jaunas energijas razoSanas iekartas, jo Tpasi v€ja un saules energija, rada
biitiskas makroekonomiskas prieksrocibas visos cenu scenarijos. To pamato apsverums, ka
sada politika novérstu butisku izmaksu pieaugumu, kas saistits ar importétas energijas
iegadi, tikai salidzino8i nedaudz palielinot kapitala izmaksas neatkarigi no tirgus cenas.

Tikmér tadu mainigu parametru ka dabasgazes iesp&jamo cenu izmainu analize
butiski neietekmé kop€jo model€sanas rezultatu un lidz ar to dabasgazes cenu svarstibas
nav uzskatamas par butisku risku lémumu pienéméjiem, patérétajiem vai investoriem.
Piem@ram, dabasgazes cenas samazinajums par 20% kopuma veicina kopgjo izmaksu
samazinajumu par tikai 2,1% un palielina oglekla dioksida emisijas par 2,8%, tikmer
attiecigais cenas pieaugums par 20% veicina 1idzigu kop€jo energijas mainigo izdevumu
un iekartu kapitalieguldijumu izmaksu pieaugumu par 2%, oglekla emisiju samazinajumu
par 4,7%.

Var atziméet, ka ar1 oglekla dioksida emisiju cenu izmainam bija tikai nenozimiga
ietekme uz kop€jam mainigajam gada energoapgades izmaksam. Ar oglekla dioksidu
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saistito izmaksu kop&ja dala kopuma un jo Tpasi sist€ma, kura ir liels atjaunojamo un
oglekli nesaturo$o energijas avotu patsvars gan siltumenergijas, gan elektroenergijas
razoSanas nozarés, ir salidzino$i zems.

Tapat modelésana arT atklaja, ka oglekla dioksida emisiju cenam, palielinoties pat
par 200%, biitu tikai salidzino$i nenozimiga ietekme - zem 1,5% - uz kopgjo emisiju limeni.
To var skaidrot ar to, ka saskana ar o modeli, elektroenergijas razo$anas nozare joprojam
ir vieniga nozare, kura ir ievérojams oglekla dioksida Tpatsvars produkta vai pakalpojuma
galigaja cena un kura ir pietickama konkurence ar citiem razoSanas avotiem. Mingtajiem
faktoriem ir pietickami biitiska ietekme, lai ievérojami mainitu razotaju Iémumus par fosila

kurinama izmanto$anu.
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3. REZULTATI

3.1. ETL skaita pieauguma un CO: emisiju dinamika atkariba no tehnologiskas

attistibas un atbalsta instrumentiem

Bitiskakais mérkis ETL ievieSanai un uz PV balstitas uzlades infrastruktiiras attistibai
degvielas uzpildes stacijas ir siltumnicefekta gazu (SEG) emisiju samazinasana. Atbilstosi
darba izvirzitajiem pétnieciskajiem pienémumiem, pakapeniskai uz fosilo degvielu balstitu
transportlidzeklu (FTL) aizsta$anai ar ETL un PV uzstadiSanai vajadzétu samazinat CO2
emisijas. Rezultati (22. att.) rada, ka notiek FTL radito emisiju samazinaSana un

modelésanas perioda beigas paliek tikai ar tikla elektroenergiju saistitas CO, emisijas.
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24. att. Gada COz2 emisijas: kopéjas no transportlidzekliem, kuru pamata ir fosilais

kurinamais, un no tikla elektroenergijas

Tomér CO2 emisiju samazinajums ir neliels 11dz 2040. gadam, kad parmainas sak
notikt loti strauji. Tas ir saistits ar lielo cenu atSkiribu starp ETL un FTL pat ar subsidijam,
kas sakas 2022. gada. Modela piene@mums ir, ka, ja starpiba starp subsidéto ETL un FTL
parsniedz 5000 EUR, ETL iegadajas tikai tie iedzivotdji, kuriem nav nepiecieSamas

subsidijas, un tiek pienemts, ka §is iedzivotaju dala ir aptuveni 20%. Kad cenu starpiba
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sasniedz 5000 EUR un ir mazaka, iesaistas ar iedzivotaji, kuriem nepiecieSamas subsidijas
ETL iegadei (23. att.). Pirkuma 1émuma S veida grafiks parada to iedzivotaju dalu, kuriem
nepiecieSamas subsidijas, pienemot [émumu par ETL iegadi, ja cenu starpiba samazinas.
Tomer, pat ja liela dala So iedzivotaju ir gatavi iegadaties ETL, salidzinosi nelielu ETL
daudzumu var subsidét ETL subsidijam atveleta ierobezota kop&ja budzeta dg]. levérojams
ETL skaita picaugums sakas (22. att.) tikai taja bridi (ap 2040. gadu), kad cenu starpiba
sasniedz 4500 EUR/transportlidzekli, un no §1 briza nekadas subsidijas nav nepiecieSamas
(21. att.). Pieaugot ETL skaitam, sak palielinaties arT elektrotikla elektroenergijas patérin$
un CO: izme$i, kas saistiti ar elektroenergijas razoSanu (22. att.). Tomer §is emisiju

daudzums ir ievérojami mazaks neka FTL raditais daudzums.

20000 1

Cenas atskiriba,
EUR/transportlidzeklis

o
legades [émums, Bez mérvienibas

25. att. Cenu starpiba starp fosilas degvielas un elektrotransportu (ETL), un $is

starpibas ietekme uz ETL pirkuma lemumu

Cenu atskiriba starp ETL un fosilas degvielas transportlidzekli samazinas, pateicoties ETL
razoSanas tehnologiju attistibai, t.i. “maciSands efekta” rezultata. Efekts modeléts ka
pienemta cenu samazinajuma dala gada griezuma (skat 22. att€lu). Ja cenas samazinajuma
likme ir lielaka, tas noved pie straujaka ETL un FTL cenu starpibas sarukuma un pie

agrakas ETL pirkumu "eksplodésanas" (22. att.).
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Gads
= Samazinajuma dala no jauna EV vidé&jas cenas-0,01
== Samazinajuma dala no jauna EV vidéjas cenas-0,02
Samazinajuma dala no jauna EV vidéjas cenas-0,03

26. att. Elektrisko transportlidzeklu pieauguma dinamika atkariba no jauno ETL vidéjo
cenu samazinajuma tempa. Vidéjais cenu samazinajums bazes scenarija ir 0,02 gada,

pargjos divos scenarijos attiecigi 0,01 un 0,03.

PV paneli degvielas uzpildes stacijas, kuras tiek izbtivetas ETL uzlades elektroiekartas,
tiek uzstaditi salidzino$i atri un sasniedz maksimalo jaudu piektaja gada (23. att.), jo
elektroenergijas razoSanas izmaksas ir konkurétspéjigas ar tikla elektroenergiju jau no
aprékinu perioda sakuma. Degvielas uzpildes stacijas sarazotas elektroenergijas daudzums,
izmantojot PVs, kas novietoti uz degvielas uzpildes staciju €ku jumtiem, ir aptuveni 2% no
kopgjas elektroenergijas, kas nepiecieSama ETL uzladei. Ta ka elektroenergijas apjoms,
kas sarazots no degvielas uzpildes stacijas uzstaditajiem PV paneliem, ir salidzinosi mazs,
tiek apsverta iespgja uzstadit PV citos uzlades punktos, kas atrodas arpus degvielas
uzpildes stacijam, lai iegtitu lielaku atjaunojamas energijas Ipatsvaru. Rezultati liecina, ka
PV paneli, kas atrodas arpus degvielas uzpildes stacijam, var nodrosinat aptuveni 14% no

kopgja elektroenergijas daudzuma, kas nepiecieSsams ETL uzladei.
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m— KOpEjais elektroenergijas patérins EV uzladei DUS
PV sarazotas elektroenergijas apjoms mobilitatei arpus DUS

= KOp&jais PV elektroenergijas sarazotais apjoms DUS

27. att. Kopgjais elektroenergijas apjoms, kas piegadats ETL uzladei no degvielas
uzpildes stacijam (DUS), t.sk. saraZota ar PV DUS (laba ass), un elektroenergija, kas

sarazZota ar PV citas vietas, kuras tie uzstaditi (kreisa ass)

S saules energijas izmanto$anas neliela uz elektrotransporta uzladi ir saistita ar faktu, ka
galvenais pirkuma [@émuma virzitajspeks ir cenu starpiba starp ETL un FTL, un lielaka dala
ETL iegades notiek p&c tam, kad starpiba starp subsidéto ETL cenu un FTL cenu ETL
attistibas dgl izzad (22. att.). Tapé&c subsidijam uz vienu ETL ir svariga loma pirkuma
lémuma, un, ja §1s subsidijas uz vienu ETL tiek dubultotas, tad ievérojams ETL skaita
picaugums sakas daudz agrak, un lidz 2050. gadam viss FTL krajums tiek aizstats ar ETL.
Dubultojot kopg&jo subsidiju budZetu, likme palielinas, tomér ne bitiski. Atraks FTL
aizstasanas atrums ar ETL nosaka arT zemakas kumulativas CO emisijas aprékinu perioda,
lai gan aprékinu perioda beigas kopgjas gada CO; emisijas joprojam bis lidzvertigas.
Kumulativo kop&jo CO» emisiju jutibas analize (7. att.) rada, ka subsidiju palielinasana no
1 000 Iidz 10 000 EUR par transportlidzekli samazina kopgjas kumulativas CO> emisijas

par vairak neka 50%, ar nosacijumu, ja citi parametri netiek mainiti.
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Subsidijas par jaunu ETL, EUR uz transport(idzekli

28. att. Kumulativas kopéjas CO2 emisijas atkariba no subsidijam par jaunu ETL

Lai noskaidrotu subsidiju ietekmi uz kumulativajam kop&jam CO: emisijam, tika veikta
jutibas analize, kura kopgjais noraditais subsidiju budzets tiek mainits no 5 - 50 MEUR,
subsidijam par ETL paliekot 4500 EUR. Kumulativo kop€jo emisiju atskiriba 30 gadu laika
ir aptuveni 1Mt CO2 (26. att.) jeb aptuveni 3%. Tas nozime, ka pieskirto subsidiju
apjomam ir lielaka ietekme uz kumulativajam kopgjam CO> emisijam neka uz ETL

dinamiku, t. 1., ETL skaitu aprékinu perioda beigas.
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29. att. Kumulativas kopejas CO: emisijas atkariba no ETL subsidijam novirzita

budzZeta
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3.2. ETL attistibas ietekme uz elektriskas slodzes profiliem un elektroenergijas
infrastruktiiras tehniskajiem un ekonomiskajiem raditajiem

P&tfjuma izmantotais elektroenergijas sist€émas darbibas simulacijas modelis lauj novertet
arT dazada veida atjaunojami energoresursu attistibas scenariju un transportlidzeklu
elektroenergijas pat€rina scenariju ietekmi uz elektroenergijas bilanci, ieskaitot arT $o
razoSanas un paterina savstarpgjo attiecibu. P&tfjuma ietvaros ka optimalakais tika vertets
scendrijs, ka elektroenergijas patérin$ un raZoSanas apjoms valsts energosistémas ietvaros
ir p&c iesp&jas lidzsvarots, samazinot nepiecieSamibu energoapgadei izmantot parrobezu
infrastrukttru, ka arT sekmgjot elektroenergijas butiska parpalikuma vai iztrikuma

ietekmes uz cenam samazinasanos.
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30. att. VEja elektrostaciju vidéjas jaudas ménesu griezuma 2050. gada.

Ka redzams 27. att., lielaka sauszemes un atkrastes v€ja elektrostaciju izstrade ir
verojama ziemas ménesos. Sajos meénesos ir ar1 visisakas dienas, tapéc tad ir neparprotami

skaidrs, ka galvenais elektroenergijas avots gada aukstajos méneSos biis
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vEja elektrostacijas. PV varétu palidzet kompensét elektroenergijas pieprasijumu dienas
vidii, bet ziemas ménesos elektriskas slodzes maksimums ir vérojams vakara stundas.

Ka paradits 28. attela, vgja elektrostaciju jaudas ir griiti prognozet, un visbiezak tiek
noveroti eksporta nevis importa apjomi, tapéc v&ja razota elektroenergija ziema ir labi

piemérota ETL uzladei.
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32. att. Elektroenergijas razosanas grafiks véja elektrostacijas augusta nedgela.

Vasaras ménesos vEja elektrostaciju sarazota elektroenergija ir mazaka 29. att.). Vasaras
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perioda lielakaja dala nedelu v&ja elektrostaciju izstrade svarstas no 500 lidz 1500 MW,
savukart ziemas periodos jaudas vertibas ir no 2000 Iidz 3000 MW.

Runajot par v&ja energijas ietekmi uz ETL uzlades profiliem, tad majas scenarija v&ja
energijas pienesumam ir nozimigaka loma elektrotikla noslogojuma. Vertgjot scenariju,
kura dominé majas uzlades, lielakas maksimumslodzes veidojas vakara stundas, kad
palielinas pieprasijums apgaismojumam, bet nemot véra to, ka VES izstrade tiesa veida
nekorele ar diennakts stundam, tapéc ta nozime ETL uzladei ir augstaka, neka PV
razotn€m. Dienas laika, kad doming atras uzlades profils, nepiecieSamiba p&c importa
elektroenergijas ir daudz zemaka neka madjas scenarija pieprasijums saules energijas
piegades del. Ziemas periodos vEja elektroenergija loti biezi sedza pieprasijumu péc
patérétas ETL uzlades. Lidz ar to var secinat, ka véja energija ka elektroenergijas avots ir
loti efektiva, Tpasi gada aukstajos periodos.

Otrs nozimigakais atjaunojamo energoresursu avots elektroenergijas razoSana ir
hidroelektrostacijas. 2050. gada tas planots joprojam ekspluatét, tacu netiek prognozets,
ka to jaudas limenis paliclinasies. Aprékinot sarazoto elektroenergiju, tick nemtas veéra ari
mazas upju hidroelektrostacijas. To ieguldijums kop€ja spekstaciju jauda ir neliels, un
nav paredzams, ka to turpmaka attistiba biis ievérojama, jo to biivniecibas izmaksu iespaida
to ekonomiska konkurétspgja ir veérte§jama ka =zema. 33. att€la ir paraditas

hidroelektrostaciju vidgjas jaudas ménesu griezuma 2050. gada.
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33. att. Elektroenergijas energijas razosana HES 2050. gada.

Modelesanas scenarija, kur§ paredz, ka EV primari tiek uzladeti majoklos, lielakas
maksimumslodzes tiek noveérotas vakara stundas, tapéc Sajas vakara stundas ir
nepiecieSams imports, savukart atras uzlades scenarijam uzlades slodzes ir v@rojamas
diennakts vidi, ievérojami vairak korel&ot ari ar elektroenergijas izstradi. Ka redzams

grafika, arf citu atjaunojamo energoresursu razoSana sedz biitisku pieprasijuma dalu.
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34. att. Elektroenergijas razoSanas grafiks no HES, VES un PV jiilija nedéla.

Ziema un rudeni hidroelektrostaciju ietekme uz sarazotas elektroenergijas apjomu ir
neliela, salidzinot ar pavasara méneSiem. Tas ir augstaks neka vasara, bet raZoSana
joprojam nevar apmierinat pieprasijumu pé&c elektriskajiem transportlidzekliem vakara
stundas un pat ne dienas laika. Kopuma no hidroelektrostacijam gada sarazotas
elektroenergijas apjoms sasniedz aptuveni 2,70 TWh/gada, kas gandriz atbilst
nepiecieSamajam ETL pieprasijumam -2,85 TWh/gada. Hidroelektrostaciju razoSanas
grafiks mainas atkariba no elektromobilu uzlades profilu grafikiem, tapec to korelacija
ir loti minimala.

Biitisks modelesana prognozetais atjaunojamo energoresursu veids ir PV razota
elektroenergija. Aprekinos tiek planots, ka to jauda 2050. gada bis aptuveni 500 MW.
29. attéla ir iespgjams redz&t prognozéta elektroenergijas daudzuma apjomus, kas
ieglistami no PV. Dienas laika sarazotais elektroenergijas apjoms sp&j nodrosinat ETL
lietotaju elektroenergijas pieprasijumu. Vakara stundas, kad majas uzlades profilam tick

noveroti lielakais maksimuma pieprasijums, ir nepiecieSams elektroenergijas imports.
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35. att. Elektroenergijas raZoSana no saules energijas avotiem 2050. gada.

) AP S R

36. att. Elektroenergijas razo$anas grafiks saules PV konkréta jinija nedéla.

Balstoties uz modeléSanu ir secinams, ka PV ir bitisks energijas avots transporta
sektora radita energijas pieprasijuma segSanai vasaras perioda, ziemas méne$os par

butiskako avotu uzskatamas VES, savukart pavasara un rudens perioda ir raksturigs, ka
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palielinasies PV razotas elektroenergijas pieejamiba, nedaudz samazinot pieprasijumu

péc energijas, kas nepiecieSsama no VES un HES.

M= ===

37. att. Elektriskas jaudas grafiks stundu griezuma janvara nedela.

Savukart rezultati par elektroenergijas sadales vidéjo kop€jo izmaksu iespéjamo
samazinajumu un novérstajam CO: emisijam tika iegiiti, pienemot, ka ETL skaits
picaug no pasreizgjiem 1000 lidz 500 000 transportlidzekliem 2050. gada, kas ir balstits
uz prognozi par viegla autotransporta ar iekSdedzes dzingju aizstasanu ar elektrotransportu.
Ar 8adu ETL attistibas dinamiku kopgjais elektroenergijas patérins sistéma palielinatos par
aptuveni 1,248 TWh/gada, kas ir aptuveni 20% no pasreizgja elektroenergijas pat€rina.
Sads elektroenergijas patérina pieaugums veicina papildu iengmumus tikla operatoram, kas
savukart peéc attiecinamo izmaksu atskaitiSanas (galvenokart tas, kas saistitas ar
elektroenergijas zudumu pieaugumu) var tikt izmantots vidéja sadales tarifa (EUR/kWh)
samazina$anai par aptuveni 0,2% gada. Tas atbilst visu elektroenergijas paterétaju
ekonomiskajam ieguvumam aptuveni 0,7 milj. EUR/gada. Rezultati rada (sk. 35. att.), ka
tarifa samazinajums (vid&jas kopgjas elektroenergijas sadales izmaksas) ir salidzinosi
neliels, t.i., 0,9% kopa, ja ETL skaits palielinas no 1000 Iidz 500 000. Ja ETL skaits
dubultojas, tarifs samazinas par 0,017%. So nelielo ETL patérina ietekmi uz tarifu var

izskaidrot ar kop&jo maksas par uzstadito jaudu un par katru piegadatas elektroenergijas
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vienibu Ipatsvaru sadales pakalpojuma tarifu strukttira — biitiski nemt véra, ka aprékins ir
balstits uz tarifu, kas noteikts 2020. gada, tomér, tarifu struktiiras izmainu rezultata,
palielinoties fiks€tajai maksai par pieslégumu jaudu, iesp&jamie lietotaju ieguvumi var

mainities.
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38. att. Videjais sadales tarifs atkariba no ETL skaita Latvija

Nozimigaks vides un socialekonomiskais efekts tiek panakts no potencialas CO, emisiju
samazinaSanas, kad ETL aizstaj iekSdedzes dzin&jus, kuri izmanto fosilo kurinamo. Kad
ETL skaits sasniedz 500 000, novérstas CO2 emisiju izmaksas (izmaksas, kas rastos, ja o
CO> emisiju kvotas vajadzetu iegadaties emisiju tirgii ETS) , pienemot, ka CO; cena ir 43
EUR/t (sads Itmenis tika sasniegts [idz 2021. gada marta beigam) sasniedza aptuveni 45
miljonus EUR/gada (sk. 36. att.). Proti, katrs ETL rada aptuveni 90 EUR/gada noverstas
CO; emisiju izmaksas ar pienemto CO:2 cenu vai 2 t novérstas CO; emisijas gada. Jaatzime
arT, ka $adu aplésu pamata ir pieeja, ka COz emisijas no automasinam, kas lieto fosilo
degvielu, ir 200 g/km, un tadgjadi atspogulo emisijas visa iekSdedzes dzingju lietoSanas
cikla. Attieciba uz ETL aprekins ir balstits uz emisijam, kas saistitas ar pat€rétas
elektroenergijas razoSanu, un ir balstits uz Latvijas vidgjam CO; emisijam uz kWh

elektroenergijas, t.i., aptuveni 200 g/kWh Sis skaitlis atspogulo salidzinosi konservativu

107



scenariju, saskana ar kuru aptuveni 40% no elektroenergijas pieprasijuma tiek apmierinati,
izmantojot fosilos razoSanas avotus, un par aptuveni 65% parsniedz vesturisko vidgjo

aprékinato CO; intensitati Latvijai.
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39. att. Noverstas CO:z emisiju izmaksas atkariba no ETL skaita Latvija

Analize, kas veikta par individualu ETL lietotaju ieguvumiem, transporta
dekarbonizacijai lietojot PV, rezultati atklaj (37. att.), ka no elektroenergijas izmaksu
viedokla, kas ietver tikla piesléguma un elektroenergijas izmaksas, ka ari degvielas
izmaksas, ETL nodro$ina ievérojamus ietaupijumus salidzinajuma ar iekSdedzes dzingja
automasinam. No PV saraZotas elektroenergijas izmantoSana uzladei saskana ar eso$o tarifu
sistému nodrosina mobilitates izmaksu papildu samazinajumu. Tomer, ieklaujot izmaksas,
kas saistitas ar transportlidzekla iegadi, ka arT ar saistitajam uztur€Sanas izmaksam un

nodokliem, tiek samazinati ietaupijumi, kas saistiti ar ETL un PV izmantoSanu (37. att.).
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40. att. Scenariju kopgjas ikgadejas energijas izmaksas
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41. att. Gada kopgjas izmaksas dazados scenarijos, ietverot transportlidzeklu
iegades izmaksas (sakotnéejie ieguldijumi transportlidzeklt tiek amortizeti 7 gadu

perioda ar gada procentu likmi 1.49%) un nodoklus

Analize atklaj, ka galvenie faktori, kas nosaka potencialos ieguvumus, ir saistiti ar
augstakam ETL iegades izmaksam, kuras dal&ji kompensé zemaki nodokli, izdevigaki
finans&Sanas nosacijumi, ka arT zemakas uzturéSanas un lietoSanas izmaksas. Analize ar1
atklaj, ka, lai gan galvenas izmaksu prieksrocibas ir saistitas ar ETL vispargjo efektivitati,
scenarija ar PV sarazotas elektroenergijas izmantoSanu ETL uzladéSanai, elektriskas
mobilitates izmaksu prickSrocibas ir saistitas arl ar tikla norEkinu sistému. Tarifu

veidoSanas faktiska struktira nosaka, ka ckonomiski izdevigakais PV 1paSnickiem ir
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scenarijs, kura lietotajs ar PV palidzibu sp€j sarazot péc iesp&jas vairak elektroenergijas
savam patérinam, to neparsniedzot. Saja gadijuma galvenie ekonomiskie ieguvumi saules
energijas lietotagjam ir no ta, ka lietotajs izvairas no nepamatoti augstam ieguldijumu
izmaksam, saistitas ar iekartu sakotngjo iegadi, samazina mainigas izmaksas, kas saistitas
ar elektroenergijas iegadi no tikla. Salidzinot divus scenarijus ar lidzigu PV uzstadito jaudu,
atklajas, ka scenarijs, kad majsaimnieciba patéré visu sarazoto elektroenergiju savam
mobilitates vajadzibam, nevis dalu no tas nodod atpakal tiklam, ir ekonomiski izdevigaks
lietotajam un arT uzlabo PV ekonomiskos raditajus. Tikmér, ka redzams 38. attéla, PV ar
uzstadito jaudu, kas nodroSina razoSanas apjomu, kas butiski parsniedz lietotaja
paspaterinu, ekonomiskie raditaji saskana ar esoSo tarifu un nodoklu reguléjumu var
pasliktinat PV ekonomiskos raditajus (ka redzams scenarija "PV un fosila kurinama
transportlidzeklis"), un tas saistits ar tikla pakalpojumu izmaksu pieaugumu.

No sakotngjas analizes par ekonomisko sinergiju starp PV un elektriskajiem
automobiliem ir iesp&jams noteikt vairakus svarigus apstaklus, kas potenciali vargtu butiski
ietekm&t vispargjos ieguvumus vai izmaksas. Kopuma majsaimniecibu elektribas
pieslégumiem ir salidzino$i maza slodze, tapéc elektroenergijas patérina paliclinasana
konkré&taja piesléguma vairuma gadijumu nodrosina lielaku ekonomiju, samazinot izmaksas
uz vienu patlrétas energijas vienibu. Var ari secinat, ka elektroenergijas pat€rina
pieaugumam, pateicoties ETL uzladei konkréta majsaimnieciba, vienlaikus saglabajot
nemainigu elektroenergijas piesléguma jaudu, ir pozitiva ekonomiska ietekme uz patérétas
elektroenergijas vienibas izmaksam. Vienlaikus, nemot véra PV uzstadiSanas scenariju
lietotaja objekta, tiek samazinata slodze un salidzinosi palielinas ar sadales piesléguma
jaudas uztur€Sanu saistito izmaksu Tpatsvars atbilstosi tarifu struktiirai. Tomér, ja PV
iekartas aizstaj no tikla iepirktas elektroenergijas apjomu, tiek samazinatas vairakas citas
elektroenergijas gala izmaksu komponentes, tostarp izmaksas, kas saistitas ar sadales

pakalpojumu.
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3.2. Smaga transporta dekarbonizacijas perspektivas ar sintétisko degvielu

palidzibu.

Veicot smaga transporta dekarbonizacijas ar sintétisko degvielu palidzibu, tiek nemts vera
AER un sintétisko degvielu razo$anas tehnologiju jaudas piecaugumu, infrastruktiiras
tehnologiskas iesp&jas un institucionalos aspektus.

Etanola, kur$ p&tijuma ietvaros vértéta ka viena no iespgjamajam sintétiskajam degvielam,
razoSanas jaudu nosaka divi galvenie faktori — uztverto CO; emisiju apjoms un etanola
vienibas razoSanas izmaksu ekonomiska konkur€tsp€ja salidzinajuma ar alternativas
degvielas vienibas razoSanas izmaksam. Abi Sie faktori nosaka ieguldjjumus etanola
razoSanas jauda. Petniecibas un attistibas finans€Sana un ties$as subsidijas etanola razoSanai
palielina etanola raZo$anas ekonomisko konkurétspgju. Ja uztverto CO: emisiju dala tiek
palielinata no 15% Iidz 100%, tad etanola raZoSanas jauda palielinas par tadu pasu

attiecibu, aptuveni 6,5 reizes (39. att.), ko varetu sagaidit.
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42. att. Etanola raZoSanas jaudas dinamika atkariba no uztvertas riipniecisko
(tostarp energijas raZoSanas) CO: emisiju dalas, ka ari finanséjuma pétniecibai un

attistibai, un subsidijam.

Parsteidzosi ir tas, ka finans€jumam pétniecibai un attistibai, un subsidijam ir relativi
neliela ietekme uz etanola razosanas jaudu pamata scenarija (39. att.). Izskaidrojums ir
tads, ka petniecibai un attistibai pieskirtais finans€jums parsniedz bazes Iimena
finans€jumu un samazina pé&tniecibai un attistibai nepiecieSsamo laiku salidzinajuma ar to,
kads biitu bez §1 finansgjuma, t.i. bazes Iimena laiku. Ja p&tniecibas un attistibas bazes
Iimena laiks ir pietickami mazs, etanola razoSana pietickami atri klist ekonomiski
konkur&tsp&jiga ar alternativu, un attiecigaja laika posma sasniedz gandriz tadu paSu
razosanas jaudu bez papildu finans€juma pétniecibai, kads tiek sasniegts ar papildu
finanséjumu. So skaidrojumu var parbaudit, ja "Izpétes laiks vienibas izmaksu
samazinasanai" un "Izstrades laiks vienibas izmaksu samazinasanai" modeli tieck dubultots
attiecigi Iidz 10 un 6 gadiem. Sis izmainas rada lielaku atskiribu etanola raZo3anas jaudas
dinamika (40. att.), kad tiek nonemts finans€jums pétniecibai un attistibai, un subsidijam.
Jaatzime, ka, ja vispar nenotiek pétnieciba un attistiba (p&tniecibas un attistibas laiks
modell ir loti liels), etanola raZoSanas tehnologija nav konkurétsp&jiga ar alternativu un

netiek investets razosanas jauda.
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43. att. Etanola razZoSanas jaudas dinamikas salidzinajums atsauces scenarija un
scenarijos, kur 1) modeli tiek dubultots laiks pétniecibai un attistibai, turklat 2)

finansejums pétniecibai un attistibai, un subsidijam ir vienads ar nulli.

Palielinoties etanola razoSanas jaudai, palielinas arT sarazotais etanols, kas aizstdj
fosilo degvielu transporta nozare. Ja fosilas degvielas zemakais sadegsanas siltums (ZKS)
ir aptuveni 12 MWh/t un etanola ZKS ir 7,42 MWh/t, tad 1 t etanola aizvieto 0,62
tonnas fosila kurinama. Ja pienem, ka sintétiskais etanols ir ogleklneitrals (jo izgatavots no
uztverta CO; un Hp, kas raZots no atjaunojamiem energijas avotiem), un pienem, ka fosila
kurinama CO> emisijas faktors ir aptuveni 3,03 t CO»/t degvielas, tad katra etanola tonna
transporta nozaré novers aptuveni 1,9 tonnas CO,. Rezultati rada (40. att.), ka novérsto
CO> emisiju Tpatsvars, t.i., novérsto CO, emisiju attieciba, aizstdjot fosilo degvielu ar
etanolu, pret kopgjam COz emisijam transporta sektora, kads bija 2020. gada, atbilst tadam
paSam “S veida” pieaugumam ka etanola raZoSanas jauda. Varétu panakt pat 80%
transporta radito CO; emisiju samazinajumu, ja sintétiskas degvielas razoSanai varétu
izmantot 100% riipniecisko CO2 emisiju (40. att.), bet atsauces scenarija tiktu sasniegts

aptuveni 12% samazinajums. Sint€tiskas degvielas
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Tpatsvars kopéja energijas gala patérina transporta (ja patérin$ saglabatos 2020. gada

ItmenT) Sajos divos scenarijos butu attiecigi 74% un 11%.

09
08

0.7
0.6
0.5
04
03
02

0.1
0.0

o ol
[sa)
(=}
o1

5
)

021
2

[a)
o
Lo S o B o N oY |

Novérsto CO2 emisju ipatsvars transporta
sektora

’
2023
2024

2

2

i
029
2030
2031
2033
2034

03
2036
2037
2038
2039
2040
2041
2043
2044
2045
2046
2047
2048
2049

o1

"

N

ﬁ
2

100% rapniecibas CO2 emisiju ir uztvertas
15% no rtpniecibas CO2 emisijam ir uztvertas
Finanséjums izpétei, attistibai un subsidijam bazes scenarija ir lidzvertigs 0

44. att. Noversto CO:z emisiju Ipatsvara dinamika transporta nozare atkariba no
uztvertas riipniecisko (tostarp energijas razoSanas) CO:2 emisiju dalas, ka ari

finansejuma pétniecibai un attistibai, un subsidijam.

Jutibas analizes rezultati (41. att.) rada, ka novérsto CO2 emisiju Ipatsvaru transporta
visvairak ietekm& H» raZoSanas izmaksas, un Ipatsvars samazinas, palielinoties H»
izmaksam. Sis rezultats sakrit ar daudziem citiem pétijumiem, kas norada, ka spirtu
razoSana, hidrogen&jot COg, ir ekonomiski dzivotspgjiga tikai pie noteikta H> izmaksu
Itmena. Tas ir apstiprinats petfjuma, kura aplikota CoMoS katalizatora izmantoSana
reakcijai [140] [21], [141], [8], ka arT pétijuma, kura aplikota termokatalitiskas CO>
hidrogengsanas tehniski-ekonomiskais pamatojums metanola un etanola razoSanai
[47][43]. P&tijuma [141] arT atzim&ta CO> izmaksu nozime, ko apstiprina $is p&tijums.
Jutibas analize ar1 parada, ka Tpatngjie ieguldijumi etanola razoSanas jauda un CO2 vienibas
uztverSanas izmaksas ir divi citi svarigi faktori, kas novestu pie aptuveni 0,05
% un 0,03% noversto CO> emisiju samazinajuma transporta nozaré, ja tas attiecigi

palielinatu par 1%. Ka jau tika minéts ieprieks, p&tniecibai un attistibai pieejama
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finans€juma izmainam un subsidijam ir ievérojami mazaka ietekme, salidzinot ar
iepriek§gjiem trim faktoriem. Tadgjadi arf mazaka ietekme ir tehnologiju apguves atrumam
pétniecibas un attistibas del, dalai no novérstajam CO, emisiju izmaksam, kas pieSkirtas
petniecibai un attistibai, un subsidijam, ka arT pétniecibai un attistibai pieskirta
finans€juma dala (41. att.). P&dgjais koeficients tiek aprekinats, pienemot, ka viss
finans&jums tiek pieskirts p&tniecibai un attistibai, un netiek nodrosinata nauda etanola
razosanas tie$ajam subsidijam. Model tiek nemts vera, ka etanola vienibas razoSanas
izmaksu samazinasana p&tniecibas un attistibas rezultata ietekmé tikai no jauna uzstadito
jaudu. Jaudu, kas jau darbojas (tiek pienemts, ka darbibas ilgums ir 20 gadi), neietekmé&
tehnologiju attstiba pétniecibas un attistibas dél. Var jautat, kapec Ipatngjam investicijam
ir lielaka ietekme neka finanséjumam pétniecibai un attistibai? Modelis ir veidots ta, lai
Ipatngjie kapitalieguldijumi etanola razoSanas jauda buitu nemainigi (kas faktiski lauj
veikt jutibas analizi). Ir vajadzigs laiks (laiks p&tniecibai un izstradei, ka mingts ieprieks),
lai finans&juma palielinajums pé&tniecibai un attistibai ietekm@tu etanola vienibas razosanas
izmaksas un ta rezultata kapitalieguldijumus etanola razo$anas jauda. Ipatn&jo
kapitalieguldijumu etanola razoSanas jauda izmainas izpauzas ka etanola vienibas
razosanas izmaksu samazinajums un no ta izrietoSais ieguldijumu atruma pieaugums $aja
jauda. Izmainas Tpatn&jos kapitalieguldijumos realaja dzives situacija var notikt, piem.,
pateicoties vietgjas infrastruktiiras pieejamibai buvlaukuma, papildu atbalstam
inzeniertiklu pieslégumiem, investiciju subsidijam u.tml. Jutibas analizes rezultati tika
iegiiti atsauces scenarijam. Ta ka attieciba starp neatkarigajiem un atkarigajiem faktoriem
ir nelineara, rezultati ir atkarigi no atskaites punkta. Rezultati ir atkarigi arT no ta, vai

neatkarigais faktors ir palielinats vai samazinats.
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45. att. Jutibas analizes rezultati. Stabini parada novérsto CO: emisiju Ipatsvara
relativas izmainas (pieaugumu vai samazinajumu) transporta nozare, ja attela
redzamie faktori palielinas par 1%. Noveérsto CO:2 emisiju Ipatsvars transporta
Iidz 2050. gadam atsauces scenarija sasniedz 0,12 (sk. 38. att.).

Lai novértétu smagajam autotransportam paredzetas sintStiskas degvielas razoSanas
perspektivas dazados atjaunojamas energijas razoSanas jaudu scenarijos, veikta analize
katram no pétfjuma izmantotajiem 3 scenarijiem.

1. scenarijs — "Visticamakais" (“lespg&jamakais’)

Lai razotu 8,2 TWh sintétiskas degvielas, kas ir modelésana identificétais degvielas
pieprasijuma apjoms, elektrolizei ir nepiecieSama 14,02 TWh elektroenergijas. Tam biitu
nepiecie$ams elektroenergijas neto imports (starpiba starp importu un eksportu) 8,835
TWh apméra gada. Modelé$ana apliecina, ka marta ned€la importétas elektroenergijas
apjoms ir lielaks neka eksportétas un tikai dazas stundas $aja nedéla elektroenergijas
razoSana apmierina pieprasijumu, lai gan ir zinams, ka marts ir loti labs meénesis
elektroenergijas razoSanai, jo v&j$ ir diezgan spécigs un upés ir liels Gdens daudzums, kas
izplust caur hidroelektrostacijam. Ja nemam véra elektroenergijas importa cenas 2021.
gada (~80 EUR/MWh.), tad importa izmaksas butu aptuveni 707 milj. EUR/gada.
Salidzindgjumam — elektroenergijas neto imports Latvija 2021. gada bija 1,77 TWhe.
Tapeéc §im scenarijam tika izveidots otrs variants, kura tika novértéts, kads ir sint&tiskas

degvielas daudzums, ko var sarazot, ja elektroenergijas neto imports saglabajas tada pasa
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liment ka 2021. gada, t. i., 1,77 TWh, gada. Rezultati liecina, ka ar $adu elektroenergijas
neto importu var sarazot 3,6 TWh jeb 44% no nepiecieSama sintétisko degvielu daudzuma,
un tam elektrolizei butu nepiecieSami 6,19 TWhe elektroenergijas. Atlikusas 4,6 TWh
degvielas energijas smaga transporta nozarg tiktu nodro$inatas ar fosilo degvielu, kas baitu
tada pati ka 2021. gada, radot tadas paSas CO> emisijas ka 2021. gada. Tas lauj secinat, ka
atjaunojamas energijas picaugumu $aja scenarija atsver degvielas patérina pieaugums lielas
noslodzes transporta. Tas novers CO; gada emisiju [imena picaugumu, bet nepalidz to

samazinat.
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46. att. Elektroenergijas bilance marta nedéla 1. scenarijam “lespéjamakais”, .
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2. scenarijs — ""Maksimala atkrastes véja energija"

Lai samazinatu CO; emisijas, ir nepiecieSams palielinat atjaunojamo energoresursu
razoSanas jaudu, lai sistéma var€tu sarazot papildus 8,835 TWh. -elektrolizei, un
nodro$inatu 8,2 TWh sintétiskas degvielas razoSanu. Mainot atkrastes VES jaudu, tika
konstatéts, ka jauda biitu japalielina par 4765 MW. Sada scenarija neto elektroenergijas
imports biitu nulle. (44. att.). Tom&r saglabajas salidzinosi lieli eksporta un importa apjomi
— aptuveni 5,72 abos virzienos. Tas var nebiit ekonomiski izdevigi, jo importa cena biezi
vien varétu bit augstaka par eksporta cenu. Modell sakotngji izvEletais tdenraza
uzglabasanas tvertnu tilpums ir neliels, un modelis izmanto elektribu elektrolizei tikai tik
daudz, cik nepiecieSams transporta vajadzibam konkrétaja bridi, parveidojot sarazoto
tdenradi sintétiskaja degviela un patérgjot to transporta vajadzibam. Ja tiktu palielinats
tdenraza uzglabasanas tvertnu tilpums un elektrolizes jauda, visa eksporta jauda tiktu
novirzita Gdenraza razo$anai, novérSot elektroenergijas neto importu. Tomér adenraza
uzglabasana lielos daudzumos ir sarezgita un darga, un §s izmaksas varétu parsniegt
elektroenergijas importa un eksporta cenas starpibu, tadél izdevigak butu veidot sintétiskas

degvielas uzglabasanas tvertnes. Sads risinajums tiek parbaudits 3. scenarija.
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47. att. Elektroenergijas bilances grafiks EnergyPLAN 2. scenarijam

3. scenarijs — "Sintétiskas degvielas uzglabasana"

Ja par pamatu nemam 1. scenarija elektroenergijas razo$anas jaudas, tad butu jaspgj
uzglabat 10,64 TWh tdenraza, jo $ads apjoms ir nepiecieSams 8,2 TWh sintétiskas
degvielas razoSanai. No §1 apjoma 4.18 TWh veido, DME, kur§ aizvieto dizeldegvielu
glabasanai un ta uzglabasanai nepieciesams tilpums 789 tiikst. m*, 3,99 TWh aviacijas e-
petrolejas uzglabasanai — 433 tiikst. m®, bet amonjakam, kuru izmanto kugu transporta —
9,5 tikst. m>.

Sada scenarija imports un eksports biitu vienads - 0,73 TWh gada. Pievienotas sintétiskas
degvielas uzglabasanas tvertnes lauj samazinat elektroenergijas parrobezu plasmu apjomu,
paredzot , ka elektrolizes iekartas tiek darbinatas tikai brizos, kad rodas VES
elektroenergijas izstrades parpalikumi, ko var redzet 45. attéla. un kas bija viens no

galvenajiem nosacTjumiem sint&tisko degvielu razosana.

119



: 2 .2
’ '

£ 2 - . 2 2
’ 4 . .
. ‘ - .

’
cmrrs shsrsssmasssrrrmssnnrdrasnnadisrrrmdrsnnnsbsannw
* . . ' . Y

B CEE B O B

. -
b e AR s tanvmtde
» .

CLA LR LR R
- .

48. att. Elektroenergijas bilances grafiks EnergyPLAN 3. scenarijam
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3.3. AER razo$anas avotu ietekmes uz elektroenergijas tirgus attistibas tendencém

un transporta dekarbonizaciju analize

Elektroenergija cenas ir viens no batiskakajiem izmaksu posteniem gan ETL
ekspluatacija, gan arT sintétisko degvielu razosana, tapec cenu ilgtermina prognozejamiba
ir bitisks faktors, lai identificetu Sajas aktivitat€s veicamas investicijam un nodrosinatu
tam prognoz&jamibu, vienlaikus pamatojot arl investicijas elektroenergijas razoSanas
jaudas. "Nord Pool" birza iegiito statistikas datu salidzinajums liecina, ka Tstermina, kas
ilgst vienu nedg€lu, pastav ievérojama korelacija starp v&ja elektrostaciju elektroenergijas
razoSanu un cenam. Analizei salidzinasanai tika izvéléti divi 7 dienu periodi 2019. gada no
1. novembra lidz 7. novembrim un no 3. decembra lidz 9. decembrim $adu apsvérumu dél:
kopgjais elektroenergijas patérins, darbdienu skaits, apkartgja gaisa temperatara, ka arf ar
razoSanas iekartu pieejamibu saistito ierobezojumu skaits abos periodos lielakoties bija
lidzigs, un hidroresursu rezerves pieejamiba (ko raksturo fakts, ka abos periodos ta
parsniedza ilgtermina medianas vertibu attiecigaja gada nedela) attiecigaja analizes perioda
bija augsta. Tikmer saskana ar aprékiniem vgja elektroenergijas razo$anas apjoma starpiba
starp scenarijiem parsniedza 100%. Tadgjadi vienigais nozimigais mainigais parametrs
abos analizes periodos bija v&ja elektroenergijas razo$anas apjoms. Aprékins apstiprinaja,
ka vidgjo cenu starpiba starp scenarijiem bija aptuveni 13%, ko var uzskatit par biitisku.
Tomer tas liek domat, ka ilgakos analizes periodos v&ja elektrostaciju sarazotajai
elektroenergijai ir daudz mazaka ietekme uz elektroenergijas cenu svarstibam neka isakos
periodos, kas reizém piedzivoja cenu atskiribas Iidz pat 100% 24 stundu periodos viena

konkréta diena un pastavigas atSkiribas lidz pat 25% 24 stundu periodos.
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19. tab. Stipras un mérenas véja energijas scenariju salidzinajums

Ziemelvalstis (Datu avots: Nord Pool)

Hidroa | Hidroaku | Videja VES
VES raZoSanas
kumul | mulacijas | tirgus razosana
Patérins, ipatsvara
acijas apjoms cena Ziemelval
MWh izmainas
apjoms | Ziemelval | EUR/MW stu un
patérina
Ziemel | stis, MWh | h Baltijas
valstis, valstu
MWh paterina
Merena
vEja 98335 335411 42,28 9013040 0,037
scenarijs -
Stipra
veja 85178 792066 37.45 9093105 0,087
scenarijs 134%

Datu analize gada griezuma apstiprina, ka, neskatoties uz spécigam istermina svarstibam,
kas saistitas ar v€ja energijas razo$anas izmainam, nav vera nemamas korelacijas starp
elektroenergijas cenam un v&ja energijas razoSanu ilgaka perioda (46. att.). "Nord Pool"
tirgi uz loti lielajiem sarazotas v&ja energijas apjomiem (MWh) reaggja ar salidzinosi
meérenam cenu svarstibam, un biitiska ietekme nav novérojama arT periodos ar loti zemu
véja energijas Tpatsvaru. Tikmér lielaka dala gadijumu, kad elektroenergijas
vairumtirdzniecibas cena bitiski parsniedza vai bija zemaka par vid€jo Iltmeni, tika
registréti periodos, kad v&ja energijas razosana bija vidgja, no 40 000 MWh lidz 100 000

MWh diena Somijas, Danijas un Baltijas valstu regionos. Lidzigi rezultati tika novéroti
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stundas analizém Baltijas regiona un Danija (sk. 46. un 47. att.).
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49. att. Sakariba starp véja energijas raZzo$anu un elektroenergijas tirgus cenu péc

stundas likmes Baltijas regiona 2019. gada (Datu avots: Nord Pool)

Lai gan dati liecina, ka korelacija starp v&ja elektroenergijas razoSanas apjomu un cenu

Danija ir augstaka neka Baltijas valstTs, abos regionos korelacija ir loti zema (47. att.).
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50. att. Sakariba starp véja energijas raZoSanu un elektroenergijas tirgus cenu péc

stundas likmes Danija 2019. gada (Datu avots: Nord Pool)
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Identiskus novérojumus var veikt Korelacijai starp vEja energijas Ipatsvaru kopgja
elektroenergijas gala patérina un stundas elektroenergijas cenam gan Danija, gan Baltijas
valstis. Abos gadijumos korelacija bija augstaka neka scenarija ar véja energijas razo$anu,

tacu ta joprojam ir loti zema.

Vidéjas elektroenergijas cenas un véja energijas
00 Ipatsvara bilancé korelacija Baltijas valstis
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51. att. Sakariba starp vidéjo elektroenergijas tirgus cenu un véja energijas

Ipatsvaru kop@ja paterina Baltijas valstis 2019. gada (Datu avots: Nord Pool)

124



Vidéjas elektroenergijas cenas un v€ja energijas Tpatsvara
bilancé korelacija Danija
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52. att. Sakariba starp véja energijas ipatsvaru kopéja patérina un elektroenergijas

tirgus cena péc stundas likmes Danija 2019. gada (Datu avots: Nord Pool).

Turklat elektroenergijas patérina datu analize paradija, ka elektroenergijas
vairumtirdzniecibas cenai ir daudz spécigaka pozitiva korelacija ar elektroenergijas

patérinu (50. att.).
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53. att. Sakariba starp elektroenergijas tirgus cenu un ikstundas elektroenergijas

patérinu 2019. gada (Datu avots: Nord Pool, 2020)

Lai novértétu periodiskas v&ja energijas razosanas izraisito elektroenergijas tirgus cenu

svarstibu ietekmi uz Danijas v&ja energijas razotaju ekonomiskajiem raditajiem 2019.
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gada, tika aprékinata un salidzinata "Nord Pool" pardotas v&ja energijas videja sverta cena
par MWh un salidzinata ar vidgjo svérto tirdzniecibas cenu. Sverta tirgus cena vienadojuma
(Vien. 12) tika iegiita ka elektroenergijas razotaju stundas ienakumu gada summa
(pardotais apjoms par konkrétas stundas cenu), dalita ar kop&jo pardoto elektroenergijas

apjomu:

pre = Zip PET) (12)

8760 TP
Z:i=1 Ei

kur prp— vidgja svérta cena kopgjai elektroenergijas tirgli pardotajai elektroenergijai,
EUR/MWh;
pi— elektroenergijas tirgus cena noteikta stunda, EUR/MWh;

ETP —kopgja pardota elektroenergija noteikta stunda, MWh.

Vgja energijas razotaju videja sverta realizacijas cena (Vien. 13) tika iegita ka v&ja
energijas raZotaju stundas ienakuma gada summa (pardotais apjoms par konkrétas stundas

cenu), dalita ar kop&jo VES sarazoto elektroenergijas apjomu:

pwe = Zip @ED) (13)

8760 pWP
z:i=1 Ei

kur  pwp — elektroenergijas tirgti pardotas VES sarazotas elektroenergijas vidgja sveérta
cena, EUR/MWh;
pi— elektroenergijas tirgus cena noteikta stunda, EUR/MWh;

EWP — VES sarazota elektroenergija, kas pardota noteikta stunda, MWh.
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Aprékini liecina, ka 2019. gada v&ja elektroenergijas razotaji VES sarazoto elektroenergiju
pardeva par vidgjo sverto cenu 44,27 EUR par MWh, savukart vidgja sverta tirgus cena
bija 44243,96 EUR par MWh. Tadgjadi cenu starpiba ir aptuveni 0,7%, un tas liek domat,
ka vEja energijas razotaju ienakumus tikai nenozimigi ietekm& cenu samazinajums
periodos ar lielu VES sarazotas elektroenergijas patsvaru, un, gluzi pretgji, kopuma
razotaju ien€mumi par tirgi pardoto elektroenergiju uz vienu MWh ir nedaudz augstaki,

neka vidgji tirgi.
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4. SECINAJUMI

Pétfjuma, kura novertéts elektroenergijas daudzums, ko var sarazot saules
fotoelementi, kas uzstaditi degvielas uzpildes stacijas un paredzeti ETL
uzladei, rezultati liecina, ka saules fotoelementi degvielas uzpildes stacijas var
nodroSinat aptuveni 2% no kopgas ETL wuzladei nepiecieSamas
elektroenergijas Latvija. Saules fotoelementi, kas uzstaditi citas uzlades iekartas
arpus degvielas uzpildes stacijam, t. i., publiskas uzlades vietas varétu nodrosinat
aptuveni 14% no ETL uzladei nepiecieSamas elektroenergijas.

FTL autoparka aizstaSanas atrums ar ETL ir iz8kirosakais faktors CO2 emisiju
samazina$ana transporta nozare. Lielaka ietekme uz ETL pieauguma tempu ir
starpiba starp jaunu ETL un FTL cenam. Divi galvenie mehanismi, kas samazina
cenu starpibu starp ETL un FTL ir: ETL cenas samazinajums tehnologiskas
attistibas rezultata un tiesas subsidijas ETL iegadei. Tadgjadi, tiesas subsidijas
ETL iegadei var€tu biit visefektivakais politikas instruments transporta
dekarbonizacijas un elektrifikacijas atbalstam. Politikas instrumentiem jastimulg
pareja no FTL uz ETL péc iesp&jas agrak. ETL uzladei izmantotajam energijas
avotam ir otr3kiriga nozime attieciba pret kumulativajam CO; emisijam
transporta nozare€.

Analizgjot viegla ETL attistibas iesp&jamo ietekmi uz elektriskas slodzes profilu,
tika secinats, ka atras uzlades scenarija pika stundas bija izteiktakas dienas vidd,

bet majas uzlades scenarija pika stundas bija tikai vakara stundas.

Majas uzlades scenarija vakara maksimumi bija daudz lielaki, un dienas uzlades
profils bija nevienmérigaks. Atras uzlades stacijam profils bija daudz
vienmerigaks dienas laika, ar mazakiem pikiem.

Atbilstosi gadalaikiem lielaks elektroenergijas pieprasijums no ETL lietotaju
puses veérojams gada siltajos ménesos, kad iedzivotaji vairak parvietojas. VES
razota elektroenergija ziema, HES pavasari un saules PV vasara palidz stabili

apmierinat pieprasijumu péc elektroenergijas no uzlades stacijam lielakaja
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dala laika periodu. Lielakas problémas ar elektriska tikla slodzi ir redzamas
vakara stundas, kad nav pietickama VES izstrade un vairs nav pieejama saules
PV elektroenergija. ETL uzlades pika stundas biezi ir vakara stundas, tadgjadi
radot nepiecie$samibu importét elektroenergiju, ko nevar nosegt ar atjaunojamiem
energijas avotiem.

Vienlaikus ETL raditas potencialas slodzes un energijas patérina novertéjums
apstiprina, ka Latvijas elektrotikla uzstadita jauda ir pietickama, lai apmierinatu
ETL uzlades vajadzibas ar tad, ja viss fosilo transporta lidzeklu parks tiek aizstats
ar ETL. Tapéc nav pieradijjumu, ka autotransporta elektrifikacijai butu
nepiecieSami ievérojami papildu ieguldijumi elektrotikla. Aprékini arT liecina, ka
iesp&jamais elektroenergijas pieprasijuma pieaugums naktu par labu tikla
operatoriem un raditu papildu ienakumu pliismu, ko var izmantot, lai samazinatu
tikla maksu par piegadatas elektroenergijas vienibu.

TieSo ekonomisko ieguvumu, kas saistits ar intensivaku elektrotikla izmantoSanu,
var raksturot ka relativi nenozimigu aptuveni 0,2% vai 0,7 miljonu EUR/gada ,
kad ETL izplatiba sasniedz aptuveni 500 000 vienibu. Tikm&r novérsto CO>
emisiju vertiba ir butiskaka, un ta var sasniegt aptuveni 45 miljonus EUR/gada,

kad ETL izplatiba sasniedz aptuveni 500 000 vienibu.

Elektroauto un majsaimniecibu PV sinergijas analize norada, ka izmaksas, kas
saistitas gan ar saules energijas iekartu, gan transportlidzeklu iegadi, ir viens no
svarigakajiem  izmaksu noteicoSajiem  faktoriem abu  tehnologiju
ekonomiskajiem raditajiem. Papildus tieSajam ekonomiskajam prieksrocibam
abu tehnologiju sinergijai ir arT liels potencials samazinat energijas izmaksu

svarstibas.

Apkopojot pétijumos giitas atzinas par sintétisko degvielu lietojumu smaga
transporta dekarbonizacija var secinat, ka Iidz 2050. gadam ir iesp&jams
dekarboniz&t smaga transporta nozari, izmantojot elektroenergiju, kas razota no
atjaunojamiem energoresursiem, razojot sintétiskas degvielas un uzglabajot tas

lielos apjomos.
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Ja pasazieru transports tiks dekarbonizets, izmantojot elektromotorus, kuriem
ari nepiecieS§ama no atjaunojamiem energoresursiem razota elektroenergija, tad
bitu jauzstada papildu atjaunojamas elektroenergijas jauda.
legtitie rezultati arm norada, ka prognozéta maksimala elektriska slodze,
visticamak, ievérojami parsniedz esoSo parvades un sadales tiklu jaudu, un
tadgjadi pamato nepiecieSamibu veikt turpmakus pétijumus, lai novertétu
transporta dekarbonizacijas stratégijas izmaksas ar sintétisko degvielu palidzibu

saistiba ar esoSo elektrotiklu paplasinasanu un pielagosanu.

Petljuma par sintétisko degvielu potencialu smaga transporta sektora un ta
atkaribu no institucionalajiem faktoriem rezultati liecina, ka idenraza razoSanas
un CO; uztverSanas izmaksas (starpiba starp uztverSanas izmaksam un CO>
emisiju cenu), ka arT Ipatn€jiem kapitalieguldijumiem sintétisko degvielu
(modelésana veikta etanola razo$anai) razoSanas jauda (tehnologiju izmaksas) ir
tris no svarigakajiem faktoriem, kas nosaka model&to sistému rezultatu.
Udenraza razo$anas izmaksam ir vislielaka ietekme uz etanola razo$anas jaudas
dinamiku un no tas izrieto$ajam novérstajam CO; emisijam transporta nozaré.
Proti, fidenraza razoSanas izmaksu pieaugums par 1% samazina noveérsto CO2

emisiju apjomu transporta nozaré par 0,32 %.

Rezultati rada, ka, izmantojot naudu, kas tiek ietaupita, pateicoties noverstajam
CO» emisijam, lai izstradatu sintétiskas degvielas razoSanas tehnologijas, rodas
pastiprinoss efekts, kas lauj izvairities no vél lielakam CO; emisijam nakotné.
Ka izriet no rezultatiem, tehnologiska attistiba un pé&tnieciba ir butisks
priekSnosacijums tam, lai attistitos sintétisko degvielu razoSana no uztverta
CO», un bez finansgjuma §im vajadzibam, tehnologijas attistiba ir maz ticama.
Apkopojot butiskakos rezultatus no pétijuma kas veikts par elektroenergijas
jaudu attistibas ietekmi uz tirgu un kop&jam paterétaju izmaksam ilgtermina,
jaatzimé, ka visi model&tie scenariji apstiprindja uzstadito atjaunojamo
energoresursu jaudas, jo TpaSi v&a un PV energijas avotu, turpmakas
palielinasanas ekonomisko un tehnisko iesp&jamibu. Turklat visos scenarijos
gada izmaksas energijas patérétajiem prognozg&jamas ieveérojami zemaka limeni
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neka 2017. atsauces gada. Scenariji, kas paredz intensivaku atbalstu AER
attisttbas veicinasanai, ka arT stimulus energoefektivitates uzlabosanai rada
salidzinosi lielaku gada izmaksu slogu, tomér mazakas izmaksas uz paterétas

energijas vienibu nakotng neka atsauces gada. [118]

e Analize ari paradija, ka, nemot véra pieejamo energijas uzglabasanas
tehnologiju klastu, no kuram par nozimigako tehnologiju ir uzskatamas
hidroakumulacijas elektrostacijas un akumulatoru baterijas, uzglabasanas jaudas
pilnigai VES un saules PV razotas elektroenergijas lidzsvaro$anai var nebiit
pietickamas. Saistiba ar to jap&ta citas energijas uzglabasanas iespgjas, piem.,
pazemes kratuvju izmantoSana sintétiskas gazes vai biometana uzglabasanai, ka
arT tdenraza uzglabasana, apsverot nepiecieSamibu saglabat esoso dabasgazes

infrastruktiiru.

Savukart ietvaros analiz€jot atjaunojamas energijas raZzotnu ietekmi uz
elektroenergijas tirgus cenu dinamiku gada un stundu griezuma, rezultati
neuzradija korelaciju starp VES sarazotas elektroenergijas Ipatsvaru un
elektribas tirgus cenu. Siem mainigajiem lielumiem. R vértiba bija tikai - 0,15
Danijai, kas ir valsts ar vislielako v&ja energijas izplatibu Ziemelvalstu un
Baltijas regiona, un lidzigi zema (R = - 0,15) Baltijas valstim. Tap&c nebija
iesp&jams ieghit nekadu funkcionalu sakaribu starp vEja energijas Ipatsvara
pieaugumu un no ta izrieto$o elektroenergijas tirgus cenas samazinajumu, ko
varétu izmantot energosistému turpmakaja modelésana. Tomer Sie noveérojumi
ar1 noradija, ka nepastavigu atjaunojamo energijas avotu, piem., v€ja energijas,
ietekme uz elektroenergijas tirgus cenam ilgaka termina ir zemaka, neka
uzskatits ieprieks un kopuma nerada nozimigus riskus ilgtermina vairumcenu

stabilitatei un investoru intereses kritumam.
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Application of EnergyPlan modelling tool for
comparative analysis of selected energy policies in
case of Latvia

Gunars Valdmanis, Gatis Bazbauers
Institute of Energy Systems and Environment
Riga Technical University
Riga, Latvia

Abstract— This paper represents a study on application of
energy modelling tool EnergyPlan for evaluation of different, pre-
defined energy policy scenarios with varying penetration of
renewable energy and flexibility sources in a national energy
system for long-term planning and decision-making purposes. The
modelling results suggest that from point of view of socio-economic
and environmental performance, the scenario combining active
support of renewable energy and energy efficiency measures is the
most sustainable.

Keywords—modelling, energy plan, energy policies

I.  INTRODUCTION (HEADING I)

The rapid development and competitiveness of renewable
energy in global energy market, as well as new market and
political changes, including liberalized energy market and
fluctuating energy prices, reshape today’s energy market. These
changes create new challenges for policy makers, energy
investors as well as consumers. Thus, long-term planning of new
energy production facilities and infrastructure, or even
maintaining and refurbishing of existing assets becomes a key
question for investors and other stakeholders. Usage of
modelling tools is a solution which eases assessment of different
investment or policy decisions. Modelling of energy systems
with a purpose of assessment of demand, supply, grid
parameters and generation mix in energy systems has a long
history. However, digitalization, accumulation of both historical
data, development of sufficiently powerful instruments to carry
out modelling as well as development of new technologies in the
power industry simultaneously enabled and required experts to
develop new modelling tools [14]. Comparison of earlier
research confirms that the EnergyPlan can be evaluated as a
highly adaptable and flexible energy planning tool, which can be
used both for modelling of larger and integrated energy systems
[10], [5], as well as for smaller and isolated energy systems such
as islands or smaller regions [6], [13]. The tool has been
successfully applied for both comparisons of different energy
policy scenarios [8] as well as for assessment of efficiency of
performance of different flexibility technologies such as energy
storages based on the pumping hydroelectric power plants [2],
[11, [4], [12], [11], or assessment of potential of renewable
energy sources such as wind and solar energy as primary supply
sources of national energy systems and replacement of the fossil-
fueled energy sources [3], [7].

Several modelling tools, including the EnergyPlan, has
already been used by Latvian researchers for modelling of the
Latvia’s energy supply system to assess potential of renewable
energy sources [7]. However, in comparison with earlier studies,
this particular paper also focuses on additional criteria of
assessment from economic and environmental performance
point of view, such as yearly costs of different development
scenarios or amount of carbon dioxide emissions in different
scenarios. The aim of the paper, which is based on the master’s
thesis of the author [9] and carried out for energy supply system
of Latvia, is to assess the suitability of particular modelling tool
for long-term energy system functioning from both technical and
economic points of view. Additionally, the goal was to identify
the overall impact of renewable energy sources, energy saving
measures and flexibility solutions on functioning and costs of a
national energy system, as well as on level of carbon emissions
produced by the energy sector. The paper compares five
different energy policy development scenarios with varied
penetration of renewable energy sources, flexibility
technologies as well as target values for energy efficiency
performance of the buildings, which were developed for the
period from 2017 to 2050.

II. METHODOLOGY AND DEFINING OF SCENARIOS

The EnergyPLAN tool is a software-based environment for
modelling of the technical, economic and environmental
performance of different energy policy scenarios. Modelling
within the tool is performed out in hourly steps for the period of
one year and based on set of pre-defined data, provided by both
the developers of the system and the users, which characterizes
such parameters as historical statistical proportion of heating and
cooling days, solar energy statistics, wind energy statistics, as
well as average inflow of water in rivers [6]. Application of the
model in case of Latvia was based on the development forecasts
provided by the transmission system operator and other
institutions responsible for the energy sector. Model input was
such system parameters as consumption, production and
contribution of different energy sources. These parameters are
separately applied for specific, predefined scenarios which
reflect impact of specific investment decisions and policy
measures. The research used five different scenarios for
comparison: “business as usual” (BAU) scenario, renewable
energy development (RES) scenario envisaging pro-active



support of solar and wind energy; energy efficiency (EE)
scenario envisaging focus on energy saving measures;
combined (COMB) scenario which envisages combined
incentives both for development of renewable energy and efforts
to conserve energy consumption; as well as flexibility (FLEX)
scenario which envisages focus on introduction and support of
energy flexibility technologies and incentives. Detailed
description of parameters under each scenario is provided in
Table 1.

TABLEL MAIN INPUT PARAMETERS AND  ASSUMPTIONS FOR
INDIVIDUAL MODELLED SCENARIOS. THE LIMITATION FOR WIND POWER
CAPACITY AT AROUND 1200 MW IS IMPOSED IN LINE WITH THE EXISTING
CAPACITY OF THE HIGH VOLTAGE GRID, AND AVAILABILITY OF ENERGY
SOURCES FOR BALANCING OF WIND ENERGY.

Input parameters| BAU RES EE COMB
and  assumptions | scenario | scemario | scenario | scenario
for forecasts for
year 2050
1. Yearly power| 1385 1385 9.87 987 16.46
consumption (TWh)
2. Installed photo | 41 300 41 300 129
voltaic capacity
(MW)
3. Installed wind | 678 1200 678 1200 978
capacity (MW)
4. Average energy |95 95 43 43 95
consumption for
heating (kWh/m®)
5. Number of| 300 350 350
electric cars
. &)
3 Average | 70 100 200 200 100
investment for
renovation of houses
(EUR per Im’)

FLEX
scenario

Additionally to the main analysis, the sensitivity
analysis of such essential input parameters as wholesale price
of electricity, the price of natural natural gas and the price of
carbon emissions was carried out to identify their impact on the
performance of one of the proposed development scenarios,
RES scenario, which focuses on intensive development of
renewable energy production capacities and their subsequent
increased proportion in the overall energy mix. The sensitivity
analysis envisaged comparison of three different scenarios:
calculated base scenario, which were used as a default input
parameter throughout all analyze scenarios; low price scenario,
under which the forecasted prices were 20% below the base
scenario; high price scenario, under which forecasted prices of
each input value was 20% above the base scenario.

III. RESULTS AND DISCUSSION

To ensure sufficient reliability of the adopted research
method, a validation of the model was carried out. To determine
the accuracy of the modelling, the actual statistical data from
year 2017 were compared with the output data of the EnergyPlan
modelling tool. The model provided sufficiently accurate
seasonal distribution of the dominating power and heat supplies
in line with the hydrological conditions and the typical heat
demand as well as demonstrated accurate estimates of the
average demand for electrical load and heat load for each month
of'the year, as well as highly realistic estimates of the availability

of the wind and hydro energy availability during different
months of the year [9]. In the further stages of the research, a
comparison of performance of each scenario according to
several parameters was carried out: carbon dioxide emissions,
yearly costs (consisting of both variable costs as well as such
fixed costs as capital in power sector, total energy demand, as
well as electricity import or export volume. However, to
emphasize performance parameters which characterize
economic and environmental sustainability of the energy
system, the further analysis focuses on two most significant
analyze parameters, carbon dioxide emissions and the total
yearly costs.

In a comparison of modelling results from the point of view
of carbon dioxide emissions, all development scenarios,
including BAU scenario envisage significant decrease in carbon
emissions during analyzed period, but FLEX scenario, despite
the fact that it assumes the highest overall energy consumption,
exhibits the lowest amount of carbon dioxide emissions. Such
tendency underlines the fact that transport remains one of the
most significant source of carbon emissions in most countries,
and replacement of fossil fuels with such energy sources as
electricity can produce a very notable result in reduction of
carbon emissions [9].
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Fig. 1. Comparison of modelled scenarios from point of view of annual carbon
dioxide emissions.

Meanwhile comparison of yearly costs shows the EE, FLEX
and COMB scenarios offer the most notable financial savings
for general economy, which is due to decrease of consumption
for fossil fuels in heating sector in case of COMB and EE
scenario, and with decrease of consumption of fossil fuels in
transport sector under FLEX scenario. The RES scenario
envisages the highest costs of all scenarios, which is related to
the fact that apart from incentives to promote production of
energy from renewable energy sources, the scenario does not
foresee additional significant measures for reduction of energy
consumption. However, such yearly sum also foresees higher
amount of consumed and produced energy, and per one unit of
consumed or produced energy the economic performance of
this scenario remains remarkably good in comparison with all
the other scenarios.
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Fig.2. Comparison of modelled scenarios from point of view of annual costs.

Rather similar trends can be observed while comparing the total
energy consumption data of each scenario. While RES scenario
seemingly achieves only insignificant reduction of total energy
demand in comparison with BAU scenario or reference year, it
must be noted that RES scenario foresees significant shift in the
final energy consumption with noticeably larger proportion of
electricity in the final consumption.
The comparison of analysis scenarios also challenges
traditional usage of such parameters as primary energy
consumption as benchmark for assessing sustainability of the
energy system and policies. Under several scenarios increased
proportion of renewable and sustainable energy in the system
also resulted in a larger primary energy consumption, however,
at the same time these scenarios displayed very remarkable
performance from point of view of carbon emissions. The
analysis also clearly indicated the importance of proper
interpretation of applied indicators, as under analysis produced
similar results under different scenarios for such economic and
environmental indicators as yearly costs and consumption of
energy, however, it can be argued, indicators cannot be always
compared directly.
For example, yearly expenses under BAU scenario are mostly
related with acquisition of fuel, while expenses under such
scenarios as COMB are in more significant amount channeled
towards investments in renewable energy production and
renovation of the buildings. It must be noted, larger proportion
of expenses for capital costs versus larger proportion spent on
fuel (especially imported fuel) has significantly different impact
on macroeconomic sustainability of the energy sector, as, for
example, renovation of buildings drives development of
building sector, while increased, domestic production of
renewable energy improves the balance of trade. It can be also
argued that larger proportion of spending in buildings also
contributes to indirect increase of welfare and quality of life for
society, as it reduces emissions of other combustion by-
products such as hard particles from heat production in
buildings, as well as contributes to prevention of respiratory
diseases related with unsatisfactory heat supply in households.
The need to review traditional metrics in evaluation of energy
systems was also identified by several other researchers [15].
Meanwhile the sensitivity analysis of different power
prices scenarios suggests that average wholesale prices of
power to a limited extent do influence the overall energy
balance or the carbon emission level. However, it has
significant impact on the overall costs, and from the point of
view of economic benefits, a policy based on larger investment

in new energy production facilities, especially in wind and solar
energy, would prevent significant advantages in all price
scenarios, as it would prevent significant cost increase related
with acquisition of imported energy with only comparatively
marginal increase of capital costs regardless of market price.

Meanwhile the analysis of potential changes in such
variable parameter as natural gas does not significantly
influence the overall modelling outcome and as such the natural
gas price fluctuations should not be seen as a significant risk for
decision makers, consumers or investors. For example, the
reduction of natural gas price by 20% all in all contributes only
to a overall cost reduction by 2.1% and increases carbon dioxide
emissions by 2.8%, meanwhile a respective 20% increase in
price contributes to similar 2 % increase in overall energy
variable expenses and facilities the decrease of carbon
emissions of by 4.7%.

It also can be noted, that changes in carbon dioxide
emission prices as well had only insignificant impact on the
overall variable yearly costs of energy supply as the overall
proportion of the carbon dioxide related costs in general, and
especially in in a system with high proportion of renewable,
carbon-free energy sources in both heat and power production
sectors, is relatively low.

Similarly, the modelling also revealed that changes in
carbon dioxide emission prices would have only relatively
insignificant effect - below 1.5%, on the overall emission level.
It can be attributed to the fact that, under the model, the power
production sector remains the only sector with significant
proportion of carbon dioxide in the final price of product or
service, and with sufficient competition from other production
sources to noticeable alter decisions of producers on usage of
fossil fuels.

IV. CONCLUSIONS

In conclusion, it must be noted, that all modelled scenarios
confirmed the economic and technical feasibility of further
increase of installed renewable energy capacities — in particular
wind and photovoltaic energy sources. The analysis of all
scenarios confirmed that even at the current pace of
development or in business-as-usual scenario, under which the
increase in wind energy and solar power plant capacity was
based on the publicly announced investment plans and historical
development trends, the installed renewable energy capacity was
sufficient to meet the increase in overall demand for electricity
and effectively limit the increase of production from non-
renewable sources as well as imported electricity, with annual
costs at a significantly lower level than in the reference year
2017.

Scenarios which envisage more intensive and aggressive
political incentives to promote the development of RES, as well
as incentives to improve the energy efficiency do result in a
comparatively higher annual cost burden in relation with
investments, however, costs per one consumed unit of energy in
the modelled future development scenarios were significantly
lower than the costs in the reference year.



However, in line with analysis, the COMB scenario, which
envisaged incentives to increase energy efficiency of the
buildings as well as support measures for investments in the
wind and solar energy production facilities, provides the most
cost-efficient scenario to accommodate rapid economic growth
with relatively low amount of carbon dioxide emissions and
simultaneous reduction of the overall costs of imported energy.
At the same time, it creates additional synergies with building
sector and prevents waste of energy in households [9].

It must be added, however, that, in the same time, analysis
highlighted the fact that from economical and technical
perspective, even the most ambitious development scenarios for
renewable energy do not allow Latvia to fully discontinue
consumption of fossil energy sources in the future. Under
scenarios relying on increased production of electricity from
wind and solar power plants and relatively rapid increase of
energy consumption, the fossil-fueled thermal power plants
remain significant source of balancing and back-up electricity
production, especially in periods with high overall power
consumption, such as winter months, when abilities to import
the demanded energy from other countries, even non-EU
countries such as Russia and Belarus, can be significantly
limited, as it was already noticeable in February and March of
2018.

The need to maintain reliable and dispatchable power
production sources is also dictated by the existing power
transmission capacity and foreseeable development of
production capacities in neighboring countries such as Estonia,
Lithuania, Poland, Finland and Sweden. The analysis showed
that the existing transmission system capacity together with the
sufficient base-load and reserve capacities is able to sustain
approximately 1200 MW of wind capacity and 300 MW of
photovoltaic power production capacity, however, there are no
sufficiently reliable data to support additional investments in
new transmission infrastructure, as existing policy planning
documents do not indicate that any of Latvia’s neighbors will be
in a position to accommodate a significant increase of demand
in Latvia with sufficient production capacities. On the contrary,
the current market trends in years 2018 and 2019 show that there
is an increasing demand for available power production
capacities of Latvia even on the regional level even in the
periods of low power demand.

Analysis also showed that with the available scope of
technologies for storage of energy, such as rechargeable
batteries, usage of storage capacities for full balancing wind and
solar energy is not a feasible option, and other options for
storage of the energy, such as use of underground storages for
storing of natural gas or biomethane, as well as storage of
hydrogen will have to be investigated intensively.

This also indicates at the possible need to maintain the
existing natural gas infrastructure with the focus on the possible
conversion of the infrastructure, such as transmission system
pipelines and underground storage facilities, for accommodation

of renewable energy resources, such as hydrogen or methane
produced from renewable electricity or biomethane.
Additionally, it can be argued, that maintaining of existing
energy production facilities, which currently rely on fossil
energy source, natural gas, with the view of their conversion to
consumption of renewable energy sources, also should be seen
as a development scenario worthy of thorough evaluation in the
future.

REFERENCES

[1] Connolly, D. (2010) The Integration of Fluctuating Renewable Energy
Using Energy Storage. Available at:
http://www.powerlab.fsb.hr/neven/pdf/Member_of a jury for PhD the
sis/David_Connolly_PhD_Dec_2010.pdf (Accessed: 17 May 2019).

[2] Connolly, D. et al. (2012) ‘The technical and economic implications of
integrating fluctuating renewable energy using energy storage’. doi:
10.1016/j.renene. 2011.11.003.

[3] Cosi, B., Kraja Ci C, G. and Dui C, N. (2012) ‘A 100% renewable
energy system in the year 2050: The case of Macedonia’, Energy, 48,
pp. 80-87. doi: 10.1016/j.energy. 2012.06.078.

[4] Farret, F. A. and Simdes, M. G. (2006) Integration of alternative sources
of ‘energy. IEEE Press.

[5] Liu, W., Mathiesen, B. V. and Zhang, X. (2011) ‘Potential of renewable
energy systems in China’, Applied Energy. Elsevier, 88(2), pp. 518-525.
doi: 10.1016/J. APENERGY. 2010.07.014.

[6] Lund, H. and Thellufsen, J. Z. (2017) EnergyPLAN Advanced Energy
Systems Analysis Ce Model Doc ion Version 14. Aalborg.
Available at: www.EnergyPLAN.eu (Accessed: 19 November 2018).

[7] Porubova, J. and Bazbauers, G. (2010) ‘Analysis of Long-Term Plan for
Energy Supply System for Latvia that is 100% Based on the Use of Local
Energy Resources’, Scientific Journal of Riga Technical University,
4(1). doi: 10.2478/v10145-010-0022-7.

[8] Prebeg, P. et al. (2016) ‘Long-term energy planning of Croatian power
system using multi-objective optimization with focus on renewable
energy and integration of electric vehicles’, Applied Energy. Elsevier,
184, pp. 1493-1507. doi: 10.1016/J.APENERGY. 2016.03.086.

[9] Valdmanis, G. (2019) Modelling of flexibility and integration of
renewable energy sources in energy systems. Riga Technical University.

[10] You, W. et al. (2018) ‘Technical and economic assessment of RES
penetration by modelling China’s existing energy system’. doi:
10.1016/j.energy. 2018.10.043.

[11] Djerup S ; Thellufsen. J; Sorknaes P(2018) ‘The electricity market in a
renewable energy system’. Energy-162

[12] Lund P, et al. (2016) ‘Energy storage and smart energy systems’,
International Journal of Sustainable Energy Planning and Management

[13] Jacobson, M.; Delucchi, M; Bauer, Z; et al. (2017) 100% Clean and
Renewable Wind, Water, and Sunlight All-Sector Energy Roadmaps for
139 Countries of the World; Joule (2017) 1(1) 1;08-121; DOI:
10.1016/j joule. 2017.07.005

[14] Pfenninger S.; Hirth L.; Schlecht L, et al. (2018) Opening the black box
of energy modelling: Strategies and lessons learned; Energy Strategy
Reviews (2018) 19 63-71 DOI: 10.1016/j.esr. 2017.12.002

[15] Kraan, O., Chappin O., et.al. (2019) The influence of the energy
transition on the significance of key energy metrics, Renewable and

Sustainable energy reviews, 111; https:/doi.org/10.1016/j.rser.
2019.04.03



Impact of electric vehicle charging infrastructure on
the electric load profile of power system: the case of
Latvia
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Abstract — The number of electric vehicles (EVs) is increasing rapidly and charging
infrastructure must keep up with that pace. With increasing charging load a power system
must adapt to the increasing power demand as well. The research question of this study was:
what the impact of EV charging on electric load profile is depending on the number of EVs
and the mix of charging stations (home, public, fast)? And how much of the total power
demand of EVs can be supplied from renewables, i.e., wind and solar power, considering the
installed capacities of these technologies, and the match between power production and
consumption. Energy system modeling on an hourly basis for different scenarios of the mix
of charging stations, number of EVs, and installed capacities of wind power plants and solar
PVs was used as the method. EnergyPLAN software was used as the modeling tool. Results
show the total power demand, peak load, and share of EV charging power demand which can
be covered by renewable power technologies for Latvia’s power system in the year 2050. The
results are obtained for scenarios of different combinations of EV charging stations.

Keywords — Electric vehicles; EnergyPLAN; mobility; renewable energy; solar PV; transport;

wind power

Nomenclature

D(E,T) Temperature dependent activation energy kJ/mol
o Degree of conversion -

A Frequency factor min”!
Ai Frequency factor for ith order min™!
AC Ash content wt. %

1. INTRODUCTION

Transport is responsible for about a quarter of the EU's total greenhouse gas (GHG) emissions,
and causes air pollution, noise pollution and habitat fragmentation, therefore reducing the
emissions in the transport sectors remains one of the key tasks in overall climate policy. Increasing
the share renewable energy in the transport sector and electrification of the transport sector are
generally seen as necessary policy measures to reduce the environmental impact of the sector.
However, as many researchers underline, a hidden barrier to the electrification of transportation is
a lack of recognition of what it implies [1]. Influence of the electric vehicles (EV) on the
functioning of electricity networks, especially in relation with the increasing role of renewable
energy sources in the electricity production sector, remains one of the issues to assess the
sustainability and related costs of the transport decarbonisation efforts. The demand for EV
charging can significantly change the load profile of power system [2], which in combination with
the non-dispatchable power production sources such as wind or solar power can create a demand

* Corresponding author.
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for new infrastructure or other additional technical and economic measures to manage safe and
economical operation of electricity grids. However, to safely plan the development of grid and EV
charging infrastructure, the proper modelling of different energy system development scenarios
must be carried out. Previous research confirms that one of the modelling tools, which can be
successfully adapted for such analysis, is EnergyPlan modelling tool, which has been successfully
used to create a cross-sector and cross-region energy system model of different prospective
scenarios with different planning strategies and EV charging algorithms. used (Yuan et al., 2021).
One of the major advantages of EnergyPlan modelling tool is the fact that the tool to use country-
specific input of energy system demand and supply data, which allows to forecast behavior of
power system with relatively high accuracy [4] and thus identify both short term, medium-term or
long term unbalances between demand and supply in energy system in a specific country. The aim
of this study is to employ EnergyPlan modelling tool to assess the impact of EV charging on
electric load profile depending on the number of EVs and the operational strategy of charging
stations depending on their charging properties (fast- charge vs. slow charge). Additionally, the
research assesses how much of the total power demand of EVs can be supplied from renewables,
i.e., wind and solar power, considering the installed capacities of these technologies, and the match
between power production and consumption. It must be noted that modelling, including modelling
with EnergyPlan tool has been already successfully employed to assess different development
scenarios of EV and renewable energy [5], however rapid changes in power industry related with
growing investment in solar energy production facilities and changes in grid load profiles,
substantiate the necessity for regular update of such country based modelling and research.

2. METHODS

The study used modeling of Latvia’s energy system on an hourly basis for the entire year
of 2050. The advanced energy system analysis modelling software “EnergyPLAN" was used
as the tool. Since the study analyzed the impact of electric vehicle charging load profiles on
the power system load profile, and a match between the charging load profile and production
profile of wind and solar power, a timestep of one hour is very appropriate. Only light-duty
passenger vehicles were considered in the study since this segment will be electrified in the future.
Other transport sectors and heating were not explored in the work and remained unchanged, with
the data for the year 2021. The year 2021 was taken as the base year for constructing the initial
model.

The work process will also edit energy supply sections where data input values for non-
renewable and renewable energy production technologies will be changed. The focus is on
the use of renewable energy sources, so that the amount of electricity they produce can fully cover
all electricity required by electric vehicles. As the modelling software in question suggests, it will
be possible to use electricity produced by wind, solar energy and hydropower from renewable
energy resources. In the transport sector section it is possible to model the impact of the transport
sector on the overall national electricity grid. For the year 2050 the research is focused on the
scenario envisaging zero percentage use of fossil fuels and car fleet consisting only of EV, so
that the maximum load on the power grid can be determined as much as possible.

Future predictions for vehicle count in Latvia

To be able to predict the environmental impact of light-duty vehicles in the future, it is necessary
to calculate the number of vehicles measured in the future perspective in the course of work
based on data from previous years. In the future, the number of cars in Latvia is predicted to
increase, so then it is also necessary to understand the trend curve of the future in terms of
number of cars. This value analysis takes accounting statistical information from the website
of the Road Traffic Safety Directorate of Latvia (RTSD). [6]
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Fig. 1. Light vehicle trend curve in Latvia for year 2050 [6].

As is observed in fig. 1., the number of passenger vehicles in Latvia increases in the form
of a linear schedule, making a slight increase annually in terms of total number of cars. In
this respect, this is also confirmed by the trend curve attributed to the graph, measured by a
correlation coefficient of 0,9255, which is to be regarded as a high correlation. No other kind
of trend curve could present such a high correlation coefficient. Looking at future predictable
values, it is also quite easy to see an increase in the trend in this regard, and for example, in 2050,
the number of passenger vehicles in Latvia could already exceed 1,1 million passenger vehicles.
While there can be several demographic and economic conditions which can potentially influence
number of used vehicles, this work study will not carry out analysis of such parameters to focus
directly as much as possible on the impact of electric vehicle loads on the network with as
many users as possible.

Total electricity consumption for electric cars on year 2050

The next part that needs to be calculated for data entry is already linked to electric transport. In
this respect, the columns of the EnergyPLAN software at the annual electricity consumption
are filled in. In order to obtain electricity consumption per total number of electric vehicles,
it is important to know the total number of electric car users (evn, (total vehicle count of year
2050 from fig. 1.)), the average mileage of the car (am, (13’000 km [7])) and the average
electricity consumption, which is determined as 199 Wh/km (aw) [8]. The calculation is easy
by multiplying together the three parameters above and using Eq. below (1.):

tec=evn-am-aw, €))

where

evn  total number of electric cars, pcs;

am  average mileage of the cars, km/(pcs x year);

aw  average electricity consumption by the electric car, Wh/km;

tec  total electricity consumption associated with electric cars, Wh/year.

After the calculations, final obtained vaue is 2,845 TWh/year which are entered in the smart
charging section for electricity consumption in transport chapter for EnergyPLAN software.

TABLE 1. INPUT DATA FOR SMART CHARGE SYSTEM IN SOFTWARE ENERGYPLAN.

Electricity consumption TWh/year

Smart charge 2,845




Dump charge 0

Smart charge additions Value Units
Max. share of cars during peak demand 20 %
Capacity of grid to battery connection 3420 MW
Share of parked cars grid connected 70 %
Efficiency (grid to battery) 95 %
Capacity of battery to grid connection (V2G) 500 MW
Efficiency (battery to grid) (V2G) 95 %

Additional calculations for the smart charge shall be required for the parameters related to
the smart charge in the transport section. In this sense, the parameters will be mostly based
on our associated understanding of electric vehicles. At the maximum proportion, when the share
of total electric cars may be connected to the smart charging system, a value that is approximately
20% will be used. The battery power transferred from the power grid system to the cars is
automatically calculated by the amount of electro energy input that is required year-on-year. The
part of the electric vehicle related to the parking of the vehicle, but not to the connection to
the system, may be described in proportion to the parameter above. The transmission factor of
electricity is 0.95 and is scientifically calculated in the literature. [9] The capacity of the
battery is captured with the aim of storing excess electricity in electric vehicle batteries, so that it
can then be transferred back to the grid based on electricity market prices. This calculation will
consider the total number of electric cars and the average battery capacity. As regards the V2G
system, the amount transferred from the car battery back into the power grid will be calculated
because of the total amount of battery storage, because if this parameter is, for example, zero,
the V2G system cannot work in the power grid. The transmission factor of electricity will be
perceived in the same way as before.

Creation of a total coefficient and weights according to the habits of electric car users

The next action of the work that would be needed to create successful scenarios is the
creation of charging coefficients for users. It should be noted that the coefficients will be
based on real data values that characterize the habits of electric car users to charge their
vehicles over a certain period, thus obtaining the coefficients values on an hourly, annual
basis. Such a scientific study was conducted on Danish territory, in 2018 [10], where special
coefficient values were created by removing electricity meter data from multiple charging

points (including households), describing usage habits of electric car users' charging stations.

For this research input data coefficients will be summed up from the acquisition coefficients

that were broken down by home, public, and fast-charging type in the above-mentioned work.
To be able to determine the maximum possible total factor between these three types of

coefficients, it is necessary to provide the aid of the percentages by which the proportion of
each type of electric car charging station can be determined. However, the percentages will
be indicated as a fixed number throughout the year, and unlike the hourly coefficients, they
will not change. For example, if your home charge coefficient and usage rate are 1.5 (hx) and
70% per year for a given hour of the day, 1.1 (px) and 5% for public stations, 2 (fx) and 25%
for fast charging stations, then the total coefficient will be obtained by the Eq. below (2.):

tx=hx-70%+px-5%+ fx-25%, (2) where
hx home charge coefficient in specific hour of the day;
px  public charge coefficient in specific hour of the day;



fx  fast charge coefficient in specific hour of the day;
tx  total coefficient from all charging types in specific hour of the day.

This will produce 8,784 total coefficients for each hour of the year, which will be entered
into the notes file and linked to the EnergyPLAN software.
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Fig. 2. Example of EV charging load profile for both scenarios on the first day of January.

It must be noted that the obtained results also correspond to the current situation in Latvia, based

on home, public and fast charging. Such values may be obtained by calculating the total amount
of electricity consumed by fast and public charging stations. In this work, fast and public station
consumptions were calculated proportionally (Eq. (3)) for the information available from the
RTSD fast charge station consumption accountancy. [11] Latvia has a total of 270 fast charging
stations (power of 42 kW and more) and 30 public charging stations.
[11]-[16] Public stations in this work are counted and listed as stations in supermarket or
petrol tank areas and are not owned by either the RTSD or the power utility “Latvenergo”, which
under trademark “Elektrum” is the second largest distributor of fast charging stations. Both RTSD
and “Elektrum” stations are counted as only fast charging stations in this work.

cf = . ec, 3
ccs
where

ces  number of charging stations for RTSD, pcs;

xcs  number of charging stations for which total energy consumption is unknown, pcs;

ec  energy consumption level for whole RTSD fast charging stations, GWh/year;

¢f  total energy consumption for specific manufacturer charging stations which total
energy consumption is unknown, GWh/year.

It is worth mentioning that many of the public stations can compete on similar power flows with
fast charging stations, but most of these 30 public charging stations are only capable of charging
22 kW of power. Because a couple stations are measured above and below the type of fast
charging stations, such justifications are also considered in the arguments when station capacities
are fixed as one power value during the work.

The total consumption of the fast-charging stations is calculated around 1.35 GWh/year, which
represents 25% of the total electricity consumption in the transport sector (~ 5.6 GWh/year). For
clarification, given the number of registered electric cars in Latvia of 2021 (2174 pcs, [17]), the
total electricity consumption associated with electric cars was 5.6 GWh/year when using Eq. (1).
After obtaining data on availability of public stations in Latvia and comparing their proportion
relationship with consumption data of RTSD stations, the consumption of these stations is
measured approximately 0.15 GWh/year. The proportion to



the total electricity consumption is measured in the range of about 3%, however, when the public
station network includes Tesla and Ionity fast, public charging stations, which have the
highest capacity among any type of station in Latvia, then the percentage is assumed to be
5%. Based on the conclusions of these calculations, that the proportion of fast charging stations to
the total amount of electricity consumed in the transport sector is 25% and public stations 5%,
then it is easy to calculate what proportion of electricity is devoted to home charging, which in
this case, for the calculations of 2021 will be 70 %.In the form of such calculations, the necessary
coefficient weights are obtained so that the result can be the value of the total coefficient for
each hour of the year, after which the peak loads will be measured and analyzed.

Projected amount of renewable energy sources in 2050

Forecasts related to electricity generation are also considered to determine the load on the
electricity grid. It should be noted that only 100% of renewables for electric car charging are
targeted at work. Forecasts from the Latvian energy system software are considered to
examine the scenario of 2050 related to the consumption of electric cars and electricity supplied.
Thermal power plants are excluded from these scenarios. Table No. 2 shows the types of
electricity production to be used and their volumes, which are forecast for 2050 in the territory
of Latvia.

TABLE 2. SOURCES OF ELECTRICITY PRODUCTION IN 2050-YEAR SCENARIO.

Type of electricity production Power, MW
Dammed hydro power 1588
Wind 2070
Offshore wind 1685
Photo voltaic 1297
River hydro power 31
Biomass station 232
Biogas station 182

Scenario with prioritised home "'70-5-25"" charging profile

The total coefficients are calculated and related to the first 2050-year scenario, where home
charging is prioritised and the weights are in line with modern times (2021). It means 70% weight
for home charging, 5% weight for public and 25% weight for fast charging option. This
creates 8,784 total coefficients throughout the year which makes the input data file of the
EnergyPlan software in the charging section.

For example, when you look at Fig. 3., it is possible to see a schedule created by electric
car users on one of the days of February, during which the most electric car is charged in
hours.
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Fig. 3. Trend graph of electric car charging habits on specific day of February for "70-5-25" charging profile.

As can be seen on Fig. 3., most often recharges on this day are performed in the evening hours.
Peak loads are reached about the evening hours between 20:00 and 23:00 when talking about
priority in home charging options.
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Fig. 4. Trend graph of electric car charging habits on specific week of February for "70-5-25" charging profile.

As shown in Fig. 4., which also includes the February day mentioned above, the
consumption schedule for all days of this week is similar. Larger, more pronounced peaks are
observed daily during the evening hours. In that regard, the overall coefficients for each
season, between the months concerned, are similar. Between the seasons themselves, coefficients
are only a slight deviation of the observation. When viewing the habits of electric car users on
charging, the coefficients on summer days differ in such a way that the load is lower throughout
the day period. Larger peaks are observed only on individual days, like the winter day profile.
During the night and morning daytime stages, the charging factors are quite similar with
winter period profiles. In that regard, such an assertion is, admittedly, observed throughout the
year.
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Fig. 5. Trend graph of electric car charging habits on specific week of July for "70-5-25" charging profile.

According to these data, it can be estimated that the amount of electricity needed in winter will
be higher than in summer to cover the requested electric car charging energy, which is mostly
required from home charging stations. This demand is similar in spring and autumn and evens
out between winter and summer demand.

Scenario with prioritised fast ''35-10-55"" charging profile

In the second scenario for the year 2050, the priority in fast charging stations is examined
and its impact on the overall electrical network. The necessary weights are entered into the
software and the total coefficients are obtained. In this scenario, the selection of weights is based
on our assumptions that in the future, as the number of electric car users increases, there
will be a shortage of charging stations near apartment buildings. This would mean that more
people would look for opportunities to recharge at fast charging stations. The weight is allocated
accordingly, 35% for home charging, 10% for public and 55% for fast charging stations.

Electricity Demand. Day in February

£ 000
5000

4 000

£ 3000
2 000

1 000

]

890 892 894 896 895 900 5902 904 906 G053 MO0 912

I Consumption B Flex. M HP
0 Electralysors Storage Export

Fig. 6. Trend graph of electric car charging habits on specific day of February for "35-10-55" charging profile.

In figure 6., the same day is considered as above, in figure No. 3, where a specific day in
February was displayed with priority in the home charging profile. As can be seen visually
from the graph, it is possible to see a difference between home and fast charging priority.
However, the peak hours are still the same.
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Fig. 7. Trend graph of electric car charging habits on specific week of February for "35-10-55" charging profile.

Looking at the same week also, which is shown in Figure 7. and 4., the changes are visible right
in the peak hours. If for home charging these peak hours were much more pronounced, then for
fast charging these peaks are more even. As can be seen in the middle of the week, there were no
distinct peaks on this day at all and the entire period of the day proceeded with equal demand.
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Fig. 8. Trend graph of electric car charging habits on specific week of July for "35-10-55" charging profile.

In summer, even greater differences are observed. If for home charging the peaks were slightly
more pronounced in the evening hours, then for fast charging these peaks can be observed in the
warm periods of the year at noon or never, as the demand is evened out throughout the day.

Home ""70-5-25" and fast "'35-10-55" charging scenario comparison

To compare the charging load variations of the two scenarios and their impact on the power
grid, the load graphs for each season of the year are shown below. Each graph starts at 18:00
o’clock.

As can be seen in Figure 9., the type of curves of both scenarios is quite similar in the winter
months. The home "70-5-25" charging scenario has larger peaks in the evening hours, but the
overall peaks for both schedules are similar. The fast "35-10-55" charging scenario makes a bigger
impact on the daytime hours.
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During the spring months (see Fig. 10.), the graph of the fast "35 -10-55" charging scenario

curve is like the profile of the winter period, but for the home "70-5-25" charging scenario,
the peaks are much larger.
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Fig. 10. Charging load profile comparison for both scenarios on a specific week of April

In the summer (see Fig. 11.), the same trend is still observed that the home "70 -5-25" charging
scenario requires higher electrical capacities during the same evening hours. Furthermore, it is
possible to observe that the peak is reached even in the mornin g hours for the fast charging
"35-10-55" scenario.
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Fig. 11. Charging load profile comparison for both scenarios on a specific week of August
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During fall (see Fig. 12.), it is possible to see that on a certain day, the peak of the fast charging
"35-10-55" scenario will be greater than for the home "70-5-25" charging scenario.Judging by the
information obtained from the EnergyPLAN software, then what is seen in the graphs will be
confirmed. The energy demanded from the grid is a little higher in the summer periods,
especially in July. It can be seen in table No. 3.

TABLE 3. AVERAGE ELECTRICITY DEMAND PER MONTH FOR SMART CHARGE SYSTEM.

Month Priority in home charge, MW Priority in fast charge, MW
January 308 307
February 308 307
March 308 307
April 308 307
May 307 307
June 308 308
July 310 312
August 307 307
September 308 307
October 308 307
November 307 307
December 308 307
Annual maximum 851 654

Although all values are similar, higher power peaks are observed for the home scenario.
This can also be seen by the annual maximum power demand value. This value is almost 200 MW
higher for a home charging scenario, which means that electricity production technologies
capable of providing such power will be needed at a given hour. It is not possible to determine in
the software at which hour such a peak is visible in the entire year time. Looking at the graphs
above though, it might also be clear that there are likely to be multiple such peaks given the
extensive range difference in power between the two scenarios.



3. RESULTS AND DISCUSSION

Renewable energy supply for both charging profile demands

To observe where electricity demand for electric cars is insufficient for the home and fast
charging scenarios, specific energy production sources are further examined at work. On the trail,
the largest renewable energy capacities were allocated to wind power, so their impact and
barely effects with electric car charging loads are analyzed first.
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Fig. 13. Electricity energy production from wind energy sources in the year 2050.

As can be seen from Figure 13., the highest wind power capacity is directly observed during the
winter months. For both onshore and offshore wind power plants. There are also the shortest
days of sunshine in these months, so then it is unequivocally clear that the main source of
electricity in the cold months of the year will be the wind. The sun could help offset electricity
demand in this regard, which is attributable to the middle of the day, but as observed above,
then during the winter months the biggest peak in electric load is seen in the evening hours.

As illustrated in Fig. 14., these wind capacities are difficult to predict in January and other
winter months overall because they do not split evenly. Most often, export quantities are observed
than import quantities, so wind energy is efficient in winter for car charging.
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Fig. 14. Electricity production graph for wind on specific week of January. Explanation of abbreviations: CHP (biomass
and biogas stations); RES12 (onshore and offshore wind power plants); RES34 (solar panels); PP+ (water dams).
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Fig. 15. Electricity production graph for wind on specific week of August.

When it comes to summer months, the wind strength, and the energy it gives are measured
at lower values during these time periods. It is also possible to see in Fig. 15., that wind power
stands out over specific periods of time and at times it is not even visible. During most
summer weeks, wind energy power varies from 500 to 1500 MW, while during winter periods
such maximum values are observed from 2000 to 3000 MW.

When it comes to the impact of wind power on electric car charging profiles, then in th e home
scenario the contribution of wind power plays a key role in the load on the power grid. On the
path to the home charging profile, the biggest peaks stand out in the evening hours when
there is no daylight, then the wind can produce electricity in those hours anyway. On the
daytime, when fast charging profile is dominating, the needing for import electricity is much
lower than home scenario demand, because of the solar power supply. During winter periods, wind
electricity very often covered the demand for electric car charging consumed, thus it can be
concluded that wind energy as a source of electricity is very efficient, especially during cold
periods of the year.

The second most popular renewable energy source in electricity generation has been
achieved through water dams. In 2050, these dams are still planned to operate, but their
capacity levels are not predicted to be much higher. Small river hydroelectric power plants
are also considered in calculating electricity produced. Their contribution to the overall grid
is exceedingly small in terms of capacity and their future development is not expected to be
significant either, as their costs are very costly, and their design is overly complex. In Figure 16.,
it is possible to see the quantities of electricity produced monthly from 2050, where water dams
are used as an energy source.
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Fig. 16. Electricity energy production from water energy sources in the year 2050.



As can be seen from the table below, the highest volumes of electricity production can be seen
in the spring months. This phenomenon could be explained by flood time when ice chunks
of large rivers melt in Latvia and water levels in the rivers rise. In recent years, such phenomena
have been observed frequently in the territory of Latvia, especially in the neighborhoods of
Plavinas and Ogres towns, where the river Daugava is adjacent. To mitigate the risk of looking at
cities, hydroelectric power plants are operated in higher working mode, which drain excess water
from the water reservoir.
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Fig. 17. Electricity production graph for water dams on specific week of April.

As can be seen in Figure 17., an exceptionally substantial proportion of the electricity produced
is made up of water dams. Looking in the background at peaks where imported electricity is
needed, the operation of water dams is not even enough during spring flood times to fully cover
the electricity demand of the required electric vehicles. On the trail in the home charging scenario,
the biggest peaks are observed in the evening hours, so daily imports are required in those evening
hours. For fast charging scenario this type of graph though will be much better because that peaks
are seen at a daytime. As the graph shows, other renewable sources' involvement also covers a
large part of demand. If dams were to work alone, their supply on demand would be overly
critical and the power grid would be heavily congested. As soon as any other generation
technology is used to produce electricity, there is no need for imports, as shown in the beginning
of Figure 17. This part covers the necessary demand for electricity among electric car users.

As can be seen in Figures 16. and 18., the amount of electricity produced in summers from dams
is extremely low. Their impact on demand is minimal, and other energy sources are needed during
these periods. In summers, air temperatures rise and water levels in rivers drop sharply. So that
this level is not critically low, and to also not endanger the environment and animal ecosystem,
these hydroelectric plants are run much less frequently, with lower capacity volumes.
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Fig. 18. Electricity production graph for water dams on specific week of July.



In winter and autumn, hydroelectric power plants' impact on the amount of electricity produced
is also low relative to the spring months. It is higher than in summer, but production still cannot
cover the demand for electric vehicles in the evening hours and not even in the daytime.

Overall, the amount of electricity produced per year from hydroelectric stables reaches less than
2.70 TWh/year, which corresponds to the required demand from electric vehicles per year
(2.85 TWh/year). The production schedule for hydroelectric plants varies with schedules of
charging profiles for electric cars, so their correlation is very minimal. At the annual turn of
peak hour, the amount of electricity produced by hydroelectric power plants can only be covered
by the involvement of other production technologies. And covering this peak hour is also
exceedingly rare throughout the year. Hydroelectric power plants can clearly be used as a
source of electricity generation, but they should not be relied on in the future because of
their cost and complexity.

The last, largest renewable energy resource is possible with solar panels, harvesting the
electricity generated by the sun. In this sense, the placement of the panels and their capacities can
be affected by the required amounts of areas, so the capacities of these panels will be extremely
limited in the future. However, the amount of their capacity in 2050 is planned to be much
higher than it is today. In Figure 19. It is possible to see the volumes of the forecast amount of
electricity to be obtained from solar energy sources.

As can be seen from the obtained data, it is completely logical that the largest amounts of solar
energy are obtained in the summer months. During these periods, the daylight hours are the
longest, making the use of solar energy very efficient.

As can be seen in Fig. 20., the overall contribution of the solar panel system to the energy system
is very clearly visible. The amount of electricity produced during the day is convincingly able
to cover the required amount of electricity demand from electric car users. If we talk about the
evening hours, when the biggest peaks are observed for the home charge profile, then the need
for imports starts here. In the evening hours, the sun's angle to the horizon is much smaller,
so the radiation it emits is no longer as effective against the solar panels. During these hours, there
is a need for other amounts of electricity produced by energy resources. During the summer
periods, solar energy is effective during midday, especially for fast charge profile.
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Fig. 19. Electricity energy production from solar energy sources in the year 2050.
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Fig. 20. Electricity production graph for solar panels on specific week of June.

In the winter months, when the days are short and the solar radiation is not even often emitted,
significantly lower electricity production capacities are observed. As seen in Fig. 21., in
January, it is possible to observe the contribution of solar energy to the power grid in short periods
of time. It is unequivocally clear that solar energy cannot be used as the primary source of energy
resources in winter because it will not be possible to cover the peak load generated by electric
cars in the evening hours for home charging scenario. In this sense, it will be only giving
some electricity supply for fast charging profile when some peaks are seen at midday. As
mentioned above, during the winter months we rely on wind energy sources the most.

The most efficient use of solar energy will be in the summer period, but in the winter periods
the solar energy produced can also give a minimal benefit to the energy grid system, which could
be enough to cover the need for imports. In autumn and spring months, solar panel abilities are
higher than in winter, but much lower than in summer. In general, the electricity generated by the
sun is important for the electricity grid, but it is not possible to cover the peak loads generated
by electric cars on home or fast charging scenarios. The biggest impact from solar energy can be
seen for fast charging scenarios in summertime but the peaks are not always covered. During
the cold periods of the year, there is simply no sun, while during the warm periods of the year,
the angle of the sun is too low for the solar panels to generate enough generating power capacity.
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Fig. 21. Electricity production graph for solar panels on specific week of January.



CONCLUSIONS

In the research, the impact of the load of electric car charging stations on the scenarios of priority
in home (70-5-25) and fast (35-10-55) charging stations in 2050 was examined and created and
only renewable energy resources were used for electricity production.

The impact on the power grid for both scenarios was biased towards peak hours in the evening
stages. For the fast-charging scenario, the peak hours were also more pronounced in the middle
of the day, thus the demand from electric car charging stations leveled off. In the home charging
scenario, the peak hours occurred only in the evening hours.

The charging method used the smart charging system with the possibility of connecting cars to
the V2G function. In this case, the home charging station scenario sets the higher electricity
capacity demand. This phenomenon could be described by the fact that in the home charging
scenario the evening peaks were much larger, and the daytime charging profile was more uneven.
For fast charging stations, the profile was much more even during the day, with smaller
peaks.

According to the seasons, higher electricity demand from electric car users is found in the warm
months of the year, when residents travel more. In the amount of electricity produced, in each
period of the year, one specific type of renewable energy resources stood out. For example, wind
in winter, sun in summer and hydro in spring. Such gains in electricity generation helped to cover
the demand for electricity from charging stations stably over most periods of time. The biggest
problems with the load on the electrical network are seen in the evening hours, when there is no
strong wind outside and the sun has already set. Peak hours for electric car charging were often
reached in the evening, thus creating the need to import electricity, which cannot be covered by
renewable energy sources.
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Use of synthetic fuels, derived from green hydrogen
and CO; in heavy-duty and long-range transport: the
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Abstract — Decarbonization of the transport sector may be more challenging than it is for the
power supply and heating sectors. Green hydrogen, i.e., produced from renewable energy
sources, combined with CO2 captured from flue gases or air can be used to produce synthetic
fuels, e.g., dimethyl ether (DME), ammonia, and jet fuel. These synthetic fuels can be used in
heavy-duty and long-range transport, i.e., trucks, ships, and airplanes. The research question
of this study was: how much green hydrogen and COx is needed to replace fossil fuel in the
mentioned transport sectors with synthetic fuels? And how much of the power demand for
production of the synthetic fuels can be supplied from renewables, i.e., wind and solar power,
considering the installed capacities of these technologies, and the excess power that can be
used for the hydrolysis process. The case of Latvia for the year 2050 was used for the
simulation of scenarios with various mixes of renewable power production. The simulation is
done on an hourly basis for the whole year, using EnergyPLAN software as the modeling tool.
Results show the total hydrogen and CO2 demand, the total power demand for hydrolysis of
green hydrogen, and the share of the demand which can be covered by renewable power
technologies. The results also include the costs of synthetic fuel supply for the considered
transport sector. The results were obtained for scenarios of different combinations of installed
capacities of wind power plants and solar PVs.

Keywords — EnergyPLAN; electrofuels; hydrolysis, mobility; renewable energy; synthetic
fuels; solar PV; transport; wind power

Nomenclature
D(ET) Temperature dependent activation energy kJ/mol
a Degree of conversion -
A Frequency factor min™!
Ai Frequency factor for ith order min™!
AC Ash content

1. INTRODUCTION

The transport sector, along with the energy supply sector, is one of the largest sources of
greenhouse gases, accounting for approximately one-third of all emissions created by the national
economy in Latvia [1]. For this reason, reducing carbon emissions in the transport sector, where
the use of renewable energy is generally lower than in the energy sector, is considered a high
priority for achieving climate goals [2]. Due to the rapid development of technologies in the energy
sector, there is a reason to expect an increasing production of renewable electricity in the coming
decades. That creates challenges and opportunities for
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energy storage or transformation into other energy carriers, such as hydrogen and synthetic
fuels (electro-fuels) which can be used in the transport sector, reducing the need for fossil
fuels and ensuring a flexible power demand [3]. Synthetic fuels and ammonia could be an
alternative to fossil fuels in heavy-duty and long-haul transport sectors, such as trucks,
aviation, and ships.

Synthetic fuels are liquid or gaseous fuels that have the same properties as fossil fuels but are
obtained artificially using renewable resources. The fuel, i.e., methanol, dimethyl ether
(DME), ammonia, and e-kerosene can be used in the same way as fossil fuels both in jet
engines of aircraft and internal combustion engines of motor vehicles and ships by replacing
traditional jet fuel, gasoline, and diesel. (Fig. 1).
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Figure 1. Synthetic fuel production scheme with yellow elements indicating the focus of this study

[4]

Production of synthetic fuels from hydrogen and CO, (Fig. 1) will require investments in
infrastructure and may significantly increase electricity consumption. Therefore, modeling of
technical feasibility for such a heavy-duty and air transport sector de-carbonization pathway
is necessary for climate policy decisions. Several modeling tools are successfully used in the
research of the energy industry for prediction of the impact of various consumption sectors
and generation sources on the operation of the energy system both on an hourly basis as well
as for longer periods, e.g., on a monthly or annual basis [5] [6]. Due to the intermittent
character of wind and solar power which can be used for hydrogen and synthetic fuel production,
the modeling should be done on an hourly basis. Previous research dedicated to adaption of
synthetic fuels and hydrogen suggest, that climate impacts of e-fuels can vary, depending on the
source of electricity, CO2 and H2, and their production technologies, and e-fuels have smaller
climate impacts than fossil fuels only if produced with a clean electricity source [7]. In line with
findings from previous research, a clean electricity for H2 production and the use of non-fossil
CO2 are key determinants of the climate benefits of e-fuels, [7] and thus earlier findings imply
that to evaluate the feasibility of e-fuel production industry, a thorough modelling and assessment
of power system overall balance and both-short term and long sufficiency evaluation is needed.

The goal of this study is to assess the technical feasibility of decarbonization of Latvia’s
heavy-duty and long-haul transport sector (trucks, ships, and air transport) with synthetic
fuels derived from green hydrogen and CO,, where the main electricity production sources
are wind and solar power. Namely, the aim is to determine how much green hydrogen and
CO; are needed to replace fossil fuels in the mentioned transport sectors with synthetic fuels.



The study also aims to assess how much of the power demand for production of the synthetic fuels
can be supplied from renewables, i.e., wind and solar power, considering the installed capacities
of these technologies, and the excess power that can be used for the hydrolysis process. The results
of the study can be used to assess necessary political and technical measures and their probable
costs for successful de-carbonization of the heavy-duty long- haul transport sector, including
the transformation of the energy sector. The study allows for assessing the sufficiency of existing
power transmission and distribution grids for the needs of renewable electricity production,
as well as potential technological challenges related to the control and balancing of the
energy system and suggestions to tackle them.

2. METHODS

The study used the method of modeling Latvia’s energy system using the “EnergyPlan” tool
[1]. Based on the concept of a smart energy system, the “EnergyPlan” tool is widely used for
modeling future energy scenarios[8]-[10] It is a deterministic input-output model which
allows analysis of complex energy systems on an hourly basis for a whole year. Thus, the tool
allows for determining how much of the excess power production from wind and solar
technologies can be used for hydrogen production. Modeling of future scenarios, i.e., for the year
2050, determined the required wind turbine capacities to meet the power demand to produce
hydrogen, and further, synthetic fuels that cover the demand of heavy-duty trucks, ships, and air
vehicles. A model of the existing system based on Latvia’s energy balance for 2021 was
constructed and validated. Then, this model was used for creating three future scenarios.
Scenario 1 — “Most likely”

The “most likely” scenario is based on the future forecasts regarding electricity demand and
production capacities from renewable energy sources made by operator of the Latvian power
transmission grid AST [9]. The forecasts extend to the year 2032, and the data were extrapolated
to the year 2050 by assuming the same tendency of increase. It is predicted that in 2050 the total
power production capacity will be 7085 MW, of which 1297 MW will be solar PVs, 2070 MW -
on-shore wind power plants (WPP), and 1685 MW - offshore WPP. The annual electricity demand,
which excludes the consumption of hydrolysis equipment is 9.9 TWh. Synthetic fuel storage with
the capacity to cover 10% of the annual demand for synthetic fuel production is included. In this
scenario, the capacity of WPP and solar PVs may be insufficient to supply power for the production
of synthetic fuels for the complete de-carbonization of transport. Import of electricity may be
needed in this scenario.

Scenario 2 — “Maximum offshore wind power”

Based on the results of scenario 1, scenario 2 was created by assuming a system that can provide
enough electricity to produce synthetic fuels for the entire heavy-duty transport sector from WPP
and solar PVs. The capacity of offshore wind farms was increased to the extent that net power
import is zero. No other changes were made.

Scenario 3 — “Maximum synthetic fuel storage”

This scenario is also based on the results of scenario 1. In this scenario, synthetic fuel storage,
instead of WPP capacity, was added to the energy system. The storage increases the share of
electricity produced by WPP and solar PVs diverted to synthetic fuel production during
surplus power production. Storage of synthetic fuel instead of hydrogen is technically much easier
and less costly. It was impossible in EnergyPLAN to create a scenario where the produced
hydrogen would be immediately converted into synthetic fuels with the aim of storing it. Nor
does it provide data on the required volume for such electric fuel storage. Therefore, the hydrogen
storage option was used to understand how much TWh of hydrogen



we should be able to store to maximize the use of renewable electricity, and then recalculate
the equivalent amount of DME fuel.

Synthetic fuel demand

In 2019, nearly 830 thousand land vehicles were registered in Latvia, of which circa 12%
were heavy-duty trucks[11]. Although the number of vehicles increases every year, the total share
of heavy-duty trucks remains at about 12%. To predict the future number of heavy-duty trucks,
statistics from 2010 to 2019 were used [11] and future predictions were made with a linear trend
(see Table 1).

TABLE 1.— NUMBER OF HEAVY-DUTY AND LONG-RANGE VEHICLES IN THE YEARS 2010 AND 2019
WITH FORECAST FOR THE YEAR 2050 [11]

Number of vehicles

Relative
change

Year 2010 2021 2050 between 2019
and 2050

Heavy-duty 76 600 100 943 163 414 +62%

road vehicles

Airplanes 4 667 7 557 16 402 +117%

Ships 59 122 59 500 40 487 -32%

The data on maritime and air vehicle fuel consumption were obtained from the energy balance
[12]. But the fuel consumption of heavy-duty trucks is not separated from land passenger transport
vehicles in the energy balance therefore additional calculations were made. Sources [13], [14]
were used to find out the number of passenger vehicles, the average annual mileage of one vehicle
in kilometers, and the average fuel consumption per 100 km of passenger and heavy-duty vehicles
separately. Using these data in Eq. (1) and Eq. (2), the total energy consumption of heavy-duty
road vehicles and forecast for 2050 were calculated.

Ef=FE -E),, €))
where
E total annual energy consumption of all road vehicles, TWh;
E, total annual energy consumption of all road passenger vehicles, TWh;
Ef total annual energy consumption of all land freight vehicles, TWh.
Ef=E—(k'Np'Savg.p'Davg.p)a (2)
where,

k lower heating value of diesel fuel = 10,564 kWh/I;

N, number of road passenger vehicles;

Sawgp  average mileage of one road passenger vehicle per year, km/year;
Daygp  average diesel fuel consumption of one road passenger vehicle, I/km.

TABLE 2.— FUEL CONSUMPTION OF HEAVY-DUTY AND LONG-RANGE VEHICLES IN THE YEAR 2010
AND 2019 WITH FORECAST FOR THE YEAR 2050. [11], [13], [14]

Fuel consumption, TWh/year




Change

Year 2010 2021 2050 between 2019
and 2050
- 0
Heavy-duty 2,00 2,58 4,18 62%
road vehicles
Airplanes 1,37 1,84 3,99 +117%
Ships 0,06 0,04 0,03 32%
TOTAL 343 445 8,20 +84%

Electricity production and consumption
Using the forecasts of the operator of the Latvian power transmission grid [15], a projection
of power consumption, power plant capacities, and cross-border transmission grid capacities
for the year 2050 was done (see Table 3).

TABLE 3. — ELECTRICITY SYSTEM CONSUMPTION AND PEAK LOAD PRESENT VALUES AND

FORECAST CALCULATIONS
Year 2021 2022 2032 2050
Power consumption, TWh, 7,382 7,511 8,306 9,935
Maximum power load, MW, 1251 1273 1465 1882
Available cross-border transmission 2460 2460 3060 3060
capacities, MW, :
Natural gas combined heat and 1163 1163 16 0
power plant (CHP) capacities, MW
Biomass/Biogas combined heat and 163 163 346 414
power plant (CHP) capacities, MW.
Dammed Hydro power plant (HPP) 1558 1558 1588 1588

capacities, MW.
Renewable energy source plants

(wind, solar PVs, small HPP) 360 429 2146 5082
capacities, MW,

At present, natural gas-fired CHPs produce nearly 3 TWh; of district heat per year (see Table
4), and as these CHPs will be phased out (see Table 3) that heat will be produced by heat pumps.
It was assumed that these heat pumps will have a COP of 4, and then 0.65 TWh of electricity that
will be used by the heat pumps will come from renewable power sources. The electricity demand
of the heat pumps is included in the total power consumption in the year 2050 (see Table 3). It is
assumed that the total district heating production will remain constant (see Table 4).

TABLE 4. — DISTRICT HEATING HEAT PRODUCTION PRESENT VALUES AND FORECAST

CALCULATIONS.
Heat production, TWh
Year 2021 2050
Natural gas CHP 2,925 0
Biogas/biomass CHP 2,767 3,210

Industrial heat pumps 0 2,480




TOTAL 5,69 5,69

Storage
To fully decarbonize the heavy-duty and long-range vehicle sectors, it is necessary to replace
8,2 TWh of fossil fuels with synthetic fuels (see Table 2).

But in order to be able to produce this volume of synthetic fuels at times when there is a surplus
of renewable electricity, and not at times when the transport sector requires it, it is necessary to
create fuel storage tanks. Needed storage tank volume is based on synthetic fuel characteristic data
from Table 5.

TABLE 5. — SYNTHETIC FUEL CHARACTERISTICS BASED ON TYPE OF FUEL [16]-[18]

Type of synthetic fuel

DME E-kerosine Ammonia

Freight transport type Heavy duty road . .

vehicles airplanes Ships
Required H2 to produce 1TWh of
synthetic fuel, TWh 144 L1 LIS
Required CO2 to produce 1TWh of
synthetic fuel, Mt 0,33 0,26 )
Required N2 to produce 1TWh of ) 0.16
synthetic fuel, Mt ) >
Electrolysis efficiency 0,8 0,8 0,8
Synthetic fuel synthesis efficiency 0,8 1 1
Fuel Density, kg/m3 670 775 603
Energy of 1kg synthetic fuel, kWh 7.89 11,89 522
Required storage space to store 188 847 108 494 318 008

1TWh of synthetic fuel, m3

Next, calculations are made to understand how much synthetic fuel storage would be required.

For example, if we know that the density of DME is 670 kg/ m* [11], then using Eq (3) we
calculate that 1 kg of DME is equal to 0.00149 m*. We also perform these calculations for other
synthetic fuels.

V - m
P
3)
where,
V volume, m?
m mass, kg;
p density, kg/m’.

Also, using data from Table 2 and Table 5 we can calculate how much hydrogen totally is needed for
synthetic fuel production and validate these data using the EnergyPLAN model. Total 10.64 TWh of
hydrogen is needed to produce 8.2 TWh of synthetic fuels — 6,02 TWh for DME, 4,59 TWh for e-
kerosene and 0,03 TWh for ammonia.



Storage of synthetic fuels is similar to storage of liquid petroleum gas (LPG) and storage tank prices
are considered to be the same. Stainless steel or carbon steel is used as materia [19] 1.

In a Canadian study[20] the size of one bullet tank is about 230 m?®, which costs 715.5 thousand euros.
To store the amount we need 1231,5 thousand m® would require 5 355 tanks, which would cost a total
of 3.83 billion euros.

If an insulated low-pressure bulk tank is used, which can store up to 7000 m* of DME and whose price
is 18.57 million euros, 176 such tanks would be needed, which would cost 3.27 billion euros. [21]

3. RESULTS AND DISCUSSION

Scenario 1 — “Most likely”

To produce 8.2 TWh of synthetic fuel 14.02 TWh, of power is needed for electrolysis. That would
require the net import of electricity in the amount of 8.835 TWh, annually. In Figure 2, it can be
seen that more in the week of March the imported electricity is more than exported and only
several hours in this week, electricity supply meets demand, although it is known that March is a
very good month for electricity production, because the wind is quite strong and there is a large
amount of water in the rivers to be released through hydroelectric plants. If we consider the
electricity import prices in 2021 (~80 EUR/MWhe), then the import costs will be around 707
MEUR/year. For comparison, the electricity net import in Latvia was 1.77 TWhe in 2021.
Therefore, a second variation for this scenario was created, in which it was assessed what is the
amount of synthetic fuel that can be produced if the net import of electricity remains at the same
level as in 2021, i.e., 1.65 TWh, per year. Results show that 3.6 TWh or 44% of the required
volume of synthetic fuels can be produced, and that would require 6.19 TWh. of power for
electrolysis. The remaining 4.6 TWh of fuel energy in the heavy-duty transport sector would be
provided with fossil fuels, which would be the same as in 2021, creating the same CO, emissions
as was in 2021. This leads to the conclusion that the growth of renewable power is outweighed by
the growth of fuel consumption in heavy-duty transport in this scenario. This prevents the annual
emission rate of CO» from increasing, but it does not help to reduce it.

Electricity Demand: Week in March Electricity Production: Week in March
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Figure 2. Electricity balance graphic for scenario 1 in EnergyPLAN,

where,

HP electricity demand for heat pumps;

CHP biomass and biogas combined heat and power plants;
RESI2 produced electricity by renewable wind energy;
RES34 produced electricity by renewable solar energy;

PP+ produced electricity by Dammed hydro power plants.



Scenario 2 — “Maximum offshore wind power”

To reduce the level of CO2, it is necessary to increase the production capacity of renewable energy
resources, so that the system can produce an additional 8.835 TWh, for electrolysis, for 8.2 TWh
of synthetic fuel production. By varying the capacity of offshore WPP, it was found that the
capacity should be increased by 4765 MW.. Under such a scenario, net electricity import would
be zero. (Figure 3.) However, relatively large export/import amounts of power remain —
approximately 5,72 both ways. That may not be economically beneficial since the import price
often could be higher than the export price. The volume of hydrogen storage tanks is too small,
and the model uses electricity for electrolysis only as much as is necessary for the current transport
demand, immediately converting the produced hydrogen into synthetic fuel and consuming it for
transport needs. If the hydrogen storage tank and electrolysis capacity were increased, all export
power would be diverted to hydrogen production, creating net zero import. However, storing
hydrogen in large quantities is complicated and costly, and these costs could exceed the power
import/export price difference.
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Figure 3. Electricity balance graphic for scenario 2 in EnergyPLAN

Scenario 3— “Synthetic fuel storage”

If we take the electricity production capacities of scenario 1 as a basis, then it would be necessary
to be able to store 10,64 TWh of hydrogen, because it would be equal to 8,2 TWh electrofuels.
Using data from Table 5 - to store 4.18TWh DME requires storage with a volume of 789 thousand
m?, to store 3,99TWh e-kerosene - 433 thousand m?, and for ammonia — 9,5 thousand m?.

In such a scenario, import and export would be equal - 0.73 TWhe/year. It was not possible to
achieve zero import and zero export in the modeling tool, however, 0.73 TWh, is a good indicator
when comparing previous scenarios and the situation in 2021. As more, added storages in
EnergyPLAN reduced electricity consumption for electrolysis from 14.02 TWh, to 3.89 TWh, per
year. Electrolyzers are operated only at times when excess electricity is generated, which can be
seen in Figure 4. and which was one of the main conditions in the production of synthetic fuels.
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Figure 3. Electricity balance graphic for scenario 3 in EnergyPLAN



4. CONCLUSION

It can be concluded that it is possible to decarbonize the heavy transport sector by 2050 by using
instantaneous surpluses of renewable electricity to produce synthetic fuels and store them in large
volumes. However, this study does not take into account the future energy consumption of
passenger transport. If it is assumed that passenger transport will be decarbonized using electric
motors, which also require renewable electricity, then it is assumed that additional renewable
electricity capacity would have to be installed than is currently planned.

Such outcome implies that the forecasted development of new renewable energy sources is not
sufficient to cover the foreseeable increase of electricity demand needed for successful
development of e-fuel production to fully replace fossil fuels in heavy transport sector. The
obtained results also indicate that the projected peak demand and production of electricity, most
likely, significantly exceeds the capacity of the existing transmission and distribution networks,
and thus substantiates the need to carry out further research to assess the costs of transport
decarbonization strategy with the help of e-fuels in relation with the expansion and adaption of
existing power networks.
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Abstract — Valorization of COz captured from industrial processes is an important task for
reaching climate and energy targets. The presented study addresses the use of CO: for the
production of ethanol, which can be used as a transport fuel. Hydrogen, produced by
renewable energy technologies, is combined with CO: to produce the synthetic fuel, thus
making this approach attractive from a climate perspective. Aim of the study was to simulate
the dynamics of the development of CO:-to-fuel solution, taking Latvia as the case. System
dynamics modelling was used as the method for analysis. The model reflects several important
feedbacks, such as relation between the captured CO: emissions and the share of avoided CO:2
emissions in transport due to fuel substitution, as well as investment in new production
capacity of the ethanol. Use of avoided CO: emission costs for funding of research and
development (R&D) of the technology and direct subsidies for ethanol production is the
analysed institutional aspect. The results show that if 15 % of the industrial CO2 emissions
are used for ethanol production then circa 12 % of the transport CO: emissions can be
avoided. The share of avoided transport CO: emissions are the most sensitive to unit costs of
hydrogen production.

Keywords — Carbon capture and utilization; clean energy transition; climate change;
greenhouse gases; power-to-fuel; renewable energy technologies; synthetic fuel; system
dynamics modelling

1. INTRODUCTION

Emissions of carbon dioxide (CO.) to atmosphere, resulting from energy conversion processes,
is considered to be the main cause of global warming and consequent climate change. Energy
sector (electricity, heat and transport) emitted circa 73 % of World’s total greenhouse gases (GHG)
during 2016 [1]. Transport sector, causing over 16 % of the global GHG emissions during 2016
[1], could be more challenging for de-carbonization as power and heat sectors. While GHG
emissions from the electricity and heat production show stabilization during 2013-2016,
emissions from the transport are on steady rise [1] Most of light-duty vehicle fleet will very
likely become electrical, and with de-carbonized power supply this sector can be made carbon-
free more readily. However, long-haul heavy-duty mobility, including air transport, will have
to rely on liquid fuel, at least partly [2]. Having this situation, a natural question arises. Can
we capture CO, from stacks of energy conversion processes and turn it into fuel for driving
transport? The short answer is yes. Carbon Capture and Utilization (CCU) technologies are being
developed for some time already [3]. CCU technologies, in addition to energy efficiency
improvements and use of renewable energy
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sources, could help to de-carbonize our economies [3]. The captured CO> can then be
combined with hydrogen, produced via electrolysis which is powered by renewable energy
technologies (RET), to make liquid ‘carbon-free’ fuel [4]. Although the concept and main
principles are clear, there are still many technical, economic and institutional aspects that
have to be solved for implementation of the technology on large scale. Large energy intensity
of CO; capturing processes as well as need for subsequent purification are some of the
technical challenges, and high costs pose economic challenge [5]. Social or public acceptance
of CCU technologies, as with other technologies, is very important for implementation. Social
acceptance is related to perceived societal benefits of the technology [5]. Concerning costs,
the hydrogen production is the largest cost item of alcohol-based e-fuels, therefore
minimization of electrolysis costs and electricity price is a key making the fuels competitive
[4]. Price of CO, emissions also play very important role, and certain minimum level of the price
should be reached for CCU to be feasible [6]. However, we can observe increase of the price of
CO: emissions and fossil energy sources recently, and expect further development of CCU
technologies in the future. Production of synthetic fuels from the captured CO is not a
complete solution to carbon emissions since the captured carbon is released back into atmosphere
during fuel use in transport. Still, it provides several benefits, apart from substantial reduction of
the carbon emissions and use of oil for the transport fuels. The production of green hydrogen
provides flexible consumption for intermittent renewable power sources [7], as well as high-
energy density fuel storage options [8]. Therefore, it is important to wunderstand what
environmental and socio-economic benefits COa-to-fuel solution can bring, as well as what
support policies could be effective for promoting use of the technology. To our best knowledge,
there is still a lack of studies, where dynamic effects of use of certain institutional support
mechanisms to CO»-to-fuel technologies are modelled, by considering those technologies as
new business models. Therefore, the main research question of this study is: how important,
relative to other techno-economic factors, is support for R&D of CO;-to-fuel technologies, and
what is a potential for reduction of CO, emissions in transport sector, depending on those techno-
economic factors? What is sensitivity of the modelled system to the technical, economic and
institutional factors that may be important for development of CO»-to-fuel business model?
Methods chapter describes structure of the model using causal loop diagram (CLD), input values
used in the model and testing of the model. Results and discussion show and describe share of
avoided CO, emissions, which can be reached in transport sector, share of synthetic fuels in
transport as well as ethanol production capacity in operation by the year 2050.

2. METHODS

The study is based on system dynamics modelling. The system dynamics modelling has
been used in energy system modelling for many years, e.g. for planning of national energy policy
[9], in analysis of energy transition [ 10] as well as assessment of climate policies [11]. The system
dynamics modelling is a well-suited method for understanding the potential dynamics of ethanol
production from CO,, captured from industrial emissions if there are important feedbacks.
Important feedback is the feedback from the avoided CO2 emissions and share of synthetic fuels
in the transport sector to investment in the production capacity of the ethanol. The feedback is
influenced by the gap between the actual share of synthetic fuels in transport and the goal. The
primary purpose of the modelling is ‘modelling for learning’ [12],

i.e. to create consistent stories about the future development and not the exact ‘point predictions’.
The aim of the model is to support learning process, scenario analysis, expert group interaction,
policy design and systems thinking about the problem. The model was
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created with help of expert group workshops and will serve as the basis for interactive
simulator which can be used for policy scenario testing. The ethanol was chosen as the end product
of CO» hydrogenation due to its widespread use in transport [13]. Ethanol can be used as additive
to gasoline, and reduce also CO and PM emissions. Comparing to methanol, it is less toxic and
dangerous. The ethanol is also a valuable feedstock for various chemical production [4]. Although
a share of gasoline, which is a target fuel for substation by the ethanol, is considerably lower
than the share of diesel, production of synthetic diesel via Fischer-Tropsch synthesis is a
complex process that requires several reactors and upgrade stages in a refinery process to
obtain the final product [2]. Thermochemical synthesis of ethanol from CO; via synthesis of
dimethyl ether (DME) was chosen due to relatively high total energy efficiency and CO,
conversion rate [4]. For CO; capture, the chemical absorption with amine scrubbing was chosen
as the technology due to its high technological readiness level [4]. Alkaline electrolysis was
chosen as the technology for H, production due to maturity of the technology for large scale
hydrogen production [4] and reasonable energy efficiency

[14] (see Table 1). The specific investment in ethanol production capacity (see Table 1) may
be substantially overestimated, e.g. in comparison with the data used in [8]. However, the specific
investment depends on the size of a plant, geographic location, infrastructure available, year
of construction etc. Therefore, it was decided to use larger value of the specific investment and
assess importance of this parameter for the result of the model in sensitivity analysis.

TABLE 1. INPUT VALUES USED IN MODEL IN THE REFERENCE SCENARIO

Parameter Value Reference
Electrolysis efficiency based on hydrogen yield (LHV) 60 % [4], [14]
Unit costs of hydrogen production 90 EUR/MWh [4]
Hydrogen required per unit of ethanol 0.258 t/t [4]

CO; required per unit of ethanol 1.89 tt [4]

CO; emission price 94 EUR/t [15]

CO; unit capturing costs 25 EURA 3]
Fraction of CO, emissions from industry which can be captured 0.15

CO, emissions from industry and energy production (sources for the capture;
year 2020)

CO, emissions from transport (year 2020)
Total final energy use in transport (year 2020)

Specific investment (per unit) in ethanol production capacity 10 000 EUR/(t/year)

Discount rate 3%

Economic lifetime and technical lifetime of production capacity 20 years

Share of hydrogen and capital costs in the total costs 44% aT‘d 38 %
respectively

2496 thous t/vear

3064 thous.t/year
13.1 TWh/year

el

[16]
[17]

Structure of the model is shown in the form of causal loop diagram (Fig. 1) which reflects
the main elements of the model and their interrelation. CLD allows to make a dynamic hypothesis
regarding behaviour of a system, but the hypothesis can be tested only in quantitative model

using stocks and flows.
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Fig. 1. Causal loop diagram (CLD) of the model (R&D — research and development; RE — renewable energy; R1 —
reinforcing loop No. 1; B1 — balancing loop No. 1; B2 — balancing loop No. 2). ‘Plus sign’ means that increase/decrease
in cause results in increase/decrease in effect relative to what otherwise would have been if everything else remains the
same. ‘Minus sign’ means that increase/decrease in the cause results in decrease/increase in the effect relative to what
otherwise would have been if everything else remains the same. Two vertical lines on the arrows indicate that a time span
between the cause and effect may be relatively long.

The ethanol production capacity in operation is the main stock in the model (Fig. 1, and
Fig. 2) since only actual investment in physical production assets can result in use of
renewable energy sources. Investment in the ethanol production capacity is made if the unit costs
of ethanol production are competitive with the unit costs of production of alternative biofuel. More
specifically, the indicated share of investment in the ethanol production capacity (Eq. (1)) is
determined by comparing the perceived unit costs of ethanol production with the unit costs of
alternative bio-fuel production in logit function:

1

where:

ISEPC indicated share of investment in ethanol production capacity;

C perceived unit costs of ethanol production, EUR/t (changes from 1740 EUR/t in 2021
to 911 EUR/t in 2050);

G unit costs of alternative bio-fuel production, EUR/t (assumed to be constant 1200
EURN);

o} parameter affecting a rate of transition between indicated shares of investment in

production capacity of alternatives in response of change of the unit costs (i.c., steepness
of the curve); a = 0.0075 (assumption used in the model).
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Fig. 2. Model structure, presenting the main sub-modules.

Since it takes some time for investors to perceive a change in comparative advantage of ethanol
in response to change of unit costs of the ethanol production, the actual share of investment in the
ethanol production capacity SEPC is calculated by using first-order exponential smoothing of
ISEPC using an exponential averaging time of three years (‘Stella Architect’ built-in function was
used [18]):

SEPC = SMTHI1(ISEPC,3). )

Society can decide to support development of CO»-to-fuel technologies by funding of R&D and
subsidizing production of ethanol (Fig. 1 & Fig. 2). Source of the funding for R&D and subsidies
could be an income that can be generated by avoiding CO, emissions in transport (due to
substitution of fossil fuel by the ethanol). Namely, these could be the CO, emission allowances
that could be sold or the money not spent for buying the emission allowances. The funding
of R&D and subsidies make the ethanol more competitive, and increases the ethanol production
capacity in operation, resulting in even more of avoided CO emissions and funding for
R&D and subsidies next turn around. Thus, reinforcing loop R1 is created. This is the main
institutional aspect of the model. One may argue that this mechanism would be difficult or
impossible to implement, especially if the transport sector is not a part of emission trading
system. However, we can express the avoided CO; emissions in money terms, one way or
another (e.g. by using approach of externalities), and decide that a fraction of the avoided CO,
emission costs is invested in R&D or subsidies, that would increase the benefits even more in
future. This is a political decision that should be taken, and the model illustrates consequences of
such political decision. It is assumed in the model that decision on the fraction of avoided
CO» emissions that is used for funding R&D and subsidies (Fig. 1) is decided based on the gap
between some actual state of the system and the goal regarding certain climate characteristics of
transport sector. The share of synthetic fuels in transport
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sector is used in the model as the climate characteristics for transport since this goal is decided in
national energy and climate plans of EU countries. As the gap between the goal and the actual
share of synthetic fuels in transport is closed, less and less incentive exists for funding R&D or
subsidizing the ethanol production, and the funding is subsequently reduced with some time
delay. Thus, a balancing loop Bl is formed (Fig. 1). This balancing effect of diminishing
incentives as the goal is approached is a characteristic behaviour of ‘goal seeking’ systems,
and may include also the system describing implementation of climate and energy policy. The gap
between the share of synthetic fuels in transport and the goal for the share is measured as a ratio
between the actual share and the goal, which changes from 0 to 1 (Fig. 3). As the goal is
reached, the share becomes 1 and no funding is allocated to R&D and ethanol production
subsidies. When the ratio is less than 1, the funding is nonlinearly increased until it reaches 1
(Fig. 3), namely, all the funding which is available from the avoided COz emission costs, is
allocated to R&D and subsidies for ethanol production.

1.2

N N o =
[\ IS 0 =

Effect of the ratio on funding for R&D and subsidies
=
o

o
=

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Ratio of share and goal for synthetic fuel in transport

Fig. 3. Graph illustrating a feedback effect from the ratio of actual share and the goal for synthetic fuel in transport to
funding allocated for R&D and ethanol production subsidies. When the goal is reached, the ratio becomes 1 and no funding
is allocated. All funding, which is available, is allocated if the ratio is 0.

As ethanol production capacity in operation increases (Fig. 4), the ratio of the share and the goal
of synthetic fuels in transport also increases (assuming no increase in the total fuel consumption
in the transport), and the funding (fraction of avoided CO, emission costs invested in R&D
and subsidies (Fig. 1) is decreased with time delay. The goal of synthetic fuels in transport is
assumed to be 2.6 % which corresponds the value for the year 2030, discussed in Latvia in relation
to the goals in transport related to EU climate initiative ‘Fit for 55°. The goal may be increased
after 2030 but currently there is no information about the value. Furthermore, the synthetic
fuels will cover only part of the transport sector needs since part will be electrified, and other
fuels, e.g. bio-fuels, bio-methane, etc. will most likely be used. Owing to these considerations,
the goal of share of synthetic fuels in transport is treated as exogenous parameter in the model.
However, ability to adjust the goal as it is reached, is an important evidence for institutional
capacity of setting the climate goals, and therefore the
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goal could be included as endogenous parameter in future studies. Dynamics of change of the
funding allocated to R&D and subsidies for ethanol production is presented as the ratio
between the actual funding allocated (during each time step) to the maximum value of the funding
allocated (Fig. 4). Initially the funding is small since the ethanol production capacity in
operation is small and there is no money from the avoided CO, emissions. Gradually, as the
capacity of ethanol production builds up, also the allocated funding increases, reaching its
peak just when the ratio of the actual share of synthetic fuels in transport and the goal reaches
1 (Fig. 4). Then, the allocated funding starts to decrease due to the effect of the ratio on fraction
of the avoided CO; emission costs allocated to the funding of R&D and subsidies of the ethanol
production. However, by that time, R&D already has made the ethanol production cost-
competitive with the alternative fuel and therefore the ethanol production capacity continues to
increase, reaching the limit, when the amount of CO> captured from industrial processes reaches
the limit. From this result it can be concluded that the balancing effect B1 is not the main limit
to growth, and the main balancing loop could be B2 (Fig. 1),

i.e. input resource for the ethanol production. It has to be noted that it is assumed in the model that
50 % of the total funding allocated for R&D and subsidies of the ethanol production is allocated
to the subsidies of the ethanol production for reduction of the unit costs. Understanding that direct
subsidies for the ethanol production may be very difficult political decision, a sensitivity analysis
is made to assess the result if all of the funding is allocated for R&D, and results are presented
below.

=== Ethanol production capacity in operation
== Ratio of share and goal for synthetic fuels in transport
== P ffect of the ratio on fractions

Ratio of funding allocated to the maximum value of funding

250000 45

g

2 4.0
£ 200000 35
]

o

g 3.0
£ 150000

E 25
& 20
S 100000

=]

£ 1.5
=

2

2 50000 — 1.0
N

= 05
= 0 0.0

2021 2023 2025 2027 2029 2031 2033 2035 2037 2039 2041 2043 2045 2047 2049

Fig. 4. Graph illustrating dynamics of the ethanol production capacity in operation (left-hand axis), ratio of the actual share
and the goal of synthetic fuels in transport (right-hand axis), effect of this ratio on fraction of avoided CO, emission costs
which are allocated to funding of R&D and ethanol production subsidies (right-hand axis) as well as ratio of the funding
allocated to R&D and ethanol production subsidies to the maximum value of the funding allocated (right-hand axis).
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The question may arise, how to quantify an impact of investment in R&D on the unit costs
of ethanol production (Fig. 1)? It is assumed in the model, that R&D can reduce the unit costs
to 0.5 of the initial unit costs, but the research process and the development
(commercialization process) take time, i.e. ‘Time of research for unit cost reduction’ (assumed
to be 5 years) and ‘Time of development for unit cost reduction (assumed to be 3 years).” Both
time constants indicate how many years it would take to bring the initial unit cost of
production down to 50 % of the initial cost if the rate of decrease due to the research and
development would stay the same as initially. Funding of R&D decreases both time constants, i.e.
the time constants are multiplied by ‘Learning rate multiplier’ (LRM), which is calculated as
follows:

LN(1-LR)
LRM = (Fe \W 3)

—

s

where Fcis the current funding for R&D and Fg is the base level (initial) funding for R&D,
LR learning rate, which is defined as reduction of time, needed for R&D of the technology if
funding for R&D is doubled. LR is 0.2 in the model.

If the learning rate increases, the time it takes to reduce the unit costs of ethanol production due
to R&D decreases (Fig. 1). A concept of using the learning rate is borrowed from the energy
field, where it is used to characterize decrease of specific investment in energy capacities of
various technologies in result of doubling the global installed capacity [19]. The learning rate
is taken as exogenous parameter in the model. But this is a simplification, since learning rate
could decrease, as the technology matures, and could be included endogenously, if the feedback
link from the technology maturity level to the learning rate could be quantified.

One more balancing effect can be identified in the analysed system. Namely, as the ethanol
production capacity in operation increases (Fig. 1), so does amount of CO, emissions which
are captured from industry. As amount of the captured CO, emissions increase, the potential
for CO; capture in future decreases, as the amount of CO, that can be captured from industrial
processes is limited. As this limit is approached, less and less can be captured from these processes
since it becomes too costly or technically difficult to capture the remaining emissions. As
the potential for CO; capture decreases, the investment in new ethanol production capacity
decreases as well, ceteris paribus, leading to the balancing loop B2. Combination of reinforcing
loop R1 with two balancing loops B1 and B2 suggests that this structure should provide S-shaped
growth of the ethanol production capacity in operation. This is confirmed by results of the
model (Fig. 4).

The data used for specific parameters of the model were taken mainly from scientific
publications and official statistics or other public information sources whenever available.
However, many assumptions have been made for the parameters that to our knowledge are
not quantified in information sources, e.g. effect of the ratio of the actual share and the goal
of synthetic fuel in transport on the funding allocated to R&D and subsidies (Fig. 1) as well
as the learning rate multiplier for R&D. Lack of these data are limitations of the present study.
However, since the aim of the study was not calculation of exact values but rather assessment
of sensitivity of the modelled system to the technical, economic and institutional factors that may
be important for development of CO,-to-fuel business model, these assumptions allow to
gain valuable insights into possible dynamics of evolvement of the studied system in response
to changes in important leverage points. The quantitative stock-and-flow model was constructed
in simulating software environment ‘Stella Architect’ [18]. The time span chosen
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for the modelling is 2021-2050 (with time step for numerical calculation equal to Y4 of the
year) since this is the time horizon normally considered in design of energy and climate
policy.

Model testing is done by starting with direct structure tests that can be classified as
theoretical structure tests, in which, for the structure confirmation, the model structure is compared
with the generalized knowledge that can be obtained from various information sources, including
scientific publications [12]. The same was done also for the conceptual and numerical
parameter confirmation. However, the information related to the ethanol production via
hydrogenation of the captured CO2 could be obtained from scientific publications but the model
structure related to the balancing loop B1 could not be tested by using the published information
sources. This part was tested in several working seminars involving experts in energy field and
political science. Also direct extreme-condition testing
[12] was done as a part of the direct structure test. The last part of the direct structure test —
the dimensional consistency test [12] is done during model-building process since it is very
convenient with functionality of ‘Stella Architect.” Structure-oriented behaviour test was done
as the next testing step, using sensitivity analysis that shows that behaviour of the model in
response to changes in some of the important parameters (Fig. 8) is as would be expected in
real life. More information on the sensitivity analysis is provided in the paragraph ‘Results and
discussion.’ It was also tested that resulting behaviour of the model is not altered by changes of
the time step or choice of the method for numerical integration. Owing to the fact that the model
was built primarily for learning process and portrays possible future development of COs-to-
fuel business model under certain impact of institutional factors, it was not possible to perform
the behaviour pattern tests [12] to test ability of the model to replicate the behavioural patterns of
a real system.

3. RESULTS AND DISCUSSION

The ethanol production capacity in operation is determined by two main factors — amount
of the captured CO, emissions and economic competitiveness of the perceived unit costs of
ethanol production in comparison with the unit costs of production of alternative fuel. Both
these factors determine investment in the ethanol production capacity. Funding of R&D and direct
subsidies to the ethanol production increases the economic competitiveness of the ethanol
production. If the fraction of the captured CO; emissions is increased from 15 % to 100 %
then the ethanol production capacity in operation increases by the same ratio, circa
6.5 times (Fig. 5), which could be expected.

It is surprising that funding for R&D and subsidies has such a negligible impact on the ethanol
production capacity in operation in the reference scenario. The explanation for this effect is such
that the funding allocated to R&D is above the base level funding and decreases the time needed
for research and development relative to the base level time needed. Thus, the base level time
of research and development is sufficiently fast, and the ethanol production becomes economically
competitive with alternative fast enough, to reach nearly the same production capacity during the
considered time span without the additional funding for R&D, as it reaches with the additional
funding. This explanation can be tested if ‘Time of research for unit cost reduction’ and ‘Time
of development for unit cost reduction’ in the model are doubled to 10 and 6 years respectively.
This change makes a larger difference in dynamics of the ethanol production capacity in
operation (Fig. 6) when the funding for R&D and subsidies is removed. It has to be noted that if
no R&D takes place at all (the times for research and development are made extremely large in
the model), the technology of ethanol production remains uncompetitive with alternative and no
capacity is built, as would be expected.
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Fig. 6. Comparison of the dynamics of the ethanol production capacity in operation in the reference scenario un and
scenarios where 1) the time to R&D is doubled in the model, and in addition, 2) funding for R&D and subsidies is made
equal to zero.

As the ethanol production capacity in operation increases, so does the produced ethanol,
which displaces fossil fuel in transport. If the lower heating value (LHV) of fossil fuel is circa
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12 MWh/t and LHV of the ethanol is 7.42 MWh/t, then 1 t of the ethanol displaces 0.62 tons
of the fossil fuel. If the synthetic ethanol is assumed to be carbon neutral (since made from
the captured CO; and H» produced from renewable energy sources), and CO, emission factor
of the fossil fuel is assumed to be circa 3.03 t CO./t of fuel, then each ton of the ethanol
avoids circa 1.9 tons of CO» in the transport sector. Results show (Fig. 7) that the share of avoided
CO; emission, i.e. ratio of the avoided CO: emissions by displacement of fossil fuel by the
ethanol to the total CO» emissions from transport during 2020 (see Table 1), follows the same

S-shaped growth as the ethanol production capacity in operation, as expected. As much as
80 % reduction of the transport CO;, emissions could be obtained, if 100 % of industrial CO;
emissions could be used for production of the synthetic fuel (Fig. 7), but circa 12 % are reached
in the reference scenario. The shares of the synthetic fuel in the total final energy consumption in
transport (if the consumption remains at the level of the year 2020) would be 74 % and 11 %
respectively in those two scenarios.

Results of sensitivity analysis (Fig. 8) show that the share of avoided CO» emissions in transport
is most sensitive to unit costs of H, production, with the share decreasing as the costs of
H, increase. This result agrees with many other studies that indicate that production of alcohols
via hydrogenation of CO; is economically viable only at certain level of H, costs. That is
confirmed in the study that addresses use of CoMoS catalyst for reaction [20], in the study that
compares cost-effectiveness of Fischer-Tropsch diesel, methanol and liquid organic hydrogen
[21], in the study that looks at Fischer-Tropsch electro-fuel at more detail [8], as well as in
the study considering techno-economics of thermocatalytic CO, hydrogenation for production of

methanol and ethanol [4]. The study [21] also notes the importance of the cost of CO2, which
is confirmed by the present study. The sensitivity analysis also shows that the specific investment
in the ethanol production capacity and CO» unit capturing costs are other two important factors

which would lead to circa 0.05 % and 0.03 % decrease of the avoided CO2 emissions in transport,
if increased by 1 % respectively. As was already discussed above, sensitivity of the model to
changes of the funding available for R&D and subsidies is considerably smaller than the previous
three factors, and thus, also the sensitivity to the learning rate due to R&D, fraction of avoided
CO» emission costs allocated to R&D and subsidies, as well as the fraction of the funding allocated
to R&D (Fig. 8). The last factor is calculated assuming that all of the funding is allocated to R&D
and no money is provided for direct subsidies of the ethanol production. It is considered in the
model that reduction of the ethanol unit costs of production due to R&D affects only the
newly installed capacity, and the capacity which is already in operation (the lifetime of operation
is assumed to be 20 years) is not affected by technological development due to R&D. Knowing
that R&D usually decrease also the specific investment of new technologies, it can be asked why
the model is more sensitive to the specific investment then the funding for R&D? The model
is built in such a way that the specific investment in the ethanol production capacity is constant
(that actually allows to make sensitivity analysis). It takes time (time for R&D as discussed above)
for increase in the funding for R&D to affect the unit production costs of the ethanol and
investment in the ethanol production capacity in result of that. Changes in the specific investment
in the ethanol production capacity is translated into decrease of the unit costs of ethanol production
and resulting investment in that capacity faster. These changes in the specific investment in the
real-life situation may be made e.g. by availability of local infrastructure at the construction site,
additional support for utility connections, investment subsidies, etc. The results of the sensitivity
analysis were obtained for the reference scenario. Since the relation between the independent and
dependent factors are nonlinear, the results depend on the reference point. The results also depend
on whether the independent factor is increased or decreased.
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4. CONCLUSIONS

Results of this study show that costs of hydrogen production and CO; capture (a difference
between the costs of the capture and CO, emission price, if put more precisely), as well as specific
investment in the ethanol production capacity (technology costs) are three of the most important
factors that determine result of the modelled systems. The costs of hydrogen production have the
largest impact on dynamics of the ethanol production capacity in operation and resulting
avoided CO, emissions in transport. Namely, 1 % increase in the costs of hydrogen production
leads to 0.32 % decrease of the share of avoided CO, emissions in transport. The result is less
sensitive to the changes of additional funding which is provided for R&D and subsidies, as
well as the learning rate due to R&D. This is the result of two main factors. First, the sensitivity
on the funding for R&D depends on the baseline assumptions regarding how much time it takes
to reduce the initial unit costs of production by R&D. Second, allocation of the additional
funding in R&D does not translate into change of the unit costs of ethanol production as fast as
the change of the unit costs of hydrogen production, CO2 capture and specific investment.
Strength of the model is that it can account for a time it takes for the funding in R&D increase
competitiveness of the technology and bring-in investment into production assets. The model
shows that by using a money which is saved due to the avoided CO; emissions for development
of CO,-to-fuel technologies, trigger reinforcing effect that allows to avoid even more CO»
emissions in future. One of the limits to growth is the amount of CO, which can be feasibly
captured from stacks of industrial and energy production. As also follows from the results, without
R&D of the technology, there might be no chance that production of synthetic fuels from the
captured CO; will happen in the future on considerable scale. Interesting questions that remain
open for future research are characterization of impact of R&D on the unit costs of production
of the synthetic fuels, specific investment, unit costs of hydrogen production and CO, capture.
More studies on quantification of the learning rate due to R&D of CO,-to-fuel technologies would
be needed. Another question is quantification of the feedback from gap between the climate
goals and the actual state to willingness to support development of new technologies.
Improvement of energy transition models like the one presented in this study call for
interdisciplinary research, with larger involvement of researchers from social sciences.
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Abstract — The electricity used for charging electric vehicles (EV) must be produced from
renewable energy sources to make EV carbon neutral. Solar PV panels installed at fuel
stations can provide a noticeable fraction of charging electricity for EV also in countries
located in the Northern region. The study aims to assess the potential dynamics of that
fraction given a certain growth rate of the number of EV. System dynamics modelling is used
as the method and Latvia is chosen as the case. The model contains parts for the calculation
of the number of EV, dynamics of charging units and PV panels at fuel stations as well as in
other places, the share of PV-produced power, and the resulting reduction of CO2 emissions.
Economic factors, i.e. subsidies for EV purchase, investments, and costs of charging are
considered in the model. Assessment is based on sensitivity analysis. Results show that the
subsidies for the purchase of EV and the price of new EV play a decisive role in the growth
rate of EV and the resulting reduction of CO: emissions from light-duty vehicles.

Keywords — Electric vehicles, renewable energy, solar energy, sustainable transport,
system dynamics modelling

Nomenclature

EV Electric vehicle

FV Fossil vehicle

PV Photovoltaic

CLD Causal loop diagram

GHG Greenhouse gases

0&M Operation and maintenance

1. INTRODUCTION

The transport sector remains one of the most carbon-intensive sectors of energy sectors,
and therefore reduction of direct and indirect emissions of the transport remains one of the
core tasks of decarbonization policies. Electric vehicles (EV) have convincingly become one
of the most rapidly growing solutions to decarbonize mobility; however, both reduction of
the remaining ecological footprint of EV, as well as the improvement of economic
performance remains an important task to facilitate even faster growth of electric transport sector.
Unlike fossil transport (FV), for EV the costs related to installation and usage of
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infrastructure are a crucial part of the final usage costs. Therefore, many earlier studies have
strongly focused on tasks related to the economic and technical optimization of EV charging
infrastructure and integration of EV and solar electricity. Research carried out in Portugal on
the integration of park-and-ride infrastructure with solar panel production and EV charging
services confirmed that in 2017 the projected period for return of the initial investment
reached approximately 14 years, thus confirming the feasibility of such a business model [1] Such
confirming results can be also applied to the scenario when solar energy and EV charging
service is used in synergy with fuel stations, providing additional income from retail operations.
Studies also underline significant advantages from the synergy of EV charging and solar
energy from the point of view of grid load fluctuations [2]. They identify that with the help of
an appropriate pricing policy for charging services, there is a great potential to reduce the need
for grid usage and power storage equipment, thus also benefiting the overall carbon emission
impact of EV [3], [4]. However, several studies indicate that with the current overall penetration
of EV in the transport system and the remaining price differences between the purchase price of
FV and EV, the public charging services require public subsidies for their development at
more rapid pace [1], [5], [7]. The overall situation in the energy market and trends in the global
car industry may also change the economic perspectives of EV charging services significantly
— in relation to growing prices for both fossil fuels and power. The proportional economic burden
related with EV infrastructure loses may decrease, while solar produced power may gain
significant advantages [6], [8]. As an increasingly larger number of policymakers adopt measures
to facilitate the usage of EV, it becomes more important to use the available policy tools to
reach the largest reduction of carbon emissions and at the same time secures the largest
availability of mobility services to society.

This study applies system dynamics model to evaluate the impact of public EV charging in
synergy with solar energy on the growth of EV usage and a resulting reduction in carbon
emissions. Comparison with other EV transport support measures and factors, such as direct
subsidies for acquisition of EV, or promotion of solar power systems is made. Sensitivity analysis
allows to measure impact of different strategies, their comparison and allows to identify
combined effect of simultaneously applied measures.

2. METHODS

The mathematical modelling of solar energy and EV charging synergy has been studied by many
researchers; however, in most cases the modelling was carried out with the focus on economic
perspective [8]. or grid operation perspective [5]. However, while evaluating the environmental
aspects of the synergy effects, researchers point out that application of similar business model can
produce significantly different result in different geographic regions, e.g., in European countries
the impact of such synergy can be higher than in many other regions [3], [9]. Therefore, it can
be argued that in order to obtain the best results, a comparison of different tools for the facilitation
of EV must be carried out for a specific country or region, by using specific parameters which
characterize the differences of usage of transport in the country, differences in the efficiency of
solar installations, etc. This study uses economic parameters and technical assumptions which
characterize countries or regions like Latvia; however, the system dynamics model with the
required adaptation can be used for the analysis of other countries or regions.

In particular study, mathematical modelling, using the system dynamics approach, i.e.
modelling of the systems as structures consisting of stocks and flows, was used as the method of
study. The system dynamics model was created in the Stella Architect program [10]. The time
horizon for modelling is from 2021 to 2050 with a time step (dt) of % of the year since
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the smallest time constant in the model is one year. Data, which could be found in the statistics
databases, publications or reports were used, and assumed values were used for the data which
could not be found in information sources. The model was used to study the development of light-
duty passenger road transport. The structure of the model is shown in the form of a causal
loop diagram (CLD, Fig. 1.) which reflects the main elements of the model and their interrelation.
CLD allows making a dynamic hypothesis regarding the behaviour of a system, but the
hypothesis can be tested only in the quantitative model using stocks and flows.

)

Price difference between

Price of new

electric vehicle

fossil-fuel and

electric vehicles

@
Number of electric = Potential electric
vehicles purhased (\ vehicle users remaining

Subsidies for electri¢ vehicles

©

Contact rate users - potential

users of electric vehicles

fron @sseiisshers from fossil-
fuel vehicles

Fig. 1. Causal loop diagram (CLD) of the model. ‘Plus sign’ means that an increase/decrease in a cause results in
an increase/decrease in effect relative to what otherwise would have been if everything else remains the same.
‘Minus sign’ means that an increase/decrease in the cause results in a decrease/increase in the effect relative to
what otherwise would have been if everything else remains the same.

The stock of electric vehicles (EV) is the most important parameter in the model affecting
the total CO» emissions from light-duty vehicles. This stock is controlled by the inflow of ‘Number
of electric vehicles purchase’ (Fig. 1). As the ‘Number of electric vehicles purchased’
increases, the contact rate between users and potential users of EV also increases, and due to the
‘word-of-mouth’ effects even more EV are purchased in the future. This is the reinforcing
feedback R (Fig. 1), which gains strength at the initial phase of growth of the EV stock. With the
increase of the ‘Number of electric vehicles purchased’, a stock of ‘Potential electric vehicle users
remaining’ is depleted and the rate of ‘Number of electric vehicles purchased’ starts to decrease
when the balancing feedback B1 becomes stronger than the reinforcing effect R. The ‘Number
of electric vehicles purchased’ is strongly affected by ‘Price difference between fossil-fuel®
and electric vehicles’ (Fig. 1). The price difference, in turn, depends on ‘Subsidies for electric
vehicles’ and ‘Price of new electric vehicles.” The ‘Subsidies for electric vehicles’ is an
endogenous parameter, since it may be affected by ‘CO2 emissions from fossil-fuel vehicles.’
Namely, the amount of the subsidies, i.e. the total budget for subsidies, the subsidies per vehicle,
timing, etc., is politically decided. The political decision may be affected by the gap between
actual CO;, emissions in transport and the goal of the CO, emissions. The larger the gap, the
more willing are politicians to provide subsidies

2 Alternative definition — internal combustion engine (ICE) vehicles. This definition, probably, is more accurate since
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for the purchase of EV, and vice versa. This is the balancing feedback B2 since an increased
‘Number of electric vehicles purchased’ leads to reduced ‘CO, emissions from fossil-fuel
vehicles’ and reduced ‘Subsidies for electric vehicles’ (due to reduced political willingness),
resulting in a larger price difference than otherwise would be, ceteris paribus. The larger price
difference means a reduction in the ‘Number of electric vehicles purchased.” Purchases of
new EV only are considered in the model. The ‘Price difference between fossil-fuel and
electric vehicles’ is also affected by the ‘Price of new electric vehicle’, which is an exogenous
parameter in the model. The price is not affected by the market in Latvia due to its small size.
It is also worth mentioning that the availability of a charging infrastructure does not have an effect
on EV purchase decisions, and it is assumed in the model that the charging infrastructure
is developed at a sufficient rate along with the growth of EV.

The model contains sub-models (Fig. 2) of stocks and flows for the calculation of the
number of EV, dynamics of installation of charging units and PV panels at fuel stations, the share
of power produced by solar PVs, and the resulting reduction of CO; emissions. Economic
factors, such as subsidies for EV purchase, investments in EV charging infrastructure and
solar PVs, and costs of charging are also considered in the model.

Solar energy based charging for electric vehicles at fuel stations

CO,

Capacity

Investment decision building of solar
PV

in solar PV’s
Subsidies for Y
EV

) 4

Costs of solar PV per
fuel station

EV purchase

EV charging
infrastructure in
EV charging units s country

in fuel stations

B

EV charging capacity Number of
building model charges

Fig. 2. Sub-models of the main model.

Rate at which EV are purchased depends on subsidies, both the total amount of subsidies
represented as a stock and the subsidies per new EV, represented as auxiliary. EV purchase
depletes the subsidy fund, and once it is depleted, new amount is injected in the stock with interval
of five years (Eq. 1).
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EVa())=| [Saev.(t)— Swev.(6)]de + EVar (1), )

where

EV«(f) EV subsidy fund, EUR;

EV(to) initial EV subsidy fund, EUR;

Sagys  subsidies allocated to EV subsidy fund, EUR/year;
Swevs  subsidies withdrawn from EV subsidy fund, EUR/year.

The inflow to the subsidy fund depends on the gap between the actual and target CO2 emissions,
the price difference between EV and FV (Fig. 1) as well as potential buyers of EV (when the
number reaches 1000, allocation of subsidies is terminated). The price is decisive vehicle purchase
decision. As the price of new EV decreases, the share of subsidies per new EV will increases,
ceteris paribus, and this will increase the motivation to buy a new EV. The number of EV in the
country determine the amount of electricity consumed for charging EV, the construction of
charging infrastructure at the fuel stations, as well as development of solar PVs.

Potential EV buyers are divided into two categories, those who can afford to buy a new EV
without subsidies and those who need subsidies (see Table 1). As the potential EV users purchase
EV, they become EV users, and are moved out of the stock of ‘Potential EV users who made
purchase decision’ at a rate of EV purchase, i.e. ‘EV user increase rate’ (Eq. 2).

Pevi(t) = [ [Dev(t) + Pu(t) ~ EVie]dr + Pevi (1), @)

where

Prvu(?) potential EV users who made purchase decision, people;

Prvu(to) initial potential EV users who made purchase decision, people;

Dgy decision to purchase EV, people/years (rate of purchase by the population that does not
need subsidies);

EVir EV user increase rate, people/years;

P purchase decision due to subsidies, people/years (rate of purchase by the population that
needs subsidies).

Rates of decision to purchase EV are influenced by ‘word-of-mouth’ effect (Fig. 1), which
is a decisive driving force in the group of population that does not need subsidies for EV purchase.
A separate module (Fig. 2) is used to determine rate at which EV charging units need to be
installed in the fuel stations. The already existing fuel stations and charging infrastructure is
considered. Since the maximum number of EV charging units per fuel stations is assumed
to be six, the development of the charging units outside the fuel stations was also considered.
169 EV charging units have been built in Latvia by 2021, of which 16 are located at the fuel
stations and 11 are publicly available free charging units in other places. Since the charging
infrastructure of EV in Latvia is mostly based on EV charging units that are located outside
the fuel stations, the model is considers installation of the EV charging units in the fuel
stations and also in other places. Electricity consumption for EV charging in the fuel stations
depends on the number and duration of EV charging at those stations. This is estimated by
considering that on average, 52 charges per EV per year will take place at the fuel stations. The
rest will take place at home or other charging places (office, shops, etc.). A congestion coefficient
of 0.8 is also considered, meaning that 20 % of EV may find the charging units busy and
leave the fuel station to look for alternative charging place. Electricity required to charge
EV is calculated considering electricity consumption per km
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based and average distance travelled per EV per year (see Table 1).

Solar PVs, most likely, will be installed on the roof area of the fuel stations and Table 2 shows
the data used for calculation of maximum capacity of the solar PVs that can be installed in the
fuel stations. Investment decision for installation of the PV system (Fig. 2) is made only if
NPV for that investment is equal or larger than zero. It means, that the price of grid electricity has
to be sufficiently large to generate the required cash flow of energy cost savings. It NPV is
less than zero, the required subsidies are calculated to make the investment economically feasible.
Decrease of initial specific investment of solar PVs due to the learning curve is also considered in
the model. Installation of solar PVs, similarly to installation of EV charging units, is modelled as
capacity building model consisting of several stocks and flows. These stocks and flows portray
that the capacity is initially ordered and moved into stock of capacity under construction (Eq. 3).
Average construction time determines the rate at which that capacity is moved to the stock
of capacity in operation, i.e. ‘commissioning rate.” Average lifetime of that capacity
determines the discard rate of the capacity.

PVu(f) = j [Orvis(t) — Crovis(1) |z + PVue(to) , 3)

where
PVy(t) number of solar PV's under construction in fuel stations, units/stations;
PV(to) initial number of solar PV's under construction in fuel stations, units/stations;

Oreves  order rate of solar PV's in fuel stations, units/stations/years;
Crevis  commissioning rate of solar PV's in fuel stations, units/stations/years.

For calculation of electricity by solar PVs it is considered that duration of installed capacity
utilization is 850 hours per year, but this value can vary greatly from country to country depending
on the geographical location. Since there could be mismatch between solar PV production and
EV charging, it is assumed that 0.2 of the solar PV production is used for other purposes
than the charging of EV. Since the amount of solar power will not be able to cover all the required
demand of EVs, part of the electricity is purchased from grid.

The main output of the model is the reduction of CO, emissions that is reached by replacing
fossil fuel vehicles with EV vehicles. The total size of the vehicle fleet is assumed to remain
constant, and no dynamics in the FV vehicle fleet related to fuel mix, age and resulting per
km CO, emissions were considere. No changes in power production mix regarding the grid
electricity were considered either. Therefore, CO, emission factors for FV and grid electricity
were assumed to be constant (see Table 1).

TABLE 1. VALUES USED IN THE MODEL FOR THE BASE SCENARIO

Name Value Measurements References
Indicated budget for EV subsidies 10 Mill. EUR [11]
Indicated subsidies per new EV 4500 EUR/vehicle [11]
Initial average price of new EV & fossil vehicles 33.000/18 000 EUR/vehicle [12]
Initial number of EV 2106 vehicles [13]
Initial fraction of EV users with subsidies 0.8 unitless assumption
Decrease fraction of average price of new EV 0.02 Unitless, per year assumption
Decrease fraction of specific 0.025 Unitless assumption

investment in solar PV

Probability of convincing subsidy population 04 People/contacts assumption
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Contact rate with subsidy pop 6 Contacts/people/year assumption
Probability of convincing no-subsidy population 0.5 People/contacts assumption
Contact rate with no-subsidy pop 12 Contacts/people/year assumption
Max number of charging units per fuel station (FS) 6 Units/station assumption
Aggregated goal of EV per charging unit 10 Vehicles/units [14]
Number of fuel stations 436 stations *

Initial number of public charging units in operation 11 units *

Initial number of charging units in FS 16 units *

Average lifetime of charging units 20 years assumption
Average lifetime of EV 10 years assumption
Initial specific investment in solar PV 945 EUR/KW, [15]
Average lifetime of PV system 25 years [15]
Discount rate 0.05 unitless assumption
Power density of solar PV 0.155 kW/m? [16]

PV size 0.166 m?*/units assumption
Fuel station roof size 200 m?%/stations assumption
Electricity consumption of EV per km 0.2 kWh/km assumption
Electric capacity of charging unit 50 kW/units assumption
Capacity fee for grid connection per kW 10 EUR/kW/year assumption
Grid electricity price 143 EUR/MWh [17]

Per unit O&M costs of PV 0.012 EUR/kWh assumption
CO, emission factor for grid electricity 101 t/kWh [18]
Average vehicle travel distance 13 000 km/year/vehicle [19]

Total number of vehicles 749 909 vehicles [20]

CO, emissions per fuel vehicle per km 168 g/km [21]

* Various sources — the values were obtained by summarizing information from various sources about the fuel stations
and the location of the charging units.

3. RESULTS AND DISCUSSION

The ultimate goal for the introduction of EV and the development of solar PV — based charging
infrastructure at fuel stations is the reduction of greenhouse gas (GHG) emissions. CO2
emissions, as being the major part of GHG emissions, is considered as one of the main model
outputs. Gradual substitution of fossil fuel — based vehicles (FV) with EV and installation of
solar PVs should result in the reduction of CO» emissions. The results (Fig. 3) show that the
reduction of the emissions from FV take place and at the end of the modeling period only CO,
emissions associated by grid electricity remain.

However, the reduction of the CO, emissions is negligible until the year 2040, when the change
happens very fast. This is because of the large price difference between EV and FV even with
the subsidies, that start in 2022. If the difference between subsidized EV and FV exceeds 5000
EUR, EV are purchased only by the population that do not need subsidies, and the fraction of
this population is assumed to be 20 % (see Table 1). When the price difference reaches 5000 EUR,
also the population that needs subsidies for the purchase of EV engages (Fig. 3), i.e. the purchase
decision becomes larger than zero. The S-shaped graph of the purchase decision shows a
fraction of the population that needs subsidies making an EV purchase decision as the price
difference declines. The shape of the graph is assumed.
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However, even if a large part of that population is ready to purchase EV, a relatively small amount
of EV can be subsidized due to the limited total budget of EV subsidies. A considerable
increase of the number of EV starts (Fig. 5) only at the point (around the year 2040) when the
price difference reaches 4500 EUR/vehicle, and no subsidies are needed from that point on (Fig.
3). As the number of EVs increases, so does the electricity consumption from the power grid
and the CO; emissions from the grid start to increase (Fig. 4). However, this amount of emissions
is considerably smaller than the amount originating from FV.
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The price difference between EV and fuel vehicle decreases due to the development of EV
production technologies, i.e. learning effect. This is modelled as assumed annual fraction of price
decrease (see Table 1 and Fig. 5). If the rate of price decrease is larger, the time it takes for the
price of new EV differ from the price of FV by no more than 4500 EUR reduces. This results in
carlier ‘exploding’ of EV purchases (Fig. 5).
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decrease for the base scenario is 0.02.

Solar PV panels in fuel stations are installed relatively fast and reach the maximum
capacity in the fifth year (Fig. 6) since the electricity production costs are competitive with
the grid electricity from the beginning of the simulation period. The amount of electricity produced
at fuel stations by solar PVs placed on the roofs of fuel stations is circa 2 % of the total electricity
required for EV charging. As the amount of electricity produced from PV panels installed at
fuel stations is relatively low, the possibility of installing PV panels at other charging points
located outside the fuel stations is being considered in order to obtain larger share of renewable
energy. The results show that PV panels located outside the fuel stations can provide about 14
% of the total amount of electricity required for EV charging.

That small impact is because of the fact that the main driver for a purchase decision is the price
difference between EV and FV, and most of EV purchase takes place after the difference between
subsidized EV price and FV price shrinks to zero due to the development of EV (Fig. 4).
Therefore, the subsidies per EV play an important role in the purchase decision, and if those
subsidies per EV are doubled then a considerable increase in the number of EV starts much earlier
and by the year 2050 the whole stock of FV is replaced by EV. Doubling of the total budget for
subsidies increase the rate but not much. Faster rate of FV substitution by EV means lower
cumulative CO, emissions during the simulation period, although the total annual CO;
emissions might be the same at the end of the simulation period. Sensitivity analysis of
cumulative total CO, emissions depending on subsidies per new EV (Fig. 7) shows that increase
of the subsidies from 1000 to 10 000 EUR/vehicle decreases the total cumulative CO2 emissions
by more than 50 %, ceteris paribus.
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To find out the impact of subsidies on cumulative total CO, emissions, a sensitivity analysis
was performed, in which the total indicated subsidy budget is changed from 5 to 50 MEUR
with the subsidies per EV remaining at 4500 EUR. The difference in the cumulative total
emissions over 30 years is circa one Mt of CO; (Fig. 8) or approximately 3 %. It means that
the amount of subsidies granted has a greater impact on the cumulative total CO, emissions
than on dynamics of EV, i.e. the number of EV at the end of the simulation period.
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Fig. 8. Cumulative total CO, emissions depending on the indicated budget for EV subsidies.

4. CONCLUSIONS

The goal of the study was to evaluate the amount of electricity, which can be produced by solar
PV panels installed in fuel stations and provided for EV charging. System dynamics model
was used for the study and Latvia was chosen as the case. The results show that installation of
solar PV panels in the fuel stations can provide circa 2 % of the total electrical energy needed for
EV charging in Latvia. Contrary to the expected, the share of solar PV- produced power at the
fuel stations is relatively small comparing to 14 % of the electrical energy provided for charging
of EV by solar PVs installed at other charging units outside the fuel stations, i.e. in public charging
places. Thus, the installation of solar PVs in other, public EV charging facilities and an increase
in the share of renewable energy in the electricity production mix is required for a substantial share
of renewable energy sources in the power supplied for EV [22]. The rate of replacement of FV
fleet with EV is the most decisive factor in the reduction of CO, emissions in transport. The
largest impact on the rate of growing of EV is the difference between the prices of new EV
and FV. Two main mechanisms lead to the reduction of the price difference between EV and
FV — a decrease of the price of EV and the direct subsidies for the acquisition of EV. If the EV
average price annual decrease rate, which is due to the technology learning effect, is changed
from 2 % to 3 %, a considerable increase in the number of EV starts circa 10 years earlier (Fig.
5). Thus, the direct subsidies for EV purchase could be the most effective policy tool for
support of transport decarbonization and electrification. These subsidies are most effective in
the initial phase of the EV diffusion process. As the prices of new EV will shrink due to
technological development, the number of EV, and thus, annual CO; emissions at the end of the
simulation period will not be strongly influenced by the total subsidy budget for EV. However,
the cumulative CO, emissions are strongly affected by the subsidies per EV (Fig. 7), since
the early transition from FV to EV lead to a reduction of the cumulative emissions for the whole
period. The effect of subsidies the cumulative CO, emissions is not linear (Fig. 7, Fig. 8) and
increase of the amount of the subsidies is very important at the lower end. Consequently, for
energy policy design, the main conclusion is that the policy tools have to be targeted at
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stimulating a fast transition from EV to FV as early as possible and reduction of the price
difference between those vehicles in the near term, to reach the transition. The production source
of power used for EV charging is of secondary importance in relation to the cumulative CO2
emissions in the transport sector.
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Abstract — Rapidly increasing number of electric vehicles (EV) is expected in the future. It is
important to understand the consequences of this process for operation of power grids. The
goal of this study was to determine an impact of increasing number of EV on the economic
performance of electricity distribution system, including the impact on users of power
distribution infrastructure. Factors, such as expected network load changes and required
investment in the networks as well as possible changes in power distribution tariff were
considered. Analysis of Latvia’s power distribution system shows that the installed capacity
significantly exceeds the load. It means that connection of EV charging infrastructure to the
system and resulting increase of the system’s load may not require additional investments and
even could bring a positive economic effect due to better utilization of the infrastructure.

Keywords — Clean energy transition; electric mobility; electric vehicles; energy economics;
power distribution system; sustainable mobility

INTRODUCTION

Transport sector is one of the sectors that will have to undergo significant technological changes due to its large
greenhouse gas emissions and share of the total anthropogenic emissions. At present, electric vehicles (EV) can be
considered as one of the technologies that convincingly starts to replace internal combustion engine vehicles.
However, due to high production costs and lack of information on the potential impact of electric cars on
environment and socio-economic well-being, initiatives to promote electric mobility often face significant public
skepticism. One of the issues that often arises is the costs of required development and maintenance of power grid
infrastructure to provide the electric mobility. At the same time, analysis of the actual load and structure of
investments in electricity networks suggest that an impact of electric mobility on network operating costs, in
contrast to concerns, can be positive in many cases. EV may contribute to the network efficiency. Therefore, the research
question of this study is to identify impact of possible dynamics of EV fleet on the required investments in the
power networks.

To our knowledge, the technical impacts of EV charging infrastructure on power distribution grid has been
studied extensively by many researchers; however, changes in economic performance of distribution networks in a
situation, when significant part or all fossil-fueled passenger cars are replaced with EV, remains relatively
uncovered. Meanwhile, the existing studies focusing on the technical effects of electromobility, provide several important
facts for related economic analysis, e.g., modelling results prove, that coordinated strategy for allocation of charging
capacities and sufficiently managed charging strategy can increase allowable theoretical penetration of EV in the
system up to 6 times (De Hoog et al. 2013). Study in the Germany confirms that technical influence of EV charging
strongly depends on the local topology and capacity utilization in a power grid (Held et al. 2019). Thus, research
confirms that in cases when the available grid capacities have low overall utilization rate, example.g., up to 30%,
on the system level there is no provable direct relation between electric vehicle penetration and investment in or
operation costs of the grid. Additional load of EV charging has the same impact on operation of the grid as any
other additional demand for electrical energy (Brdunl et al. 2020). It means that in the case of under-utilized grid
charging of the electric transport can be used as a strategy to improve overall utilization of the grid and make an
economic optimization of the grid (White and Zhang 2011), (Deilami et al. 2011). Several other studies also show a
strong relationship between optimized and adaptive electrical transport charging infrastructure development strategy and
their potential environmental impact in relation to energy losses and carbon emissions(Cardoso et al. 2014), ,(Foley et
al. 2013)..

The scientific topicality of this study is due to the fact that during the last decade, and especially in the last year,
development of electromobility in Latvia has experienced a rapid growth. It is also expected that policy support for
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development of electromobility will be strong in the coming years. Experience of electricity network companies
shows that in many cases increase in demand for network services caused by electromobility can be considered as
economically favorable development for the network infrastructure. However, depending on different development
scenarios of EV, which may be influenced by political decisions, the amount of investment required and the
associated benefits and costs for end-users may vary.

Industry expert estimates in Latvia indicate that the development of EV from the viewpoint
of electricity network infrastructure is related to two simultaneous trends. The first significant
trend, according to the assessment provided by the electricity network operators, is expected
investments in electricity distribution systems to ensure safe connection of EV charging points to
the network and provision of the required capacity for its future operation. Another important trend
is changes in the total load of electricity networks. Data provided by Latvia’s electricity
transmission and distribution system operators show that the total system capacity is significantly
larger than the actual load of power system users, and the load can be increased several times in
many cases. For Latvia this is well illustrated by the fact that the total load of Latvia’s electricity
users registered back in 1990 reached 2000 MW, but the annual electricity consumption reached
circa 10,7 TWh (Staltmanis 1992). Thus, the historic load exceeds the Latvia’s average load of
2019 circa two times, but total electricity consumption about 1.4 times. Given that a significant
part, i.e. up to 80% of electricity network infrastructure costs, remain fixed regardless of
consumption, it can be relatively reliably predicted that electricity consumption from EV will not
lead to significant increase in electricity infrastructure costs if the existing capacity is sufficient.
On contrary, more effective network load utilization may even reduce the unit costs of electricity
supplied to users. Therefore, the goal of this study is to determine the influence of EV on the
economic and operational performance of power grid, by considering the actual installed capacity
of the electricity grid and potential demand of the EV. The analysis includes assessment of the
costs and benefits of power grid users in result of changes in the utilization of the grid capacity.
Benefits, expressed in monetary terms, provided to a whole society by the avoided carbon
emissions due to displacement of fossil fuel in ligh-duty vehicle sector by EV are also assessed.

1. METHODOLOGY

The modelling is performed by using the existing data of Latvia regarding the total power demand
for the needs, other than electric mobility, as well as the total installed capacity of the grid. Several
assumptions regarding characteristics of EV and fossil-fuel based passenger vehicles as well as
specific CO» emissions and costs were made (Table 1).

TABLE 1: THE MAIN PARAMETERS AND ASSUMPTIONS USED FOR THE CALCULATIONS , AND
RELATED TO CHARACTERISTICS OF TRANSPORT AND CO2 EMISSIONS

Parameter Value
Average specific electricity consumption of passenger 0.196
EV (kWh/km) * )
Average yearly mileage of passenger EV (km/year) ** 13000
Average yearly energy consumption of fossil fuel 13152
passenger vehicles (kWh/year)
Average CO, emissions from passenger EV in Latvia 500.6
(kg/year) ’
Average CO, emissions from fossil fuel passenger 2600
vehicles in Latvia (kg/year)




Average required charging capacity per passenger EV

10
(kW)
Price of CO; emissions (EUR/t) 25

Data Source: The European Commission, Road Traffic Safety Directorate of Latvia; Electric
Vehicle data base https://ev-database.org/

The calculations are made with assumption that the yearly number of investments in power
distribution system is maintained in line with the existing level. It is based on assumption that
increase in number of EV does not always lead to investment in the grid. Findings of some studies
show that during integration of EV charging infrastructure into the grid the grid operators enjoy a
wide range of options for optimization of the grid load. Thus, amount of the investments allocated
to grids should be viewed as a decision which is mostly related to overall investment and
regulatory policy of the grid, or even political decisions, rather than a parameter which is directly
linked to demand of consumers. However, the model also includes an option that allows to
compare scenarios with additional investments in the grid.

TABLE 2: THE MAIN PARAMETERS AND ASSUMPTIONS USED FOR THE CALCULATION OF
DISTRIBUTION GRID PERFORMANCE

Parameter Value
Installed distribution network capacity (MVA) 6118
Requested distribution network capacity (MVA) 11503
Peak demand in Latvia’s grid in 2020 (MVA) 1250

Assumed diversity factor for distribution grid, including
EV charging 3

Average yearly capacity fee (fixed cost) in grid
(EUR/MVA per year) 2464

Average power distribution fee (the variable part)
(EUR/kWh) 0,04399

The performed analysis helps to evaluate how the development of EV may improve an economic
performance of the existing electricity network infrastructure. It can also be used to model
outcome of alternative development scenarios with such variable parameters as additional
investments in the grid, changes in structure of electricity tariffs, or change of the tariff.
Calculations that show an impact of electricity consumption and investment demand related to EV
on the cost of operation of power distribution system were developed. Scientific publications,
statistical data and recommendations of managers of electricity infrastructure were used for a set
of assumptions used in the research.

The approach, adopted in this analysis, is supported by several earlier research regarding the
impact of grid development on promotion of EV and impact of EV transport on grid development.
Studies on the development of EV charging infrastructure to date indicate that a significant impact



on the demand for different types of EV charging equipment can develop under a number of
possible scenarios, each with a potential impact on network load as well as behavior of users. It
has been found that electric car users tend to prefer charging at individual connection points (circa
in 50 to 80% of cases) as well as workplaces (between 15 and 25% of cases), and only about 10%
of charges take place in public charging locations (Funke et al. 2019). It was also concluded that
availability of the charging services in the users’ house has a decisive effect on demand for the
charging capacity and capacity in different voltage categories of a network. For example, in
Germany, where a relatively large population lives in individual houses (with charging available
in yard or garage), mainly low power charging (up to 22 kW) is demanded, and that demand does
not require a significant investment in networks. While in the Netherlands, where significantly
lower availability of charging at home has been recorded, demand for public recharging points
was larger (Muratori et al. 2020). These studies confirm that there is no clear correlation between
growing charging capacity and actual load of power distribution system. It follows that in cases
where network capacity as a whole is able to meet the expected cumulative demand of EV, there
is no evidence that the increase in number of EV correlates with network investment, as the
network operator can be flexible regarding investment and promote economic usage of the
network capacity, thus influencing consumer behavior and habits (Baresch and Moser 2019),
(Miele et al. 2020). It is also evident that often the density of the charging infrastructure rather
than the allocated capacity in each of the charging stations plays a decisive role in promoting EV
usage(Clinton and Steinberg 2019) (Herron and Wardle 2015). Studies also point to a very strong
correlation between the population structure of specific regions, residential building type,
population density and electromobility usage habits, and consequently the development of a
specific type of charging infrastructure (Funke et al., 2019). For example, it is emphasized that in
the Netherlands, where the prevalence and availability of detached houses is relatively low, the
country is characterized by the development of slow charging stations, and these stations have
developed at a very high density. Number of the charging stations is significantly higher and these
are located closer to each other than in countries where electric car charging is located at homes
and there is a high prevalence of fast charging points (Baresch and Moser 2019). The most
important conclusion to be drawn from the studies conducted so far on the development scenarios
of the electromobility charging service and its relation to other socio-economic factors is that
although the initial development of electromobility is largely dictated by national socio-economic
developments, policy implementation decisions may also be affected, and there may be a situation
where electric cars can be used with equal intensity in countries with slow charging service
capabilities and countries with widespread fast charging infrastructure (Schroeder and Traber
2012), (Nejad et al. 2017). From the viewpoint of the development of a common energy supply
infrastructure, this finding is very important, as it indicates that policy makers have to choose
several possible infrastructure development scenarios, which also directly affect the impact of
measures on electricity networks and network investments (Bakker, Maat, and van Wee 2014),
(Serradilla et al. 2017). It should be noted that, unlike many other societal energy consumption
habits, there is no single common and pronounced trend that accurately reflects the impact of
electromobility on network performance. There is no sufficient evidence to suggest that the usage
pattern of EV will be significantly different from usage pattern of fossil-fueled transport, and thus
it can be assumed that the peak usage of EV will be achieved in morning hours and evening hours.
Historical data also suggest, that transport usage patterns during the day time also have no direct
correlation with the demand refueling or recharging of vehicles, un thus, , there is currently no
reason to believe that this trend will change as the share of electric vehicles increases and will also
be reflected in the performance of the electricity grid (Dharmakeerthi, Mithulananthan, and Saha
2011).

From the electromobility research it can be concluded that the overall design of electric
charging stations is normally optimized, which ensures availability of the charging service
depending on the mobility habits of the region (e.g. average travel distances, urban or extra-urban
mobility), and significantly reduces the total charging density of EV in a given area, as well as the



required electrical capacity of these charging stations (Jochem, Szimba, and Reuter-Oppermann
2019). In many cases the actual location of charging points may be flexible and also take into
account a number of other planning aspects, such as the availability of the building area, the
interaction of the charging point with other public infrastructure objects (such as tourist
destinations or other public service objects) (Cardoso et al. 2014). Findings of the studies indicate
that both the need for a particular density of the charging stations in a particular area and the
resulting impact on the network depends significantly on the population density, as well as on the
technical characteristics and condition of the existing network. Considering these findings, an
assessment of the most important technical features of the Latvia’s electricity distribution system
network, which may affect both the amount of potentially required investments for electromobility
development and the network's technical and economic performance in the future, was performed
in consultation with the specialists of the power distribution company "Sadales Tikls". According
to the data compiled by the company “Sadales Tikls”, the total length of the Latvia’s public
distribution networks is approximately 93,000 km (excluding independent operators), which
means that the total length of the network per 1,000 inhabitants is approximately 48.1 km (AS
“SADALES TIKLS” GADA PARSKATS n.d.)). By comparison, according to statistics from
Estonia and Lithuania, i.e. Elektrilevi (MAJANDUSAASTA ARUANNE n.d.) and ESO, the
length of the public distribution network per 1,000 inhabitants amounts to circa 45.1 km in Estonia
and 46.1 km in Lithuania. It means that in Latvia the costs of maintaining the network and
recovering capital investments are higher for network users than in neighboring countries. In turn,
electricity consumption in 2020, according to the data compiled by Nord Pool Spot, reached 11.84
TWh in Lithuania, 7.95 TWh in Estonia and 7,059 TWh in Latvia showing that also a power
consumption per 1 km of network length is the smallest in Latvia, i.e.the average electricity
transmitted per km of the network reached 91 MWh/year in Lithuania, 132.5 MWh/year in
Estonia, and 76 MWh/year in Latvia. Although these figures can be considered as a general
comparison, which do not provide an accurate insight into the economic aspects of the electricity
distribution network, these convincingly indicate significant characteristic of the electricity
network in Latvia. Namely, it is characterized by low load per length of the network, which also
contributes to lower economic efficiency of the network. From this point of view, it can be
concluded that Latvia’s electricity network currently has unfavorable economic operating
environment and technical preconditions for its operation than in neighboring countries. Thus,
increasing the total electricity network load and national electricity consumption in Latvia is
desirable. Such conclusion also results from the basic principles of the common distribution
system operator's tariff and allowable revenue calculation methodology (Par akciju sabiedribas
“Sadales tikls” elektroenergijas sadales sistémas pakalpojuma tarifiem n.d.). From the viewpoint
of the company's representatives, it can be concluded that the most significant modernization
works and related investments in the network related to diffusion of electromobility are expected
in the low voltage part of the network, which is generally characterized by lower specific
investment per km. The technical condition of the existing network is relatively good, as confirmed
by improvements in the quality and security indicators of network services SAIDI and SAIFI (AS
“SADALES TIKLS” GADA PARSKATS n.d.). The overall low load of the Latvia’s distribution
grid is also characterized by comparison of the installed capacity of the grid transformers in the
distribution network andthe requested capacity by consumers (Table 1). Thus, it can be concluded,
that even under the peak consumption conditions the total load of the system remains well below
the maximum capacity and less than 30% of the theoretical capacity of transformers (the actual
demand which can be met with the installed capacity of transformers may vary in line with the
actual power factor, the ratio of the real power absorbed by the load to the apparent power flowing
in the circuit). Therefore, the assessment of the network capacity suggests that the Latvia’s power
grid is potentially capable to absorb theoretical load which exceeds the existing load even 4 times.
Research also suggests that the overall simultaneity factor for EV charging is not significantly
different from the overall factor for other needs, with approximately only 78% of the transport
used daily, and the simultaneity factor for EV charging reaching only



approximately 50% for the most extreme scenarios (Held et al. 2019). The assessment confirmed
that the overall capacity of the grid remains sufficient to support full replacement of all registered
and actively used vehicles (including trucks and passenger buses)in Latvia, which equals to
approximately 1 million vehicles. According to the specialists of the company “Sadales Tikls”,
the planned investments and modernization program are also considered to be an important
precondition for the development of electromobility, but in general it is not possible to identify
the investment that should be directly linked to the demand for services generated by the
development of electromobility. In total, the amount of additional required investments for the
period from 2022 to 2026 has been identified in the amount of circa 100 million EUR, which
makes up the average annual investment demand in the amount of about 20 million EUR, or about
20% more than the current annual average. Taking into account the company's total operating
income of EUR 320 million, which accordingly reflects the actual costs of the service provided
by the company, it can be concluded that the company's investment program for the
implementation of these modernization measures corresponds to approximately 6% of the
company's annual turnover.

2. RESULTS AND DISCUSSION

Results regarding potential reduction of average total costs of power distribution and avoided CO»
emissions were obtained by assuming that a number of EV changes from the current 1000 to 500 000
in the future. With such dynamics of EV development the total electricity consumption in the system
increases by approximately 1,248 TWh/year, which is approximately 20% of the current power
consumption. Such increase in the consumption of electricity contributes to additional income to the
grid operator, which in turn, after the deduction of applicable costs (mostly — proportional increase of
electricity losses), can be used for reduction of the average tariff per kWh by circa 0.2%. That equals
to economic gains of all energy consumers at amount of approximately 0.7 million EUR per year. The
results show (see Fig. 1.) that decrease of the tariff (average total costs of power distribution) is
relatively small, i.e. 0,9% in total if the number of EV increases from 1000 to 500 000. If the number
of EV doubles the tariff decreases by 0,017%. This small effect of EV consumption on the tariff can be
explained with the overall proportion of the fees for installed capacity and per unit of delivered
electricity in the tariff structure for distribution service. Due to the fact that significantly higher
proportion of the network fees is attributed to consumed energy, the economic effect of increased
energy consumption is proportionally smaller than would be in the case with higher fixed component
in the tariffs.
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Fig 1: Average power distribution tariff depending on number of electric vehicles in Latvia
(regression function is the dotted line)

More significant socio-economic effect is achieved from potential reduction of CO, emissions when
EV displace fossil fuel-based internal combustion engines. When the number of EV reaches 500 000
the avoided costs of CO, emissions, assuming the CO; price of 43 EUR/t (such level was reached by
late March 2021)0reached circa 45 million EUR/year (see Fig.2). In another words, each EV results in
circa 90 EUR/year of avoided CO, emission costs with the assumed price of CO; or 2 t of avoided CO,
emissions by 1 EV per year. It must be also noted that such estimates are based on the approach that
the emissions of CO, from fossil fuel cars is 200 g/km of travel, and thus reflects pump-to-wheel
emissions. For EV the calculation is based on emissions related to the production of the consumed
electricity, and is based on the average CO, emissions per kWh of the electricity for Latvia, i.e. circa
200 g/kWh That figure reflects comparatively conservative scenario, under which approximately 40%
of power demand is met by fossil production sources, and exceeds the historical average calculated CO2
intensity for Latvia by approximately 65%.
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3. CONCLUSIONS AND SUMMARY

The assessment of the potential load and power consumption due to penetration of EV confirms that
the installed capacity of the Latvian power grid is sufficient to meet the charging needs of EV even
when all fossil transport vehicle fleet is replaced with EV. Therefore, there is no evidence that
electrification of the road transport would require significant additional investments in the power grid.
Calculation also suggests that the potential increase in power demand would benefit grid operators, and
create additional stream of income, which can be used to reduce network charges per unit of delivered
electricity. However, it must be noted that the direct economic benefit related to more intensive use of
the network can be described as relatively marginal at around 0.2% or 0.7 million EUR per year for the
scenario, when the penetration of EV reaches approximately 500 000 units. Meanwhile the value of
avoided CO, emissions is more substantial, and can reach approximately 45 million EUR annually
when penetration of EV reaches approximately 500 thousand units. Thus, the study shows that diffusion
of EV in the power systems with under-utilized grid capacity can be absorbed with little investment
and improvement of the capacity utilization. Benefits from climate perspective, i.e. avoided CO,
emissions and associated costs are even larger. The limitation of this study is that that calculation is
static, in a sense, assuming constant characteristics of the vehicles, CO, price, etc. Calculations were
made for various number of EV but not for the scenarios with the most probable development. Future
work will improve these shortcomings by building system dynamics model where possible dynamics
of EV penetration can be assessed.
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Abstract—Both electric transport and solar photovoltaic
technologies experience rapid development and increasingly large
role in transport and energy, and their mutual interaction can be
seen both as challenge and opportunity. The goal of this study was
to investigate potential synergy between both technologies from
the economic perspective of a household consumer, and to
compare various scenarios of use of the technologies in case of
Latvia. The study compares such factors as energy costs, grid
costs, taxes as well as costs related with planned maintenance of
vehicles as main parameters for the analysis. Research confirms
that synergy of solar energy and electric vehicles provides
significant potential economic benefits for household consumers.

Keywords — solar energy, photovoltaic panels; renewable
energy, carbon, electric vehicles, distribution grid

1. INTRODUCTION

Looking at the research done so far, it can be concluded that
the issues of synergies, integration and potential challenges of
solar energy and electromobility from a technical point of view
have been a long-standing focus for researchers and cover a
significant region of the world, including the US, as well as
European Union and Asian countries. Studies confirm that
electromobility can have a significant positive effect on the
successful increase of the share of electricity produced by solar
panels in power systems. It can also serve as the technology for
balancing short-term consumption from power system’s
management point of view, as well as a provide for
accumulation of excess electricity from solar panels [1],[2].

At the same time, it can be concluded that the range of
studies assessing the potential for the economic synergies
between electromobility and solar energy, and their comparison
with alternative scenarios is significantly smaller. In addition, it
should be noted that, unlike studies on the technical effects of
solar or car charging on the operation of electrical systems,
studies describing the economic impact of these technologies
are of primary importance to the countries or territories where
these studies are carried out. In calculations, a number of factors
are local in nature, which in many cases may result from the
local or regional factors, such as service provider tariffs, tax
systems, transport and fuel taxes, solar irradiation intensity and
other relevant factors, which will be discussed in this article and
applied for the case study of Latvia.

Previous studies suggest that a number of economic
parameters, characterizing synergies between the solar PV and
electric car charging technologies stem largely from their
technical integration and impact on the power distribution
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system. For example, from a technical point of view,
researchers consider both solar and electric car charging
technologies to be complementary, but also, in some ways
conflicting [3], [4].

The uncontrolled entry of electric vehicle charging units
into a system, which is already facing significant challenges in
ensuring system stability, could have a significant impact on
further increase of the system’s maintenance costs [5]. At the
same time, electric car recharging has the potential to become a
technology that can have a positive impact on the successful
integration of solar energy technologies into electricity market,
given the fact that solar day-by-day production strongly
correlates with overall economic activity and power
consumption [6]. For example, by stimulating the electric car
owner to charge vehicles during periods when solar power
generation is traditionally the highest, mismatch between
electricity consumption and supply in the system can be reduced
[7]. In this case, the economic impact of interaction between
solar energy technology and electric car charging service may
be related to reducing electricity price fluctuations in the market
conditions, in particular to limit the possibility of electricity
prices reaching negative values, as researchers emphasize [8].

However, when performing analysis and forecasts on the
possible economic synergy of solar energy and electromobility
in Latvia, it is necessary to consider the conditions and
perspectives that currently determine development of both
technologies. First, in Latvia’s conditions, electricity produced
by solar panels is generally not competitive in the wholesale
market, as the average balanced electricity production costs of
solar energy are still higher than the average electricity price in
the region, which is mainly dictated by production costs of
hydropower and wind power plants [9]. For this reason, the
most frequent use of solar power plant production technologies
in Latvia and other nearby markets is most often related to
covering the power plant owner's or operator's own
consumption. In this case, solar electricity most often competes
with the final electricity price, including electricity from grid
and supply costs, network tariff costs, taxes, as well as
payments of the mandatory procurement component. Given the
actual structure of Latvia's final electricity prices, the wholesale
price of electricity usually accounts for about one third of the
final electricity price, which means that the levelized cost of
electricity produced in the solar power plant is only one of the
factors, which defines competitiveness of solar power plant, and
partial economic benefits from usage of solar power plant



are also defined by changes in utilization of grid services and
reduction of other applicable payments.

In addition, the administrative framework as well as the
state aid policy for solar energy are mainly aimed at promoting
use of the solar energy directly, i.e., to meet users' own needs.
Possibility for the user to transfer excess production to the
network and get it back for later use without significant
additional costs, or the so-called net payment system is also
considered [10].

II. METHODOLOGY

The modelling for the study was performed by using the
existing public distribution tariffs, publicly available electricity
and fuel prices, as well as public information on prices of
specific car models. The modelling was carried out with a help
of model, created in Microsoft Excel, and based on formulas,
which took into account variable and fixed costs in relation with
for network services, their fluctuations in line with different
scenarios, costs related with the acquisition of energy (in form
of diesel fuel or electricity), as well as costs for usage of
electricity for purposes, not related with the mobility, for each
of the scenarios, described further into article.

Several assumptions regarding economic factors and related
performance were made or obtained from industry statistics
(Table 1), and it is based on the scenario that charging of the
electrical vehicle (EV) for the assumed mobility needs are met
by household power connection. Other charging options, such
as costlier fast charging or cost-free public charging were
excluded. Additionally, a scenario with installation of fully
autonomous PV system and energy storage was analyzed.
However, modelling revealed that in comparison with other
scenarios the yearly energy and mobility costs under this
scenario are higher than for the other scenarios. Such scenario
would require additional comparison with the scenario which
includes building and financing of a new power connection and
relevant infrastructure.

TABLE 1: THE MAIN PARAMETERS AND ASSUMPTIONS USED
FOR THE CALCULATIONS

Parameter Value
Yearly electricity consumption without EV (kWh) * 3600
Fixed network costs (3 phase, 20A connection)

EUR/monthly * 7,66

Network service fees (variable) EUR/kWh ** 0,04076

Network fees and taxes (variable) EUR/kWh) ** 0,0717

Yearly mileage, km *** 13 000

Costs per 1 liter of diesel, EUR 1,25

Diesel fuel energy density per liter, kWh 10,84

Costs per 1 kWh of diesel, EUR 0,115

Consumption of diesel per km, kWh 0,6504
Consumption of electricity for mobility per 100 km,

kWh 19,6

Consumption of electricity for mobility per km, kWh 0,196

Cost of electricity unit from grid, EUR/kWh 0,053
Installed PV capacity, kW 5,44
PV installation costs per 1 kW, EUR 1194
Total PV installation cost, EUR 6 495
PV production per year, kWh 5457
Levelized costs of electricity production (LCOE) of
PV (10 year period), EUR/kWh 0,119
Consumption of diesel per 1 km, kWh 0,6504
Consumption of diesel in energy units per year, kWh 8455
Consumption of electricity for mobility per year,
kWh s 2548
Acquisition cost of diesel vehicle, including 7 year
financing and registration (Nissan Qashqai),
EUR*###k 25750
Acquisition cost of electric vehicle, including 7 year
financing and registration (Nissan Leaf), EUR**** 32262
Yearly tax for diesel vehicle with CO2 emissions of
188 g/km, EUR ** 132
Energy storage (23,04 kWh) investment cost
(EUR) 17546

Data source:

*The European Commission;

*#JSC Sadales Tikls;

*#* Road Traffic Safety Directorate of Latvia;

**** Electric Vehicle data base https://ev-database.org/

*#%% Producer recommended price, including financing costs for 7 year
period and cost of initial registration

It is reasonable to assume that the economic synergy effect
of solar power generation equipment and electric vehicle
charging technologies in Latvia’s conditions is primarily
important for the scenario in which both solar power generation
equipment and electric vehicle charging equipment are owned
by a user and are connected to the public network with one
connection. To assess the economic impact of synergies, it is
useful to compare the economic benefits and costs to the user
with a number of alternative scenarios:

1. Scenario in which the user uses electricity connection to
the public grid does not use solar installations and uses a fossil
fuel vehicle (“Usage of electricity from grid and fossil fuel
vehicle”).

2. Scenario in which the user uses electricity of analogous
capacity with the public network connection, does not use solar
energy production equipment, but uses an electric car and
ensures its charging within its own limits (“Usage of electricity
from grid and electric vehicle (EV)”)

3. Scenario in which the user uses both electricity of
analogous capacity connection to the public network and solar
energy production equipment, but a fossil fuel vehicle (“Usage
of power from PV and fossil fuel vehicle”).

4. Scenario in which the user uses both an electricity
connection of analogous capacity to the public network and
solar energy production equipment, as well as an electric car,
ensuring charging within his own limits (“Usage of power from
PV with EV”).In order to ensure the fullest possible comparison
of the solar and electric car charging synergy scenario with
different alternative economic scenarios, a



comparison between the final cost per unit of energy (kWh) for
the total energy consumption and the final cost of energy
consumption was made, by taking into account both
consumption of energy for transport needs and for other needs.
Such a comparison would be justified by the fact that, according
to the structure of Latvia’s electricity distribution tariffs,
electricity consumption costs for the end user are affected not
only by the electricity consumed, but also by connection load
efficiency and intensity, in addition to different energy use
scenarios The burden of energy tax rates, such as the excise tax
rate on fossil fuels per unit of energy consumed, is also about
34 times higher than the electricity tax rate and reaches around
0.0345 EUR/kWh [11], [12]. In certain cases, when electricity
is produced to cover self-consumption, no electricity tax is
payable at all.

III. RESULTS AND DISCUSSION

Results of analysis reveal (Graph 1) that from point of view
energy costs, which include costs of grid connection and fees,
costs of electricity, as well as costs of fuel, electric vehicle (EV)
provides significant savings in comparison with internal
combustion powered vehicle. Usage of PV generated electricity
for charging under existing tariff system provides additional
reduction of mobility costs. However, inclusion of the costs,
related with the acquisition of a vehicle as well as with related
maintenance costs and taxes, reduces savings related with usage
of EV and solar PV panels (Graph 2).

GRAPH 1: FINAL YEARLY ENERGY COSTS OF THE SCENARIOUS
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Analysis reveals that the main factors determining potential
benefits are related to the higher acquisition costs of EV, which
are partially compensated by lower taxes, more favorable
financing terms, as well as lower maintenance costs. Analysis
also reveals that while the main cost advantages are related to
the overall efficiency of EV, in scenario with usage of PV
generated power for charging of EV, cost advantages for
electric mobility are also related to net-billing system. The
actual structure of tariff formation determines that economically
most advantageous for the owners of solar energy equipment is
the scenario in which the user is able to produce by the solar PV
as much of his energy consumption as possible, without
exceeding the consumption. In this case, the main economic
benefits for the solar energy user are, firstly, that the user avoids
unreasonably high investment costs, reduces and has the
opportunity to minimize the variable costs associated with
purchasing energy from the grid. In the example of analysis, the
comparison of two scenarios with similar installed capacity of
PV units also reveal, that the scenario when the household
consumes all of the produced energy for own needs of mobility
rather than feeds part of it back to the grid, is economically more
advantageous for the user and also improves the economic
performance of the solar installation. Meanwhile, as seen in
Graph 1, the economic performance of a solar power
installation with excessive installed capacity and production
volume, which significantly exceeds own consumption of the
user, under the existing tariff and tax framework can actually
degrade the economic performance of the solar installation (as
seen in scenario “PV and fossil fuel vehicle”), which is related
with the increasing costs for network services.

From the initial analysis of the economic synergies between
solar energy and electric cars, it is possible to identify a number
of important conditions that could potentially have a significant
impact on the overall benefits or costs. In general, household
electricity connections have a relatively low load, therefore
increasing electricity consumption in a particular connection in
most cases ensures higher economy by reducing costs per unit
of energy consumed. It can also be concluded that increase of
electricity consumption due to charging an electric vehicle in a
particular household, while maintaining a constant electricity
connection capacity, has a positive



economic effect on the unit cost of electricity consumed. At the
same time, considering the scenario of installing solar energy
production equipment at the user's facility, the load of the
installed connection capacity is reduced and the share of costs
related to the maintenance of distribution connection capacity
increases relatively, according to the tariff structure. However,
if solar installations replace the amount of energy purchased
from the grid, certain other components of final electricity costs
will be reduced, including costs related to the distribution
service as well as variable costs for mandatory electricity
procurement.

IV. CONCLUSIONS AND RECOMMENDATIONS

The assessment confirmed that there is a significant
potential effect of economic synergy for simultaneous usage of
EV and solar energy for household users. However, several
other conclusions can be made about potential steps to increase
economic performance of both technologies with help of
appropriate policy steps. First, an additional important factor
influencing the possible calculations and their interpretation is
related to the amount of costs of the mandatory procurement
component. The support, granted to electricity producers in the
mandatory procurement system, is limited in time and new
mandatory procurement rights are no longer granted to
economic operators. Thus, it is necessary to take into account
the fact that the share of mandatory procurement costs in the
costs of electricity is gradually decreasing. For example,
already in 2021, compared to the previous year, it has decreased
on average by about 23% per kWh per user. This rate of decline
is expected to continue at an even faster pace in the coming
years, as more electricity producers will end the support period,
and some producers will be excluded from the beneficiaries
more quickly due to administrative and political decisions.
Assessing user benefits, currently embedded in the net
settlement support system, it must be concluded that in the
coming years the benefits currently enjoyed by the net payment
system by users in relation to other electricity users will
gradually decrease, and in 2028 will actually level off. It should
therefore be borne in mind that the longer-term analysis of the
economic effects of the synergies between solar energy and
electric vehicle charging services should be compared to at least
two alternative scenarios. Namely, one corresponding to the
actual situation with applicable mandatory procurement
component rates, and second, with the situation where these
rates are no longer included in electricity costs.

On the other hand, the analysis also indicates that the costs
associated with acquisitions of both solar energy installations
and vehicles are among the most important cost-determining
factors for economic performance of both technologies. Thus,
it also means that apart from direct economic advantages under
current circumstances, the synergy of both technologies also
have a great potential to minimize the fluctuations of energy
costs. Both the price of electricity purchased on the market and
the price of fossil fuels experience significant fluctuations over
time. For example, the price of diesel fuel in the Latvian market
in 2021 has increased by about 20% year-on-year, while the
price of electricity on the wholesale market Nord

Pool Spot in the Latvian area has almost doubled during the
year. In addition, it should be noted that the difference in
electricity prices between the highest and the lowest prices on a
daily basis can exceed 100% or more. This means that by using
both fossil and electric vehicles charged with electricity
purchased from a public grid to meet their mobility needs, a
consumer has very limited ability to anticipate and, if necessary,
adjust his short-term and long-term costs. It should be noted that
in the case of fossil fuels, relatively rapid cost fluctuations are
possible even in a very short period of time, i.e. in few days,
while in the case of electric transport, electricity pricing plans
may be available to consumers for a longer period, e.g. around
6 months to two years.

ACKNOWLEDGMENT

This study has been funded by the Latvian Council of Science
within the research project “Simulator for transition to
sustainable energy systems (SET4LOW)” No. lzp-2020/2-
0191.

REFERENCES

1] Nunes, Pedro & Farias, Tiago. (2013). Synergies between electric vehicles
and solar electricity penetrations in Portugal. World Electric Vehicle Journal.
6.1151-1158. 10.3390/wevj6041151

[2] H.Tidey and S. Lyden, "Coordination of electric vehicle battery charging with
photovoltaic generation," 2017 Australasian Universities Power Engineering
Conference (AUPEC), 2017, pp. 1-6, doi: 10.1109/AUPEC.2017.8282453.

[3] D. B. Richardson, “Electric vehicles and the electric grid: A review of
modeling approaches, Impacts, and renewable energy integration,” Renewable
and Sustainable Energy Reviews, vol. 19, pp. 247-254, Mar. 2013.

[4] C. Camus and T. Farias, “The electric vehicles as a mean to reduce CO2
emissions and energy costs in isolated regions. The Sdo Miguel (Azores) case
study,” Energy Policy, vol. 43, no. 0, pp. 153-165, 2012

[5] 7. de Hoog et al., "Electric vehicle charging and grid constraints: Comparing
distributed and centralized approaches," 2013 IEEE Power & Energy Society
General Meeting, 2013, pp. 1-5, doi: 10.1109/PESMG.2013.6672222.

[6] Held, L.; Mirtz, A.; Krohn, D.; Wirth, J.; Zimmerlin, M.; Suriyah, M.R.;
Leibfried, T.; Jochem, P.; Fichtner, W. The Influence of Electric Vehicle
Charging on Low Voltage Grids with Characteristics Typical for Germany.
World Electr. Veh. J. 2019, 10, 88. https://doi.org/10.3390/wevj10040088

[7] Aoife Foley, Barry Tyther, Patrick Calnan, Brian O Gallachoir; Impacts of
Electric Vehicle charging under electricity market operations, Applied Energy,
Volume 101, 2013, Pages 93-102, ISSN 0306-2619,
https://doi.org/10.1016/j.apenergy.2012.06.052.

[8] Nunes, Pedro & Farias, Tiago. (2013). Synergies between electric vehicles and
solar electricity penetrations in Portugal. World Electric Vehicle Journal.
6.1151-1158. 10.3390/wevj6041151.

[9] Amundsen, Eirik & Bergman, Lars. (2006). Why has the Nordic electricity
market  worked so  well?.  Utilities  Policy. 14.  148-157.
10.1016/j.jup.2006.01.001.

[10] Atviegloti nosacijumi neto sistémas lietotajiem/ Improved conditions for net-
system  users  (Source: Cabinet  of  Ministers of  Latvia,
https://www.mk.gov.lv/Iv/atviegloti-nosacijumi-neto-sistemas-lietotajiem
Accessed:2022.06.13)

[11] Akcizes nodokla likmes/Excise tax rates (Source — State Revenue Srevice of
Latvia https://www.vid.gov.lv/lv/akcizes-nodokla-likmes-0  Accessed:
2012.06.13)

[12] Elektroenergijas nodoklis / Electricity tax (Avots: state Revenue Srevice of
Latvia https://www.vid.gov.lv/lv/elektroenergijas-nodoklis Accessed:
2012.06.13)




Environmental and Climate Technologies LI
2020, vol. 24, no. 1, pp. 472482 s
https://doi.org/10.2478/rtuect-2020-0029 S C I e N d O RIGA TECHNICAL

https://content.sciendo.com UNIVERSITY

Influence of wind power production on electricity
market price

Gunars VALDMANIS!'*, Gatis BAZBAUERS?

1.2 Riga Technical University, Institute of Energy Systems and Environment, Azenes iela 12-K1,
Riga, LV-1048, Latvia

Abstract — The study looks for a correlation between the share of wind power and electricity
wholesale prices in the selected regions of the Nordic Baltic power market “Nord Pool Spot”.
The aim is to see if and how strong an impact of wind power production has on power market
prices. This information would help to perform long-term energy system analysis considering
growing wind energy penetration. The actual hourly wind production and power
consumption data as well as electricity prices from the year 2019 were used in the analysis.
Results of the study revealed that in the analysed dataset there is no correlation between the
share of wind power and the power prices, i.e. R-squared value is 0.003 for the Baltic region
and 0.0064 for both trading areas of Denmark. In contrast, the R-squared value was almost
0.6 for a positive correlation between power demand and prices. The results mean that
expected loss of interest to invest due to falling power prices, as a share of renewable power
increases, should be examined more carefully and may not fulfil forecasts of policy makers
and industry experts.

Keywords — Electricity market; electricity prices; renewable energy sources; wind power.

1. INTRODUCTION

Renewable energy sources, especially wind and solar energy, are becoming an increasingly
important energy supply source both in European countries and other world regions. In line
with the statistics from such sources as Nordic power exchange “Nord Pool Spot”, already
now the share of wind power can be seen as high, i.e. 30 % (see Fig. 1). Thus, at certain
periods wind energy becomes the second largest source of power in the Nordic and Baltic region
for prolonged periods of time, and at certain moments even the largest source of power for the
region. Meanwhile, in certain countries, e.g. Denmark, the production volume of wind power can
easily surpass the overall power consumption of the country. Due to the fact that wind and solar
power plants require no fuel, and their operation does not produce greenhouse gas emissions, and
their technological competitiveness is increasing, a great number of policy makers view wind
and solar energy among the most perspective future energy sources. Absence of significant
short-run marginal costs, in comparison with fuel and labour costs of many conventional power
production technologies, have led to significant discussions within the power industry about the
impact of these energy sources on wholesale electricit y prices. Overall consensus exists that, all
in all, wind and solar energy are likely to apply downward pressure on power prices. However, it
is important to keep in mind, that without other market mechanisms or subsidies a decline of
prices in the power market, in which the marginal costs
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as well as demand and supply are the main price setting factors, it can become challenging to
maintain sustainable prices which would support future investments in power production. Namely,
a decreased level of power prices during high-wind periods may jeopardize incentives for
additional investments in renewable energy production sources [1], [2]. Thus, forecasting of
future power price development in relation to increased penetration of wind and solar energy
becomes an increasingly important task for both policy makers and investors.
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Fig. 1. Balance by production sources of the Nordic and Baltic power system on February 22, 2020.
Source: www.stattnet.no; www.ast.lv; Nord Pool Spot.

The topicality and scientific importance of this study is substantiated by the fact that most
European Union countries, including Latvia, have adopted increasing renewable energy
production and their proportion in the overall energy balance in the next decades as one of
their political priorities. Also several industry organisations predict increased usage of wind
and solar energy as the inevitable direction towards which the energy industry should develop
[3]-[5]. However, the existing research and forecasts do not provide a clear answer about the
economic impact of such development trends and policies to support wind and solar energy
[6]. While several earlier publications and studies show that generally, with an increased
penetration of wind energy in power markets, wholesale electricity prices decline, there are several
considerations why the results and conclusions of these studies may require re - evaluation. First
of all, many of these results clearly point at significant differences in the correlation between wind
production and prices in various power markets. Also, many of the results have been obtained
from analysis of periods when the proportion of wind energy in particular energy systems was
lower than it is nowadays [7]-[9].

It is also important to note that some of the publications and analysis [10], [11] were mostly
based on daily or monthly statistics, while the actual data from “Nord Pool Sport” exchange clearly
reveals that price and production fluctuation is far more significant on an hourly basis.
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Daily or monthly average prices most likely do not always correctly reflect the actual
economic performance of wind energy producers and impact of wind power production on
wholesale electricity prices. Statistics, which reflect the price dynamics on an hourly basis
and the respective income of wind energy producers, is, in our opinion, more suitable to measure
the economic performance of producers and their impact on the market in general.

Intensive research work on the effect of wind energy production on the behaviour of power
markets has been carried out by several researchers for more than a decade, and several
publications imply that increase of wind energy production and subsequent growth in the
proportion of wind energy in the overall energy balance should result in a gradual decline of
wholesale power prices [10], [12], [2], [13]. A research carried out in Sweden for the period from
the year 2000 to 2016 confirmed that, with the increase of wind energy production by 1 %,
the wholesale electricity price decreased by approximately 0.08 %, and over a longer period this
value may increase to approximately 0.1 % [14].

However, the methodology used in this research, cannot be fully applied to the existing
power market situation or forecasting, because the proportion of wind energy in the analysed
region has already significantly increased and, possibly, analyses no longer accurately characterize
the current situation. Moreover, the study is based on monthly data, which, in line with the
actual observations of price fluctuations on an hourly or daily basis, do not always fully
reflect the full magnitude of wind energy production and price volatility, as well as proportion
of wind energy in power balance.

While there are a notable number of publications analysing the impact of increase in wind
energy production and installed capacity of wind power plants on the wholesale electricity market,
in many cases researchers have focused their analysis on the issues, which possibly limit their
applicability in the long-term energy system modelling. For example, a study on integration of
wind power in energy systems [11] focuses on identifying the most cost- effective solutions
of flexibility by analysing and comparing costs (i.e. capital costs, fuel, carbon-dioxide and labour
costs) on a yearly basis. The researchers in their publication, however, acknowledge, that in
general, increase of the proportion of the wind power in energy systems has a positive impact on
costs for end-consumer. At the same time, this development jeopardizes investment sustainability
for the wind energy industry.

Meanwhile, studies about the impact of wind energy on power market prices in relation
with availability of cross-border capacities in Denmark and Ireland suggest that high wind power
production in a combination with good availability of cross-border capacities facilitate reduction
of power prices and convergence of prices among different regions [15]-[17]. However, these
results also show that, from the point of view of the wind power production industry, a reduction
of power prices in the wholesale market cannot always be seen as a desirable market development
trend. The study does not provide sufficient data to assess a correlation between wind power
production and prices in markets with a very high degree of economic and technical integration
with neighbouring areas, as the Baltic countries, Denmark, Norway, Sweden and Germany.
At the same time, a number of authors acknowledge that in the case if forecasts about the
impact of wind and solar energy on power prices will fulfil, industry experts will have to
consider introduction of new market mechanisms to maintain economic sustainability for power
producers in the longer term, e.g., with the help of capacity payments [18], [1], [19].

The aim of this paper is to investigate and analyse the actual correlation between wind electricity
production and its proportion in the actual power demand with the wholesale prices of power in
Baltic countries and selected Nordic countries in the year 2019. The obtained correlation data
can be used for preparation of further methodological approaches in
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modelling of energy systems, especially in long-term modelling with periods of 20 years or more.
The additional potential aim of this study is to identify whether the existing functioning principles
of such markets as “Nord Pool Spot” are sufficiently adaptable to accommodate an increasingly
large proportion of non-dispatchable energy sources without jeopardizing incentives for
additional investments in renewable energy production sources.

2. METHODS

The study is based on analysis of the actual data of 2019, including the hourly prices of the
“Nord Pool Spot” energy exchange for specific countries, physical production of wind energy
in each specific hour and share of the wind produced electricity in the overall power consumption
for the specific hour. The data were processed with “Microsoft Excel”, to find out whether
there is a significant correlation between wind production and power prices, i.e. higher prices at
lower share of wind production and vice versa. Due to the availability of hourly data on
specific countries from “Nord Pool Spot” exchange and national grid operators, the analysis
was carried out for two regions — Denmark, consisting of two trading areas, as well as for the
Baltic region, consisting of Latvian, Lithuanian and Estonian trading areas. The hourly price for
each region was calculated as the average price of the area-specific prices, while the production
of wind power for each region was calculated as a sum of wind energy production in the
respective areas. A proportion of wind power in the electricity balance was calculated as
percentage of wind power production in respective areas from the aggregated power demand in
those areas. Additionally, to compare the possible correlation differences between prices of the
hourly and daily market and respective production, an analysis for a wider region, including
Denmark, Finland and the Baltic countries, was carried out. In this case, the wind energy
production volume consisted of the sum of wind energy production in all countries, while the
daily price was the daily average system price of the Nord Pool Spot exchange, which also
includes the trading areas of Norway and Sweden. The statistics of wind production of Sweden
and Norway were omitted from the analysis due to the fact that the daily or hourly data from
these countries were not available. However, data from both the “Nord Pool Spot” exchange
and the Norwegian grid operator “Statnett” show that the Nordic and Baltic region is highly
homogenous from the point of view of wind power production. In the daily perspective, high
wind power production volume in one of the countries indicates high or moderately high wind
power production volumes across all “Nord Pool Spot” areas. It must be noted, that due to the
“Nord Pool Spot” market functioning principles, one can safely assume that all wind power
production that is technically available and deliverable to the grid, is always fully sold in the
wholesale market. It is related to the fact that power producers in the wholesale market in the
Nordic countries typically compete with marginal production costs, such as fuel costs and variable
labour costs. Therefore, non- dispatchable production sources with nearly zero or very low
marginal costs may participate in the market with atypically low or even negative prices
(especially if the power producer additionally to the income from the sales of energy also receives
subsidies). Thus, in line with the actual statistics of the “Nord Pool Spot” market, availability of
wind production typically signals a high supply of power.

Additionally, an analysis of two shorter time periods for the areas of the Baltic countries,
Denmark and Finland was carried out to compare wholesale prices in the situation, when the only
significant variable parameter is wind power production, while other important factors, such as
power demand, availability of hydro resources, which is characterized by storages in Finland,
Norway and Sweden, as well as the ambient air temperature, were similar.
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3. RESULTS AND DISCUSSION

Initial comparison of statistical data obtained from the Nord Pool Spot exchange suggests, that
for a short-term period of one week, there is a noticeable correlation between the wind energy
production and prices. For the analysis, two 7-day periods in the year 2019 from November 1 to
November 7, and from December 3 to December 9 were selected for comparison due to the
following considerations: total consumption of power, number of working days, ambient air
temperature as well as number of limitations related to availability of production facilities were
mostly similar for both periods, and availability of hydro reserve (characterized by the fact that in
both periods it exceeded the long-term median value for respective week of the year) during
respective analysis period was high. Meanwhile, according to calculations, the difference of
wind power production between scenarios exceeded 100 %. Thus, the only significant variable
parameter for both analyses periods was wind power production. The calculation affirmed that the
price difference between scenarios was around 13 %, which could be viewed as significant.
However, it does suggest, that in longer analysis periods, wind power has a far less impact on
fluctuations of the power prices than in shorter periods, which occasionally experienced price
differences up to 100 % during 24-hour periods in one specific day, and consistent differences up
to 25 % during 24-hour periods.

TABLE 1. COMPARISON OF HIGH AND MODERATE WIND SCENARIOS IN NORDIC COUNTRIES
(DATA SOURCE: NORD POOL SPOT)

Hydro : . Change in
Wind 2
storage production in Average Share O.fwu.ﬂ share of wind
volume Baltic countries market Consumption, production n roduction in
in Nordic Finland and > price, MWh Nordic-Baltic P t'
- . consumption,
countries, Denmark, MWh EUR/MWh consumption, % % P
MWh
Moderate
wind 98 335 335411 4228 9013 040 0.037
scenario -
High wind
scenario 85178 792 066 37.45 9093 105 0.087 134 %

Analysis of the yearly data confirms, that despite strong short-term fluctuations related with the
changes in the wind power production, there is no correlation between power prices and wind
power production in the longer period (Fig. 2). Nord Pool Sport markets responded to the
very high volumes of wind power produced (in MWh) with relatively moderate price fluctuations,
and no significant effect also can be observed for periods with very low wind energy penetration.
Meanwhile, the majority of cases when the wholesale power price significantly exceeded or were
below the average level, were recorded during periods when wind power production was
average, from 40 000 MWh to 100 000 MWh per day for the region of Finland, Denmark and
the Baltic countries. Similar results were observed for hourly analysis in the Baltic region and
in Denmark (see Fig. 2 and Fig. 3).
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Fig. 2. Correlation between wind power production and power market price on hourly basis in Baltic region during 2019
(Data source: Nord Pool Spot).

While data suggests that the correlation between wind power production and price is higher
in Denmark than in Baltic countries (Fig. 2, Fig. 3), for both regions the correlation is very
low —0.003 and 0.0064 respectively. It must be also noted that analysis displayed very significant
and widely scattered deviations from the overall trend — the highest market prices were recorded
both in periods with high wind power supply and with low wind power supply, while the lower
market prices in their turn — also both in periods with high wind power supply and low wind power
supply.

Identical observations can be made for correlation between the hourly power prices and the

share of wind power in the total final power consumption both in Denmark and in the Baltic
countries (Fig. 4, Fig. 5). In both cases the correlation was higher than in the case when only wind
power production in MWh was considered (and not the share), but it is still very low,
i.e. 0.0232 for Baltic countries and 0.0238 for Denmark. It must be also noted that, similarly
to the correlation between nominal wind power supply and prices, analysis of wind power
proportion in overall demand, also displayed very significant and widely scattered deviations from
the overall trend. Namely, the highest market prices were recorded both in periods with high
proportion of wind power in the system demand, and with low proportion of wind power in the
demand, while the lower market prices in their turn — also both in periods with high wind
power proportion in the demand and low wind power proportion in the system demand.
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Fig. 3. Correlation between wind power production and power market price on hourly basis in Denmark during 2019 (Data
source: Nord Pool Spot).
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Fig. 4. Correlation between average power market price and share of wind power in the total consumption (demand) in
Baltic countries during 2019 (Data source: Nord Pool Spot).
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Fig. 5. Correlation between wind power share in total consumption (demand) and power market price on hourly basis in
Denmark during 2019 (Data source: Nord Pool Spot).

Furthermore, analysis performed on the daily power consumption data, showed that the
power wholesale prices has a far stronger positive correlation with electricity consumption
(Fig. 6), and there were very few deviations from the overall trend — the highest market prices
were reached only in periods with a relatively high power demand, while the lower market prices
— only in periods with the low power demand.
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Fig. 6. Correlation between power market price and daily power consumption during 2019 (Data source: Nord Pool Spot,
2020).
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