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STRESZCZENIE W JEZYKU POLSKIM

BADANIE ODP'ORN 0SCI PRQCES OW TRANSPORT O WYCH
NA ZAKELOCENIA WSPOLCZESNYCH KRYZYSOW

Wspotczesna gospodarka funkcjonuje w warunkach nasilajagcych sie zaktocen
o wieloaspektowej genezie, ktorych oddzialywanie w istotny sposob obejmuje takze sektor
transportu. Na jego funkcjonowanie wpltywaja zardwno kryzysy nagle, w tym zdrowotne
1 militarne, jak i dlugookresowe wyzwania $rodowiskowe, gospodarcze oraz spoteczne.
Zjawiska te prowadza do zmian poziomu przewozow, ograniczen mobilnosci oraz wzrostu
presji adaptacyjnej w obszarze organizacji 1 rozwoju transportu. Przewidywana trwatos$¢ tych
zjawisk w perspektywie dlugookresowej uzasadnia podejmowanie badan na poziomie
poszczegbdlnych proceséw transportowych. Dlatego za cel pracy przyjeto zbadanie
oddziatywania zroznicowanych kryzyséw na funkcjonowanie procesow transportowych,
zidentyfikowanie = mechanizmoéw  oddzialywania zaklocen oraz wzorcow ryzyka
z zastosowaniem metod matematycznych, a takze opracowanie rekomendacji wspierajacych
sektor transportu w warunkach niepewnosci.

Do analizy i1 oceny funkcjonowania proceséw transportowych wykorzystano metody
1 modele matematyczne, w tym modele szeregéw czasowych, modele ekonometryczne oraz
algorytmy uczenia maszynowego, oparte na danych statystycznych, dotyczacych polskiego
systemu transportowego. Postgpowanie badawcze obejmowato opracowanie typologii
wspotczesnych kryzyséw powigzanych z transportem oraz modelowanie istniejacych
zaleznosci 1 wptywu wybranych czynnikoéw na zachodzace zmiany. W rezultacie wykazano
zroznicowane oddzialywanie poszczegolnych kryzyséw na funkcjonowanie procesow
transportowych. Potwierdzono istnienie stabilnych, dlugookresowych zalezno$ci pomiedzy
zmiennymi  $rodowiskowymi i ekonomicznymi ksztattujacymi sektor transportu.
Zidentyfikowano spadek liczby przewozonych pasazeréw oraz zaburzenia dynamiki popytu na
przewozy w warunkach kryzysu zdrowotnego. Ponadto stwierdzono zmiany wskaznikéw
realizacji proceséw transportowych w publicznym transporcie zbiorowym pod wplywem
kryzysu militarnego oraz wykryto powtarzalne wzorce ryzyka i czynniki ksztattujace
bezpieczenstwo ruchu drogowego w Polsce. Na podstawie uzyskanych wynikow opracowano
rekomendacje i propozycje rozwigzan, ktore moga znalez¢ praktyczne zastosowanie w sferze
gospodarczej i spolecznej, zwtaszcza w obliczu wspotczesnych wyzwan i przysztych kryzysow.

Slowa Kkluczowe. procesy transportowe, kryzysy zwigzane z transportem, modelowanie
matematyczne, analiza szeregbw czasowych, odporno$¢ systemoOw transportowych,
zarzadzanie ryzykiem



STRESZCZENIE W JEZYKU ANGIELSKIM

INVESTIGATION INTO THE RESILIENCE OF TRANSPORT
PROCESSES TO CONTEMPORARY CRISIS DISRUPTIONS

The contemporary economy operates under conditions of intensifying disruptions of
multifaceted origins, the effects of which significantly extend to the transport sector.
Its functioning is influenced both by sudden crises, including health-related and military ones,
and by long-term environmental, economic, and social challenges. These phenomena lead to
changes in transport volumes, restrictions on mobility, and increased adaptive pressure in the
organization and development of transport. The anticipated persistence of these phenomena in
the long term justifies the undertaking of research at the level of individual transport processes.
Therefore, the aim of this dissertation was to examine the impact of diverse crises on the
functioning of transport processes, to identify the mechanisms through which disruptions affect
them, as well as patterns of risk using mathematical methods, and to develop recommendations
supporting the transport sector under conditions of uncertainty.

Methods and mathematical models were used to analyse and assess the functioning of
transport processes, including time series models, econometric models, and machine learning
algorithms based on statistical data concerning the Polish transport system.
The research procedure included the development of a typology of contemporary crises related
to transport, as well as the modeling of existing relationships and the impact of selected factors
on ongoing changes. As a result, the differentiated impact of individual crises on the functioning
of transport processes was demonstrated, and the existence of stable long-term relationships
between environmental and economic variables shaping the transport sector was confirmed.
A decline in the number of passengers transported and disruptions in the dynamics of transport
demand under conditions of a health crisis were also identified. Moreover, changes in the
performance indicators of transport processes in public collective transport under the influence
of a military crisis were found, and recurring risk patterns as well as factors shaping road safety
in Poland were detected. Based on the obtained results, recommendations and proposed
solutions were developed that may find practical application in the economic and social spheres,
especially in the face of contemporary challenges and future crises.

Keywords. transport processes, transport-related crises, mathematical modelling, time series
analysis, transport system resilience, risk management



WYKAZ UZYTYCH SKROTOW

ACF — ang. autocorrelation function, funkcja autokorelacji

ADF — ang. augmented Dickey—Fuller test, rozszerzony test Dickeya-Fullera
Al — ang. artificial intelligence, sztuczna inteligencja

AIC — ang. Akaike information criterion, kryterium informacyjne Akaikego

ARIMA - ang. autoregressive integrated moving average, autoregresyjny zintegrowany

model §redniej ruchome;j

BEV — ang. battery electric vehicle, pojazd w pelni elektryczny

BIC — ang. Bayesian information criterion, Bayesowskie kryterium informacyjne

CAGR  —ang. compound annual growth rate, skumulowany roczny wskaznik wzrostu

CPK — Centralny Port Komunikacyjny

EU ETS - ang. European Union Emissions Trading System, Europejski System Handlu
Emisjami

FPE — ang. Akaike's final prediction error, kryterium ostatecznego btedu predykcji

HQC — ang. Hannan—Quinn information criterion, kryterium informacyjne Hannana-
Quinna

IRF — ang. impulse response function, funkcja odpowiedzi impulsowej

KNN —ang. K-Nearest Neighbors, k-najblizszych sasiadow

KPSS — test Kwiatkowskiego-Phillipsa-Schmidta-Shina

LOESS —ang. locally estimated scatterplot smoothing, lokalna regresja wygtadzajaca

MAE —ang. Mean Absolute Error, $redni blad bezwzgledny

MAPE  —ang. Mean Absolute Percentage Error, sredni bezwzgledny btad procentowy

ME —ang. Mean Error, $redni btad

ML — ang. machine learning, uczenie maszynowe

OZE — odnawialne zrodta energii

PHEV  —ang. plug-in hybrid vehicle, pojazd hybrydowy typu plug-in

PP — test Phillipsa-Perrona

RF — ang. Random Forest, las losowy

RMSE  —ang. Root Mean Square Error, pierwiastek z bledu Sredniokwadratowego

RPart — ang. Recursive Partitioning and Regression Trees, partycjonowanie rekurencyjne
1 drzewa regresyjne

SARIMA — ang. seasonal autoregressive integrated moving average, S€ZONOwy

autoregresyjny zintegrowany model $redniej ruchomej



SC — ang. Schwarz information criterion, kryterium informacyjne Schwarza
STL — ang. Seasonal-Trend decomposition using LOESS, dekompozycja sezonowo-

trendowa z wykorzystaniem LOESS

UE —ang. European Union, Unia Europejska

VAR — ang. vector autoregression model, model wektorowej autoregresji
VECM  —ang. vector error correction model, model wektorowej korekty btedu
VFR — ang. visiting friends and relatives, odwiedzanie przyjaciot i krewnych

WHO — ang. World Health Organization, Swiatowa Organizacja Zdrowia



1. WPROWADZENIE

W ostatnich dekadach obserwuje si¢ narastajagcg zmiennos$¢ i niepewno$¢ procesow
spoleczno-gospodarczych zachodzacych w skali §wiatowej, co wynika z naktadania si¢ wielu
czynnikbw o odmiennym charakterze i prowadzi do cz¢stszego wystepowania zagrozen
o zasiggu ponadregionalnym i globalnym. Ponadto XXI wiek wyrdznia si¢ dynamicznym
rozwojem technologii, poglebiajaca si¢ globalizacja gospodarki oraz intensyfikacja wspolpracy
migdzynarodowej [1], a zarazem wystepowaniem licznych kryzysow istotnie oddziatujacych
na funkcjonowanie gospodarki i spoteczenstwa [2, 3]. Wyraznie zaznaczyty si¢ zdarzenia takie
jak: globalny kryzys finansowy lat 2008-2009, destabilizujacy migdzynarodowe rynki
kapitatowe 1 wymian¢ handlowg [4]; nasilone przeptywy migracyjne w drugiej dekadzie XXI
wieku [5]; pandemia COVID-19 powodujaca najgtebsze od powojennego okresu zatamanie
aktywnosci gospodarczej 1 bezprecedensowe ograniczenia mobilnosci [6, 7]; konflikty zbrojne
o rozproszonym charakterze, zaburzajace funkcjonowanie rynkow surowcowych i tancuchow
dostaw [8, 9]. Doswiadczenia te unaocznity skale podatnos$ci $wiatowej gospodarki na
zaktocenia oraz zlozono§¢ mechanizméw ich oddziatywania, dostrzegalnych réwniez na
poziomach krajowych [10]. Jednoczesnie postepujaca degradacja srodowiska oraz zaburzenia
klimatu [11, 12], prowadzace do narastajgcej presji regulacyjnej 1 przyspieszenia transformacji
energetycznej [13, 14], w tym dekarbonizacji sektorow o wysokiej energochtonnosci [15]
powoduja, ze kryzysy coraz czg¢sciej maja charakter wielowymiarowy i dtugotrwaty.

W takich uwarunkowaniach szczegdlnego znaczenia nabiera transport, poniewaz od
jego sprawnego funkcjonowania zalezy zdolno$¢ gospodarki do stabilizacji oraz odbudowy po
wystgpieniu zaklocen. Sektor ten zapewnia ciggltos¢ tancuchow dostaw oraz mobilnos¢
ludnosci, a zarazem stanowi istotny element struktury ekonomicznej [16]. W Unii Europejskiej
generuje okoto 5% produktu krajowego brutto oraz zatrudnia ponad 10 mln oséb [17], bedac
najwigkszym odbiorcg energii koncowej sposrod wszystkich sektorow gospodarki (ok. 32%)
[18]. Jednoczesnie wysoka kapitatochtonno$¢ infrastruktury [19], zaleznos¢ od uwarunkowan
energetycznych [20] oraz silne powigzanie z poziomem popytu sprawiaja, ze transport nalezy
do obszar6w szczegdlnie wrazliwych na zmiany w otoczeniu [21]. Zjawiska kryzysowe moga
zatem bezposrednio wplywac na organizacje 1 poziom realizowanych przewozow, a takze na
ciggtos¢ swiadczonych ustug — zaré6wno w skali migdzynarodowe;j, jak i krajowej [22, 23].

Badania wskazuja, ze w przypadku zjawisk przebiegajacych w dtuzszym horyzoncie
czasowym, wynikajacych z uwarunkowan systemowych, wpltyw na transport ujawnia si¢

stopniowo poprzez zmiany kosztow, presj¢ regulacyjng oraz dlugookresowe modyfikacje



wzorcow popytowych i organizacji funkcjonowania sektora. Do tej grupy naleza gtownie
wyzwania zwigzane z wysokim zuzyciem energii oraz emisyjnoscig transportu [24]. W UE
sektor ten odpowiada za blisko 25% catkowitych emisji gazow cieplarnianych [25], wcigz
pozostajac silnie uzaleznionym od paliw kopalnych [26, 27], co w warunkach realizacji
przyjetych celow klimatycznych, w tym pakietu ,,Fit for 55 [28, 29], generuje dlugookresowa
presj¢ dostosowawcza wymagajaca zmian technologicznych i inwestycyjnych [30-32].
Roéwnolegle transport pozostaje obcigzony innymi trwatymi wyzwaniami, w tym w obszarze
bezpieczenstwa ruchu drogowego, gdzie pomimo obserwowanych trendow spadkowych liczby
wypadkow 1 ofiar, nadal generowane sg istotne koszty spoteczne i ekonomiczne [33, 34].
Odmienny charakter maja zdarzenia nagte, ktore w krotkim czasie prowadza do
gwattownych 1 znaczacych zaktocen. Przyktadem jest wybuch pandemii COVID-19, ktéoremu
towarzyszytlo wprowadzenie restrykcji sanitarnych, ograniczen w przemieszczaniu oraz
czasowych barier w ruchu miedzynarodowym [35]. Poskutkowato to znaczacym spadkiem
mobilnosci na §wiecie [36]. W 2020 1. liczba pasazerow w lotnictwie w uj¢ciu globalnym spadtfa
o ok. 60% w poréwnaniu z rokiem poprzednim [37], a w wielu aglomeracjach $wiata ruch
pasazerski w zbiorowym transporcie publicznym ulegt znacznemu ograniczeniu [38, 39].
Istotne zmiany w mobilno$ci mozna byto zaobserwowac rowniez w kontek$cie zdarzen
o podtozu militarnym. Po wybuchu wojny na Ukrainie w 2022 r. naplyw ludnos$ci do Europy
Srodkowej, w tym takze do Polski, przetozyt si¢ na wzrost liczby przewozow, szczegdlnie
w poczatkowej fazie konfliktu [40, 41]. Spowodowato to nagla modyfikacje otoczenia
regulacyjno-popytowego, skutkujac zaburzeniami poziomu i struktury przewozow oraz
koniecznoscig szybkiego dostosowania organizacyjnego transportu do nowych warunkow.
Majac na wzgledzie powyzsze rozwazania dotyczace zroznicowanego charakteru
wspotczesnych kryzysdéw, system transportowy mozna traktowac nie jako jednorodny obiekt
badawczy, lecz jako zbior procesow, ktore rdznig si¢ wrazliwoscig na zaktocenia oraz posiadaja
odmienne mechanizmy adaptacji [42, 43]. Procesy zwigzane z dlugookresowymi trendami
gospodarczymi i Srodowiskowymi charakteryzuja si¢ wzgledng stabilnoscig oraz stopniowym
dostosowywaniem do ewoluujacego otoczenia. Z kolei pod wplywem zdarzen nagltych moga
ulega¢ glebokim, czesto krotkookresowym zaburzeniom, po ktorych nastepuje odbudowa lub
trwata zmiana strukturalna [44, 45]. Istniejace zréznicowanie utrudnia formulowanie wnioskow
dotyczacych oddzialywania wspotczesnych kryzysow na transport traktowany jako calosc.
Zasadne staje si¢ zatem prowadzenie badan na poziomie poszczegdlnych galezi transportu
1 zaklocen. Wowczas procesy transportowe rozumiane sg jako mierzalne zjawiska, ktorych

przebieg moze by¢ opisywany za pomoca odpowiednich zmiennych iloSciowych.
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Ich analiza wymaga uwzglgdnienia odmiennych horyzontow czasowych oraz specyfiki
poszczegblnych typow kryzysow [46]. Ujecie to umozliwia precyzyjne badanie oddziatywania
zjawisk kryzysowych na procesy transportowe, analizowanie zachodzacych w nich zmian
1 istniejacych zalezno$ci oraz ocen¢ skutkow, co przyczynia si¢ do lepszego rozpoznania
uwarunkowan funkcjonowania sektora transportu w obliczu zakldcen.

Jednoczesnie kwerenda literatury wskazuje, ze badanie proceséw transportowych
w kontekscie kryzysoOw wigze si¢ z istotnymi wyzwaniami metodologicznymi, wynikajgcymi
z ich ztozonosci 1 roznorodnej dynamiki rozwoju [47-49]. Odmienny zakres czasowy
oddziatywania kryzysow oraz wspotwystepowanie wielu czynnikdw wptywajacych na
funkcjonowanie transportu wymaga zastosowania wlasciwych metod umozliwiajacych analize
trendow 1 fluktuacji czasowych [40, 50]. W tym kontek$cie znaczenia nabiera wykorzystanie
metod matematycznych, pozwalajagcych na modelowanie procesoOw transportowych
w warunkach niepewnosci [51]. Poprawnie dobrany i skonstruowany model matematyczny,
opisujacy dany proces umozliwia nie tylko analiz¢ zjawiska, ale takze formutowanie wnioskow
o charakterze praktycznym, co ma szczegdlne znaczenie w sytuacji zaktocen.

Istotng rolg¢ modelowania matematycznego w badaniach dotyczacych funkcjonowania
transportu podkreslaja liczne opracowania naukowe. Przeglad literatury potwierdza, ze
w ostatnich latach zauwazalny jest wyrazny wzrost zainteresowania modelowaniem procesow
transportowych obejmujacy zarowno klasyczne modele szeregéw czasowych, modele
ekonometryczne, a takze bardziej zaawansowane rozwigzania oparte na algorytmach uczenia
maszynowego (ang. machine learning). Na przyktad w [52], do prognozowania wolumenu
tadunkéw kolejowych oraz oceny wptywu pandemii COVID-19 na poziom przewozow
1 uzyskiwane przychody zastosowano sezonowy model ARIMA. W innym badaniu
wygtadzanie wykladnicze Holta—Wintersa wykorzystano do oszacowania strat w pasazerskim
transporcie lotniczym w Polsce 1 Niemczech podczas pandemii (2021-2022), poprzez
poréwnanie prognoz z danymi rzeczywistymi [53]. Poza tym w analizach wspoizaleznosci
mi¢dzy zmiennymi ekonomicznymi i transportowymi szeroko stosowane sa modele
wektorowe. Model VAR wykorzystano do zbadania wptywu cen paliw, wzrostu gospodarczego
1 inflacji na wolumen przetadunkow w polskich portach morskich [54], a takze do oceny
wplywu inwestycji w partnerstwa publiczno-prywatne w sektorze transportu na emisje CO2
z transportu w regionie Azji Wschodniej i Pacyfiku [55]. Model VECM pozwolit na analizg
dhugookresowych zaleznosci 1 relacji przyczynowych miedzy transportem towarowym,
zuzyciem energii, wzrostem gospodarczym oraz emisjami gazoéw cieplarnianych [56].

Z kolei uczenie maszynowe jest wykorzystywane najczes$ciej w odniesieniu do duzych zbiorow
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danych. Przyktadowo w [57] omoéwiono zastosowanie ztozonych algorytméw do analizy
charakterystyk zdarzen drogowych wskazujac, ze umozliwiaja one predykcj¢ poziomu ryzyka,
czestosci oraz ciezkosci wypadkow, wspierajac tym samym dzialania na rzecz poprawy
bezpieczenstwa ruchu drogowego. Inne obszary zastosowan ML obejmuja prognozowanie
popytu na przewozy towarowe oraz wspomaganie planowania operacji logistycznych [58],
a takze mapowanie emisji gazow z transportu drogowego, z wykorzystaniem modeli Random
Forest opartych na danych o natezeniu ruchu [59].

Jak pokazano na przyktadach, modelowanie matematyczne stosuje si¢ w odniesieniu do
wielu réznych obszaréw transportu, jednak zakres prowadzonych analiz koncentruje si¢
zazwyczaj na wybranym aspekcie jego funkcjonowania badz okre§lonym typie zakldcenia.
Oznacza to, ze chociaz istniejaca literatura dostarcza wielu poglebionych badan, to najczesciej
odnosza si¢ one do waskiego zakresu zjawisk (np. danego podsystemu transportowego),
analizowanych przy uzyciu modeli matematycznych dobranych do specyfiki konkretnego
problemu. Znacznie rzadziej podejmowane sg natomiast rozwazania naukowe, w ramach
ktorych rozne typy wspotczesnych kryzysow rozpatrywane bylyby tacznie, w odniesieniu do
okreslonych procesow transportowych, przy zachowaniu spdjnej perspektywy badawcze]
i porownywalnych zalozen. W rezultacie stan wiedzy na temat oddziatywan wystepujacych
w ostatnich latach zaktocen rozwija si¢ w sposob rozproszony, a mozliwos$¢ syntetycznego
ujecia funkcjonowania transportu w odmiennych warunkach wcigz pozostaje ograniczona.

Nalezy réwniez podkresli¢, ze zjawiska takie jak emisyjnos¢ transportu, jego podatnosé
na zatamania gospodarcze oraz zagrozenia zdrowotne, a takze utrzymujaca si¢ skala i cigzkos¢
wypadkow drogowych, stanowig realne uwarunkowania, ktore w istotny sposéb determinuja
funkcjonowanie 1 perspektywy rozwoju tego sektora [46, 60, 61]. Oddzialywanie to przeklada
si¢ zarowno na strukturg¢ popytu i poziom przewozdéw, jak i na polityke inwestycyjna,
interwencje regulacyjne oraz strategie dziatania podmiotéw sektora transportu [62—64].
Dlatego znaczenia nabiera analiza i ocena oddziatywania r6znych typow kryzysow na procesy
transportowe, obejmujaca identyfikacje zmian i1 zalezno$ci zachodzacych pod wplywem
czynnikbw o odmiennej genezie oraz ich konsekwencji dla catego sektora. Oznacza to
koniecznos¢ badania sposobu, w jaki procesy te reaguja na zaktocenia, jak ksztaltuje si¢ ich
dynamika w r6znych horyzontach czasowych, a takze jakie powigzania ujawniajg si¢ pomi¢dzy
czynnikami, ktore na niego wptywaja. W takim uj¢ciu odpornos$¢ nie sprowadza si¢ do braku
wahan ani do powrotu do stanu sprzed kryzysu, lecz oznacza zdolno$¢ sektora transportu do
adaptacji 1 utrzymania wzglednej stabilno$ci w zmieniajgcych si¢ uwarunkowaniach, ktorej

przejawy moga by¢ identyfikowane w oparciu o dane liczbowe opisujace procesy.
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Calosciowe uwzglednienie powyzszych rozwazan pozwala stwierdzi¢, ze podjecie
badan nad ilosciowa analizg i oceng funkcjonowania proceséw transportowych w obliczu
wspolczesnych kryzysoOw stanowi istotny krok w kierunku poglebionego rozpoznania
oddziatywania zaktocen kryzysowych, sposobu reakcji na rzeczywiste wyzwania, a takze
uwarunkowan sektora transportu w zakresie odpornosci. Integracja analiz odnoszacych si¢ do
odmiennych typow kryzysow, zréznicowanych proceséw transportowych, przy zastosowaniu
adekwatnie dobranych modeli matematycznych, pozwala uchwyci¢ zlozonos$¢ zjawisk
ksztaltujacych transport, bez redukowania ich do fragmentarycznej interpretacji.
Wyniki modelowania matematycznego nie ograniczajg si¢ wylacznie do rozpoznania
zalezno$ci 1 zaklocen, lecz stanowig solidng podstawe do formutowania rekomendacji oraz
propozycji rozwigzan ukierunkowanych na wzmacnianie odpornosci sektora transportu.
Wypracowane w ten sposob praktyczne kierunki dziatan mogg mie¢ szczegdlne znaczenie
w wymiarze gospodarczym, jak i spotecznym, wspierajac ksztaltowanie polityki sektorowej,
decyzje inwestycyjne oraz organizacje systemow transportowych w warunkach aktualnych
1 przysztych zagrozen. Wobec stale zmieniajacych si¢ uwarunkowan oraz ryzyka wystapienia
kolejnych kryzysow podjecie badan w zakresie tej tematyki staje si¢ niezbedne dla zapewnienia
bardziej stabilnego i bezpiecznego przeptywu 0sob oraz towardéw, a tym samym zaspokojenia
generowanych potrzeb i dalszego rozwoju gospodarczego.

Struktur¢ rozprawy doktorskiej podporzadkowano spojnemu 1 syntetycznemu
przedstawieniu wynikow oraz wnioskow z przeprowadzonych badan.

Rozdziat pierwszy stanowi kontekst dla calosci analiz oraz uzasadnia podjecie tematu
rozprawy w oparciu o przeglad aktualnego stanu wiedzy w zakresie poruszonej problematyki.

W drugim rozdziale zaprezentowano przyjeta metodyke badan oraz charakterystyke
cyklu publikacji stanowigcych podstawe niniejszego opracowania.

Trzeci rozdzial rozprawy przedstawia wyniki badan uzyskane w artykutach
sktadajacych si¢ na cykl. W pierwszej kolejnosci opracowano typologie wspotczesnych
kryzysow powigzanych z transportem i rozpatrzono kwesti¢ czynnikéw Srodowiskowo-
gospodarczych ksztattujacych jego funkcjonowanie. Dalej skoncentrowano si¢ na kryzysie
zdrowotnym oraz badaniu jego wplywu na kondycje pasazerskiego transportu.
Nastepnie przeanalizowano wybrane systemy transportowe w Polsce w $wietle kryzysoéw
militarnych i spotecznych. Usystematyzowano takze modele matematyczne rozpatrywane
w toku calych badan wraz z syntetycznym zestawieniem ich zastosowan.

Na zakonczenie, w rozdziale czwartym, podsumowano przeprowadzone badania,

sformutowano wnioski koncowe, a takze okreslono kierunki dalszych prac badawczych.
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2. ZALOZENIA I OBSZAR BADAWCZY ROZPRAWY

Rozprawe doktorska stanowi cykl pieciu powigzanych tematycznie artykutow
naukowych (P1-P5). Publikacje te zostaty zamieszczone w polskich (P4) oraz zagranicznych
czasopismach (P1-P3, P5). Wszystkie te wydawnictwa znajduja si¢ na wykazie czasopism
punktowanych, okre§lonym komunikatem Ministra Nauki z dnia 5 stycznia 2024 r. [65].
Laczna liczba punktow MEIN za publikacje uwzglednione w cyklu wynosi 510, a sumaryczny
Impact Factor (IF) czasopism to 9,3. Wykaz artykutow sktadajacych si¢ na cykl publikacji
przedstawiono w tabeli 2.1.

Tabela 2.1. Wykaz artykulow stanowigcych cykl publikacji

Punkty
Ozn. Dane bibliograficzne publikacji wg MEIN,
IF

Sobczuk, S.; Borucka, A. Recent Advances for the Development of

P1 Sustainable Transport and Their Importance in Case of Global Crises: | 100 pkt,
A Literature Review, Applied Sciences 2024, 14 (22), 10653, | 1IF=2)5
DOI: https://doi.org/10.3390/app142210653.
Borucka, A.; Sobczuk, S. Analysis of the Relationship Between Energy

P2 Consumption in Transport, Carbon Dioxide Emissions and State | 140 pkt,
Revenues: The Case of Poland, Emnergies 2025, 18 (9), 2291, | IF=3,2
DOI: https://doi.org/10.3390/en18092291.
Sobczuk, S.; Borucka, A. Passenger air transport in Poland and selected

P3 European countries in the face of COVID-19: a post-pandemic | 100 pkt,
comparative analysis, Sustainability 2025, 17 (24), 11026, | I[F=3,3
DOI: https://doi.org/10.3390/sul172411026.
Sobczuk, S.; Borucka, A. Passenger traffic in Polish seaports in the face

P4 of the COVID-19 pandemic, Zeszyty Naukowe Politechniki Morskiej | 70 pkt,
w Szczecinie — Scientific Journals of the Maritime University of Szczecin | 1F =0,3
2025, 81 (153), 57-66, DOL: https://doi.org/10.17402/631.
Sobczuk, S.; Borucka, A.; Kler, P. Application of selected mathematical

P5 models for analysis and evaluation of the functioning of transport 100 pkt
processes in crisis situations, European Research Studies Journal 2025,
28 (4), 1175-1193, DOI: https://doi.org/10.35808/ersj/4166.

Publikacje P1-PS obejmujg autorskie podej$cie do badania odpornosci procesow
transportowych w warunkach wspolczesnych wyzwan oraz zagrozeh o podtozu
srodowiskowym, gospodarczym, zdrowotnym, spotecznym i militarnym. W rozprawie
zastosowano metody analizy i oceny funkcjonowania proceséw transportowych oparte na
modelach matematycznych i1 danych statystycznych. Skupiono si¢ w szczegdlnosci na

funkcjonowaniu polskiego systemu transportowego i odniesiono do konkretnych zaktocen.
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Wykorzystano przede wszystkim modele szeregdw czasowych, modele ekonometryczne oraz
algorytmy uczenia maszynowego, ktoérych zastosowanie umozliwito analiz¢ zmian i zalezno$ci
w procesach transportowych oraz ocen¢ skutkow kryzyséow. Na podstawie uzyskanych
wynikéw opracowano rekomendacje 1 propozycje rozwigzan, ktore moga znalez¢ praktyczne
zastosowanie w sferze gospodarczej 1 spotecznej, w szczegolnosci jako wsparcie dla instytucji
publicznych, organizatorow transportu, przewoznikéw — zarowno w odniesieniu do obecnych
uwarunkowan, jak i przysztych kryzysow o podobnej genezie. Wktad przeprowadzonych badan
jest zatem istotny z uwagi na fundamentalng rolg transportu jako sektora, ktorego prawidiowe
funkcjonowanie warunkuje mobilno$¢ spoleczefistwa i cigglo§¢ powigzan gospodarczych,
a tym samym zaspokajanie potrzeb przewozowych ludnosci, stabilno$¢ gospodarki oraz jej
trwaly rozwdj.

Poza publikacjami stanowigcymi cykl powigzanych tematycznie artykutoéw autor
rozprawy prowadzit dodatkowe badania. Ich wynikiem sg nieuwzglednione w cyklu publikacje
uzupehiajace. Prace te poszerzaja kontekst prowadzonych badan oraz stanowig spojne
dopehienie zasadniczych wynikow rozprawy. L.aczna liczba punktow MEiN za te opracowania
wynosi 460, a sumaryczny Impact Factor czasopism to 6,4. Wykaz publikacji uzupetniajagcych

przedstawiono w tabeli 2.2.
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Ozn.

Dane bibliograficzne publikacji

Punkty
wg MEIN,
IF

U1

Borucka, A.; Sobczuk, S. Electromobility in the world: comparison of
electric vehicle sales dynamics in selected regions, Interdisciplinary
Management Research XXI2025, 21, 13-28.

U2?

Sobczuk, S.; Borucka, A.; Kurzyk, E. Development trends in the field
of electromobility in Poland. w: Rudawska, A. (red.), Innovative
Technologies in Production Engineering, Wydawnictwo Politechniki

Lubelskiej, 2024.

20 pkt

U3

Sobczuk, S.; Jaron, A.; Mazur, M.; Borucka, A. Renewable Energy and
CO; Emissions: Analysis of the Life Cycle and Impact on the Ecosystem
in the Context of Energy Mix Changes, FEnergies 2025,
18 (13), 3332, DOI: https://doi.org/10.3390/en18133332.

140 pkt,
IF=32

U4

Sobczuk, S.; Swiderski, A. Assessment of the impact of the COVID-19
pandemic on selected areas of the transport sector in Poland.
Communications of International Proceedings 2024, 2024 (11),
4439824, DOI: https://doi.org/10.5171/2024.4439824.

20 pkt

US

Sobczuk, S. Transport in the tourist services sector in Poland
during the crisis caused by the COVID-19 pandemic.
WUT Journal of Transportation Engineering 2024, 138, 5-18,
DOI: https://www.doi.org/10.5604/01.3001.0054.5151.

20 pkt

Ué

Sobczuk, S.; Borucka A. Rail passenger transport in Poland in the face
of an epidemic threat: effects from the COVID-19 pandemic,
Advances in Transdisciplinary Engineering 2025, 83, 340-349,
DOI: https://doi.org/10.3233/ATDE251453.

20 pkt

u7

Swiderski, A.; Sobczuk, S.; Borucka, A. Analysis of changes
in transport processes in Warsaw public transport in the face
of disruptions in 2019-2022. Scientific Journal of Silesian University of
Technology. Series Transport 2024, 124, 229-241,
DOI: https://www.doi.org/10.20858/sjsutst.2024.124.16.

100 pkt,
IF=0,7

U8

Sobczuk, S. Selection of means of transport in epidemic threat
conditions using the multi-criteria comparative analysis method (MCA),
w:  Burduk, A. (red.), [Intelligent Systems in Production
Engineering and Maintenance 1V. ISPEM 2025. Lecture Notes
in  Mechanical  Engineering, Springer, 2025, ss. 56-73.
DOI: https://doi.org/10.1007/978-3-032-01517-4 5.

20 pkt

U9

Borucka, A.; Sobczuk, S., The Use of Machine Learning Methods in
Road Safety Research in Poland, Applied Sciences 2025, 15 (2), 861,
DOI: https://doi.org/10.3390/app15020861.

100 pkt,
IF=25

U10

Borucka, A.; Soebczuk, S.; Sobecki, G. Road accidents in Poland in the
context of selected factors and dynamic development of motorization,
Advances in Transdisciplinary Engineering 2024, 63, 54-63,
DOI: https://doi.org/10.3233/ATDE241180.

20 pkt

2 Status pracy to przyjeta do publikacji — potwierdzone zaswiadczeniem o akceptacji.
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Na podstawie przeprowadzonej kwerendy literatury sformutowano nastepujacy gtowny
problem badawczy:

Jak wspolczesne kryzysy wplywaja na procesy transportowe oraz w jakim zakresie
metody matematyczne moga by¢ wykorzystane do modelowania tych oddzialywan
i wspierania funkcjonowania sektora transportu w obliczu zaklocen o zréznicowanym
charakterze?

W celu znalezienia odpowiedzi na tak postawione pytanie, zdefiniowano nastepujace
problemy szczegdtowe:

PS1. W jaki sposéb wspotczesne wyzwania $Srodowiskowe i gospodarcze determinuja
funkcjonowanie oraz rozwdj sektora transportu w Polsce?

PS2. W jaki sposob kryzysy zdrowotne wplywaja na funkcjonowanie pasazerskiego
transportu oraz jaki jest poziom zakldcen i dynamika zmian w popycie na przewozy
w wyniku takich zjawisk?

PS3. W jaki sposob kryzysy militarne wptywaja na realizacje przewozow pasazerskich
w publicznym transporcie zbiorowym oraz jakie wzorce 1 czynniki ksztaltujg
bezpieczenstwo ruchu drogowego w Polsce w kontekscie kryzysow spotecznych?
Sformutowany problem gtowny oraz problemy szczegdétowe stanowily podstawe do

okreslenia celu rozprawy, ktérym jest:

Przeprowadzenie analizy i oceny oddzialywania zréznicowanych kryzysow na
funkcjonowanie proceséw transportowych, identyfikacja zaklocen i wzorcow ryzyka
z wykorzystaniem metod matematycznych oraz opracowanie rekomendacji
wspierajacych sektor transportu w warunkach niepewnosci.

Uwzgledniajagc sformutowane problemy i cel badawczy postawiono nastepujaca
hipoteze gtowna:

Oddzialywanie wspoélczesnych kryzysow na procesy transportowe ma charakter
zroznicowany i zalezy zarowno od rodzaju zaklocenia, jak i od cech organizacyjnych oraz
strukturalnych danego procesu transportowego, przy czym zastosowanie metod
matematycznych umozliwia identyfikacje prawidlowosci tych oddzialywan oraz ocene
odpornosci sektora transportu.

Do tak przyjetej hipotezy gtownej postawiono hipotezy szczegdtowe:

HS1. Wzrost zuzycia energii koncowej w transporcie prowadzi do zwigkszenia emisji
dwutlenku wegla z transportu oraz wspotksztattuje poziom dochodéw budzetu panstwa,
a stabilne dtugookresowe zalezno$ci pomiedzy tymi zmiennymi wskazujg na wplyw

wspoltczesnych wyzwan srodowiskowych i1 gospodarczych na transport w Polsce.



17

HS2. Kryzysy zdrowotne o podtozu epidemicznym prowadza do spadku liczby przewozonych
pasazerow oraz zaburzen dynamiki popytu na przewozy w Polsce, a skala zatamania
1 przebieg zmian sg zr6znicowane pomi¢dzy galeziami transportu.

HS3. Kryzysy militarne prowadzg do zmiany kierunku trendu 1 wzrostu tempa zmian liczby
pasazeréw oraz wykonanej pracy przewozowej w publicznym transporcie zbiorowym
w aglomeracji warszawskiej, a kryzysy spoleczne zwigzane z wypadkami drogowymi
w Polsce wykazuja zroznicowanie cigzkosci ich skutkow oraz powtarzalne wzorce
ryzyka determinowane czynnikami wyst¢powania zdarzen.

Okreslony obszar badan oraz przyjete zatozenia implikujg ograniczenia badawcze:

o Przeprowadzone badania odnosza si¢ w szczegdlnosci do polskiego systemu
transportowego, co wynika z przyjetego zakresu przestrzennego i dostgpnosci danych
statystycznych, w zwigzku z czym ewentualne uogolnienie wynikéw badan
1 odniesienie uzyskanych wnioskow do innych panstw lub regiondéw powinno
uwzglednia¢ specyfike ich uwarunkowan albo odpowiedni kontekst badawczy.

. Wykorzystano dane wtorne pochodzace z oficjalnych zrodet statystycznych, ktorych
zakres oraz ciagtos¢ byty zalezne od instytucji udostepniajgcych, a sposdb raportowania
mogl zmienia¢ si¢ w czasie, co bylo konieczne do uwzglednienia przy interpretacji
wynikow oraz prowadzeniu analiz porownawczych.

. Zastosowane modele matematyczne opierajag si¢ na okreslonych zatozeniach
formalnych, spetlnionych w analizowanych przypadkach, jednak przy dalszym
wykorzystaniu, zwlaszcza w odniesieniu do nowych zjawisk kryzysowych, moga
wymagac powtornej weryfikacji.

. Wspolczesne kryzysy maja zlozony i1 wielowymiarowy charakter, co ogranicza
mozliwo$¢ calkowitej separacji oddzialywania poszczegdlnych czynnikow na
funkcjonowanie procesow transportowych.

. Wskazane kierunki dziatan i sformulowane rekomendacje majg charakter postulatywny,
a ich praktyczna implementacja wymaga kazdorazowo pogitebionej analizy oraz
rozpoznania lokalnych, specyficznych uwarunkowan.

Metodyke badan oparto na zalozeniach prezentowanych w literaturze [66—68],
ktore stanowily podstawe doboru narzedzi i1 procedur badawczych szczegdtowo opisanych

w pozycjach [69-72], zaimplementowanych 1 zastosowanych na potrzeby badan witasnych

w publikacjach P1-P5.
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Prace badawcze prowadzono etapami, poprzez rozwigzywanie zdefiniowanych
probleméw badawczych (PS1-PS3). Ich zestawienie wraz z metodami badawczymi, a takze

odniesieniem do publikacji stanowigcych cykl pokazano w tabeli 2.3.

Tabela 2.3. Zestawienie publikacji stanowigcych cykl oraz metod badawczych w ramach
rozwigzania probleméw badawczych

Problem Publ.lkaqa Metody badawcze
badawczy stanowiaca cykl
e metoda analizy i1 krytyki piSmiennictwa
P1 (zrodet)
PS1 e metoda analizy i konstrukcji logiczne;j
P2 e metoda analizy i krytyki piSmiennictwa
(zrodet)
e metoda analizy i konstrukcji logicznej
P3 e metoda statystyczna
PS2 e metoda symulacji komputerowe;j
P4 (modelowania)
e metoda analizy i krytyki pi$miennictwa
PS3 P5 (zrédet)
e metoda analizy i1 konstrukcji logiczne;j

W celu rozwigzania problemu badawczego podjetego w niniejszej rozprawie
zaproponowano autorskie podej$cie w zakresie badania procesoéw transportowych w warunkach

zaktocen o zroznicowanym charakterze. Postepowanie to obejmuje:

o opracowanie typologii kryzyséw istotnych dla funkcjonowania procesoéw
transportowych,
o identyfikacje¢ i charakterystyke wzajemnych uwarunkowan pomig¢dzy funkcjonowaniem

transportu a wspotczesnymi kryzysami,

o modelowanie matematyczne zalezno$ci oraz zmian zachodzacych w funkcjonowaniu
procesOw transportowych w warunkach kryzyséw na wybranych przyktadach,

o opracowanie rekomendacji oraz wskazanie propozycji rozwigzan zorientowanych na
zwigkszenie odpornosci sektora transportu w obliczu istniejacych wyzwan i przysztych
kryzysow.

W kolejnym rozdziale przedstawiono badania sktadajace si¢ na cykl tematycznie
powigzanych artykutow naukowych, wraz ze szczegétowym opisem zastosowanych metod

1 narzedzi badawczych oraz prezentacja uzyskanych wynikow.
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3. CYKL POWIAZANYCH TEMATYCZNIE ARTYKULOW
NAUKOWYCH

3.1. Transport wobec wyzwan Srodowiskowych i gospodarczych [publikacje P1-P2]

W publikacji P1 w pierwszej kolejnosci dokonano usystematyzowania
1 doprecyzowania poj¢cia kryzysu, aby zapewni¢ spdjng definicj¢ na potrzeby prowadzonych
rozwazan naukowych, a nastgpnie przeanalizowano wspodiczesne zdarzenia kryzysowe pod
katem ich oddziatywania na transport. Przeprowadzony w artykule przeglad literatury pozwolit
na zidentyfikowanie kluczowych zdarzen w perspektywie od poczatku XXI wieku
do 2025 r., ktére zestawiono w tabeli 3.1.1.

Tabela 3.1.1. Zbiorcze zestawienie kryzysow obserwowanych od poczatku XXI wieku

Kryzys Okres/charakter wystepowania
Globalny kryzys finansowy 2008-2009
Pandemia grypy A/HIN1v 2009-2010
Kryzys zadluzenia w strefie euro 2010-2018
Epidemia wirusa Ebola 2014-2016
Kryzys migracyjny w Europie od 2015
Pandemia COVID-19 2020-2023
Wojna rosyjsko-ukrainska od 2022
Wojna w Strefie Gazy od 2023
Pozary lasow w Europie Potudniowe;j 2024
Zaktocenia w systemach energetycznych w Europie 2025
Utrzymujaca si¢ skala i1 ciezkos¢ wypadkoéw drogowych
Postepujaca degradacja srodowiska naturalnego Charakter dhugookresowy
Wzrost globalnych temperatur
Intensyfikacja ekstremalnych zjawisk pogodowych

Kryzysy moga by¢ klasyfikowane na rdzne sposoby — najczesciej w zaleznosci od ich
genezy oraz obszardw, ktorych dotycza. Jednoznaczna i w petni obiektywna klasyfikacja nie
jest jednak mozliwa. Przede wszystkim kazde ze zdarzen ma unikalne cechy oraz wigze si¢
z konsekwencjami odmiennymi pod wzgledem skali i zasiegu. Poza tym kryzysy czg¢sto maja
wiele przyczyn i skutkow, ktére wzajemnie si¢ przenikajg. Na przyktad wybuch pandemii
COVID-19 w 2020 r., poza wptywem na zdrowie i zycie ludnos$ci, okazal si¢ powazny
w skutkach dla globalnej gospodarki. Z kolei kryzys finansowy w 2008 r., oprocz zatamania na
Swiatowych rynkach, doprowadzit roéwniez do powaznych probleméw spotecznych.
Zjawiska zwigzane ze zmianami klimatu oraz narastajaca presja klimatyczng, poza skutkami

srodowiskowymi, majg réwniez istotny wplyw na gospodarke, m.in. poprzez konieczno$¢
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ograniczania emisji, dostosowanie do wymagan transformacji energetycznej oraz wzrost
kosztow energii 1 transportu. W oparciu o przeglad literatury dotyczacej oddzialywania
wspolczesnych kryzysow na transport dokonano identyfikacji 1 usystematyzowania ich
gtownych typoéw [73]. W procesie tym — jako punkt odniesienia — wykorzystano dotychczasowe
ustalenia dotyczace rozrézniania kryzysow [46—48], uzupetniajac je o zagrozenia militarne,
co jest uzasadnione ze wzglgdu na nasilajagce si¢ w ostatnich latach napigcia geopolityczne
w wielu regionach §wiata. Opracowang w P1 typologi¢, wraz z charakterystyka oddzialywania
poszczegbdlnych typow kryzyséw na funkcjonowanie transportu przedstawiono w tabeli 3.1.2

Tabela 3.1.2. Typologia wspotczesnych kryzyséw oddzialujacych na funkcjonowanie
transportu

Typ kryzysu Oddzialywanie na funkcjonowanie transportu

e konieczno$¢ ograniczania emisji gazow cieplarnianych

e ograniczenia dostgpnosci surowcow do produkcji pojazdow
Srodowiskowy | e rosnace zapotrzebowanie na bardziej ekologiczne formy transportu
e rosngce ceny paliw konwencjonalnych

e presja kosztowa zwigzana z transformacja energetyczng transportu

e mniejszy popyt na podréze ze wzgledu na koszty
¢ spadek wolumenu przewozow towarowych

Gospodarczy P ] P ) Y .
e zwrot spoteczenstwa w kierunku transportu publicznego

e ograniczenie wydatkow gospodarstw domowych na transport

¢ spadek popytu na przewozy pasazerskie w transporcie publicznym
e spadek zainteresowania podrézami turystycznymi

¢ zmiana preferencji dotyczacych wyboru srodkdéw transportu
Zdrowotny p ] .y ay Y o .p . )
e restrykcje w ruchu mi¢dzynarodowym i zmiany organizacji przewozow

e zaktocenia w tancuchach dostaw 1 zmiany w strukturach przewozonych

towarow

¢ spadek popytu na podroze z obawy o bezpieczenstwo

e problemy z zapewnieniem bezpieczenstwa infrastruktury transportowej
Spoleczny ¢ sceptyczne nastawienie do obowigzujacych przepisow ruchu drogowego
e wysokie koszty spoteczno-ekonomiczne zdarzen drogowych

e rosngca presja na zmiany w infrastrukturze 1 regulacjach prawnych

e nieréwno$¢ w dostepie do transportu

e zniszczenia infrastruktury transportowe;j

e ograniczenia przestrzeni powietrznej i morskiej

e e zawieszenie potaczen migdzynarodowych

Militarny poTatzell IECyITOTonY L :

e wymuszone migracje ludnosci i zmiany w mobilnosci w regionach
przyjmujacych

e zagrozenie atakiem dla realizowanych przewozow
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Powyzsza typologia wspotczesnych kryzysow powiazanych z transportem
ukierunkowata realizacj¢ dalszych badan obejmujacych modelowanie matematyczne
oddziatywania tych zjawisk na procesy transportowe.

Rozpoczeto od analizy relacji zachodzacych pomigdzy czynnikami $rodowiskowo-
gospodarczymi wplywajacymi na funkcjonowanie i zréwnowazony rozwo0j transportu.
W publikacji P2 wykorzystano w tym celu podejscie oparte na metodzie kointegracji
Johansena, ktéra pozwolita na analiz¢ dtugookresowych zaleznosci migdzy wieloma szeregami
czasowymi. W badaniu uwzglednione zostaty trzy zmienne: calkowite wykorzystanie energii
koncowej w transporcie (TFECT), emisje dwutlenku wegla pochodzace z dziatalnosci
transportowej (CO,T), a takze dochody budzetu panstwa (GREV). W ten sposob mozliwe byto
jednoczesne powigzanie S$rodowiskowego 1 gospodarczego wymiaru funkcjonowania
transportu. Utworzone szeregi czasowe zmiennych TFECT 1 CO-T odnosity si¢ bezposrednio
do presji srodowiskowej generowanej przez popyt na przewozy, natomiast GREV stanowit
odniesienie do kondycji fiskalnej panstwa w stosunku do wielko$ci gospodarki oraz
zwigzanych z tym mozliwo$ci finansowania dziatan publicznych. Analizy przeprowadzono dla
Polski w okresie 1990-2022, co zapewnito wystarczajacg liczbe obserwacji do zastosowania
metody kointegracji Johansena oraz identyfikacji stabilnych, dlugookresowych zaleznosci.

Na wstepie tego badania zweryfikowano wtlasnos$ci stochastyczne szeregéw czasowych
wykorzystujac trzy rdzne testy stacjonarnosci, tj. ADF, PP i KPSS. Wyniki kazdego
z przeprowadzonych testow wskazywaly, ze wszystkie szeregi czasowe reprezentowane przez
dane surowe sg niestacjonarne, natomiast wykazujg stacjonarnos$¢ po pierwszym réznicowaniu.
Potwierdzilo to spelnienie warunkdéw do przeprowadzenia testu kointegracji Johansena.

Zasadnicza czg$¢ modelowania matematycznego zrealizowano wedtug procedury
Johansena, ktora opiera si¢ na wektorowym modelu korekcji bledow. Przed przeprowadzeniem
testow kointegracji dokonano wyboru optymalnego rzedu opdznien biorgc pod uwage wartosci
kryteriow informacyjnych (AIC, HQC, SC, FPE). Nastepnie dokonano sprawdzenia liczby
relacji kointegracyjnych wykorzystujac statystyki testowe Trace oraz Max-Eigenvalue, ktorych
wyniki  pozwolity  zaklada¢  istnienie = dwoéch ~ wektoréw  kointegracyjnych.
Skonstruowano rowniez macierz obcigzen (ang. loading matrix), ktorej analiza pokazata, jak
kazdy z szeregobw reaguje na odchylenia od dlugookresowej réwnowagi. W rezultacie
procedura potwierdzita, ze szeregi czasowe zmiennych TFECT, CO;T i GREV tworza
kombinacje liniowe, ktére pozostajg w rownowadze w dtlugim okresie. W zwigzku z tym
mozliwe bylo estymowanie modelu VECM. Wyznaczona zostala macierz wektoréw

kointegrujacych B wraz ze sktadnikami trendu, ktéra przedstawiono w tabeli 3.1.3.
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Tabela 3.1.3. Macierz wektoroéw kointegrujacych B z dotaczonymi wspotczynnikami trendu

ectl ect2
TFECT.L5 1 6,776x1072!
CO,T.L5 0 1
GREV.L5 —34483,64 —2.,467
TREND.L5 —-26828,31 -1,807

Jak pokazano w tabeli 3.1.3, zidentyfikowano dwie relacje kointegracyjne — ectl i ect2.
W pierwszej relacji szeregiem referencyjnym byt TFECT, przy czym CO,T nie wchodzit do tej
relacji, natomiast GREV oraz trend miaty istotne, ujemne wspdiczynniki. Druga relacja
kointegracyjna zostata znormalizowana wzgledem CO,T, a wspotczynniki dla GREV 1 trendu
uzyskaty ujemne warto$ci. Opierajac si¢ na okreslonych wspotczynnikach relacje ectl oraz ect2

wyrazono w postaci rownan — odpowiednio (1) 1 (2):

TFECT.L5 — 34,483.64 X GREV.L5 — 26,828.31 X TREND.L5 =0
CO,T.L5 — 2.467 X GREV.L5 — 1.807 X TREND.L5 =0

(1)
2)

Po ustaleniu relacji dtugookresowej rownowagi dokonano jeszcze estymacji funkcji
odpowiedzi impulsowej. Analiza IRF pozwolita doktadniej zrozumie¢ zarowno krotko-,
1 dlugookresowa dynamike pomigdzy szeregami czasowymi, a takze zidentyfikowac gidwne
kanaly transmisji (tzw. szoki w systemie). Funkcje odpowiedzi na impuls dla rozpatrywanych

szeregow czasowych wraz z 95% przedziatami ufnos$ci przedstawiono na rysunku 3.1.1.
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Rys. 3.1.1. Funkcje odpowiedzi na impuls dla szeregéw: a) TFECT, b) CO-T, c) GREV

Uzyskane w toku modelowania matematycznego wyniki potwierdzity, ze wszystkie
analizowane szeregi czasowe s3 ze sobg powigzane w dlugim okresie, przy czym
zidentyfikowane zalezno$ci charakteryzuja si¢ zrdznicowang intensywnoscig oraz dynamika
czasowg. Catkowite zuzycie energii koncowej w transporcie jest gldownym czynnikiem
ksztaltujacym zaréwno poziom emisji CO, z transportu, jak 1 wielko$¢ dochodow budzetu
panstwa. Wzrost TFECT prowadzi do istotnego, cho¢ roztozonego w czasie wzrostu emisji oraz

przeklada si¢ na poziom wptywow budzetowych. Jednoczesnie wykazano, ze szereg czasowy
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CO.T reaguje na TFECT, ale takze na wlasne szoki co sugeruje, ze emisje CO> z transportu

majg charakter samowzmacniajacy. Dochody publiczne, pomimo istotnego powigzania ze

zuzyciem energii w sektorze transportu, wykazuja mniej jednoznaczne reakcje, wskazujac na

posredni przebieg tej zaleznosci [74]. Tak zidentyfikowane relacje pozwolily na sformutowanie

implikacji oraz mozliwych kierunkow dziatan w zakresie funkcjonowania i rozwoju sektora

transportu:

Wprowadzenie akcyzy paliwowej zaleznej jednocze$nie od emisyjnosci paliwa
1 poziomu zuzycia energii w transporcie. Mechanizm ten powinien dziata¢ progowo,
aby po przekroczeniu okreslonego poziomu zuzycia energii w sektorze automatycznie
wzrastata stawka dla paliw o najwyzszej emisyjnosci. Taki instrument pozwolitby
ogranicza¢é wzrost emisji w okresach najwigkszej intensyfikacji zuzycia paliw
w transporcie, a przy tym sprzyjalby utrzymaniu stabilnych wptywow budzetowych.
Okresowy wzrost dochodéw publicznych po wzro$cie zuzycia energii w transporcie
powinien by¢ wykorzystywany do tworzenia rezerw finansowych na potrzeby
przysztych zakldécen w sektorze transportu, w szczegolnosci zwigzanych ze wzrostem
cen paliw, kryzysami energetycznymi lub zaostrzeniem regulacji klimatycznych.
Ograniczytoby to konieczno$¢ nagtego zwigkszania wydatkbw na transport
w sytuacji wystapienia kryzysu.

Czesciowe przekazywanie wpltywow =z podatkow paliwowych samorzadom
odpowiedzialnym za transport lokalny, z przeznaczeniem tych §rodkéw na dziatania
zwigkszajgce odpornos¢ systemu transportowego. Czgs¢ wptywow z akcyzy powinna
by¢ kierowana do jednostek samorzadu terytorialnego na utrzymanie rezerw
taborowych, modernizacj¢ transportu publicznego oraz tworzenie lokalnych funduszy
kryzysowych (m.in. na okres nagtych wzrostow cen paliw lub czasowego spadku
dochodow publicznych). Pozwolitoby to skroci¢ czas reakcji na zaktocenia i ograniczy¢
ryzyko destabilizacji transportu lokalnego w sytuacjach kryzysowych.

Przeznaczenie wigkszej czgsci srodkow z EU ETS na modernizacje obszardw transportu
najbardziej  zaleznych od  paliw  ropopochodnych, przede  wszystkim
transportu publicznego i drogowego transportu towarowego. Srodki te powinny byé
kierowane na elektryfikacje autobusow, pojazdow ci¢zarowych oraz rozwoj
infrastruktury tadowania. Ograniczytoby to ryzyko zaktocen procesow transportowych
w sytuacji wzrostu cen ropy lub ograniczenia jej podazy.

Przeprowadzone w badaniu modelowanie matematyczne, obejmujace metode
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kointegracji Johansena, model VECM oraz analiz¢ funkcji odpowiedzi impulsowej uwydatnia
role tego typu podej$¢ w analizach dotyczacych funkcjonowania transportu w warunkach
wspoélczesnych kryzyséw o poditozu gospodarczym i Srodowiskowym. Przyjeta procedura
pozwolita nie tylko na identyfikacje stabilnych relacji dlugookresowych pomiedzy zuzyciem
energii koncowej w transporcie, emisjami dwutlenku wegla z transportu oraz dochodami
budzetu panstwa, lecz takze na ocen¢ zrdznicowanych mechanizméw dostosowawczych,
zachodzacych po odchyleniach od rownowagi. Istotnym elementem przeprowadzonej analizy
byto okreslenie znaczenia poszczegdlnych szeregdéw czasowych w calym ukladzie,
w szczegolnosci dominujacej roli TFECT jako czynnika silnie inicjujagcego zmiany
o charakterze $rodowiskowym 1 fiskalnym, cho¢ z rozkladajacym si¢ w czasie efektem.
Zidentyfikowane relacje dlugookresowej rownowagi mogg stanowi¢ wsparcie w kontekscie
ksztaltowania przysztej polityki krajowej, aby z jednej strony dazy¢ do rozwoju gospodarczego,
a tym samym réwniez zwigksza¢ dochody budzetowe, ale jednocze$nie optymalizowac zuzycie
energii 1 ogranicza¢ emisje CO2 wynikajace z rosnacego zapotrzebowania na transport. Z kolei
analiza IRF pozwolita na dostarczenie dodatkowych informacji na temat rozkladu efektow
w czasie wskazujac, ze skutki zaburzen energetycznych oraz emisyjnych ujawniajg si¢ w sferze
fiskalnej w sposob posredni i rozlozony w czasie, co moze wspiera¢ planowanie stopniowych
dziatan korygujacych. Modelowanie matematyczne zastosowane w badaniu umozliwito zatem
poglebiong analize zalezno$ci zmiennych S$rodowiskowych 1 ekonomicznych majacych
przetozenie na warunki otoczenia dla funkcjonowania procesow transportowych, dostarczajac
podstaw do bardziej swiadomego ksztaltowania dtugookresowych kierunkow polityki wobec
transportu, sprzyjajacych zréwnowazonemu rozwojowi oraz wzmacnianiu odpornosci sektora
na kryzysy.

Zidentyfikowane dlugookresowe relacje wskazuja, ze ograniczanie presji
srodowiskowej sektora transportu nie moze odbywac si¢ bez ingerencji w strukture zuzycia
energii. Dlatego wobec narastajacych wyzwan $srodowiskowych i energetycznych oraz ich
konsekwencji  gospodarczych coraz wigkszego znaczenia nabieraja rozwigzania
technologiczne, zorientowane na ograniczanie emisyjnosci transportu i zmniejszanie jego
zaleznosci od paliw konwencjonalnych. W tym kontek$cie w publikacji P1, w wyniku
przegladu najnowszych postepdw i innowacji w transporcie, jako jedng z kluczowych kategorii
rozwigzan wskazano technologie napedéw w pojazdach. Znaczenie tego obszaru stato si¢
podstawg do dalszych badan ukierunkowanych na analiz¢ rozwoju elektromobilnos$ci

1 zwigzanych z tym uwarunkowan rynkowych.
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W publikacji Ul skoncentrowano si¢ na porownawczej analizie dynamiki rozwoju
elektromobilnosci w Chinach, Unii Europejskiej oraz Stanach Zjednoczonych, bioragc pod
uwage dwa segmenty rynku: pojazdy w petni elektryczne 1 hybrydowe typu plug-in. W badaniu
zastosowano skumulowany roczny wskaznik wzrostu, ktory pozwolit na poréwnanie dynamiki
sprzedazy pojazdow BEV oraz PHEV pomig¢dzy regionami o zrdznicowanej skali i strukturze
rynkow. Wskaznik GREV stanowit stabilng miar¢ porownawcza ogoélnych trendow rynkowych,
minimalizujgcg wptyw wahan lub przejsciowych szokow, takich jak wybuch pandemii 2020 r.
czy zaburzenia w globalnych fancuchach dostaw. Uzupetniajaco dokonano zestawienia liczby
pojazdow sprzedanych z liczba pojazdéw pozostajacych w uzytkowaniu (stock), aby ocenié
wzorce utrwalania si¢ elektromobilno§ci w strukturach systeméw transportowych
poszczegbdlnych regionéw. Wyniki wskazaty na silne zréznicowanie pomiedzy czeSciami
swiata. Najwyzsze warto$ci wskaznika CAGR odnotowano w Chinach, gdzie tempo wzrostu
sprzedazy zaré6wno pojazdow BEV (CAGR = 0,92), jak 1 PHEV (CAGR = 1,00) byto najwyzsze
sposrdd analizowanych regiondow, czemu towarzyszyt rowniez najwigkszy poziom nasycenia
rynku pojazdami o takich napedach. W UE zaobserwowano szczegdlnie wysoka dynamike
rozwoju segmentu PHEV (CAGR = 1,02), co podkresla kluczowa role technologii
przejSciowych w procesie elektryfikacji sektora transportu. Rynek USA charakteryzowat si¢
dominacja BEV (CAGR = 0,69) przy niskiej dynamice rozwoju PHEV (CAGR = 0,35),
odzwierciedlajagc odmienny model adaptacji technologicznej i strukture popytu na pojazdy
elektryczne [75].

Wyniki publikacji U1 pokazuja, ze zdolnos¢ transportu do stabilnego przechodzenia na
elektromobilno$¢ w duzej mierze zalezy od dziatan rzadow, w tym od ksztattowania polityki
sprzyjajacej posiadaniu pojazdow elektrycznych, a takze od kwestii takich jak dostgp do
infrastruktury 1 preferencji konsumenckich podczas zakupu. Rozwigzania niskoemisyjne
w pojazdach stanowig istotny element odpowiedzi na wspotczesne wyzwania srodowiskowe
1 gospodarcze, wynikajace z konieczno$ci realizacji dlugookresowych celow polityki
klimatycznej, przy rownoczesnym wzro$cie mobilnos$ci i intensyfikacji pracy przewozowe;.
Na tym tle badanie potwierdza, ze elektromobilno$¢, zwlaszcza w segmencie BEV, sprzyja
trwalej redukcji presji emisyjnej w transporcie, natomiast technologie hybrydowe peinig
funkcj¢ stabilizujaca w okresie przejSciowym, umozliwiajac stopniowe dostosowanie
systemow transportowych do celéw zréwnowazonego rozwoju.

Poza przeprowadzeniem analiz dla wybranych regiondéw $wiata podjeto takze badania
ograniczone wytacznie do rynku polskiego. W publikacji U2 rozwazania dotyczace rozwoju

elektromobilnosci w Polsce osadzono w kontekscie celow klimatycznych i regulacji UE
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zaktadajacych redukcj¢ emisji gazow cieplarnianych w transporcie o 90% do 2040 r. wzgledem
poziomu z 1990 r., przy jednoczesnym wskazaniu transportu drogowego jako galezi
0 najwyzszym poziomie emisyjnosci. Badanie rozpoczeto od analizy zmian w strukturze
krajowego parku pojazdéw mechanicznych oraz rejestracji samochodéw osobowych wedtug
rodzaju stosowanego paliwa w latach 2017-2022. Zwr6cono uwage na systematyczny wzrost
liczby samochodow osobowych w Polsce (0 3,94 mlin, tj. 17,42%), przy relatywnie stabilnym
udziale tej kategorii w strukturze ogoétu pojazddéw (ok. 75,9%). Jednocze$nie zauwazono
wyrazne zatamanie liczby rejestracji w 2020 r., zwigzane z pandemig 1 towarzyszacymi jej
zakloceniami gospodarczymi, co ujawnito podatnos¢ rynku motoryzacyjnego na tego typu
zdarzenia. Nastgpnie przeprowadzono analiz¢ dynamiki rozwoju pojazdow w pehni
elektrycznych oraz hybrydowych typu plug-in. Liczb¢ pojazdow BEV i PHEV w Polsce
opisano za pomocg funkcji wyktadniczych estymowanych metodg najmniejszych kwadratow.
Wyznaczone parametry modeli oraz miary ich dopasowania do danych empirycznych

zestawiono zbiorczo w tabeli 3.1.4.

Tabela 3.1.4. Parametry i miary dopasowania modeli funkcji wyktadniczej dla BEV 1 PHEV

Parametr modelu Wspolcezynnik
a b determinacji (R?)
BEV 3795 0,0450 0,99
PHEV 3890 0,0438 0,98

Wysokie wartosci wspolczynnika R? potwierdzaja bardzo dobre dopasowanie
opracowanych modeli do danych empirycznych zaréwno dla BEV, jak i PHEV.
Poréwnanie warto$ci parametrow b wskazuje na nieco wyzszg dynamike przyrostu liczby
pojazdoéw w peini elektrycznych wzgledem hybrydowych typu plug-in [76].

Uzyskane w U2 wyniki potwierdzajg wykladniczy charakter wzrostu liczby pojazdow
elektrycznych oraz hybrydowych typu plug-in, co oznacza wyraznie szybszg dynamike zmian
niz w przypadku modeli liniowych. Istotne jest przy tym, ze nawet silne zaktocenia zewngetrzne
o charakterze gospodarczym, w duzej mierze wynikajace z pandemii COVID-19, a takze
towarzyszacych jej zaburzen w globalnych tancuchach dostaw i procesach produkcyjnych,
nie doprowadzily do wyhamowania tego procesu. Z jednej strony wskazuje to na relatywnie
wysoka odporno$¢ obserwowanych tendencji rozwojowych elektromobilno$ci na szoki
oddziatujace na sektor transportu. Z drugiej natomiast akcentuje znaczenie instrumentow
regulacyjnych, systemow wsparcia finansowego oraz postepu technologicznego dla dalsze;,

stabilnej elektrytikacji polskiego transportu.
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Trzeba jednak nadmieni¢, ze wzrost liczby pojazdow zasilanych energia elektryczna,
ktérych korzystny efekt $rodowiskowy ujawnia si¢ glownie na etapie eksploatacii,
wymaga takze uwzglednienia emisyjnosci energii elektrycznej oraz uwarunkowan zwigzanych
z funkcjonowaniem sektora energetycznego, w tym jego odpornosci na potencjalne zaktocenia,
zwlaszcza w warunkach rosnacego udzialu odnawialnych zrodet energii. Wysoki udziat
niesterowalnych OZE, przy ograniczonej elastycznosci sieci elektroenergetycznych oraz
niewystarczajacych zdolnosciach magazynowania, moze prowadzi¢ do powaznych zaburzen
w dostawach energii, czego przyktadem byt blackout w Hiszpanii 1 Portugalii w 2025 r.,
skutkujacy paralizem transportu i systemow lacznosci. W konsekwencji oznacza to, ze rozwoj
elektromobilnosci nalezy rozpatrywac nie tylko przez pryzmat tempa elektryfikacji floty, lecz
takze emisyjnosci energii elektrycznej w catym cyklu jej zycia oraz stabilnosci systemu
elektroenergetycznego. Z tego wzgledu w publikacji U3 dokonano oceny cyklu zycia energii
elektrycznej wytwarzanej z fotowoltaiki oraz energetyki wiatrowej, z uwzglednieniem
magazynow energii, jako elementu stabilizujagcego prace systemu. Wykazano, ze w polskich
uwarunkowaniach technologiczno-eksploatacyjnych energia elektryczna z OZE nie jest
zeroemisyjna w ujeciu calego cyklu zycia. Jednostkowe emisje utrzymujg si¢ na poziomie
odpowiednio ok. 55 g CO-/kWh dla fotowoltaiki oraz 12 g CO./kWh dla energetyki wiatrowe;j.
Ponadto zastosowano modele regresji liniowej, regresji wyktadniczej oraz ARIMA w celu
okreslenia horyzontu czasowego osiggnigcia zaktadanego poziomu mocy zainstalowanej OZE
w Polsce, warunkujagcego m.in. mozliwos¢ realizacji niskoemisyjnej elektromobilnos$ci
w ujeciu systemowym. Otrzymane wyniki wskazaty na istotne rozbiezno$ci w momentach
osiggniecia 60 GW — odpowiednio 2066 r. w przypadku regresji liniowej, 2036 r. dla regres;ji
wyktadniczej 12035 r. dla modelu ARIMA [77]. Badanie to dowodzi, ze warunkiem racjonalnej,
niskoemisyjnej elektromobilnosci jest nie tylko szybki wzrost liczby pojazdéw zasilanych
energig elektryczng, lecz przede wszystkim réwnolegla dekarbonizacja oraz uelastycznienie
systemu energetycznego, zapewniajace jego odpornos¢ na zakidcenia.

Nalezy zaznaczy¢, ze rozwigzania obejmujace alternatywne zrodta zasilania pojazdow,
wpisujace si¢ w koncepcje rozwoju elektromobilnos$ci, stanowity tylko jeden z aspektow
szerszej analizy literatury przeprowadzonej w publikacji P1. Zgodnie z podejsciem PRISMA
w artykule dokonano systematycznego przegladu aktualnego stanu badan dotyczacych
innowacji w zakresie rozwoju transportu zrownowazonego, w ramach ktorego zidentyfikowane
rozwigzania zostaly przyporzadkowane do wyodrebnionych kategorii, a nastgpnie

przeanalizowane pod katem ich znaczenia w konteks$cie wyzwan 1 potencjalnych zagrozen.
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Relacje pomiedzy przyktadami rozwigzan w transporcie, a typami kryzysow, w obliczu ktorych

moga one znalez¢ zastosowanie, przedstawiono na rysunku 3.1.2.

Rozwigzania logistyki ostatniej mili M°bi|“°§é@ ustuga (Maas)

Inteligentne @my parkingowe (SPS) Bezkontak(’systemy ptatnosci

Systemy momtor@ama i kontroli emisji Zarzadzanie transportem public@n W czasie rzeczywistym
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Rys. 3.1.2. Mapa powigzan pomi¢dzy typami wspotczesnych kryzyséw a rozwigzaniami
w transporcie opisanymi w publikacji P1

Jak wynika z powyzszego rysunku, rozwigzania w transporcie mogg obejmowac roézne
aspekty, w tym infrastrukture, systemy zarzadzania, technologie oraz organizacj¢ proceséw
logistycznych. W literaturze mozna znalez¢ wiele przykladow tego typu rozwigzan, a czg¢sé
z nich zostata juz zaimplementowana do dziatalno$ci transportowej i1 przyjeta w praktyce
funkcjonowania sektora. Jednakze w dobie dynamicznego postgpu technologicznego, gdzie
coraz bardziej na znaczeniu zyskuja sztuczna inteligencja (ang. Artificial Intelligence),
zaawansowane systemy automatyzacji, Internet Rzeczy (ang. Internet of Things) oraz
technologie oparte na Big Data, pojawianie si¢ kolejnych innowacji jest zjawiskiem
nieuniknionym. Nowoczesne rozwigzania, jak autonomiczne pojazdy, bezzatogowe statki
powietrzne czy inteligentne systemy zarzadzania ruchem wcigz zmieniaja oblicze sektora
transportu, czynigc go bardziej efektywnym, bezpiecznym i1 ekologicznym.
Przeprowadzony w publikacji P1 przeglad literatury, obejmujacy analiz¢ ponad 220 zrodet,
pozwolit zidentyfikowaé rozwigzania istotne z punktu widzenia ksztattowania odpornosci
sektora, a w efekcie wazne dla gospodarki jako catosci, szczegdlnie wobec wspolczesnych
kryzysow. Wyniki tego badania wpisuja si¢ w problematyke zroéwnowazonego rozwoju

transportu poprzez wskazanie postepow 1 innowacji sprzyjajacych ograniczaniu emisji gazow
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cieplarnianych, poprawie efektywnosci energetycznej, podnoszeniu poziomu bezpieczenstwa
oraz wzmacnianiu zdolno$ci adaptacyjnych sektora transportu do zmieniajacych si¢
uwarunkowan. Artykul stanowi zatem praktyczng baze dla decydentéw, organizatoroOw oraz
wykonawcow przewozow dostarczajagc rekomendacji, ktore rozwigzania powinny by¢
rozwijane 1 wdrazane, aby transport stawat si¢ bardziej odporny, a jednocze$nie przyjazny dla
srodowiska.

Podsumowujgc, w ramach badan ujetych w podrozdziale 3.1 nie tylko uporzadkowano
tlo badawcze poprzez opracowanie typologii kryzysoéw istotnych z perspektywy transportu,
ale przede wszystkim przeprowadzono analize zaleznosci zachodzacych pomiedzy catkowitym
wykorzystaniem energii koncowej w transporcie, emisjami CO: z dzialalno$ci transportowe;j
1 dochodami budzetu panstwa.

Odnoszac si¢ do najwazniejszych ustalen nalezy wskaza¢, ze transport pozostaje
sektorem osadzonym w uktadzie dlugookresowych powigzan pomigdzy wymiarem
energetycznym, emisyjnym i budzetowym. Przeprowadzone badania potwierdzity istnienie
stabilnych dlugookresowych zaleznosci pomigdzy zmiennymi TFECT, CO.T i GREYV,
przy czym szczegolng role w catym uktadzie odgrywalo catkowite zuzycie energii koncowe;j
w transporcie. Zmienna TFECT okazala si¢ gldownym czynnikiem wspoltksztattujgcym zaréwno
poziom emisji CO- transportu, jak i wielko§¢ dochodéw budzetu panstwa, a zidentyfikowane
zalezno$ci ujawnialy si¢ w sposob roztozony w czasie. Z kolei opracowania uzupeiniajace,
dotyczace rozwoju elektromobilnos$ci pokazaly, ze odpowiedz transportu na narastajacg presje
srodowiskowa wymaga nie tylko zmian regulacyjnych, ale rowniez stopniowego wdrazania
rozwigzan technologicznych i infrastrukturalnych. Wskazano, ze pojazdy w petni elektryczne
sprzyjaja trwatemu ograniczaniu presji emisyjnej, natomiast hybrydowe moga pehic¢ istotng
funkcje w okresie przejsciowym, wspierajagc dostosowanie systemow transportowych do celow
zrbwnowazonego rozwoju oraz ograniczanie zaleznosci od paliw konwencjonalnych.
Zaznaczono ponadto, ze rzeczywista skala efektow Srodowiskowych elektromobilnosci
pozostaje uzalezniona od struktury wytwarzania energii elektrycznej, w tym od udzialu OZE,
co oznacza, ze proces dekarbonizacji transportu powinien by¢ rozpatrywany w powigzaniu
z transformacjg catego systemu energetycznego.

Przeprowadzone badania udzielity odpowiedzi na problem szczegdétowy PS1 wskazujac,
ze wspodlczesne wyzwania S$rodowiskowe 1 gospodarcze determinujg funkcjonowanie
transportu w Polsce przede wszystkim poprzez dlugookresowa presje dostosowawczg
obejmujaca zuzycie energii, emisyjno$¢ oraz warunki ekonomiczne. Oznacza to, ze rozwoj

transportu nie moze by¢ rozpatrywany niezaleznie od czynnikéw Srodowiskowych, polityki
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fiskalnej 1 kierunkéw przemian technologicznych. W $wietle uzyskanych wynikow mozna
potwierdzi¢ hipoteze szczegdtowa HS1. Przeprowadzone analizy dowiodly istnienia stabilnych
relacji  dlugookresowych w uktadzie catkowite wykorzystanie energii koncowej
w transporcie — emisje dwutlenku wegla pochodzace z dzialalnos$ci transportowej — dochody
budzetu panstwa. Pozwolity rowniez okresli¢ charakter ich wzajemnych oddzialywan w czasie.
Zidentyfikowane zalezno$ci pokazaty, ze wzrost zuzycia energii koncowej w transporcie wigze
si¢ ze wzrostem emisji CO: z transportu 1 wplywa na poziom dochodéw budzetu panstwa.
Zatem zmiany w jednym obszarze przektadaja si¢ na pozostate, tworzac uktad powigzan
okreslajacych uwarunkowania dla transportu.

Powyzsze wnioski sa znaczace dla catosci rozprawy. Po pierwsze wyznaczaja ramy
1 kierunki realizacji badan dzieki opracowanej typologii wspotczesnych kryzysow,
co umozliwia analizowanie procesOw transportowych stosownie do charakteru zjawiska.
Co jednak istotniejsze to pokazano, ze wspotczesne wyzwania srodowiskowe i gospodarcze nie
stanowig jedynie ogolnego kontekstu funkcjonowania transportu, lecz tworza rzeczywisty
uktad presji, zaleznosci 1 ograniczen wptywajacych na jego obecng kondycje oraz dalsze
mozliwosci rozwoju. Na tym tle ustalenia objety rowniez wskazanie mozliwych kierunkow
dziatan sprzyjajacych zrownowazonym zmianom w sektorze. Jednoczes$nie nalezy zaznaczyc,
ze transport wcigz pozostaje narazony na nagle zdarzenia i ich nastgpstwa. Dlatego w kolejnym
podrozdziale pracy skoncentrowano si¢ na zakldceniach o bardziej gwattownym przebiegu

odnoszac si¢ do kryzysu zdrowotnego.
3.2. Funkcjonowanie transportu w warunkach kryzysu zdrowotnego [publikacje P3—P4]

Kryzysy zdrowotne zwigzane z rozprzestrzenianiem si¢ chorob zakaznych maja
odmienng skal¢ oddziatywania przestrzennego i pojawiajg si¢ w sposoOb nieregularny oraz
zroznicowany pod wzgledem intensywnosci. Ich nagly 1 trudny do przewidzenia charakter
sprawia, ze towarzyszy im wysoki poziom niepewnosci oraz ograniczone mozliwosci
wczesniejszego przygotowania si¢ na ich wystapienie. Zjawiska te przyjmuja posta¢ zarbwno
lokalnych ognisk chorob zakaznych, jak roéwniez zagrozenh o wymiarze globalnym,
czego przykladami sg m.in. epidemie wirusa Ebola, ogniska SARS 1 MERS, pandemia grypy
A/H1N1v oraz pandemia COVID-19 [73]. Spo$réd wymienionych zjawisk to wtasnie ostatnie
z nich stanowi najbardziej aktualny i kompleksowy przyktad, umozliwiajacy szczegdlowa
analiz¢ oddziatywania kryzysu zdrowotnego na funkcjonowanie transportu [78, 79].

Pandemia COVID-19, ktora wybuchta w 2020 roku, w szybkim tempie zmienita
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otoczenie spoleczno-gospodarcze na catym $wiecie. Obowigzujace wowczas blokady
(lockdowny) oraz wytyczne sanitarne, ukierunkowane na ograniczanie rozprzestrzeniania si¢
wirusa SARS-CoV-2, mialy wyrazne przetozenie na sposob funkcjonowania spoteczenstwa,
w tym na realizacj¢ codziennych czynnosci, organizacj¢ pracy i edukacji oraz aktywnos$¢
gospodarcza [80]. Wprowadzane liczne restrykcje obejmujace m.in. ograniczenia mobilnosci,
czasowe zamknigcie ruchu transgranicznego oraz czg¢sciowe wstrzymanie dziatalnosci
handlowo-ustugowej, oddziatywaty na wiele sektorow gospodarki, nie pomijajac przy tym
transportu [81]. Polska, jako integralna cze$¢ europejskiej sieci transportowej, rowniez odczuta
skutki tego kryzysu zdrowotnego w obszarze organizacji i realizacji przewozow.

W publikacji U4 przeanalizowano wplyw pandemii COVID-19 na sektor transportu
w Polsce, stosujgc trojstopniowag skale oceny poziomu oddziatywania zagrozenia
w kolejnych fazach jego rozwoju. Badanie umozliwito identyfikacj¢ obszarow najbardziej
podatnych na zakldcenia w transporcie pasazerskim i towarowym z uwzglednieniem podziatu
na galgzie ladowa, morska i powietrzng. Wskazano, ze wyraznie wigksze zaklocenia
odnotowano w przypadku przewozow pasazerskich, co wynikato z obowigzujacych restrykcji
mobilnosci, limitow liczby pasazerow w $rodkach transportu zbiorowego oraz wzmozonych
obaw ludnosci o zdrowie i zycie. Spos$rod rozpatrywanych gat¢zi najbardziej dotknigty
skutkami pandemii byt pasazerski transport powietrzny, przede wszystkim z powodu
ograniczen w ruchu miedzynarodowym oraz szczegdlnych wymagan dotyczacych
przekraczania granic panstwowych, co przetozylo si¢ na znaczacy spadek popytu na
zagraniczne podréze. Restrykcje w przewozach migdzynarodowych wptynely réwniez na
ograniczenie aktywno$ci pasazerskiego transportu wodnego, w tym rejsow wycieczkowych
1 przepraw promowych. Negatywne konsekwencje pandemii objety takze pasazerski transport
ladowy, gtéwnie z powodu limitéw przewozowych i obnizonego poczucia bezpieczenstwa
wsrdd podroznych, przy czym po ztagodzeniu obostrzen zaobserwowano stopniowg odbudowe
popytu w ruchu krajowym. Transport towarowy doswiadczyl relatywnie mniejszego wplywu
pandemii, a poziom zaklécen byt porownywalny we wszystkich galeziach.
Najwigksze trudnosci wystgpowaly w poczatkowych fazach rozwoju zagrozenia
epidemicznego i1 dotyczyly m.in. problemow w krajowych i globalnych fancuchach dostaw,
wzrostu kosztow operacyjnych oraz zmian w strukturze przewozonych tadunkow.
Przedstawione wyniki wskazuja, ze szczegdlnym obszarem oddzialywania pandemii byt
transport pasazerski, ktorego funkcjonowanie byto silnie zalezne od zmian w mobilnos$ci
ludnosci  ksztattowanych  przez  obowigzujace  restrykcje, zwlaszcza w  ruchu

mi¢dzynarodowym. W tym kontekscie zasadne stato si¢ ukierunkowanie analiz na powigzania
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pomiegdzy popytem na przewozy pasazerskie, a ruchem turystycznym, ktore w okresie pandemii
ulegly powaznym zaburzeniom.

Artykut US obejmowat analize powigzan pomiedzy zmianami aktywno$ci turystyczne;j
a funkcjonowaniem pasazerskiego transportu w Polsce. Zakres czasowy badania obejmowat
lata 2017-2021, dzieki czemu mozliwe byto poréwnanie warunkéw wzglednie stabilnych
z okresem gwaltownego zaburzenia na skutek zagrozenia epidemicznego. W celu okre$lenia
kierunku zmian w analizowanych szeregach czasowych zastosowano metod¢ wygladzania
z wykorzystaniem prostej $redniej ruchomej, pozwalajaca ograniczy¢ wystepujace
krotkookresowe wahania i zidentyfikowac ogolne tendencje. Przeprowadzona analiza wskazata
na wyrazne ostabienie aktywnoS$ci turystycznej w okresie pandemii, przy czym skala
zmian  réznita si¢  pomigedzy  wyjazdami krajowymi i zagranicznymi.
Najistotniejsze ograniczenia dotyczyly mobilnosci migdzynarodowej, co przetozylo sie
zmniejszenie liczby podrozy zagranicznych, podczas gdy ruch krajowy wykazywat relatywnie
nizszy poziom spadkéw oraz wczesniejsze oznaki stabilizacji po czgSciowym znoszeniu
restrykcji.

Zroznicowanie to znalazto odzwierciedlenie w liczbie pasazerow w podziale na
poszczegolne galezie transportu. Analiza wyznaczonych trendow wykazala, Ze najsilniejsze
zaktocenia wystapily w pasazerskim transporcie powietrznym, ktérego prawidlowe
funkcjonowanie jest w gldbwnej mierze uzaleznione od ruchu transgranicznego. Wyrazne spadki
liczby pasazerow odnotowano rowniez w transporcie drogowym. Relatywnie mniejsze zmiany
nastgpity natomiast w przypadku transportu kolejowego, morskiego oraz wodnego
sroédladowego, co uwidacznia zréznicowanie oddziatywania pandemii COVID-19 pomigdzy
poszczegbdlnymi gateziami.

Uzyskane w tym badaniu wyniki pokazaly, ze =zakres 1 skala zaburzen
w funkcjonowaniu transportu pasazerskiego byty silnie uzaleznione od stopnia powigzania
danej gatezi z ruchem miedzynarodowym, a tym samym od struktury popytu turystycznego,
ktéra w okresie pandemii ulegta istotnym przeksztalceniom. Szczegdlnego znaczenia w tym
ujeciu nabiera pasazerski transport powietrzny, ktory w warunkach kryzysu zdrowotnego
okazat si¢ najbardziej wrazliwy na wprowadzane restrykcje. Dlatego w kolejnym etapie badan
skoncentrowano si¢ na polskim lotnictwie pasazerskim podczas pandemii oraz w fazie
odbudowy po jej ustgpieniu.

W publikacji P3 przeprowadzono analize¢ porownawcza kondycji pasazerskiego
transportu powietrznego w Polsce oraz w wybranych krajach europejskich w sytuacji

zaktocenia pandemig COVID-19. Badaniem obj¢to okres od stycznia 2004 do marca 2024,
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gdyz tylko dla tego przedzialu czasowego dostepny byt kompletny cigg obserwacji
miesigcznych dla wszystkich 30 panstw. Sposrod zestawu danych dokonano selekcji rynkéw,
ktorych charakterystyka przewozowa w latach poprzedzajacych wystapienie zagrozenia
epidemicznego w najwigkszym stopniu odpowiadata wartoSciom obserwowanym dla rynku
polskiego. W rezultacie, obok Polski, w zestawieniu uwzgledniono Portugalie, Szwecje,
Norwegie oraz Szwajcari¢. Z wyekstrahowanych w ten sposéb danych utworzono szeregi
czasowe liczby przewozonych pasazerow w poszczegdlnych panstwach, z ktorych kazdy zostat
podzielony na dwa zbiory przyjmujac za moment rozdzielenia wybuch pandemii COVID-19
w marcu 2020 r. Pierwszy z nich postuzyt do opracowania modelu matematycznego oraz
wyznaczenia prognoz na okres po wystgpieniu zagrozenia epidemicznego. Drugi stanowil zbior
referencyjny, pozwalajacy na oceng¢ strat poprzez porOwnanie stanu rzeczywistego
(odzwierciedlajacego spadki wywotane pandemia) z prognozami opartymi na wynikach sprzed
marca 2020, ktore wskazywaty potencjalny (referencyjny) poziom przewozéw w przypadku
braku wystapienia zaklocen.

Zasadniczy element badania stanowito modelowanie matematyczne liczby pasazerow
w transporcie powietrznym, ktore umozliwito analiz¢ zmian zachodzacych w wynikach
przewozowych na wybranych rynkach krajowych wywotanych nagtym kryzysem zdrowotnym.
Dzigki zastosowaniu modelu wygladzania wykladniczego Holta—Wintersa, na podstawie
wynikoéw sprzed pandemii COVID-19, wyznaczono prognozy, ktore okreslaty potencjalny
poziom przewozow w przypadku braku wystgpienia zagrozenia epidemicznego. Dla kazdego
z rynkOw zastosowano wariant multiplikatywny modelu, pozwalajacy uchwyci¢ zaréwno
tendencje rozwojowe, jak i wyrazng sezonowo$¢ charakterystyczng dla pasazerskiego rynku
lotniczego. Wspotczynniki wygltadzania wyktadniczego poziomu (a), trendu (0) oraz
sezonowosci (y) dobierano tak, aby osiggng¢ wysokie dopasowanie modelu do rzeczywistych
danych poprzez minimalizacj¢ $redniego bezwzglednego btedu procentowego. Po estymacji
modeli dokonano ich szczegdtowej oceny majacej na celu weryfikacje jakosci dopasowania do
danych oraz poprawnosci przyjetych zalozen statystycznych. W tym celu, poza btgdem MAPE,
obliczono warto$ci innych metryk takich jak ME, MAE oraz RMSE. Uzupetniajgco obliczono
wspotczynnik determinacji (R?) jako pomocniczg miar¢ ogoélnego dopasowania modelu.
W ramach walidacji modeli zastosowano réwniez kryterium informacyjne AIC,
uwzgledniajace relacje pomiedzy jakoscia dopasowania a zlozono$cig parametryczna,
oraz przeprowadzono test normalnosci Shapiro—Wilka, aby oceni¢ wtasnosci rozktadu reszt.
Wartosci wspotczynnikéw wygltadzania wyktadniczego, metryk bledow oraz wybranych

statystyk dla modeli opracowanych dla analizowanych rynkow zestawiono w tabeli 3.2.1.
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Tabela 3.2.1. Parametry opracowanych modeli Holta—Wintersa oraz warto$ci metryk btedow

1 wybranych statystyk
Parametr Test
y Metryki bledow Shapiro—
. modelu .
Kraj R?> | AIC | Wilka
a | o |y N[[f;l;E ME | MAE | RMSE W (p-value)
(1]

POLSKA 0910101 1,85 |—298| 45574 | 59391 |0,99 |24667| 0,98 (0,11)
PORTUGALIA | 0,8 | 0,1 | 0,1 | 1,97 | 594 | 67858 | 91947 [ 0,99 | 2552 | 0,98 (0,18)
SZWECJA 10,6 (0,1 0,1 | 1,64 |—4088| 47545 | 60790 |0,98| 2471 | 0,99 (0,36)
NORWEGIA |03(0,1{0,1| 1,31 |—598 | 40308 | 52653 | 0,99 | 2443 | 0,99 (0,51)
SZWAJCARIA | 0,4 10,1 0,1 | 1,43 |-3300| 58235 | 73840 [ 0,99 | 2509 | 0,98 (0,18)

Jak pokazuja wyniki zestawione w powyzszej tabeli, zastosowane wygladzanie
wyktadnicze Holta—Wintersa okazato si¢ skuteczne w modelowaniu liczby pasazeréw na
wybranych rynkach lotniczych zaktoconych wybuchem pandemii COVID-19. Potwierdzaja to
niskie warto$ci btgdow prognoz, w tym wartosci MAPE nieprzekraczajace 2% we wszystkich
analizowanych przypadkach. Ponadto wartosci wspotczynnika R? kazdorazowo przekraczaty
0,98, co potwierdza bardzo wysoka jakos¢ dopasowania modeli do danych obserwowanych.
Prognozy uzyskane z modeli postuzyly nastepnie do oszacowania strat liczby przewiezionych
pasazerow (Lx) oraz stopnia osiggni¢cia referencyjnego poziomu przewozow (R»,) w kolejnych
przedziatach czasowych (m) po wybuchu pandemii COVID-19. Uzyskane wyniki dla
wszystkich rozpatrywanych rynkow krajowych przedstawiono w tabeli 3.2.2.

Tabela 3.2.2. Straty zwigzane z pandemig i stopien osiggni¢cia poziomu referencyjnego
oszacowane na podstawie prognoz z modeli

Okres po wybuchu pandemii COVID-19
3 miesiace 6 miesiecy | 12 miesiecy | 18 miesiecy | 24 miesiace

KRAJ (m=23) (m = 6) (m=12) (m=18) (m = 24)
5 Rm b Rm b Rm 5 Rm 5 Rm
Lm0 poar |5 poap [ 2™ o | B e | B o

POLSKA 10,91 | 10,16 | 24,43 | 15,25 | 44,45 | 15,42 | 66,77 | 20,38 | 79,84 | 27,11
PORTUGALIA | 13,54 | 12,54 | 30,53 | 14,85 | 53,87 | 16,34 | 84,50 | 19,18 |100,07| 26,62
SZWECJA 7,82 | 14,34 | 16,93 | 12,82 | 30,84 | 13,86 | 45,03 | 17,34 | 52,94 | 24,59
NORWEGIA | 8,22 | 18,83 17,53 | 21,16 | 32,88 | 20,56 | 50,09 | 21,83 | 59,03 | 29,34
SZWAJCARIA | 12,64 | 12,93 | 25,73 | 16,41 | 48,45 | 15,43 | 70,83 | 19,72 | 83,86 | 27,01

b w milionach przewiezionych pasazerow.
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Dodatkowo, rzeczywiste wyniki przewozowe w kolejnych miesigcach po wybuchu
pandemii poréwnano z danymi ze stycznia 2020, co pozwolito oceni¢ tempo odbudowy rynkéw
pasazerskich przewozéw lotniczych w wybranych panstwach Europy.

Uzyskane wyniki wykazatly, ze pandemia COVID-19 spowodowata we wszystkich
analizowanych krajach gwalttowny spadek liczby pasazeréw w transporcie lotniczym,
przy czym skala poniesionych strat, stopien osiagniecia poziomu referencyjnego oraz tempo
odbudowy réznity si¢ znaczaco pomiedzy rynkami. W pierwszych miesigcach pandemii
najwickszego deficytu liczby obstugiwanych pasazeréw doswiadczyty Portugalia i Szwajcaria,
czyli panstwa bardziej uzaleznione od ruchu migdzynarodowego 1 turystycznego.
Relatywnie mniejsze straty odnotowano natomiast w Norwegii i Szwecji, gdzie znaczaca role
odgrywaja potaczenia krajowe. Zrdznicowanie to utrzymywalo si¢ réwniez w kolejnych
przedziatach czasowych.

Polska, podobnie jak inne kraje z zestawienia, doswiadczyta powaznego zatamania
ruchu pasazerskiego w poczatkowej fazie pandemii. Jednocze$nie stopien osiggnigcia poziomu
referencyjnego i tempo odbudowy w kolejnych latach okazaty si¢ zblizone do tych widocznych
w silniejszych, europejskich gospodarkach. Szczegolnie od 2022 r. obserwowano stopniowe
odtwarzanie sezonowego wzorca ruchu pasazerskiego oraz osigganie poziomoéw przewozow
przekraczajacych wartosci ze stycznia 2020 r. Warto zaznaczy¢, ze pomimo silnego zatamania
popytu na poczatku pandemii, polski rynek wykazat zdolnos¢ do relatywnie szybkiego
zblizania si¢ do prognozowanego poziomu przewozOw, 0Si3gajac najwyzszy przyrost
wskaznika R, w calym zestawieniu (+16,95 pp.). W efekcie w drugim roku po wystapieniu
zagrozenia Polska znajdowala si¢ wérod rynkdw o najwyzszym stopniu osiggnigcia poziomu
zaktadajacego brak pandemii.

Analiza porownawcza potwierdza, ze rynki o wigkszym udziale przewozéw krajowych
charakteryzowaty si¢ wyzsza odpornoscig na ograniczenia mobilnosci mi¢dzynarodowe;,
podczas gdy rynki skoncentrowane na ruchu miedzynarodowym dos$wiadczaty glebszych
1 dluzej utrzymujacych si¢ spadkow. Otrzymane wyniki pozwolily zidentyfikowaé reakcje
pasazerskiego lotnictwa na kryzysy zdrowotne obejmujgce skale zatamania popytu,
stopien osiggni¢cia referencyjnego poziomu przewozow oraz tempo powrotu do stanu sprzed
wystgpienia zaklocen. Z perspektywy odpornosci pasazerskiego transportu powietrznego
oznacza to, ze zdolno$¢ do adaptacji w warunkach kryzysu zdrowotnego nie jest
determinowana wylacznie wielkos$cig rynku, lecz w duzym stopniu zalezy od struktury
przewozoéw. Biorgc pod uwage wzorce odpornosci zaobserwowane na rozpatrywanych

rynkach, z rezultatoéw analizy poréwnawczej wynikaja praktyczne kierunki dziatan dla organow
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odpowiedzialnych za ksztaltowanie polityki transportowej i podmiotdéw sektora lotniczego:

Utrzymywanie minimalnej, strategiczne;j siatki polaczen krajowych w celu zwigkszenia
odpornos$ci rynku lotniczego na przyszte kryzysy o podlozu epidemicznym.
W warunkach Polski nie oznacza to rozbudowy petnej sieci krajowej na wzor panstw
o silnie rozwini¢tym ruchu wewnetrznym (np. Norwegia, Szwecja), lecz utrzymanie
tych potaczen, ktére moga pemli¢ funkcje stabilizujaca w sytuacji czasowego
ograniczenia ruchu zagranicznego, co pozwoli ograniczy¢ skale spadku przewozow
w poczatkowej fazie kryzysu.

Planowanie rozwoju infrastruktury lotniczej w Polsce powinno uwzgledniac¢
utrzymywanie rezerwy przepustowosci oraz mozliwos¢ szybkiego zwiekszenia liczby
operacji po wygaszeniu kryzysu zdrowotnego. Po okresie ograniczen moze pojawic si¢
odroczony popyt, ktéorego obstluga wymaga odpowiedniej liczby slotow, stanowisk
postojowych, przepustowosci terminali 1 personelu. Jednym z mozliwych instrumentow
realizacji tego celu moze by¢ rozwoj nowych inwestycji infrastrukturalnych (np. CPK).
Linie 1 porty lotnicze powinny opracowac scenariusze szybkiego odtwarzania
segmentdéw ruchu sezonowego, w szczegolnosci turystycznego oraz VFR, ktére moga
odgrywac istotng role w odbudowie rynku po zniesieniu restrykcji mobilnosci.
Oznacza to potrzebe wczesniejszego przygotowania procedur dotyczacych
przywracania oferty przewozowej oraz jej dostosowania do przewidywanej struktury
popytu, co pozwoli skréci¢ czas odbudowy rynku po wystgpieniu kolejnego kryzysu
o podobnej charakterystyce.

Strategie rozwoju portow lotniczych 1 przewoznikdw powinny uwzgledniaé
zroznicowang strukture¢ przewozow, obejmujacg jednocze$nie ruch biznesowy,
turystyczny, VFR oraz segment przewoznikéw niskokosztowych, zamiast opieraé
funkcjonowanie rynku gtéwnie na jednym rodzaju popytu. Ograniczenie zalezno$ci od
pojedynczego segmentu podrézy zwiekszy odpornos¢ rynku na zaktocenia obejmujace
wybrane kategorie przewozow oraz pozwoli utrzymaé czg$¢ ruchu pasazerskiego
réwniez w warunkach czasowego ograniczenia okreslonych rodzajow podrozy.

Publikacja P3 uwydatnia rol¢ modelowania matematycznego w badaniach dotyczacych

funkcjonowania procesow transportowych w warunkach kryzysow zdrowotnych.

Zastosowanie modeli szeregbw czasowych, a konkretnie wygladzania wyktadniczego

Holta—Wintersa w wariancie multiplikatywnym, postuzyto do wyznaczenia prognozowanego

poziomu przewozoéw pasazerskich w przypadku braku wystgpienia zagrozenia.



37

Na tej podstawie oszacowano skal¢ poniesionych strat oraz stopien osiggni¢cia poziomu
referencyjnego. Istotnym aspektem przyjetego w artykule podejscia bylo wykorzystanie
jednolitej procedury modelowania dla wszystkich rozpatrywanych panstw, co zapewnito
poréwnywalnos$¢ uzyskanych wynikow. W efekcie modelowanie matematyczne stanowito
podstawe porownawcze] analizy wpltywu kryzysu zdrowotnego na funkcjonowanie
pasazerskiego transportu lotniczego w wybranych krajach Europy, umozliwiajac oceng
kondycji polskiego rynku na tle innych panstw oraz identyfikacje zroznicowanych reakcji
poszczegbdlnych rynkow na wystepujace woéwczas zaktdcenia.

W dalszej czesci badan skupiono si¢ na przeptywie pasazerow w transporcie morskim.
W artykule P4 opracowano modele matematyczne umozliwiajace oceng¢ wptywu pandemii
COVID-19 na ten ruch. Badanie oparto na kwartalnych danych dotyczacych catkowitej liczby
pasazerow w portach morskich w Polsce w latach 2004—2023, oceniajac w pierwszej kolejnosci
zmienno$¢ oraz sezonowos¢ tego szeregu z wykorzystaniem podstawowych miar potozenia
i rozproszenia. Analiza rozktadéw rocznych wskazala na systematyczny wzrost mediany liczby
pasazerow w latach 2014-2019, po ktérym nastgpito wyrazne zatamanie w latach 2020-2021,
zwigzane z wybuchem pandemii oraz wprowadzonymi ograniczeniami mobilnosci. Z kolei
ujecie kwartalne jednoznacznie potwierdzito wystepowanie silnej sezonowo$ci ruchu
pasazerskiego. Najwyzsza mediane liczby pasazerow obserwowano w trzecim kwartale
(powyzej 750 tys.), ktory charakteryzowal si¢ rowniez najwickszym rozstepem
miedzykwartylowym, co wskazywato na duzg zmienno$¢ ruchu w szczycie sezonu letniego.

Nastepny etap badania obejmowal opracowanie modeli matematycznych opisujacych
liczbe pasazeréw w polskich portach morskich. Szereg czasowy tej zmiennej podzielono na
zbior treningowy 1 testowy, przyjmujac za moment rozdzielenia IV kwartal 2022 r.
Pierwszy zbioér wykorzystano do estymacji parametréw modeli 1 wyznaczenia prognoz,
natomiast drugi do oceny ich dokladnosci. W publikacji rozpatrzono trzy modele.
Pierwszym byt SARIMA, stanowiacy sezonowe rozszerzenie modelu ARIMA i umozliwiajacy
jednoczesne modelowanie zalezno$ci autoregresyjnych, sktadnika $redniej ruchomej oraz
regularnych wahan sezonowych w szeregu czasowym. Kolejnym byt model Holta—Wintersa,
opisujacy szereg czasowy za pomocg trzech roéwnan wygladzania odpowiadajgcych
poziomowi, trendowi oraz sezonowosci. W tym przypadku zastosowano jego wariant
multiplikatywny, w ktérym wahania sezonowe zmieniaja si¢ proporcjonalnie do poziomu
szeregu. Ostatni z zaproponowanych to model STL oparty na dekompozycji szeregu czasowego
na skladowe trendu, sezonowos$ci 1 skladnik resztowy, ktoérych wartosci wyznaczane s3

z wykorzystaniem wygladzania LOESS. Selekcj¢ specyfikacji modeli w ramach
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poszczegblnych typow przeprowadzono na podstawie kryteridow informacyjnych AIC i BIC.
Parametry modeli SARIMA i Holta—Wintersa oraz statystyki komponentow dekompozycji STL

przedstawiono w tabeli 3.2.3.

Tabela 3.2.3. Parametry i oceny komponentéw opracowanych modeli

SARIMA (1,0,0)(0,1,1)4
Wspotczynnik Wartos¢ Btad standardowy
AR(1) 0,6488 0,1009
SMA(1) —-0,3189 0,1432
Holt-Winters multiplikatywny
Wspoétczynnik wygtadzania wyktadniczego Warto$¢
Poziomu (a) 0,3655
Trendu (5) 0,0001
Sezonowosci () 0,6344
STL
Komponent Statystyka Wartos¢ Udziat w zmiennosci [%]
Sezonowo$¢ IQR 214,73 784
Mediana —60,76 -
IQR 110,27 40,2
Trend Mediana 463,63 -
. IQR 37,92 13,8
Sktadnik resztowy Mediana 033 -

Dla kazdego z modeli oceniono rowniez doktadno$¢ wyznaczonych prognoz, obliczajac

warto$ci metryk bledow MAE, MSE i RMSE, ktore zestawiono w tabeli 3.2.4.

Tabela 3.2.4. Warto$ci metryk btedow dla opracowanych modeli

Metryki bltedow
Model MAE MSE RMSE
SARIMA (1,0,0)(0,1,1)4 29,61 1004,55 31,69
Holt-Winters multiplikatywny 29,15 849,55 27,07
STL 28,84 1382,17 37,18

Najwyzsza doktadnos¢ prognoz uzyskano dla modelu Holta—Wintersa, ktory osiggnat
najnizsze wartosci MSE 1 RMSE. W przypadku modelu SARIMA btedy prognoz byty rowniez
relatywnie niskie. Z kolei model STL, z wyjatkiem MAE, uzyskat wyzsze warto$ci metryk.

W kolejnym etapie badania poréwnano wyniki otrzymane z zastosowaniem kazdego

z modeli. Poréwnanie prognoz wzglgdem zbioru testowego przedstawiono na rysunku 3.2.1.
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Rys. 3.2.1. Poréwnanie prognoz liczby pasazeréw uzyskanych z opracowanych modeli
z warto$ciami rzeczywistymi (zbior testowy)

Uzyskane wyniki pozwolity zidentyfikowa¢ prawidlowosci w ksztattowaniu si¢ liczby
pasazeréw w polskich portach morskich oraz oceni¢ mozliwos$ci analityczne trzech réznych
modeli w ramach analizy 1 prognozowania tego zjawiska. Porownanie prognoz z warto$ciami
rzeczywistymi dla poszczegdlnych kwartatow 2023 r. wskazuje, ze w wigkszosci przypadkow
warto$ci prognozowane bylty wyzsze od obserwowanych, z wyjatkiem II kwartatu 2023 r.,
co potwierdza skale nastepstw wczesniejszych zaktocen wywolanych rozprzestrzenianiem si¢
wirusa SARS-CoV-2. Z kolei analiza porbwnawcza zastosowanych modeli wskazuje na ich
zréznicowang uzyteczno$¢ w interpretacji 1 prognozowaniu liczby pasazerOw w portach
morskich. Jako model preferowany wskazano SARIMA, poniewaz obok stosunkowo wysokiej
doktadnosci prognoz charakteryzowat si¢ najnizszymi warto$ciami kryteriow informacyjnych.
Zadowalajace wyniki pod wzgledem jakosci prognoz uzyskano rowniez w przypadku modelu
Holta—Wintersa, ktéry bardzo dobrze odwzorowywat zmiany liczby pasazerow.
Model STL, cho¢ charakteryzowal si¢ mniejszag dokladno$cig, odegrat istotng role
interpretacyjng, poniewaz dekompozycja szeregu czasowego pozwolita na indywidualne
analizowanie jego skladowych. W rezultacie zaobserwowano przede wszystkim wyrazng
1 stabilng sezonowo$¢ kwartalng ruchu pasazerskiego, utrzymujaca si¢ w caltym badanym
okresie. Oznacza to, ze nawet tak silne zaktocenie jak pandemia COVID-19 nie doprowadzito
do zmiany wzorca sezonowego zainteresowania rejsami morskimi. Skale oddziatywania
kryzysu zdrowotnego na poziom przewozoéw wyraznie odzwierciedlat natomiast komponent
trendu. Szczegolnie widoczny spadek liczby pasazerow odnotowano w okresie od III kwartatu
2019 r. do III kwartatu 2020 r., co miato zwiazek z ograniczeniami mobilnosci oraz spadkiem

popytu na podréze miedzynarodowe w tym czasie.
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Artykut P4 podkresla znaczenie modelowania matematycznego w analizie
funkcjonowania pasazerskiego transportu morskiego w sytuacji kryzysu zdrowotnego.
Zastosowanie trzech modeli o odmiennych zatozeniach umozliwilo zaréwno wyznaczenie
prognoz liczby pasazerow w polskich portach morskich, jak 1 porownanie zdolnosci tych
modeli do odwzorowania zmian zachodzacych w analizowanym szeregu czasowym.
Dzigki zastosowanemu podejsciu  mozliwe bylo zidentyfikowanie prawidtowosci
ksztaltujacych morskie przewozy pasazerskie, w szczegdlnosci ich sezonowosci kwartalnej,
a takze przeprowadzenie analizy zmian wynikajacych z oddziatywania czynnikoéw zwigzanych
z kryzysem o podlozu epidemicznym. Opracowane modele matematyczne mozna zatem
traktowac jako komplementarne w analizie zmian ruchu pasazerskiego w portach morskich,
pozwalajace zaroOwno ocenia¢ skutki zdarzen kryzysowych, jak i1 prognozowaé poziom
przewozoéw pasazerskich. Uzyskane wyniki oraz analiza zastosowanych modeli pozwalajg
sformutowa¢ rekomendacje dla pasazerskiego transportu morskiego w obliczu kryzysow
zdrowotnych:

o Wykorzystanie modelowania matematycznego w planowaniu dziatalnos$ci przewozowe;j
przez operatorow pasazerskiego transportu morskiego powinno obejmowaé nie tylko
prognozowanie liczby pasazerow, ale takze biezace analizowanie odchylen pomigdzy
wartoSciami  prognozowanymi a rzeczywistymi. Umozliwi to wczesniejsze
identyfikowanie oznak zaktdcen, a w efekcie bedzie wspiera¢ podejmowanie decyzji
dotyczacych liczby potaczen i wykorzystania floty w zmieniajacych si¢ warunkach.

o Planowanie dzialalno$ci przewozowej w pasazerskim transporcie morskim powinno
uwzglednia¢, ze w warunkach kryzysu o podtozu epidemicznym zachowaniu ulega
sezonowy rozktad ruchu pasazerskiego, natomiast zmianie podlega poziom przewozow,
odzwierciedlany przede wszystkim przez komponent trendu. Oznacza to konieczno$¢
dostosowywania liczby polaczen, wielkosci eksploatowanej floty, przepustowos$ci
infrastruktury portowej oraz organizacji obstugi pasazerow nie tylko do utrzymujacego
si¢ wzorca sezonowego, ale takze do obnizonego poziomu popytu. Przyczyni si¢ to do
zwigkszenia zgodnosci zdolno$ci przewozowej z rzeczywista skalg przewozow
w okresie kryzysu, a tym samym ograniczy nadmiarowa podaz ustug transportowych
1 zmniejszy ryzyko niewykorzystania dostepnych zasobow.

o Rekomenduje si¢ rownolegle stosowanie modeli reprezentujagcych odmienne podejscia
do analizy szeregéw czasowych, poniewaz umozliwia to wieloaspektowa ocen¢ zmian
liczby pasazerow w warunkach zakiocen. Wykorzystanie modeli komplementarnych

pozwala na rozrdznienie wahan zwigzanych z sezonowoscig od zmian o charakterze
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dlugookresowym oraz odchylen kréotkookresowych, co ogranicza ryzyko blednej

interpretacji przyczyn zmian ruchu pasazerskiego.

Poza transportem powietrznym i morskim badano rowniez aspekt funkcjonowania kolei
w kontek$cie pandemii COVID-19. Dlatego w publikacji U6 analizowano, jak dtugo
utrzymywaly si¢ zaktocenia popytu na pasazerskie przewozy kolejowe, pordwnujac prognozy
oparte na danych sprzed pandemii z rzeczywistymi wynikami. Na tej podstawie oceniono,
po jakim czasie rynek w Polsce pod wzgledem liczby pasazerow osiggnat poziom mozliwy do
uzyskania w warunkach braku zagrozenia wirusem SARS-CoV-2.

Analizy rozpoczgto od przeprowadzenia testu stacjonarno$ci ADF dla szeregu
czasowego obejmujacego okres przedpandemiczny. Wynik wskazal na brak stacjonarnosci
szeregu, co stanowito przestanke do przeprowadzenia rdznicowania i estymacji modeli klasy
ARIMA. Wedlug kryterium AIC najlepszy okazat si¢ model ARIMA(0,1,1) z dryfem, jednak
funkcja ACF reszt wykazala wystgpowanie autokorelacji dla opdznienia roéwnego 12.
W  zwigzku z tym uwzgledniono komponent sezonowy 1 oszacowano model
SARIMA(0,1,0)(1,0,1)12, ktory charakteryzowat si¢ brakiem istotnych autokorelacji reszt oraz
nizsza wartoscig AIC. Ostatecznie model ten zostal wykorzystany do wyznaczenia prognozy
pozwalajacej okresli¢ potencjalny poziom przewozow pasazerskich w przypadku braku
zakldcen spowodowanych kryzysem zdrowotnym.

Rezultaty pokazaty, ze od polowy 2021 r. obserwacje zaczynaly zawiera si¢
w 95-procentowym przedziale ufnosci, co wskazuje na wygaszenie najglebszej fazy zaktocen
popytowych. Od marca 2022 r. wartosci rzeczywiste znacznie zblizyty si¢ do prognoz, jednakze
wcigz pozostawaly ponizej wyznaczonego poziomu. Dopiero od sierpnia 2023 r. widoczna byta
zbiezno$¢ obu szeregow, co §wiadczy o ustgpieniu zaktocen w wynikach przewozowych [82].

Zastosowane modelowanie matematyczne pozwolito na okreslenie skali zatamania
popytu spowodowanego pandemig oraz czasu potrzebnego do uzyskania przez rynek poziomu
mozliwego w sytuacji bez wystapienia kryzysu. Wyniki potwierdzaja, ze pandemia znaczaco
zaburzyla pasazerskie przewozy kolejowe w Polsce, a proces powrotu rynku na $ciezk¢ rozwoju
wyznaczong przez model SARIMA mial charakter stopniowy i rozciaggajacy si¢ w czasie.

Zakres 1 trwalo$¢ analizowanych zaklécen, a takze czas wymagany do osiggnigcia
wynikow oczekiwanych w przypadku braku pandemii, uzasadniaja potrzebe wskazania dziatan
wzmacniajacych odporno$¢ transportu kolejowego na podobne zagrozenia w przysztosci:

. Wykorzystanie modeli matematycznych do prognozowania poziomu przewozow na
podstawie danych sprzed wystgpienia kryzysu zdrowotnego jako narzgdzia

identyfikacji odchylenia rzeczywistego poziomu przewozow od poziomu
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referencyjnego, odpowiadajacego warunkom niezakléconego rozwoju rynku.
Poréwnywanie rzeczywistych wynikow z poziomem mozliwym do osiggnigcia
w przypadku braku zagrozenia powinno stanowi¢ podstawe do oceny skali destabilizacji
rynku oraz okreslania momentu stopniowego przywracania zawieszonych potaczen.
Pozwoli to ograniczy¢ opoznienia decyzyjne, trafniej dostosowa¢ podaz przewozéw do
rzeczywistego tempa odbudowy rynku oraz zwigkszy¢ zdolno$¢ pasazerskiego
transportu kolejowego do przechodzenia z fazy zaktocenia do fazy stabilizacji.

o Wdrozenie wielostopniowych procedur reagowania w pasazerskim transporcie
kolejowym, odpowiadajacych poziomom zagrozenia epidemicznego. Dla kazdego
z nich powinny zosta¢ okreslone: minimalna liczba potaczen, dopuszczalne napetnienie
pociagéw, zakres ograniczen sanitarnych oraz sposob informowania pasazerow.
Uporzadkuje to proces podejmowania decyzji w warunkach kryzysu, a tym samym
pozwoli ograniczy¢ ryzyko nadmiernych lub op6znionych reakcji organizacyjnych.

o Projektowanie nowych wagondéw osobowych i modernizacja bedacych w eksploatacji
w sposob umozliwiajacy szybkie dostosowanie uktadu wnetrza do zmieniajacych si¢
wymogow sanitarnych (np. czasowe wytaczenie cze¢sci miejsc, stosowanie modutowych
stref siedzacych). Rozwigzanie to powinno zwicksza¢ zdolno$¢ pasazerskiego
transportu kolejowego do funkcjonowania w warunkach zredukowanej dopuszczalnej
liczby pasazerow, bez konieczno$ci proporcjonalnego ograniczania realizowanych
przewozéw. W efekcie tabor nie Dbedzie stanowil wylacznie elementu
podporzadkowanego restrykcjom mobilnosci, lecz zostanie wykorzystany jako
narz¢dzie adaptacji organizacji przewozow kolejowych do zmienionych warunkow
funkcjonowania transportu.

Dodatkowo prowadzono badania dotyczace funkcjonowania transportu pasazerskiego

w warunkach kryzysu zdrowotnego, ktoére zawezono do systemu komunikacji miejskie;j,

opierajac si¢ na przykladzie aglomeracji warszawskiej. Artykut U7 uwydatnia, Zze wybuch

pandemii COVID-19 radykalnie zmienil sposdb postrzegania transportu publicznego, ktory
zostal wowczas zidentyfikowany jako jeden z glownych wektorow rozprzestrzeniania si¢
wirusa na gesto zaludnionych obszarach, co doprowadzito do spadku zainteresowania
przewozami zbiorowymi. W badaniu wykorzystano dane dotyczace realizacji przewozow
pasazerskich w warszawskim transporcie publicznym w latach 2019-2022. Na ich podstawie
utworzono szeregi czasowe obejmujace okres przedpandemiczny oraz okres po wybuchu
pandemii COVID-19. Przygotowane w ten sposéb szeregi poddano wygladzaniu

wyktadniczemu metodg Browna, oparta na jednym parametrze wygtadzania (a), oraz metoda
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Holta, w ktorej stosuje si¢ parametry wygladzania poziomu (a) oraz trendu (f). W obu

metodach parametry «, f dobrano tak, aby uzyska¢ wysokie dopasowanie modelu do

rzeczywistych danych poprzez minimalizacj¢ btedow MAPE 1 RMSE. Nastepnie okreslono
kierunki zmian w poszczegdlnych okresach wyznaczajac trend liniowy na podstawie
prognozowanych wartosci.

Uzyskane wyniki wskazuja, ze wybuch pandemii COVID-19 istotnie wptynat na
funkcjonowanie warszawskiego transportu publicznego, co potwierdzaja fluktuacje
wskaznikoOw opisujacych realizacje proceséw transportowych, takich jak wykonana praca
przewozowa, liczba przewiezionych pasazerow oraz liczba sprzedanych biletow.
W okresie pandemii nastgpita zmiana kierunku trendu pracy przewozowej. Odnotowano spadek
o okoto 15,14 tys. wozokilometrow miesi¢cznie, co wskazuje na ograniczenie podazy ustug
przewozowych przez operatoréw. Z kolei analiza liczby przewiezionych pasazerow wykazata
wyrazng tendencj¢ spadkowa od momentu wystgpienia kryzysu. Tempo zmian wynosito okoto
—102,96 mln 0séb rocznie, co byto przede wszystkim konsekwencja obowigzujacych wéwczas
ograniczen mobilnosci. Poza tym catkowita sprzedaz biletéw zmalata z 7,08 mln w 2019 r.
do 4,88 mln w 2020 r., a w okresie marzec—czerwiec 2020 r. w strukturze sprzedazy zmniejszyt
si¢ udziat biletéw krotko- 1 dlugoterminowych [83].

W badaniu tym modelowanie matematyczne umozliwilo wyznaczenie trendow
w analizowanych szeregach czasowych przy jednoczesnym ograniczeniu wptywu
krétkookresowych wahan. Pozwolito to na okreslenie kierunku i tempa zmian wskaznikow
opisujacych funkcjonowanie transportu publicznego, identyfikacje momentéw przelomowych
w realizacji procesow transportowych oraz oszacowanie skali oddziatywania pandemii
COVID-19 na system warszawskiej komunikacji miejskiej. W  konsekwencji
przeprowadzonych analiz sformutowano takze rekomendacje ukierunkowane na ksztattowanie
odpornosci systemu transportu publicznego na potencjalne kryzysy o podtozu epidemicznym.
Wsréd nich mozna wskazac:

. Struktura sprzedazy biletow w miejskim transporcie publicznym powinna stanowié
istotny element monitorowania zmian potrzeb przewozowych w warunkach kryzysu
zdrowotnego. Odchylenia od typowego udziatu poszczegolnych rodzajow biletéw moga
wskazywa¢ na zmian¢ sposobu korzystania z transportu  publicznego,
zwigzang z ograniczeniem regularnych podrézy oraz zmiang postrzegania
bezpieczenstwa korzystania ze zbiorowych $rodkéw transportu przez pasazerow.
Zaobserwowane zmiany moga stanowi¢ wskazanie do wlasciwego ksztattowania

podazy uslug transportowych 1 polityki taryfowej, co pozwoli lepiej dostosowaé
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funkcjonowanie systemu transportu miejskiego do zmieniajacych si¢ potrzeb

przewozowych oraz ograniczy¢ skutki popytowe i finansowe kryzysu.

o Ograniczenia podazy ustug transportowych w aglomeracji miejskiej w warunkach
kryzysu o podilozu epidemicznym nie powinny by¢ wprowadzane w jednakowym
stopniu we wszystkich §rodkach transportu. Zakres ograniczen powinien uwzgledniac
zard6wno zmiany liczby pasazeroOw 1 pracy przewozowej w calym systemie transportu
publicznego, jak 1 znaczenie poszczegélnych $rodkéw transportu dla realizacji
przewozow. W pierwszej kolejnosci powinien on obejmowaé $rodki o najmniejszym
udziale w przewozach, tj. kolej dojazdowa i1 aglomeracyjng, przy jednoczesnym
utrzymaniu mozliwie stabilnego poziomu funkcjonowania komunikacji autobusowej,
tramwajowej 1 metra, stanowigcych podstawe obslugi przewozowej. Pozwoli to
zachowac¢ ciaglo$¢ najwazniejszych relacji komunikacyjnych oraz ograniczy¢ koszty
funkcjonowania systemu bez istotnego pogorszenia dostepnosci transportu.

Wyniki 1 wnioski otrzymane w drodze opracowania artykutu U7 stanowity punkt
wyjscia do rozszerzenia rozwazan o ocen¢ dostgpnych w aglomeracji warszawskiej srodkow
transportu pod katem zapewnienia bezpieczenstwa pasazerom w warunkach zagrozenia
epidemicznego. W efekcie powstata publikacja U8, w ktorej rozpatrzono trzy scenariusze
uwzgledniajgce struktur¢ demograficzng miasta 1 specyficzne potrzeby mieszkancow
zaliczanych do konkretnych grup wiekowych. Ocenie poddano prywatne, publiczne
1 alternatywne $rodki transportu. Dla kazdego ze scenariuszy wskazano wariant, ktory nie tylko
zapewnia mozliwie wysoki poziom bezpieczenstwa w warunkach zagrozenia epidemicznego,
ale jest rowniez optymalny pod wzgledem czasu i kosztu podrozy, komfortu oraz dostepnosci.
W badaniu zastosowano metode Bellingera pozwalajaca na okreslenie tacznej oceny wariantow
na podstawie przyjetych kryteriow czastkowych oraz ich hierarchizacj¢ w poszczegoélnych
scenariuszach. Otrzymane wyniki wskazuja, ze najbardziej bezpieczne i1 optymalne pod
wzgledem przyjetych kryteriow sg indywidualne srodki transportu. Transport publiczny, mimo
swojej dostepnosci i1 niskich kosztow, wigze si¢ z wyzszym ryzykiem zakazenia, co przetozyto
si¢ na jego nizsza ocene. W przypadku miodych oséb najlepszym wyborem okazaty sie¢
taksowki na zadanie oraz prywatne rowery, natomiast dla osoéb aktywnych zawodowo
1 senioré6w najwyzsze wyniki osiggnely prywatne samochody. Poza tym dla starszych
mieszkancoOw rozsadne alternatywy stanowily rowniez car-sharing i1 takséwki [84].
Badanie to przede wszystkim dostarcza informacji dotyczacych optymalnych wyboréw
srodkow transportu w warunkach kryzysu zdrowotnego. Ponadto podkresla, Ze istnieje potrzeba

dostosowania miejskiej infrastruktury transportowej do potrzeb réznych grup uzytkownikow,
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co jest istotne nie tylko z perspektywy rozwoju obszarow zurbanizowanych, ale takze ze
wzgledu na ryzyko kolejnych zagrozen o podiozu epidemicznym w przysztosci.

Konkludujac, niniejszy podrozdzial dotyczyt funkcjonowania pasazerskiego transportu
w warunkach kryzysu zdrowotnego, rozpatrywanego w ramach pandemii COVID-19,
ktérg uznano za najbardziej aktualny i kompleksowy przyklad zagrozenia epidemicznego.
Wyniki badan pokazaly przede wszystkim, ze zdarzenie to doprowadzitlo do powaznych
a zarazem utrzymujacych si¢ zaburzen w przewozach pasazerskich w Polsce, przy czym nie
byly one jednakowe we wszystkich gal¢ziach. Najsilniejsze zakldcenia wystgpity
w pasazerskim transporcie powietrznym, a skala odnotowanych strat oraz dynamika osiggania
pozioméw referencyjnych byly zroznicowane w zaleznosci od struktury rynku i stopnia
uzaleznienia od ruchu mi¢dzynarodowego. W Polsce, po poczatkowym silnym zatamaniu,
nastapit relatywnie szybki powrot do poziomoéw sprzed pandemii. ROwnoczes$nie obserwowano
stopniowe zblizanie si¢ do scenariusza referencyjnego zakladajacego brak zagrozenia.
Warto podkresli¢, ze bylo to porownywalne ze wzorcami widocznymi w silniejszych
gospodarkach europejskich. Z kolei w transporcie morskim wykazano, ze w zwigzku
z wybuchem pandemii COVID-19 wzorce sezonowe ruchu pasazerskiego pozostaly
zachowane, ale zaobserwowano wyrazne zaburzenie trendu. Od marca 2020 r. liczba pasazerow
istotnie si¢ obnizyla, a skutki kryzysu w postaci zaktocen w wynikach przewozowych
utrzymywaly si¢ jeszcze w poszczegolnych kwartatach 2023 r. Badania uzupetniajace pokazaty
ponadto, ze w transporcie kolejowym zaktocenia popytowe utrzymywaly sie jeszcze po
wygasnieciu najglebszej fazy kryzysu. Mimo stopniowego zblizania si¢ warto$ci rzeczywistych
do prognoz, nawet w 2022 r. rynek nie osiagnat w petni poziomu mozliwego do uzyskania
w scenariuszu bez pandemii. W przypadku transportu publicznego w aglomeracji warszawskiej
odnotowano natomiast nie tylko gwaltowny spadek liczby pasazerow, lecz takze zmiang
kierunku trendu pracy przewozowej oraz przeksztalcenia w strukturze sprzedazy biletow.
Ogotem uzyskane wyniki pokazaty, ze wplyw pandemii nie ograniczal si¢ wylacznie do
glebokich i1 trwatych zaburzen popytowych, lecz zasadniczo odzwierciedlat takze zr6Zznicowana
odpornos¢ poszczegdlnych gatezi transportu.

Majac na wzgledzie osiggniete rezultaty mozna stwierdzi¢, ze problem szczegdtowy
PS2 zostal rozwigzany. Badania pokazaty, ze kryzysy zdrowotne wplywaja na transport
pasazerski przede wszystkim poprzez zaburzenia w mobilnosci spoteczenstwa prowadzace do
powaznego zatamania poziomu przewozow, jak i zaburzen dynamiki zmian popytu, przy czym
skala zaklocen, a nastepnie procesy odbudowy nie sg jednakowe we wszystkich gateziach

transportu. Uzyskane wyniki stanowig podstawe do potwierdzenia hipotezy szczegdtowej HS2.
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Wykazano nie tylko sam spadek liczby pasazerow, ale rowniez, ze zaburzenia dynamiki zmian
popytu miaty charakter wyraznie zréznicowany pomigdzy gateziami. Mialo to
odzwierciedlenie zar6bwno w poczatkowej glebokosci zatamania przewozow, jak
1 w odmiennym czasie utrzymywania si¢ skutkow kryzysu.

W odniesieniu do cato$ci rozprawy przeprowadzone w tym zakresie badania stanowia
wazny element podjetych rozwazan naukowych, koncentrujac si¢ na kryzysach zdrowotnych
1 mozliwosciach zastosowania modelowania matematycznego do analizowania zaklocen
o naglym charakterze. Wnoszg do rozprawy ilosciowg ocen¢ zmian zachodzacych
w konkretnych gateziach pasazerskiego transportu w Polsce pod wplywem zagrozenia
o podtozu epidemicznym biorac jako przyktad pandemi¢ COVID-19. Co wigcej, poza analizg
1 oceng skutkow kryzysu zdrowotnego, wskazane zostalty rekomendacje zorientowane na

wzmacnianie odpornosci transportu pasazerskiego na podobne zjawiska w przysztosci.
3.3. Procesy transportowe w sytuacjach kryzysu spolecznego i militarnego [publikacja P5]

Artykut P5 dotyczy kompleksowej analizy funkcjonowania proceséw transportowych
w warunkach niepewnos$ci, obejmujac zagadnienia zwigzane z charakterystyka i typologia
wspolczesnych kryzysow, ich oddzialywaniem na transport oraz mozliwosciami wykorzystania
modelowania matematycznego w aspekcie badania takich zjawisk. Opracowanie podkresla, ze
wspolczesne procesy transportowe funkcjonujg w warunkach oddziatywania zréznicowanych
kryzysow, a kazdy z nich moze prowadzi¢ do odmiennych konsekwencji. Jednym z typow
zjawisk analizowanych w P5 byl kryzys spoteczny powigzany z problemami bezpieczenstwa
ruchu drogowego [85]. Do najbardziej dotkliwych konsekwencji funkcjonowania
wspotczesnych systemoéw transportowych naleza wypadki drogowe [86, 87]. Skutki tych
zdarzen wykraczaja poza bezposrednich uczestnikéw, oddziatujac takze na rodziny
poszkodowanych 1 §wiadkow wypadkow, wptywajac tym samym na poczucie bezpieczenstwa
w spoteczenstwie. Zdarzenia drogowe generujg ponadto znaczace koszty ekonomiczne,
zwigzane z leczeniem oraz rehabilitacja rannych, naprawa uszkodzonej infrastruktury
i pojazdow czy utrata dochodoéw, wynikajaca z niezdolnosci do pracy. W konsekwencji
obcigzony zostaje réwniez system ochrony zdrowia, zwlaszcza w przypadku koniecznosci
dhugotrwatego leczenia poszkodowanych [85]. Na szczegdlng uwage zastuguje przy tym skala
oraz trwato$¢ tego zjawiska. W przeciwienstwie do naglych zagrozen, skutki wypadkoéw
drogowych ujawniaja si¢ w sposob rozproszony, jednak w dilugiej perspektywie obejmuja

bardzo duzg liczbe ofiar [85]. Z tego wzgledu problem wypadkow drogowych nalezy traktowac
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jako jeden z przejawow wspotczesnych kryzysow spotecznych zwigzanych z funkcjonowaniem
transportu.

Skala tego zjawiska ma charakter globalny. Wedtug danych Swiatowej Organizacji
Zdrowia wypadki drogowe przyczyniajg si¢ rocznie do okoto 1,19 mln zgonéw na $wiecie,
a ich ofiarami najcze¢sciej sa osoby mlode, ponizej 30. roku zycia, co dodatkowo podkresla
znaczenie tego problemu [88]. Bezpieczenstwo ruchu drogowego pozostaje istotnym
wyzwaniem rowniez w Unii Europejskiej. W 2024 r. na drogach UE zgineto okoto 20 tys. 0sob,
co odpowiada $rednio okoto 45 ofiarom na milion mieszkancow [89]. Dlatego w odpowiedzi
na utrzymujacg si¢ skale zjawiska rozwijana jest dhlugofalowa polityka poprawy
bezpieczenstwa ruchu drogowego oparta m.in. na koncepcji ,,Vision Zero”, zakladajacej
dazenie do systematycznej redukcji liczby ofiar wypadkéw drogowych [86]. Na tle panstw
cztonkowskich poziom bezpieczenstwa pozostaje jednak zroznicowany, a Polska wcigz nalezy
do krajéw o wyzszej $miertelnosci w wypadkach drogowych niz $rednia unijna [87, §89].
W tym kontekscie szczegdlnego znaczenia nabiera identyfikacja czynnikow wptywajacych na
skale oraz charakter zdarzen komunikacyjnych, co stanowi istotny element ksztaltowania
dziatan ukierunkowanych na zwigkszenie odpornosci transportu na wyzwania w obszarze
bezpieczenstwa ruchu drogowego.

Zagadnienie to rozwini¢to mi¢dzy innymi w artykule U9, do ktérego bezposrednio
odwotuje si¢ P5. Oceniony zostat wptyw wybranych zmiennych na bezpieczenstwo ruchu
drogowego w Polsce, wyrazone poziomem obrazen i liczbg ofiar w wypadkach, a takze
opracowano modele uczenia maszynowego, umozliwiajace identyfikacje zdarzen drogowych
oraz predykcje ich skutkow dla uczestnikow.

Na wstepnym etapie analizy, przy uzyciu algorytmu Random Forest oraz wskaznika
Mean Decrease Gini, sposrod zestawu 24 zmiennych wyodrgbniono 11 o najsilniejszym
wplywie na poziom bezpieczenstwa ruchu drogowego. Ranking wyselekcjonowanych

zmiennych przedstawiono na rysunku 3.3.1.
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Rys. 3.3.1. Wartosci wskaznika Mean Decrease Gini dla wyodrebnionych zmiennych

Biorac pod uwage docelowo wybrane zmienne przeprowadzono poglebiong analize
majaca na celu identyfikacje zalezno$ci oraz wzorcow charakteryzujacych zdarzenia
zachodzace na polskich drogach. Nastepnie opracowano modele oparte na algorytmach uczenia
maszynowego, tj. K-Nearest Neighbors, Random Forest oraz Recursive Partitioning and
Regression Trees, stuzace klasyfikacji ciezko$ci obrazen u uczestnikow na podstawie
zmiennych opisujacych zdarzenia drogowe. Zbior danych podzielono na czgs$¢ treningowsa
(85%) 1 testowa (15%). Oprdcz tego przygotowano kontroler walidacji krzyzowej, w ramach
ktérego dane treningowe podzielono na 10 podzbioréow. Opracowane modele klasyfikacyjne
oceniono  z takich jak doktadnos¢

wykorzystaniem  metryk accuracy),

(ang.
wspotczynnik Kappa Cohena (x) oraz czulo$¢ (ang. sensitivity) dla poszczegdlnych klas

obrazen. Uzyskane wyniki zestawiono w tabeli 3.3.1.

Tabela 3.3.1. Zestawienie warto$ci metryk oceny dla opracowanych modeli

Dokladnos¢ Czulos¢ [Y]
Model Kappa (k) Brak Lekkie Ciezkie
[Yo] . . .. Zgony
obrazen obrazenia obrazenia
KNN 64,20 0,42 88,90 62,72 14,83 6,23
RF 63,02 0,41 84,95 59,03 2490 12,17
RPart 62,86 0,37 97,13 56,11 0 0

Najwyzsza dokladno$¢ odnotowano dla modelu KNN, przy porownywalnych
warto$ciach wspotczynnika Kappa wzgledem modeli RF oraz RPart. Analiza czutosci
wskazuje, ze wszystkie modele najlepiej identyfikowaty klase ,,brak obrazen”, natomiast
znacznie gorzej rozpoznawaly rzadziej wystepujace klasy, tj. ,,ciezkie obrazenia” oraz ,,zgony”,
co wynika z niezrbwnowazonego charakteru analizowanego zbioru danych. Na podstawie

uzyskanych rezultatéw mozna stwierdzié, ze najlepszy wybor dla niezréwnowazonych danych,
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szczegolnie gdy celem jest identyfikacja rzadkich klas, stanowi model Random Forest.
W sytuacjach, gdy kluczowa jest najwyzsza doktadnos¢ ogdlna, kompromis zapewnia model
K-Nearest Neighbors. Z kolei model RPart moze by¢ traktowany jako podejscie bazowe,
wymagajace jednak dalszych ulepszen w celu poprawy zdolnosci rozpoznawania rzadkich klas.

W publikacji PS5 podkre§lono, Zze modele uczenia maszynowego mogg wspierad
ksztattowanie odpornos$ci transportu na trwaty i rozproszony kryzys spoteczny, jakim sa
wypadki drogowe, zwlaszcza te, prowadzace do powaznych obrazen uczestnikow ruchu.
Zastosowane modele pozwolily na identyfikacje czynnikow  zwigkszajacych
prawdopodobienstwo wystgpienia obrazen oraz na wykrywanie powtarzalnych wzorcoéw
ryzyka zwigzanych z okreslonymi typami zdarzen i warunkami ich wystgpowania. W praktyce
wykorzystanie takich modeli moze wspomodc podejmowanie decyzji dotyczacych poprawy
infrastruktury transportowej, hierarchizacji 1 planowania dziatan prewencyjnych oraz
interwencji na poziomie lokalnym i krajowym, w tym rowniez w zakresie zmian regulacyjnych
(np. ustalania limitow predkosci). Z drugiej jednak strony badania uwydatnity, ze skuteczno$¢
modeli ML w duzym stopniu zalezy od jakosci, kompletnosci i spojnosci danych.
Dlatego istotng rekomendacjg jest rozwdj w Polsce zintegrowanego systemu gromadzenia
i udostgpniania informacji o zdarzeniach drogowych, natezeniu ruchu oraz warunkach
srodowiskowych [85]. Jest to warunek dla pelniejszego wykorzystania potencjatu algorytmow
uczenia maszynowego w ograniczaniu spotecznych skutkéw wypadkéw drogowych,
a tym samym wzmacnianiu odpornosci systemu transportowego na tego typu wyzwania.

Uzupetniajaca role w kontekscie kryzysu spotecznego pelni publikacja U10, w ktorej
zbadano zalezno$ci pomiedzy liczbg wypadkéw drogowych w Polsce, a wybranymi
czynnikami czasowymi zwigzanymi z kalendarzem, tj. miesigcem oraz dniem tygodnia
wystepowania zdarzen. W opracowaniu zwrocono rowniez uwage na szerszy kontekst zmian
zachodzacych w funkcjonowaniu transportu drogowego w Polsce, zwigzanych ze wzrostem
mobilnosci spoteczefnistwa oraz dynamicznym rozwojem motoryzacji.

Podstawe badania stanowity dane dotyczace wypadkow drogowych w Polsce w latach
2014-2023. Ich analiza w calym rozpatrywanym okresie wskazata na ogodlng tendencje
spadkowg liczby zdarzen, czemu towarzyszyt rowniez spadek liczby osob rannych oraz ofiar
$miertelnych. Nastepnie przeanalizowano zréznicowanie liczby wypadkow w zalezno$ci od
miesigca oraz dnia tygodnia. Ze wzglgdu na brak zgodnos$ci badanych rozkladéw z rozktadem
normalnym, potwierdzony testem Lillieforsa, do badania istotnosci réznic pomiedzy
poszczegdlnymi  grupami  zastosowano nieparametryczny test  Kruskala—Wallisa.

Uzyskane wyniki wskazaly na wystgpowanie istotnych statystycznie réznic w liczbie
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wypadkow drogowych pomig¢dzy miesigcami oraz dniami tygodnia. Szczeg6lowa interpretacje
tego zrdznicowania przeprowadzono na podstawie analizy rozktadow liczby wypadkow
w poszczegolnych grupach czasowych. Zaobserwowano, ze najwicksza liczba zdarzen
wystepuje w miesigcach letnich, tj. od czerwca do pazdziernika, co mozna wigza¢ ze
zwigkszong mobilnoscig spoteczenstwa w okresie wakacyjnym. Poza tym w listopadzie
i grudniu odnotowano stosunkowo wysokie warto$ci mediany, co moze pozostawaé w zwigzku
ze zwigkszong liczbg podrozy w okresach §wigtecznych. W przypadku dni tygodnia réznice sg
mniej wyrazne, jednak najwyzszg liczbe wypadkdéw obserwuje si¢ w pigtki, natomiast najnizsza
w niedziele. Prawidlowos$¢ te mozna wigza¢ z wigkszym nat¢zeniem ruchu drogowego pod
koniec tygodnia oraz nizsza mobilno$ciag w dni wolne od pracy.

Wyniki z publikacji U10 potwierdzaja, ze czynniki czasowe zwigzane z kalendarzem
stanowig jeden z elementow roznicujacych liczbe zdarzen drogowych w  Polsce.
Zroéznicowanie liczby wypadkéw w zalezno$ci od miesigca oraz dnia tygodnia wskazuje na
istotne znaczenie uwarunkowan czasowych w obszarze bezpieczenstwa ruchu drogowego.
Rozpoznanie tego typu zalezno$ci moze wspomagac identyfikowanie okreséw zwigkszonego
ryzyka oraz stanowi¢ punkt odniesienia dla podejmowania $rodkow prewencyjnych,
ukierunkowanych na ograniczanie ich liczby. Przede wszystkim obserwacje te moga sprzyjac
lepszemu dostosowaniu dziatan zwigzanych z organizacja ruchu, prowadzeniem czynno$ci
kontrolnych 1 kampanii informacyjnych na rzecz poprawy bezpieczenstwa.

Kolejnym typem zjawisk oddzialujacych na funkcjonowanie transportu wskazanym
w publikacji P5 byty kryzysy o podtozu militarnym. W artykule wskazano, ze konflikty zbrojne
moga prowadzi¢ do zniszczen infrastruktury transportowej, ograniczen w funkcjonowaniu
przestrzeni powietrznej 1 morskiej czy zawieszania potgczen migdzynarodowych [85].
W efekcie dochodzi do zakldcenia dotychczasowej organizacji przeplywdw osob i towarow,
wzrostu obcigzenia alternatywnych korytarzy transportowych oraz pogorszenia warunkéw
wymiany gospodarczej. Ponadto kryzysy militarne czg¢sto wywotuja takze masowe migracje
ludnosci, wptywajace na zmiany mobilnos$ci w regionach przyjmujacych. Przyktadem takiej
sytuacji jest wojna na Ukrainie, ktora spowodowata znaczny naplyw ludnosci do panstw
Europy Srodkowo-Wschodniej, w tym do Polski, co wywotalo zauwazalne obciazenie
systemow transportowych, zwlaszcza w duzych osrodkach miejskich. Efekty tego zjawiska
byty widoczne m.in. w Warszawie, gdzie wzrost liczby uchodzcéw przetozyt si¢ na popyt na
przewozy pasazerskie.

Rozwazania te zostaly rozwinigte w artykule U7, ktory zostat takze wykorzystany

w publikacji P5 jako jeden z przykladow zastosowania modeli szeregdw czasowych
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w badaniach nad transportem w warunkach kryzysu zdrowotnego 1 militarnego.
W pracy dokonano analizy i oceny wptywu globalnych kryzysé6w majacych miejsce w latach
2019-2022 na funkcjonowanie procesOw transportowych w publicznym transporcie
zbiorowym, na przyktadzie aglomeracji warszawskie;j.

Skoncentrowano si¢ na trzech okresach — przedpandemicznym, od wybuchu pandemii
COVID-19 oraz na rozpoczynajagcym si¢ od eskalacji konfliktu rosyjsko-ukrainskiego
(luty 2022 r.). Analogicznie jak dla pandemii zastosowano wygtadzanie wyktadnicze szeregow

czasowych metodg Browna 1 Holta, a nast¢pnie wyznaczono trendy liniowe, co pozwolito

uzyska¢ wyniki pokazane w tabelach 3.3.2-3.3.3.

Tabela 3.3.2. Parametry modeli wygladzania i1 trendow dla calkowitej liczby sprzedanych

biletow
Okres Modele wygladzania wykladniczego | Model trendu liniowego
a RMSE | MAPE [%] Réwnanie R’
Przedpandemiczny 0,19 578559 6,34 y =29858x + 6 x 10° 10,63
Od wybuchu pandemii 0,75 1141982 22,08 y =196492x + 3 x 10°]0,75
Od rozpoczecia wojny 0,82 713805 5,93 y=315724x + 7 x 10°(0,80

Tabela 3.3.3. Parametry modeli wygladzania i trendow dla wykonanej pracy przewozowej

Okres Modele wygladzania wykladniczego | Model trendu liniowego
a B | RMSE | MAPE [%] Réwnanie R?
Przedpandemiczny 0,41 0,30 [1159023 5,90 y=113854x+ 1 x 10| 0,69
Od wybuchu 0,01 | - |735103| 3,71 |y=-15142x+2x 107|0,73
pandemii
Od rozpoczecia wojny| 0,27 - 989543 4,79 y =100105x +2 x 107| 0,61

Popyt na ustugi transportu publicznego analizowano pod wzgledem liczby sprzedanych
biletow w komunikacji miejskiej. Na skutek wybuchu pandemii warto$¢ ta spadta w 2020 r. do
poziomu 4,88 mIn wzgledem 7,08 mln z 2019 r. W kolejnych latach obserwowana byta jednak
zwigkszona sprzedaz osiggajaca w 2022 r. az 8,47 min. Oznacza to, Zze po okresie spadkow
wywotanych pandemiag ponownie obserwowano wzrost korzystania z transportu publicznego.
Jak pokazujg wyniki zestawione w tabelach 3.3.2 1 3.3.3. w zaleznos$ci od konkretnego okresu
w latach 2019-2022 zauwazalne bylo zréznicowanie kierunkéw i tempa zmian wskaznikow
realizacji proceséw transportowych. Najbardziej dynamiczne zmiany zaobserwowano
w okresie po wybuchu wojny rosyjsko-ukrainskiej. Tempo wzrostu liczby sprzedanych biletow
osiggneto wowczas poziom okoto 315,72 tys. miesigcznie, co stanowilo najwyzszg wartos¢
sposrod wszystkich analizowanych okresow. W odniesieniu do pracy przewozowej wykonanej

przez s$rodki transportu publicznego w aglomeracji warszawskiej widoczna byta natomiast
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zmiana kierunku trendu. W okresie od wybuchu pandemii trend byl malejacy,
a tempo spadku wynosilo okoto 15,14 tys. wozokilometrow miesi¢cznie. Z kolei po
rozpoczeciu wojny rosyjsko-ukrainskiej obserwowano tendencje wzrostowg, a tempo zmian
ksztaltowato si¢ na poziomie okolo 100,1 tys. wozokilometrow miesi¢cznie.
Podobne zalezno$ci obserwowano takze w przypadku liczby przewiezionych pasazerow.
Po gwaltownym spadku od momentu wybuchu pandemii, ktorego tempo wynosito okoto
102,96 mln 0s6b rocznie, od lutego 2022 r. obserwowano trend wzrostowy, a tempo zmian
liczby przewiezionych pasazerow osiggnelo poziom okolo 44,46 min o0so6b rocznie.
Wszystkie te prawidlowosci mozna wigza¢ z rosngcym popytem na przewozy w aglomeracji
warszawskiej, ksztaltowanym przez kilka wspotwystepujacych czynnikéw, w tym m.in.
stopniowe znoszenie restrykcji pandemicznych oraz naptyw ludnosci migrujacej z Ukrainy.

Wyniki z artykutu U7 zostaty wykorzystane w publikacji PS, aby podkresli¢ znaczenie
podejscia obejmujacego wygladzanie wyktadnicze metodami Browna i Holta oraz analizg
trendu liniowego w badaniach nad funkcjonowaniem transportu w przypadku naglych
1 trudnych do przewidzenia zakidcen jak wybuch pandemii COVID-19 czy tez naplyw
uchodzcow do duzych os$rodkow miejskich. Modelowanie matematyczne umozliwito
okreslenie kierunku oraz tempa zmian analizowanych wskaznikbw w poszczegdlnych
okresach, co pozwolito na identyfikacj¢ momentow przelomowych w funkcjonowaniu
zbiorowego transportu publicznego w warunkach zwigzanych zaréwno z pandemig
jak 1 konfliktem zbrojnym [85].

Uzyskane wyniki wskazuja, ze wspotczesne kryzysy o zréznicowanym podiozu moga
w odmienny sposéb oddziatywaé na procesy transportowe w osrodkach miejskich.
O ile pandemia COVID-19 doprowadzita do znaczgcego ograniczenia mobilnosci 1 spadku
wykorzystania transportu publicznego, o tyle wojna na Ukrainie, zwlaszcza w poczatkowej
fazie, spowodowata naptyw ludnosci, ktory przyczynit si¢ do zwigkszenia popytu na przewozy
pasazerskie w Warszawie. Badanie pokazuje zatem, ze konsekwencje kryzysu militarnego
w postaci gwaltowne] migracji do panstwa sasiedniego nie byly tak bezposrednie ani tak
dotkliwe dla funkcjonowania komunikacji miejskiej, jak skutki globalnego kryzysu
zdrowotnego wywotlanego pandemig COVID-19. Jednoczesnie konflikt rosyjsko-ukrainski
uwidocznit potrzebg przygotowania systemoéw transportu publicznego duzych aglomeracji na
nagte wzrosty liczby uzytkownikow. W swietle tych ustalen mozna wskaza¢ kilka praktycznych
kierunkow dziatan:
o Nalezy stosowacé biezacg analizg liczby 1 struktury sprzedawanych biletow w celu

identyfikacji zmian potrzeb przewozowych pojawiajacych si¢ w sytuacji kryzysu
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militarnego  skutkujacego  naptywem  ludnosci do  o$rodkéw  miejskich.

Zmiany w udziale poszczeg6élnych rodzajow biletow moga odzwierciedla¢ nie tylko

wzrost liczby uzytkownikow transportu publicznego, lecz takze przeksztatcenia

w sposobach korzystania z transportu — od podrézy incydentalnych do regularnych

dojazdow zwigzanych z pracg, edukacja lub dluzszym pobytem w miescie.

Wykorzystanie tego wskaznika w zarzadzaniu transportem miejskim powinno stanowic¢

podstawe korygowania istniejgcej oferty przewozowej, w tym czestotliwosci

kursowania, przebiegu tras oraz obstugi relacji o rosngcym znaczeniu przewozowym.

W rezultacie umozliwi to nie tylko szybsze rozpoznawanie zmian popytu, ale réwniez

pozwoli na dostosowanie systemu transportu miejskiego do kolejnych etapow zjawiska

migracyjnego.
. Wskazane jest prowadzenie poréwnan zmian liczby sprzedawanych biletow 1 liczby
przewozonych pasazerdéw ze zmianami poziomu wykonanej pracy przewozowej

(np. w ujeciu miesigcznym). Utrzymywanie si¢ rozbieznosci pomiedzy tymi

wskaznikami powinno by¢ postrzegane jako sygnal, Zze zmiany potrzeb przewozowych

zachodzg szybciej niz reakcja systemu transportowego. Identyfikacja okresow,

w ktorych podaz przewozow przestaje odpowiadaé rzeczywistemu popytowi,

pozwoli nie tylko na wczesniejsze rozpoznanie niedostosowania systemu transportu

miejskiego do zmian wywotanych kryzysem militarnym, ale takze na wykorzystanie tej
rozbieznosci na potrzeby oceny podatnosci systemu transportowego na skutki kryzysu
zwigzanego z naglym napltywem ludnosci.

Kolejnym rownie istotnym elementem publikacji PS5 byt przeglad mozliwosci
wykorzystania modelowania matematycznego do analizy i oceny funkcjonowania procesow
transportowych w warunkach kryzysow. Przeprowadzona analiza podej$¢ modelowych,
majacych zastosowanie w obszarze transportu, wskazatla na ich istotne zrdznicowanie,
wynikajace z odmiennych konstrukcji 1 zalozen modeli, sposobu opisu badanych zjawisk oraz
zwigzanych z tym mozliwosci. Z tego wzgledu, dla modeli rozpatrywanych w ramach
prowadzonych badan, zaproponowano ich systematyzacje wedlug podejscia analitycznego,

ktorg przedstawiono na rysunku 3.3.2.
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MODELOWANIE MATEMATYCZNE PROCESOW
TRANSPORTOWYCH W WARUNKACH KRYZYSOW

MODELE SZEREGOW WIELOWYMIAROWE MODELE
CZASOWYCH EKONOMETRYCZNE

Regresja w szeregach czasowych:
= Model regresji liniowej
= Model regresji wykladniczej * Model wektorowej korekty bledu (VECM)

= Model wektorowej autoregresji (VAR)

Wygladzanie wykladnicze:
= Model Browna

* Model Holta ALGORYTMY UCZENIA MASZYNOWEGO
= Model Holta—Wintersa

Autoregresja i Srednie ruchome: .
= Zintegrowany model autoregresji Oparte na odleglosci:

i $redniej ruchomej (ARIMA) = K-Nearest Neighbors (KNN)
= Sezonowy model ARIMA (SARIMA)

Oparte na drzewacklasyfikacyjnych/regresyjnych:
Dekompozycja szeregéw czasowych: » Random Forest (RF)

* Model STL (dekompozycja sezonowo- = Recursive Partitioning and Regression Trees (RPart)
trendowa z wykorzystaniem LOESS)

Rys. 3.3.2. Systematyzacja modeli rozpatrywanych w toku badan

Powyzsze wuporzadkowanie pozwala wnioskowaé, Ze nie istnieje jedno
uniwersalne podejsScie mozliwe do zastosowania we wszystkich przypadkach.
Rozszerzeniem zaproponowanej systematyzacji modeli matematycznych, wywodzacej si¢
z przegladu 1 podzialu ujetego w publikacji PS5, bylo syntetyczne zestawienie zastosowan
modeli matematycznych, ktore zostaly wykorzystane w toku catych badan, co zostato

zaprezentowane w tabeli 3.3.4.
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Tabela 3.3.4. Zestawienie zastosowan modeli wykorzystanych w toku catych badan

Typ kryzysu Model Zastosowanie
Kryzys Ocena wspoétzalezno$ci migdzy zmiennymi
srodowiskowy Model VECM ekonomicznymi i éfodowisk'(?wymi zwiqzanyn?i '
. z transportem; analiza reakcji systemu na zaktocenia;
Kryzys (z analizg IRF) i .. ) o .
d wsparcie decyzji w zakresie polityki energetyczne;j
gospodarezy i fiskalnej.
Kryzys . .
, . Model ARIMA/ |Ocena tempa wzrostu mocy zainstalowanej w OZE;
srodowiskowy . . ... ..
regresji okreslenie mozliwego momentu osiggniecia docelowego
Kryzys N . L. .. .
wyktadniczej poziomu w konteks$cie transformacji energetyczne;.
gospodarczy
Ocena kondycji rynkow pasazerskich przewozow
Model Holta— powietrznych; oszacowanie skali strat i stopnia
Wintersa osiggnigcia referencyjnego poziomu przewozow;
identyfikacja wzorcéw odpornosci.
Model SARIMA |Ocena wplywu na poziom przewozow pasazerskich;
lub Holta— prognozowanie liczby pasazerow w warunkach zakiocen;
Kryzys Wintersa WS ie pl ia dziatalnos$ci j
parcie planowania dziatalnosci transportowe;.
zdrowotny - - —
Ocena zmian w komponentach trendu i sezonowosci
Model STL w zwiazku z kryzysem zdrowotnym; wsparcie
planowania dzialalno$ci transportowe;.
Ocena skali zatamania popytu; wskazanie momentu
Model SARIMA |osiagnigcia przez rynek poziomu mozliwego w przypadku
braku kryzysu.
Kryzys Model Okreslenie kierunku i tempa zmian wskaznikow realizacji
zdrowotny Holta/Browna prc,)cesc')w transportowycl,l z ograniczen'iem wplvau
} krotkookresowych wahan; identyfikacja momentow
Kryzys (z analizg trendu . ;
R liniowego) przetomowych w funkcjonowaniu transportu
militarny £ publicznego; oszacowanie skali oddziatywania kryzysow.
Wskazanie czynnikéw zwigkszajacych
prawdopodobienstwo wystgpienia obrazen i zgonow;
Kryzys /RF/RPart wymanie pO\ivtarzalnych WZOI‘C(’)W' ryzyka.; predylfcja
spoleczny skutkow zdarzen drogowych; wsparcie podejmowania

decyzji w zakresie dziatan prewencyjnych oraz poprawy
bezpieczenstwa ruchu drogowego.

Calosciowe ujecie modeli matematycznych wykorzystanych w badaniach, wraz

z uwzglednieniem ich zastosowan na potrzeby analizy 1 oceny funkcjonowania procesow

transportowych w warunkach wspoélczesnych kryzyséw potwierdza ich kluczowa role

w identyfikacji zachodzacych zalezno$ci i oddziatlywan, ocenie odpornosci na wystepujace

zagrozenia, a w efekcie takze w formulowaniu rekomendacji dla sektora transportu.
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Reasumujac, publikacja PS5 taczy wyniki dotyczace zardwno kryzyséw spolecznych,
zwigzanych z wcigz utrzymujaca si¢ skalg 1 ciezkoscia wypadkéw w ruchu drogowym,
jak 1 kryzyséw militarnych — w tym przypadku dotyczacych migracji ludnosci po wybuchu
wojny na Ukrainie. Rozpocz¢to od identyfikacji wzorcow ryzyka i czynnikow ksztattujacych
bezpieczenstwo ruchu drogowego w Polsce. Dalej skupiono si¢ na analizie i ocenie
zmian wskaznikow realizacji proceséw transportowych w publicznym transporcie
zbiorowym w aglomeracji warszawskie] w zwigzku z naplywem uchodzcow.
Zaprezentowane w podrozdziale 3.3 badania nie tylko dostarczyly kolejnych przykladow
wyzwan, z ktérymi musi zmaga¢ si¢ sektor transportu, lecz umozliwily rowniez
uporzadkowanie cato$ci przeprowadzonych analiz.

Najwazniejsze, uzyskane wyniki wskazuja, ze bezpieczenstwo ruchu drogowego
w Polsce pozostaje obszarem, w ktérym wystepujg rozpoznawalne 1 powtarzalne
prawidlowosci dotyczace liczby zdarzen, jak i cigezkosci ich skutkéw. Wykazano istotne
statystycznie roznice w liczbie wypadkéw pomigdzy miesigcami oraz dniami tygodnia,
co pozwolito zidentyfikowa¢ okresy zwigkszonego ryzyka. Co wiecej, modelowanie
z wykorzystaniem algorytmow ML potwierdzito, ze cigzkos¢ wypadkéw jest determinowana
przez okreslony zestaw czynnikow opisujacych zdarzenia drogowe, przy czym proponowane
modele rdéznily si¢ pod wzgledem doktadnosci 1 czulosci klasyfikacji obrazen.
Z kolei w przypadku kryzysu militarnego wykazano, ze w transporcie publicznym
w aglomeracji warszawskiej doszlo do zmiany kierunku oraz tempa zmian analizowanych
wskaznikow, co odzwierciedlalo wzrost popytu na przewozy na skutek naplywu ludnosci
migrujacej. Ponadto zwrdcono uwagg na istotne zréznicowanie podej$¢ modelowych majacych
zastosowanie w badaniach dotyczacych funkcjonowania procesow transportowych
w warunkach réznych kryzyséw. Dokonano podzialu modeli matematycznych zwracajac
uwage na ich zréznicowanie pod wzgledem konstrukeji 1 zatozen oraz sposobu opisu zjawisk.
Pozwolito to na systematyzacj¢ modeli rozpatrywanych w toku rozprawy, co nastgpnie
rozszerzono o syntetyczne zestawienie ich zastosowan. W rezultacie pokazano, ze w analizie
1 ocenie proceséw transportowych konkretne modele matematyczne nie znajdujg zastosowania
w kazdym z przypadkow, natomiast w zaleznos$ci od specyfiki analizowanego problemu moga
si¢ wzajemnie uzupelnia¢, prowadzac do uzyskania pelniejszego obrazu rozpatrywanego
zjawiska.

Podrozdziat 3.3 przedstawia badania stanowigce odpowiedz na problem szczegdtowy
PS3, gdyz stwierdzono, zZe istniejg zmiany w przebiegu wskaznikow opisujacych realizacje

procesow transportowych w aglomeracji warszawskiej w odniesieniu do liczby przewiezionych
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pasazeréw oraz wykonanej pracy przewozowej. Zidentyfikowane zostaly takze wzorce
dotyczace skutkow zdarzen drogowych. Uzyskane rezultaty daly podstawg do potwierdzenia
hipotezy szczegotowej HS3. Badania wykazaly, ze kryzys militarny dotyczacy naptywu
ludnosci migrujacej po wybuchu wojny na Ukrainie doprowadzit do zmiany kierunku trendu
1 wzrostu tempa zmian liczby pasazeréw oraz wykonanej pracy przewozowej w warszawskim
transporcie publicznym. Jednocze$nie kryzys spoteczny, zwigzany z wypadkami drogowymi
w Polsce ujawnit wystepowanie powtarzalnych wzorcéw ryzyka w zakresie ciezkos$ci obrazen
wsrdd uczestnikow, determinowanych czynnikami opisujgcymi zdarzenia.

Na tle calej rozprawy niniejszy podrozdziat pelni podwdjng rolg. Z jednej strony
rozszerza badania o kolejne typy kryzysow oddziatujacych na transport. Z drugiej za$ integruje
warstwe analityczng 1 metodyczng cyklu powigzanych tematycznie publikacji, stanowigc tym
samym kompleksowe ujecie ogdtu przeprowadzonych rozwazan. Odzwierciedleniem tego jest
wklad w prace w postaci analizy zmian w publicznym transporcie zbiorowym pod wpltywem
kryzysu militarnego, identyfikacji wzorcow ryzyka i czynnikow ksztaltujacych bezpieczenstwo
ruchu drogowego, a takze systematyzacji modeli matematycznych oraz syntetycznego
zestawienia ich zastosowan. W ten sposob przeprowadzone badania wzmacniajg odpowiedz na
glowny problem badawczy pokazujac jak wspolczesne kryzysy wptywaja na transport oraz
w jaki sposob modelowanie moze wspiera¢ analiz¢ tych zjawisk. Tym samym przyczyniajg si¢
do osiggnigcia celu pracy i1 pozytywnej weryfikacji hipotezy glownej potwierdzajac,
ze odpowiednio dobrane modele matematyczne umozliwiaja badanie oddzialywania
wspotczesnych kryzysow na procesy transportowe, a przez to formutowanie rekomendacji na
rzecz wzmacniania odpornosci transportu.

Niniejszy podrozdziat zamyka zasadnicza czgs$¢ badan podejmowanych w rozprawie.
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4. PODSUMOWANIE, WNIOSKI, KIERUNKI DALSZYCH BADAN

W niniejszej rozprawie skupiono si¢ na dokonaniu analizy i oceny funkcjonowania
procesow transportowych w warunkach wspoétczesnych kryzysow o podtozu srodowiskowym,
gospodarczym, zdrowotnym, spolecznym i militarnym. Kazdemu 2z wymienionych
typow kryzysow poswiecono szczegotowa uwage, badajac ich wplyw na przebieg i1 organizacje
proceséw transportowych, co znajduje odzwierciedlenie w przedstawionym do oceny cyklu
publikacji. Celem badania byla réwniez identyfikacja sposobu ksztattowania si¢ proceséw
transportowych w warunkach poszczegélnych zagrozen, z zastosowaniem modeli
matematycznych odpowiednio dobranych do charakteru danych empirycznych.

W pierwszym etapie rozwazan naukowych szczegdlng uwage poswigcono identyfikacji
oraz usystematyzowaniu wspotczesnych kryzyséw wpltywajacych na sektor transportu.
Opracowano typologi¢ tych zjawisk, ktora stanowita podstawe dalszych badan oraz
modelowania procesow transportowych. Nastepnie przeprowadzono ocen¢ relacji
wystepujacych pomiedzy zuzyciem energii koncowej w transporcie, emisjami CO; z transportu
oraz dochodami budzetu panstwa. W tym celu wykorzystano metode kointegracji Johansena,
model VECM oraz funkcj¢ IRF, ktére pozwolily na rozpoznanie zalezno$ci pomig¢dzy
analizowanymi zmiennymi oraz ocen¢ znaczenia wspotczesnych wyzwan srodowiskowych
oraz gospodarczych dla funkcjonowania i rozwoju transportu w Polsce.

Druga cze$¢ pracy obejmowata analiz¢ wptywu kryzysow zdrowotnych na
funkcjonowanie procesow transportowych. Przeprowadzono badania dotyczace pasazerskiego
transportu w Polsce na przyktadzie pandemii COVID-19. Zastosowano modele szeregow
czasowych, w tym m.in. Holta—Wintersa i SARIMA, ktére umozliwily oceng strat
w przewozach i analiz¢ dynamiki zmian popytu. Na tym etapie skoncentrowano si¢ rOwniez na
zréznicowaniu skali fluktuacji i przebiegu zaklocen w poszczegdlnych galeziach transportu.

Ostatnia, trzecia zasadnicza cze$¢ badan dotyczyla proceséw transportowych
w warunkach kryzysoéw spotecznych i militarnych. W pierwszej kolejnosci rozpatrzono kryzysy
spoteczne zwigzane z bezpieczenstwem ruchu drogowego. Wykorzystano przede wszystkim
algorytmy uczenia maszynowego, takie jak KNN, RF i RPart, aby okresli¢ czynniki, ktore
wptywaja na cigzkos¢ wypadkow oraz zidentyfikowaé¢ wzorce ryzyka zwigzane
z okoliczno$ciami wystgpowania zdarzen. Nastepnie zbadano wplyw kryzysu militarnego
wywotanego wojng na Ukrainie i wzmozong migracjg ludnosci na funkcjonowanie publicznego

transportu zbiorowego w aglomeracji warszawskiej. Analizie poddano zmiany liczby
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pasazeréw, sprzedazy biletdow oraz wykonanej pracy przewozowej, odnoszac je do zmian
mobilno$ci wywotanych wymuszong migracja. Pozwolilo to okresli¢ sposob, w jaki miejski
system transportowy reaguje na nagte zakldcenia o charakterze militarnym.

Przeprowadzone badania wyrdzniajg si¢ kompleksowym podejsciem do problematyki
odpornosci proceséw transportowych na wspodlczesne kryzysy. Dzieki zastosowaniu
odpowiednich metod badawczych 1 doborowi wtasciwych modeli matematycznych, stuzacych
identyfikacji zmian zachodzgcych w procesach transportowych, nie tylko zidentyfikowano
zachodzace zalezno$ci oraz przeanalizowano wystgpujgce w ostatnich latach zaktocenia,
lecz réwniez dokonano oceny odpornosci transportu na kryzysy, co pozwolito na
wyprowadzenie wnioskow istotnych z perspektywy funkcjonowania transportu w warunkach
niepewnos$ci. Istotny jest przy tym aplikacyjny wymiar przeprowadzonych badan.
Na podstawie otrzymanych wynikéw opracowano rekomendacje oraz wskazano kierunki
dziatan shuzacych wzmacnianiu odpornosci sektora transportu. Dotyczyly one przede
wszystkim ograniczania energochtonnosci i emisyjnosci transportu, rozwijania zdolnosci
organizacyjnych transportu publicznego w sytuacjach naglych zmian popytu, doskonalenia
systemOw monitorowania i1 prognozowania zaktdocen w przewozach oraz uwzgl¢dniania
wzorcOw ryzyka w dziataniach na rzecz poprawy bezpieczenstwa ruchu drogowego.
Przeprowadzone analizy pozwolity na weryfikacje przyjetych zatozen badawczych oraz
rozwigzanie sformutowanego problemu rozprawy.

Najwazniejsze wnioski wynikajace z przeprowadzonych badan zostaty uporzadkowane

1 przedstawione w podziale na ogdlne, szczegdlowe, metodyczne i utylitarne.

Whioski ogélne:

1. Oddzialywanie kryzyséw na transport ma charakter zréznicowany i zalezy zarowno od
rodzaju zaktocenia, jak 1 od specyfiki analizowanego procesu transportowego.

2. Transport w Polsce pozostaje pod wplywem trwatych zaleznos$ci $rodowiskowo-
gospodarczych, a nagle kryzysy zdrowotne i militarne oraz czynniki ksztaltujace
bezpieczenstwo ruchu drogowego prowadza do zaburzen jego funkcjonowania.

3. Zastosowanie metod i modeli matematycznych pozwala na identyfikacj¢ zmian,
zaleznosci 1 wzorcoOw ryzyka w procesach transportowych, analize skutkow zakldcen

oraz ocen¢ odpornosci sektora, co wspiera formutowanie rekomendac;ji.

Whioski szczegdtowe:
1. Funkcjonowanie sektora transportu w Polsce pozostaje dlugookresowo determinowane

jednoczesnie przez czynniki $rodowiskowe 1 gospodarcze, co potwierdzito
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zidentyfikowanie dwoch relacji kointegracyjnych pomiedzy zuzyciem energii koncowe;j
w transporcie, emisjami CO- z transportu oraz dochodami budzetu panstwa.

Catkowite zuzycie energii koncowej w transporcie petni istotng role w ksztaltowaniu
presji emisyjnej sektora i pozostaje powigzane z budzetowym wymiarem jego
funkcjonowania, przy czym analiza IRF wykazata, ze zalezno$ci te ujawniajg si¢
W sposob roztozony w czasie.

Kryzysy zdrowotne o podlozu epidemicznym prowadzg do silnych zaktocen
w pasazerskim transporcie, jednak skala zalamania, dynamika zmian popytowych oraz
procesy odbudowy sa zréznicowane pomigdzy gateziami, co potwierdza ich odmienng
podatnos¢ na restrykcje mobilnosci 1 zmiany zachowan przewozowych
w spoteczenstwie.

Pandemia COVID-19 doprowadzita nie tylko do gwattownego spadku liczby
przewozonych pasazerdow, lecz takze do utrzymujacych si¢ przeksztalcen dynamiki
popytu, gdyz nawet po wygasni¢ciu najglebszej fazy kryzysu nie odnotowano pelnego
powrotu do poziomu przewozow mozliwego do osiggnigcia w scenariuszu braku tego
zagrozenia. Zjawisko to bylo szczegbdlnie widoczne w transporcie powietrznym
1 kolejowym.

Najwyzsza wrazliwo$¢ na skutki kryzysu zdrowotnego, sposrdd analizowanych gatezi
transportu pasazerskiego, wykazal transport powietrzny. Zaréwno w Polsce, jak 1 na
poréwnywanych rynkach europejskich, przejawialo si¢ to powazng skalg spadku liczby
pasazerOw oraz rozciagajacym si¢ w czasie powrotem do poziomow referencyjnych.
Kryzys militarny wywotany wojng na Ukrainie i zwigzana z nim przymusowa migracja
ludnosci doprowadzity do naglej zmiany przebiegu procesow transportowych
w publicznym transporcie zbiorowym w aglomeracji warszawskiej, czego wyrazem
byta zmiana kierunku trendu oraz tempa zmian liczby pasazeréw 1 wykonanej pracy
przewozowe;.

Kryzys spoteczny zwigzany z wypadkami drogowymi w Polsce ujawnil wystgpowanie
powtarzalnych wzorcow ryzyka w zakresie cigzkosci obrazen uczestnikdow.
Skutki wypadkéw nie majg charakteru losowego, lecz sg determinowane czynnikami

opisujacymi okolicznos$ci zdarzen.

Whnioski metodyczne:

1.

Prowadzenie badan nad procesami transportowymi w warunkach kryzysowych wymaga

zastosowania metod badawczych oraz modeli analitycznych wlasciwie dostosowanych
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do charakteru analizowanego kryzysu, specyfiki procesu transportowego, wtasciwosci
danych empirycznych i horyzontu czasowego przyjetej analizy.

Nie istnieje uniwersalne podej$cie badawcze wtasciwe dla wszystkich analizowanych
przypadkow, dlatego zasadne jest taczenie komplementarnych technik i narzedzi
analitycznych, w tym odpowiednio dobranych modeli matematycznych.

Metoda kointegracji Johansena, model VECM 1 IRF sg uzyteczne w badaniu zalezno$ci
1 reakcji na zaktocenia w otoczeniu srodowiskowo-gospodarczym w transporcie.
Modele szeregéw czasowych umozliwiajg ocen¢ skali strat w przewozach, analize
dynamiki zmian popytu oraz rozpoznanie przebiegu i zrdznicowania zakldcen
w poszczegblnych galeziach transportu w warunkach nagtych kryzysow.

Algorytmy ML s3 w stanie identyfikowa¢ powtarzalne wzorce ryzyka i czynniki

wplywajace na poziom bezpieczenstwa w ruchu drogowym.

Wnhioski utylitarne:

1.

Wyniki przeprowadzonych badan moga stanowi¢ podstawe dziatan ukierunkowanych
na ograniczanie emisyjnosci i1 energochtonno$ci transportu, z uwzglednieniem
zalezno$ci migdzy zuzyciem energii koncowej, emisjami i1 uwarunkowaniami
budzetowymi.

Rozpoznane uwarunkowania $rodowiskowo-gospodarcze funkcjonowania sektora
transportu moga wspierac ksztalttowanie polityki fiskalnej 1 inwestycyjnej w transporcie,
w tym ukierunkowanie $rodkoéw publicznych na rozwoj infrastruktury i technologii
ograniczajacych emisyjnos¢ sektora transportu.

Ustalenia dotyczace kryzyséw zdrowotnych i militarnych oraz ich wpltywu na
funkcjonowanie transportu pasazerskiego moga by¢ uwzglednione przez odpowiednich
decydentow w procesie opracowywania scenariuszy organizacji przewozow
w warunkach nagtych zaktdcen popytu.

Wyniki badan odnoszace si¢ do kryzyséw militarnych mogg stuzy¢ planowaniu rezerw
przewozowych, zwigkszajacych zdolno$¢ miejskich systemow transportowych do
reagowania na nagte wzrosty potrzeb przewozowych.

Zidentyfikowane wzorce ryzyka oraz czynniki wptywajace na zdarzenia w ruchu
drogowym moga znalez¢ zastosowanie w planowaniu dzialan prewencyjnych przez
administracj¢ publiczng, zarzadcow infrastruktury oraz stuzby odpowiedzialne za

bezpieczenstwo ruchu drogowego.
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Na podstawie przeprowadzonych badan mozna wskaza¢ nastepujace kierunki dalszych

prac badawczych:

1.

Rozszerzenie zakresu przestrzennego badan na inne regiony lub kraje w celu
poréwnania oddziatywania kryzysow oraz weryfikacji uzyskanych zaleznosci w innych
uwarunkowaniach.

Zweryfikowanie zaproponowanych modeli 1 bazujagcych na nich rekomendac;ji
w praktyce funkcjonowania systemoéw transportowych, w szczegolnosci w procesach
planowania i zarzadzania.

Integrowanie modeli matematycznych z rozwigzaniami wykorzystujacymi dane
strumieniowe, duze zbiory danych oraz sztuczng inteligencje¢, aby zwiekszy¢ zdolnosci
predykcyjne modeli, poszerzy¢ mozliwosci analizowania i monitorowania zaktocen,
zwlaszcza w czasie rzeczywistym.

Rozwijanie podejs¢ bazujacych na scenariuszach, ktore moglyby wspierad
podejmowanie decyzji w transporcie pod wzgledem oceny konsekwencji réznych
wariantow dziatan 1 przygotowania transportu na nowe kryzysy, w tym o charakterze

wieloaspektowym.
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Abstract: The 21st century is a time of rapid development, marked by technological advances,
globalization, and international cooperation. It is also a period that has witnessed numerous global
crises. In light of recent events, such as the migration crisis, the COVID-19 pandemic, and the
escalation of the conflict between Ukraine and Russia, it is crucial to consider how to ensure economic
stability and enhance the security of the transportation sector in the face of emerging threats. The
goal of this publication is to identify the latest solutions in sustainable transportation development
and to highlight their relevance in the context of potential global crises. To achieve this, a systematic
review of the current research on transportation industry innovations was conducted using 4 different
databases, yielding 492 results. From these, 223 publications were selected for analysis based on
established criteria. The selected transport solutions were grouped into specific categories, and then
their relevance in the context of global crises was discussed. The findings highlighted key solutions
essential for economic stability and transport sector safety in potential crisis situations, while also
pointing to further research directions. Additionally, they offer actionable concepts for transport
organizers to promote a more resilient and sustainable flow of passengers and goods in anticipation
of future crises.

Keywords: sustainable transport; transport development; modern solutions; global crises; military
conflicts; COVID-19 pandemic; climate crisis; migration; literature review

1. Introduction

The modern world remains exposed to a variety of threats, which, as the past decades
have shown, can lead to serious global crises. The 21st century is undoubtedly an era of
profound transformation and rapid development, with technological advances, economic
globalization, and international cooperation at the forefront [1,2]. However, it is also a time
marked by numerous global crises with diverse origins [3-5]. For instance, in 2008, the
global financial and banking crisis stemmed from the collapse of the mortgage market in the
USA [6]. In 2015, Europe faced significant challenges due to the sudden influx of migrants
and refugees [7]. In March 2020, the World Health Organization (WHO) declared the
COVID-19 pandemic, which disrupted all aspects of life and shook the global economy [8].
The 21st century has also been marked by ongoing military crises, as evidenced by the
armed conflict between Ukraine and Russia [9], as well as continued geopolitical tensions
in the Middle East [10]. These challenges are further intensified by ongoing environmental
degradation and climate system disruptions, which negatively impact human health, the
economy, and society [11,12].

Given the recent crises, it is essential to explore how to ensure the stability and
security of the global economy in the face of new potential threats. One of the most
important sectors significantly affecting the daily lives of billions of people worldwide is
transport [13]. However, it is also responsible for a substantial portion of greenhouse gas
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emissions, which exacerbate the climate crisis. Therefore, developing sustainable transport,
which balances efficiency, low emissions, and minimal environmental impact, has become
a key challenge for the modern world. Recent years have seen rapid development of
technology and innovative solutions aimed at transforming the transport sector into one
that is not only more environmentally friendly but also more resilient to disruptions, such as
a future pandemic or another global crisis [14]. Electromobility, infrastructure development,
intelligent transport systems (ITS), and innovative approaches to logistics and public
transport are just some of the directions in which modern transport is evolving. However,
the implementation of these solutions depends on various factors, such as government
policies, technology availability, and international cooperation. Equally important is to
ensure that these innovations can be effectively applied and have practical uses during
crises [15].

The purpose of this publication is to identify the latest solutions in sustainable trans-
port development and to highlight their relevance in the context of potential global crises.
This study is based on two key research questions:

e  What solutions related to sustainable transport development are described in the latest
scientific research?

e  What is the significance of recent advances in transport solutions in the context of
potential global crises?

This article presents a systematic review of current research on transport industry
innovations, categorizing these solutions and discussing their importance in the context
of possible global crises. The findings not only highlight key solutions for ensuring the
stability of the economy and the transport sector during crises but also suggest future
research directions focused on developing strategies to improve security in the face of
potential threats. Furthermore, these findings provide transport organizers with proposals
for practical solutions that could help achieve a more resilient and sustainable flow of
passengers and goods in the event of future crises.

The article is structured into several sections. Following the introduction, Section 2
presents the theoretical framework, which outlines the categorization of modern transport
solutions and the classification of contemporary global crises. This section also defines
the concept of ‘sustainable transport’ and explains its principles. Section 3 describes the
systematic literature review methodology used in the study. Section 4 presents the results of
the analysis of the selected body of literature. Finally, Section 5 concludes with a summary
of the practical and theoretical contributions of the study, along with a discussion of its
limitations and potential directions for further research.

2. Theoretical Framework: Definitions and Classifications
2.1. Classification of Modern Solutions in Transport

Conducting a review of research on the latest advances in the area of sustainable
transport development in the context of their importance for potential crises requires first
and foremost considering the theoretical frameworks related to modern transport solutions.
These solutions can be defined as a set of methods, tools, technologies, or strategies for
moving people or goods from one place to another. They may encompass various aspects
of transport operations, such as infrastructure, management systems, technology, and the
organization of logistics processes [16,17].

The literature provides numerous examples of solutions that have been successfully
implemented in transport and widely embraced by society [18-20]. However, in an era of
rapid technological advancement—where artificial intelligence (AI), advanced automation
systems, the Internet of Things (IoT), and Big Data technologies [21,22] are increasingly
influential—the emergence of new innovations is inevitable. Modern innovations, such
as autonomous vehicles, unmanned aerial vehicles (UAVs) [23], and intelligent traffic
management systems, are continually transforming the transport sector, making it more
efficient, safer, and greener [24-26]. Research in the area of transport system models
(TSMs) is also worth noting, as they not only can reduce risk but also increase evacuation
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preparedness in the event of disastrous events [27]. The classification of these modern
transport solutions is not strictly defined and continues to evolve as new technologies
emerge and research advances. Given the current state of knowledge, the classification in
Figure 1 can serve as a useful framework.

-— Technologiesin vehicle drives

4{ Intelligent transport systems (ITS)

CLASSIFICATION
OF MODERN
SOLUTIONS IN

TRANSPORT —  Integration and management of transport systems

- Innovations in logistics and supplies

_— Development of transport infrastructure

| Modem sclutions in vehicles

] Advancesin public transport

Figure 1. Adopted classification of modern transport solutions.

Recent research results show that vehicle propulsion technology is progressing rapidly,
especially in the areas of hybrid (HEV and PHEV) and fully electric (BEV) drivetrains [28,29].
Work is also advancing on autonomous vehicles—those capable of driving and making de-
cisions without human input [30]. Many publications focus on intelligent transport systems
(ITS), including traffic management systems [31,32] and advanced technologies that assist
with navigation and provide information to road users [33,34]. Innovation in logistics and
delivery is also an active area of research, with projects exploring the use of UAVs [35] and
autonomous trucks for parcel delivery [36]. Attention is also being paid to the integration
and management of transport systems, such as MaaS (Mobility as a Service) platforms [37],
real-time public transport management systems [38,39], and smart car parks [40]. A crucial
component for the comprehensive development of the transport sector is the supporting
infrastructure. This includes research on electric vehicle charging stations, sensors for
smart transport systems [41], and integrated transfer hubs [42]. A significant body of
literature also addresses modern vehicle technologies, such as the connected car, which
enables two-way communication with systems outside the vehicle [43], as well as a range
of innovations in advanced driver assistance systems (ADAS) [44]. Another important
category includes public transport solutions, particularly efforts toward autonomous urban
transport [45] and the implementation of on-demand transport systems [46,47]. Progress is
also being made on smart bus stops and stations [48,49].

In this section, specific examples of transport innovations are linked to the identified
solution categories, based on a comprehensive literature review. The analysis of research
progress considered the alignment of these solutions with the principles of sustainable
transport and their importance in the face of potential global crises.

2.2. Characteristics of Global Crises

Before reviewing the research, it is important to establish a theoretical framework that
outlines the characteristics of undesirable phenomena, such as global-scale crises. In the
literature, the term ‘crisis’ is defined in various ways. Frazmand [50] provided a basic
definition, describing a crisis as an undesirable event resulting from natural, technological,
or man-made causes. A crisis is also characterized by widespread negative consequences
that can affect entire communities or regions [3,4]. Rodriguez et al. [51] further explained



Appl. Sci. 2024, 14, 10653

4 of 40

that a crisis occurs when fundamental values, such as safety, security, health, or wealth,
are threatened.

Given these definitions, a global crisis can be understood as a situation where problems
or threats have an international reach, impacting multiple countries and societies at once.
Such a crisis has the potential to destabilize the economy, public health, politics, the
environment, or other critical areas on a global scale. It is also emphasized that the
recovery period following a crisis can be lengthy and may require coordinated efforts
and international cooperation [52,53]. Global crises can be classified in different ways,
depending on their causes and the areas they affect. For the purposes of this study, the
classification was based on Borca et al. [54], Gundel [55], and Sawada [56], with additional
consideration given to military crises, reflecting the geopolitical tensions witnessed in
recent years across many regions [57,58] (Table 1).

Table 1. Adopted classification of global-scale crises.

Type of Crisis

Description Example

Economic crisis

International economic problems that impact the
stability of markets, nations, and societies.

° Global financial crisis
(2008-2009) [6,59]

Environmental
(ecological) crisis

Threats to ecosystems and human health caused
by environmental pollution, climate change,
and overexploitation of natural resources.

Global temperature rise [60]
Increasing frequency of extreme
weather events [61]

Health crisis

Public health threats from widespread diseases,
limited access to healthcare, or events, such as
pandemics, epidemics, and natural disasters.

e  COVID-19 pandemic (2020) [62,63]

Social crisis

Disruptions in societal functions, such as mass

protests, social tensions, growing inequality, or e Migration crisis in Europe (2015) [7,64]
challenges to social integration, leading to

destabilization and conflict.

Military crisis

Armed conflicts or the threat of military force

° Armed conflict between Ukraine and
Russia (2022) [9]

destabilizing regions and havin
8 <8 & e  Tensions between Iran and Israel (2024) [65]

global consequences.

Additionally, in order to deepen the characterization of the types of crises considered,
a comparative analysis was conducted, which identified the symptoms that distinguish a
specific crisis from others and showed the possible disruptions that these events may cause
in the transport sector (Table 2).

It is difficult to classify crises in a clear and objective manner. Each crisis may have
unique characteristics and varying levels of impact. Additionally, crises often have multiple
interconnected causes and effects. For instance, the health crisis triggered by the COVID-19
pandemic had severe global economic consequences [83], while the 2008 financial crisis
led to significant social challenges [84]. Military threats can also contribute to crises, as
demonstrated by the influx of immigrants to Europe [7]. As shown in Table 1, the early 21st
century has been marked by a variety of global crises with diverse origins. This suggests
that a range of threats will likely continue to arise in the future, highlighting the need to
explore sustainable transport solutions that could prove effective in mitigating potential
global crises.
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Table 2. Comparison of crisis types and their impact on transport.

Type of Crisis

Distinguishing Symptoms

Impact on the Transport Sector

Sharp decline in market values and asset
prices, and an increase in unemployment

. . ° Lower demand for travel due to costs [66]
and inflation . .
Reduction in production and decline in * Dec.rease m.frelght transpo.r t volumes [67]
p ,

Economic crisis . . e  Society’s shift toward public transport [68]
investment and consumption Reducine h hold expenditure
Bankruptcies, financial problems, and falling ¢ ecucng house P
. on transport [69]
incomes at the corporate and
individual levels
Includes degradation of natural resources
(air, water, and soil)
Threat to human health from climate change, e  Limitations on the availability of raw
smog, and environmental pollution materials for vehicle production [70]

Environmental Visible in the form of damage to the natural e  Growing demand for more ecological forms

(ecological) crisis environment (forest fires and of transport [71]
species extinction) e  Rising prices of conventional fuels [72]
Related to natural processes (e.g.,
global warming).
Directly affects the health of the population e  Decrease in demand for passenger transport,
Sharp increase in demand for especially public transport [15]
medical services Declining interest in tourist trips [13]
Rapid spread of diseases (epidemics Change of preferences regarding the choice of
Health crisis and pandemics) means of transport [73]
The need to apply preventive measures e  Disruptions in global supply chains and
(quarantine and personal changes in the structures of
protective equipment) transported goods [74]
Destabilizes basic social structures
Weakens the sense of collective identity and e  Declining demand for travel due to
social ties safety concerns [75]
Social crisis Provokes mass reactions (protests, strikes, . Problems with ensuring the safety of
and social movements) transport infrastructure [76]
Causes social transformation, often e  Inequality in access to transportation [77]
influencing subsequent generations
Direct threat to the lives of the population as
a result of military operations
Includes the use of armed forces (troops, ° Destruction of transport infrastructure [78]
. . weapons, and equipment) e  Air and sea space restrictions [79,80]
Military crisis Causes physical destruction of infrastructure e  Suspension of international connections [81]

Results in the declaration of martial law and e  Threat of attack on transports [82]

mobilization and in taking action at the
state level

2.3. Assumptions of Sustainable Transport Development

In analyzing the literature on transport solutions, it is essential to consider the concept
of sustainable transport development and its key principles. According to the Organization
for Economic Co-operation and Development (OECD), sustainable transport is one that
does not endanger public health and meets the needs for access consistent with the use of
renewable resources below their rates of generation, and use of non-renewable resources
below the rates of development of renewable substitutes [85]. The Centre for Sustainable
Transportation (CST) provides a more detailed explanation. It states that a sustainable

transportation system is one that:
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e  Allows the basic access and development needs of individuals and societies to be met
safely, and with equity within and across generations (social dimension).

e Is affordable, operates fairly and efficiently, and fosters sustainable regional develop-
ment (economic dimension).
Limits emissions and waste and minimizes the use of land and production of noise.
Functions based on a participatory process that includes relevant stakeholders from
all parts of society (degree of participation) [86,87].

Dalkmann and Huizenga [88] further emphasized that sustainable transport should
limit both short- and long-term negative impacts on local and global environments, feature
economically viable infrastructure and operations, and provide safe and secure access
for people and goods. Achieving the objectives outlined in these definitions necessitates
specific actions focused on developing sustainable transport, which can be categorized into
four main areas (Figure 2).

Capacity

managemet Energy management

SUSTAINABLE TRANSPORT

Figure 2. Main areas of action for sustainable transport development.

The principles of sustainable transport development can primarily be implemented
through effective management of transport systems. This includes optimizing transport
needs and improving the flow of passengers and goods [89,90]. Another key focus is
capacity management, which aims to reduce society’s reliance on passenger cars. This can
be achieved by promoting alternatives, such as public transport, cycling, and walking [91].
Minimizing environmental impacts is also crucial for sustainable transport development,
primarily by reducing exhaust emissions, noise, and waste (e.g., oils and batteries) [92,93].
Furthermore, as shown in Figure 2, sustainable transport development can be facilitated
by decreasing dependence on fossil fuels (energy management) through the use of electric
vehicles, biofuels, or other alternative fuels [94,95].

In this article, transport solutions are analyzed in accordance with the definitions,
principles, and areas of action presented in this section. These solutions not only align with
the concept of sustainable development but also enhance the level of safety and stability in
the transport sector during crisis events.

3. Materials and Methods

In this paper, a systematic literature review was conducted to identify the latest ad-
vances in sustainable transport development and to highlight their significance in the
context of potential global crises. Four different databases were used for this purpose:
Scopus, Google Scholar, DOA], and IEEE. The review was conducted between August and
October 2024. The systematic review method employed in this publication is based on the
approach outlined by Liberati et al. [96], which aligns with the PRISMA (Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses) guidelines [97]. This methodology is
also commonly used in studies by other researchers [54,98-100].

The latest advances in the area of sustainable transport development were classified
according to the breakdown detailed in Section 2.1. Global crises were categorized based on
Borca et al. [54], Gundel [55], and Sawada [56]. Additionally, military crises were included
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due to recent geopolitical tensions in various regions around the world [57,58] (Section 2.2).
The concept of ‘sustainable transport” was clarified with a specific definition provided
for this study (Section 2.3). The database search focused on metadata, including titles,
abstracts, and keywords. It is important to note that the specific databases differ in their
filtering capabilities. Table 3 presents the metadata searched in each database, along with
the search records.

Table 3. Metadata searched in selected databases.

Database

Searched Metadata Entered Search Records

Scopus

TITLE-ABS-KEY: (global OR economic OR environmental OR climate

OR health OR social OR migration OR military OR pandemic) AND
Title, abstract, keywords (crisis OR threats) AND (sustainable) AND (transport OR

transportation) AND (development OR solution OR advances

OR innovation)

Google Scholar

((intitle: global OR keyword: global) OR (intitle: economic OR
keyword: economic) OR (intitle: environmental OR keyword:
environmental) OR (intitle: climate OR keyword: climate) OR (intitle:
health OR keyword: health) OR (intitle: social OR keyword: social)
OR (intitle: migration OR keyword: migration) OR (intitle: military
OR keyword:military) OR (intitle: pandemic OR keyword:

Title, keywords pandemic)) AND ((intitle: crisis OR keyword: crisis) OR (intitle:
threats OR keyword: threats)) AND (intitle: sustainable OR keyword:
sustainable) AND ((intitle: transport OR keyword: transport) OR
(intitle: transportation OR keyword: transportation)) AND ((intitle:
development OR keyword: development) OR (intitle: solution OR
keyword: solution) OR (intitle: advances OR keyword: advances) OR
(intitle: innovation OR keyword: innvation))

DOA]J

((TT: global OR ABS: global OR KEY: global) OR (TT: economic OR
ABS: economic OR KEY: economic) OR (TI: environmental OR ABS:
environmental OR KEY: environmental) OR (TI: climate OR ABS:
climate OR KEY: climate) OR (TT: health OR ABS: health OR KEY:
health) OR (TI: social OR ABS: social OR KEY: social) OR (TL:
migration OR ABS: migration OR KEY: migration) OR (TI: military
OR ABS: military OR KEY: military) OR (TI: pandemic OR ABS:
pandemic OR KEY: pandemic)) AND ((TI: crisis OR ABS: crisis OR
KEY: crisis) OR (TL threats OR ABS: threats OR KEY: threats)) AND
(TT: sustainable OR ABS: sustainable OR KEY: sustainable) AND ((TI:
transport OR ABS: transport OR KEY: transport) OR (TI:
transportation OR ABS: transportation OR KEY: transportation))
AND ((TT: development OR ABS: development OR KEY:
development) OR (TT: solution OR ABS: solution OR KEY: solution)
OR (TI: advances OR ABS: advances OR KEY: advances) OR (TI:
innovation OR ABS: innvation OR KEY: innovation))

Title, abstract, keywords

IEEE

(“All Metadata”: global OR economic OR environmental OR climate
OR health OR social OR migration OR military OR pandemic) AND
(“All Metadata”: crisis OR threats) AND (“All Metadata”:
sustainable) AND (“All Metadata”: transport OR transportation)
AND (“All Metadata”: development OR solution OR advances

OR innovation)

Title, abstract, keywords

A search of selected databases identified 484 items. Table 4 lists the number of results
obtained from each database. In addition, 8 studies from supplementary sources—other
databases and results obtained directly through web searches—were included. These
publications were considered important, as they deal with transport solutions that can be
crucial to enhancing security during environmental, health, and military crises.
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Table 4. Number of studies obtained from each database.

Google Other
Database Scopus Scholar DOAJ IEEE Sources Sum
Number 161 143 57 123 8 492
of studies

The extracted entries were then checked for duplicate searches. A total of 49 duplicate
publications were identified and removed from the collection, resulting in 443 studies
remaining. Furthermore, additional inclusion and exclusion criteria were applied to the
literature review, which were considered when analyzing titles and abstracts (Table 5).

Table 5. Inclusion and exclusion criteria for publications in this literature review.

Inclusion Criteria Justification

Articles from peer-reviewed journals reflect the current state of

Publication in a peer-reviewed journal . L. .
p ) knowledge of the scientific community in a given research area

The article describes the latest solutions for the development of

sustainable transport The aim of the study is to identify

the latest solutions in the development of sustainable transport

Paper presents the possibilities of using modern technologies in and indicate their importance in the event of global crises
transport in the event of crises

Exclusion Criteria Justification

An article is only relevant to the review if the full text is

No full text available .
available

English is a commonly used language in the scientific

Th icle i i in English . .
e article 1s not written in Englis community and is, therefore, understandable to the authors

Studies were published before 2020 The study presents recent solutions in transport

After applying the defined inclusion and exclusion criteria, 157 entries were excluded
from the review. As a result, 286 studies were extracted as a body of literature for further
analysis. In the next stage, another 63 publications were eliminated due to a lack of thematic
relevance to the review. Ultimately, 223 studies were gathered for further use in descriptive
and thematic analysis. The purpose of the descriptive categories was to extract data from
the literature useful for describing and differentiating studies. The thematic categories
were used to identify and classify the solutions examined in this publication. Based on
the current state of knowledge, seven categories of solutions in the area of sustainable
transport development were listed, particularly significant in the context of global threats.
This classification structured Section 4.2. The descriptive and thematic categories included
in the review are presented in Table 6.

Table 6. Descriptive and thematic categories used to extract data from the literature.

Category Group Category Information Obtained
Publication date Year of publication
Descriptive .
(description and differentiation Journal Name of the journal
of studies) Author Names and surnames of authors

Title Full title of the paper
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Table 6. Cont.

Category Group Category Information Obtained
Technologies in vehicle drives
Intelligent transport systems (ITS)
I i in logisti q i Information on solutions
Thematic nnovations mn JogIstucs and supphes in the area of sustainable transport
(classification Integration and management of transport ~ development that can increase the stability of
of solutions) systems the economy and the resilience of the transport

Development of transport infrastructure sector to potential global crises

Modern solutions in vehicles

Advances in public transport

The procedure for selecting publications for the review is illustrated in a flowchart in
Figure 3. As mentioned earlier, this procedure follows the PRISMA approach [97], utilized
by authors such as Liberati et al. [96] and Borca et al. [54].

Identification of studies via databases and other sources

!
=
i Records identified from: Records removed before
1 Indicated databases (n = 484) > Du jl.calgclr:for:g‘g'r W
c Other sources (n =8) P 5
o (n=49)
o
|
Records excluded-
+  Not peer-reviewed — 21;
Records screened »® hot in English language — 13;
(n=443) + Not related to recent advances
g in transport — 97;
g + Not available as full-text — 26.
Q
]
Full-text articles assessed for FPublications excluded due to lack
cligibility » of contextual connections to the
(n =286) topic —63
b
 m—
Studies included in themaltic
analysis
g (n=223)
=
=
ﬁ l
E Studies included descriptive
analysis
(n=223)
—

Figure 3. Flowchart for the selection of publications for the literature review.

Ultimately, based on the procedure outlined in this section, 223 scientific publications
describing the latest advances in sustainable transport development, particularly relevant
in light of global crisis threats, were singled out. The results from this literature review will
be presented in the next section of the article (Section 4).
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4. Results from the Literature Review

4.1. Recent Advances for the Development of Sustainable Transport

Based on a review of the literature, 223 publications were selected as relevant to the
study. Each transport solution was categorized, and relevant literature sources used in the
detailed analysis were noted. The findings are summarized in Table 7.

Table 7. Recent transport solutions found as a result of the literature review.

Category

Solution

References

Technologies in vehicle drives

Battery electric vehicles (BEV)

Fuel cell electric vehicles (FCEV)

Plug-in hybrid electric vehicles (PHEV)

[29,101-111]

Biofuel-powered vehicles [112-115]
Solar-powered vehicles [116-119]
Compressed air vehicles [120-123]
Autonomous vehicles (AV) [124-131]
Traffic management systems (TMS) [31,132-137]
Intelligent transport Emissions’ monitoring and control systems [138-143]
systems (ITS)
Real-time mobility management systems [144-147]
Smart lighting systems [148-152]

Innovations in logistics and supplies

Drone-based logistics

[23,153-161]

Autonomous trucks

[36,162-166]

The use of blockchain

[167-173]

Last-mile logistics solutions

[35,174-179]

Integration and management of
transport systems

Maa$S (Mobility as a Service)

[37,180-187]

Intelligent fleet management systems

[188-197]

Real-time public transport management

[38,39,198-202]

Smart parking systems (SPS)

[40,203-211]

Development of transport infrastructure

Infrastructure for electric vehicles [212-219]
Smart roads [24,41,220-225]
Green infrastructure in transport [226-235]

Modern solutions in vehicles

Connected car

[43,236-245]

Vehicle-to-Everything (V2X)

[188,246-256]

Advanced driver assistance systems (ADAS)

[44,257-265]

Modular vehicles

[266-277]

Advances in public transport

Autonomous buses

[45,278-284]

On-demand public transport

[46,47,146,285-288]

In-vehicle air quality monitoring systems

[289-296]

Contactless payment systems

[293,297-302]

Smart stops and stations

[48,49,303-305]

As shown in Table 7, there are numerous examples of modern transport solutions that
align with sustainable development goals while also strengthening economic resilience—
particularly within the transport sector—in preparation for potential global crises. The
majority of innovations were concentrated in modern vehicle technologies and in the
integration and management of transport systems, with 81 out of the 223 papers focusing
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on these areas. A substantial number of publications also addressed advancements in
public transport (35 out of 223 papers) and intelligent transport systems (30 out of 223
papers). Notably, many transport solutions span across categories, reflecting cohesive
development efforts within the field. The selected studies provided a basis for a detailed
description of the solutions and an analysis of their potential application in crisis scenarios.
The findings are discussed in the following section.

4.2. Importance of Recent Solutions in Transport in Case of Global Crises
4.2.1. Technologies in Vehicle Drives

The literature review identified six vehicle drive technologies that align with sustain-
able development principles and could play a critical role in safeguarding the economy,
including the transport sector, during global crises (Table 8).

Table 8. The role of selected solutions in technologies in vehicle drives during potential global crises.

Solution Role in Case of Potential Crises
Battery
electric Savings in fossil fuel consumption (economic crisis and environmental crisis)

vehicles (BEV) Reducing pollutant emissions and improving air quality (environmental crisis and health crisis)

Less dependence on fuel imports when using renewable electricity or local hydrogen sources (economic

Fuel cell - oy .
clectric vehicles crisis and military crisis)
(FCEV) Useful in military operations where silence and discretion are required (military crisis)
e Possibility to carry out transport even when access to traditional fuels is limited due to war operations
Plug-in hybrid (military crisis)
electric vehicles e  Support for the development of more accessible transport systems for society (economic crisis
(PHEV) and social crisis)
Biofuel- Reduced dependence on oil—less risk of fuel supply interruptions (economic crisis and military crisis)
powered Reducing emissions and improving air quality (environmental crisis and health crisis)
vehicles Possibility of using biofuels in military vehicles (military crisis)
Solar-powered ~ ® Reducing pollutant emissions and improving air quality (environmental crisis and health crisis)
vehicles e  Lower transportation costs and energy availability for poor regions (social crisis)
Compressed air  ® Lower transportation costs (economic crisis and social crisis)
vehicles e No lifecycle emissions and improvement of air quality (environmental crisis and health crisis)

BEV, FCEV, and PHEV

Electric drive technologies continue to advance, resulting in several types of vehicles
that use electric energy. Battery electric vehicles (BEVs) are fully electric and powered by a
battery that is charged from an external source. BEVs eliminate local emissions, significantly
reducing CO; emissions and improving air quality in urban areas [101]. Fuel cell electric
vehicles (FCEVs), similar to BEVs, use electric motors; however, the energy is produced by a
reaction between hydrogen and oxygen in a fuel cell, with water being the only byproduct,
making FCEVs completely emission-free [102]. Plug-in hybrid electric vehicles (PHEVs)
combine the advantages of both electric and combustion engines. The electric motor
supplements the combustion engine, and the battery can be charged from external sources
(charging stations). PHEVs can run on electric power for short distances, reducing CO,
emissions, while offering the range of traditional vehicles for long-distance travel [103].

Research on electric drive technologies has primarily focused on extending vehi-
cle range [29,104], increasing battery charging speeds [105], and reducing production
costs [106]. Progress in these areas is vital for promoting electric mobility, which can help
meet growing transport demands while reducing emissions from the sector [107]. Electric-
powered vehicles (BEVs, FCEVs, and PHEVs) not only align with sustainable transport
goals but could also be particularly useful in global crises. By relying on electricity as a
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power source, they reduce the consumption of fossil fuels, supporting long-term preser-
vation of natural resources [108]. In addition, the use of renewable electricity or locally
sourced hydrogen can lessen dependency on imports, ensuring transport even when access
to traditional fuels is disrupted [109]. Electric vehicles also contribute to the development
of more accessible transport systems, which is essential for maintaining mobility in crisis
situations [107,110]. Their quiet operation is an additional advantage, especially in military
operations that require discretion [111].

Biofuel-Powered Vehicles

Due to the depletion of fossil fuels, undesirable changes in climatic conditions, and
increased air pollution, research is being conducted into alternative and sustainable ways
to meet energy needs. One such solution is biofuels produced from biomass, which include
bioethanol, biodiesel, and biogas. Currently, the fourth generation of biofuels is being
developed, involving innovative production methods, such as genetic engineering and
nanotechnology, aimed at improving efficiency and reducing production costs [112].

The use of biofuels may be of particular importance in the face of potential crises.
Biofuels offer an alternative to fossil fuels, reducing the economy’s dependence on oil and
thereby lowering the risk of fuel supply disruptions during crises [113]. In addition, biofuel
vehicles can reduce greenhouse gas emissions, mitigating the negative impact of transport
on climate change and air quality, which in turn supports public health improvements [114].
There are also studies confirming that biofuels can provide an alternative and effective
power source for military combat vehicles [115].

Solar-Powered Vehicles

Solar-powered vehicles show great potential as a clean, renewable, and environmen-
tally friendly means of transport. They operate by using photovoltaic panels to generate
electricity that powers the vehicle. Research on this technology focuses primarily on
extending their range by improving the efficiency of photovoltaic cells and optimizing
sunlight exposure while driving [116]. Hybrid systems are also being developed, where
solar energy from the panels supplements the battery power of EVs [117]. Solar-powered
vehicles produce no harmful emissions, contributing to improved air quality and reducing
the environmental impact of transport. Additionally, harnessing renewable solar energy
lowers both fossil fuel consumption and reliance on these non-renewable resources [118].
Another key benefit is that solar energy is accessible even in remote, underdeveloped areas,
offering a relatively affordable transport solution [119].

Compressed Air Vehicles

A promising technology for achieving zero emissions is the use of compressed air
drive systems. Vehicles powered by this method operate by converting the internal en-
ergy of compressed air into mechanical energy [120] and can be powered either solely
by compressed air or in combination with other fuels, such as gasoline or diesel [121].
Unlike traditional power systems, compressed air does not contribute to environmental
degradation or emit harmful compounds into the atmosphere. Additionally, compared
to fully electric and hydrogen-powered vehicles, compressed air systems do not generate
the pollution associated with battery production and fuel cell disposal, making them a
more environmentally friendly option throughout their entire lifecycle [122]. Research also
indicates that using compressed air as a supplementary power source can significantly
reduce conventional fuel consumption, leading to lower transport costs [123].

4.2.2. Intelligent Transport Systems (ITS)

Through an analysis of recent research advancements, five examples of transport
solutions were identified within the intelligent transport systems (ITS) category. These
solutions align with sustainable transport principles and hold significant potential for
mitigating global crises (Table 9).
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Table 9. The role of selected solutions in intelligent transport systems (ITS) during potential
global crises.

Solution

Role in Case of Potential Crises

Autonomous vehicles

e  Reducing greenhouse gas emissions and the potential for air quality improvement
(environmental crisis)

e Increased customer service level and reduced logistics costs in enterprises
(economic crisis)

. Possibility of contactless delivery of goods, including medicines and medical
equipment (health crisis)

e Use for evacuation of the wounded or as combat vehicles (military crisis)

Traffic management systems

. Reduction of transport congestion—decrease in fuel consumption, shorter travel times,
and reduction of exhaust emissions (economic crisis and environmental crisis)

e Reducing the risk of collisions and accidents (economic crisis and health crisis)

e Social distancing support (health crisis)

e  Possibility of giving passage priority to emergency vehicles (health crisis and
social crisis)

e  Improving the evacuation of the population from cities (military crisis and social crisis)

Emission monitoring and

control systems

e Reducing greenhouse gas emissions and improving air quality (environmental crisis
and health crisis)

e Possibility of taking immediate action to reduce excessive exhaust emissions and
improve the condition of the atmosphere (environmental crisis and health crisis)

Real-time

mobility management systems

e Reducing congestion and improving the economic efficiency of the entire transport
system (economic crisis)

Reducing fossil fuel consumption and carbon dioxide emissions (environmental crisis)
Application in the maintenance of social distancing and the planning of transportation
demand (health crisis)

e  Support for the coordination of ambulance traffic (social crisis and health crisis)

Smart lighting systems

e Reducing electricity consumption—decreasing greenhouse gas emissions and lower
expenses for energy (environmental crisis and economic crisis)

° Increasing the level of safety with proper lighting (economic crisis, social crisis, and
health crisis)

Autonomous Vehicles (AV)

Advances in technology are transforming traditional transport into fully functional,
intelligent machines. These vehicles, equipped with sophisticated systems, can sense their
surroundings, connect to networks, make decisions, and travel independently, while en-
suring pedestrian and passenger safety. Autonomous vehicles (AVs) represent the current
pinnacle of intelligent transport development [124]. Studies indicate that widespread adop-
tion of AVs, particularly electric autonomous vehicles (AEVs), could play a substantial role
in sustainable development by reducing greenhouse gas emissions by up to 34% of total
transport emissions by 2050 [125]. Moreover, AVs have the potential to improve urban
air quality by lowering NOx and CO, levels, which is essential for maintaining public
health [126]. Research also suggests that AVs integrated with IoT technology could enhance
customer service and reduce logistics costs, aiding businesses in navigating economic
crises [127]. Additionally, autonomous vehicles offer advantages in times of pandemic
by enabling contactless delivery of essential goods, such as medicine and medical equip-
ment [128,129]. In the context of armed conflicts, they could be valuable for evacuating
injured individuals from conflict zones [130] or even serving as combat vehicles [131].

Traffic Management Systems (TMS)
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Intelligent traffic management systems offer a solution to urban traffic congestion by
relying on advanced technological infrastructure, which leverages innovations, such as
the Internet of Things (IoT), vehicular ad hoc networks (VANET), cloud computing, 5G
connectivity, and Big Data. These systems support traditional traffic management methods
while effectively reducing congestion [132]. Reducing traffic jams leads to decreased fuel
consumption, shorter travel times, and improved road safety, all of which positively impact
the economy [133]. Some proposals suggest expanding these systems to include UAV traffic
monitoring, which could reduce the risk of collisions and accidents, thereby benefiting
public health and offering cost savings [134]. Studies also highlight the utility of TMS during
health crises, such as pandemics, as they can facilitate social distancing by managing traffic
flow and optimizing transport resources [135], even prioritizing emergency vehicles, such
as ambulances [31]. Additionally, intelligent traffic management aligns with sustainable
transport goals by reducing vehicle idle time, thereby lowering fuel consumption and
greenhouse gas emissions [136]. TMS also become valuable in crises that require rapid
urban evacuation, such as armed conflicts or social unrest [137].

Emissions” Monitoring and Control Systems

Transport has a significant environmental impact, producing noise and pollutant
emissions that degrade air quality and contribute to climate change. Modern technologies
provide opportunities to sustainably develop this sector, helping to reduce its adverse
effects on the climate. Intelligent emissions” monitoring and control systems offer a so-
lution for tracking, analyzing, and managing transport-related pollution. These systems
use integrated technologies, including advanced sensors, artificial intelligence (AI), and
the Internet of Things (IoT), to enable real-time data collection and analysis. Besides
monitoring emissions, such as carbon dioxide, nitrogen oxides, and particulate matter
from vehicle exhaust, these systems assess air quality and noise levels [138]. Continuous
monitoring and real-time reporting facilitate swift interventions to curb greenhouse gas
emissions [139,140], which is crucial for mitigating global warming and addressing the
environmental crisis. Emissions” monitoring and control systems are also vital in health
crises, where air quality is critical for public health [141]. During the COVID-19 pandemic,
these systems were widely implemented, helping to reduce pollution levels and potentially
influencing disease outcomes [142,143].

Real-Time Mobility Management Systems

Addressing urban challenges with Al-based traffic management solutions, cities are
exploring real-time traffic management systems to optimize routing and ease congestion.
These systems are supported by applications that allow users to select from various trans-
portation modes and routes on a single platform (known as mobility on demand). This
innovative traffic management approach aims to reduce congestion, enhance travel time re-
liability for commuters, and improve the economic efficiency of transport systems, which is
particularly valuable during sudden economic disruptions [144]. In addition, Al-supported
management, coupled with Internet of Things (IoT) capabilities, enables real-time route
planning and reduces fuel consumption through congestion relief—making it an approach
aligned not only with sustainable transport goals but also with environmental crisis man-
agement [145]. Studies suggest this innovative approach could also play a role in health
crises, such as pandemics, by supporting social distancing and optimizing transport de-
mand [146]. Moreover, this solution could support the coordination of ambulance traffic,
providing significant public health benefits [147].

Smart Lighting Systems

Proper lighting is essential for visibility, which greatly enhances travel comfort and
road safety. However, streetlight operation requires substantial energy, incurring significant
costs and environmental impacts. Consequently, extensive research is directed toward
improving the efficiency of lighting systems [148]. Advances in both wired and wireless
networks, control technologies, and embedded systems now allow for modern lighting
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solutions that minimize energy consumption. Smart lighting systems, which can auto-
matically adjust light intensity in real time based on current needs (e.g., traffic volume,
time of day, and weather conditions), are increasingly regarded as key tools for reducing
energy waste and, in a broader perspective, for limiting greenhouse gas emissions [149].
Moreover, IoT-enabled smart lighting systems, supported by advanced control units, can
lower electricity costs—a particularly valuable benefit when financial resources are con-
strained [150,151]. Research also highlights that these systems allow for optimal lighting
of critical zones, such as bus stops, transit stations, and pedestrian crossings, facilitating
crowd management, reducing accident risk, and enhancing overall urban safety, especially
at night [152].

4.2.3. Innovations in Logistics and Supplies

Recent advancements in logistics and supply chains align with principles of sustainable
transport and hold potential as critical responses to global crises. A literature review
identified four notable examples of such innovations (Table 10).

Table 10. The role of selected innovations in logistics and supplies during potential global crises.

Solution

Role in Case of Potential Crises

Drone-based logistics

o  Increased efficiency of logistics, thanks to automated deliveries and shortened
transport times (economic crisis)

e Reducing the use of conventional fuels and greenhouse gas emissions (environmental
crisis and health crisis)

. Possibility of quick and contactless delivery of medicines, personal protective
equipment, and vaccines (health crisis)

e Support of emergency medical systems and efficient transport of essential
resources—medicine, food, and water (social crisis and military crisis)

Autonomous trucks

e  Reducing carbon dioxide emissions and improving air quality (environmental crisis
and health crisis)

o  Increasing the efficiency of supply chains and reducing operating costs thanks to the
ability to quickly respond to prevailing road conditions, reducing fuel consumption
and eliminating the employment of drivers (economic crisis)

e Use of autonomous convoys to safely deliver resources to dangerous areas (social crisis
and military crisis)

The use of blockchain

e  Ensuring transparency, traceability, and reliability of the entire supply chain—effective
resource management (economic crisis)

e  Monitoring the transport of medical supplies and devices, as well as patient records
(health crisis)

e  Tracking the location and level of pollutant emissions in supply chains and ensuring
transparency regarding the sustainable activities of companies (environmental crisis
and health crisis)

e  Monitoring supplies to threatened areas and supervising the distribution of resources
(social crisis and military crisis)

e Reducing the risk of errors, delays, and other logistical challenges that may
significantly affect the success of an operation (military crisis)

e Reducing delivery costs through automation, route optimization, as well as reducing
expenditure on salaries, fuel, and vehicle operation (economic crisis)
e  Reducing urban congestion and minimizing carbon dioxide emissions (environmental

Last-mile logistics solutions crisis and health crisis)

. Ensuring continuity of supply during mobility restrictions and the safe and contactless
delivery of essential goods (health crisis)

Drone-Based Logistics
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Drones, or unmanned aerial vehicles (UAVs), are compact aircraft that can be equipped
with various devices, including cameras, thermal sensors, GPS, communication systems,
and specialized tools. These devices support tasks such as environmental monitoring,
technical inspections, parcel delivery, and emergency response operations. The primary
advantage of drones is their ability to access and navigate challenging and remote areas
with ease [23], positioning them as promising assets for logistics and delivery solutions
that promote sustainable development and provide valuable support during global crises.
For businesses and governments, drones offer an innovative method to enhance logistics
efficiency, enabling automated deliveries, reducing transport times, and lowering fuel
consumption, which collectively reduce operational costs [153,154]. Studies indicate that,
in comparison to traditional vehicles, electric UAVs can significantly cut greenhouse gas
emissions, contributing positively to environmental sustainability [155]. Drones have also
proven valuable during health crises, as evidenced during the COVID-19 pandemic, where
they enabled efficient, contactless delivery of medications, SARS-CoV-2 tests, personal
protective equipment, and even vaccines [156-158]. The literature further highlights UAV-
based logistics as a vital resource in humanitarian aid during natural disasters, social
conflicts, and even armed conflicts. In such scenarios, drones effectively support emergency
medical systems [159] and the transportation of essential resources, such as medications,
food, and water [160,161].

Autonomous Trucks

Autonomous trucks are equipped with technology that enables driverless cargo trans-
port. Using advanced systems, such as artificial intelligence (Al), sensors, cameras, LIDAR
data, and GPS, these vehicles can independently navigate roads, plan routes, and make
safety-related decisions [36,162]. Progress in autonomous truck technology can substan-
tially improve the efficiency of logistics and supply chains while reducing the environmen-
tal impact, aligning with sustainable transport objectives. When paired with electric or
hybrid engines, autonomous trucks can also cut CO; emissions, supporting climate action
efforts and improving air quality [163]. Autonomous trucks provide the benefit of real-time
control over driving parameters and rapid responsiveness to changing road conditions,
resulting in lower fuel consumption, resource conservation, and cost savings for transport
companies. Without the need for drivers, these vehicles can operate continuously, reducing
transport times and enhancing supply chain efficiency [164]. Research into autonomous
convoys also underscores their potential in military or humanitarian crisis settings. Fully
autonomous convoys can deliver essential supplies to areas where traditional transport is
unsafe or inaccessible, thereby increasing logistics safety in high-risk areas and minimizing
human exposure to risk [165,166].

The Use of Blockchain

Blockchain technology enables decentralized data storage and transfer without inter-
mediaries or a central system. As a digital ledger, blockchain is made up of interconnected
blocks that record transactional information, with each block containing data from the
previous one, forming a secure chain [167]. In logistics and transport, blockchain allows
for fast, transparent tracking of goods flow, reducing risks of fraud, counterfeiting, and
administrative errors. Its transparency, traceability, and reliability allow companies to
manage resources effectively, reduce costs, and maintain stability in times of economic
uncertainty [168]. This technology has also demonstrated its value in health crises, such
as during the COVID-19 pandemic, by enabling secure tracking of medical supply chains,
equipment, and patient records [169]. Blockchain further supports eco-friendly practices in
supply chains by enabling tracking of location and pollution data (primarily CO;), which
enhances transparency in corporate sustainability efforts [170]. Blockchain’s role in human-
itarian aid is also significant, providing precise tracking of deliveries to at-risk areas and
ensuring resources are fairly distributed to those in need [171,172]. In military logistics,
blockchain can offer secure, transparent tracking of supplies and equipment, reducing the
risks of errors, delays, and other logistical challenges that could affect mission success [173].
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Last-Mile Logistics Solutions

Last-mile logistics represents the final step in delivering goods from a warehouse
or distribution center to the end consumer. This area faces numerous challenges today,
including growing volumes of goods, time constraints, rising costs, an aging workforce, and
sustainability concerns [174]. Emerging solutions include autonomous vehicles, alternative
transport methods, and distributed warehousing systems. Technologies such as UAVs and
small unmanned ground vehicles (SUGVs) reduce delivery costs through automation, route
optimization, and lower expenses for wages, fuel, and vehicle maintenance, supporting the
financial stability of businesses [35]. The use of UAVs, light electric freight vehicles (LEFV),
and alternative transport modes, such as electric cargo bikes or tricycles, also helps alleviate
urban congestion and reduce carbon emissions, advancing sustainable development goals.
Compared to traditional delivery vehicles, these options require less road space and offer
greater ease of access and parking [175,176]. Studies further underscore the importance
of last-mile logistics innovations for public health. Solutions such as delivery networks of
cooperating unmanned ground vehicles (UGVs) [177] or the transport of medicines, food,
and healthcare supplies by drones or autonomous robots have proven invaluable during
public health crises. During the COVID-19 pandemic, these technologies enabled safe,
rapid, and contactless delivery of essential goods, reducing infection risks and maintaining
supply chain continuity despite movement restrictions [178,179].

4.2.4. Integration and Management of Transport Systems

The literature review highlighted four solutions that advance sustainable transport
development and can play a crucial role in global crises (Table 11).

Table 11. The role of selected solutions in the integration and management of transport systems
during potential global crises.

Solution Role in Case of Potential Crises
e  Reducing carbon dioxide emissions and air pollution (environmental crisis
and health crisis)
- e  Lower transport costs for users and reduction of expenditure on the
Mobility as provision of transport services by enterprises (economic crisis)

a Service (MaaS)

e Possibility to limit interpersonal contacts and maintain social distancing by
renting individual means of transport, as well as the option to book a ride
and make contactless payments (health crisis)

. Possibility to control the implementation of transport services in terms of
route and schedule compliance, monitor traffic violations, and supervise the
way the vehicle is driven (economic crisis)

. Monitoring vehicle traffic and checking drivers’ compliance with sanitary
rules and optimizing routes in terms of traffic disruptions and intensity

Intelligent fleet management systems (health crisis)

e  DPossibility of using it to manage emergency vehicles (health crisis, social
crisis, and military crisis)

e  Reducing exhaust emissions and improving air quality (environmental crisis
and health crisis)

Real-time public transport management

e Reduction of costs and travel times for passengers and lower expenditure on
transport by enterprises (economic crisis)

e  Reducing carbon dioxide emissions and environmental pollution (health
crisis and environmental crisis)

o Ability to respond quickly to the current occupancy of running
vehicles—minimizing congestion and maintaining social
distancing (health crisis)
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Table 11. Cont.

Solution Role in Case of Potential Crises
e Reduction of costs and time associated with vehicle parking (economic crisis)
e Reducing greenhouse gas emissions and improving air quality in cities
) (environmental crisis and health crisis)
Smart parking systems e  Reducing human interaction through cashless payments and remote parking

reservations (health crisis)
e  Possibility of using parking lots as vaccine distribution centers (health crisis)

Mobility as a Service (MaaS)

Mobility as a Service (MaaS) is an innovative concept that greatly enhances transport
integration by offering a unified solution to the diverse range of transport options available.
MaaS$ is an integrated platform that combines public, private, and shared transport modes,
allowing users to not only find the best travel option for their needs but also to pay for
their entire journey as a single, seamless service. The decision-making process is simplified
and managed conveniently through a single mobile application [180].

MaaS is consistently evolving to provide safe and sustainable mobility solutions to
the population, which in turn promotes its widespread adoption and social acceptance.
One of the key directions of development is the inclusion of the Sustainable Development
Goals (SDGs), which allows transforming this platform into an even more environmen-
tally friendly one, i.e., sustainable Maa$S (S-MaaS) [181]. Research shows that integrating
multiple transport modes, particularly electric and shared mobility options (e.g., car shar-
ing and bike sharing), can significantly lower carbon dioxide emissions and reduce air
pollution. This is especially relevant in addressing environmental crises, such as global
warming, as it mitigates transport’s impact on the climate and promotes eco-friendly travel
options [182,183]. MaaS also offers economic resilience by reducing transport costs. For
consumers, it minimizes personal vehicle expenses and provides cost-effective alternatives
for daily travel. For companies, the rising demand for shared services, such as car sharing,
urban bike rentals, and integrated public transport, helps reduce fleet maintenance costs by
spreading expenses across multiple users [184-186]. Research also suggests that Mobility
as a Service can be effective in health crises, as seen during the COVID-19 pandemic. Key
benefits include reduced interpersonal contact and the ability to maintain social distancing
by using rented, individual transport options. Booking and contactless payment options
further enhance safety for users [37,187].

Intelligent Fleet Management Systems

Companies that operate vehicle fleets—such as trucks, delivery vehicles, taxis, and
buses—must prioritize efficient use and management of their transport assets to maintain
competitiveness. Intelligent fleet management systems provide critical support by em-
ploying advanced technologies, such as IoT, cloud computing, and Big Data, to optimize
vehicle operations, track usage, and enable real-time decision-making [188,189]. These
systems enhance transport service control by ensuring adherence to routes and schedules
and monitoring traffic violations, thereby improving both passenger service quality and
road safety. Additionally, they monitor driver speed and driving behavior, contributing
to lower fuel consumption and reduced operational costs [190-192]. During health crises,
intelligent fleet management systems are invaluable for tracking vehicle movement and
monitoring drivers’ compliance with sanitation protocols, ensuring safe and timely trans-
port of essential goods, such as medicines and medical supplies. The system also allows
for route optimization and real-time vehicle updates, taking into account obstacles and
traffic density [193,194], which helps minimize interpersonal contact—a critical factor in
pandemics. Furthermore, these systems can be adapted to manage emergency vehicles,
offering benefits such as route planning, access to patient information, accident detection,
driver distraction recognition, and additional support tools [195]. In environmental crises,
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intelligent fleet management reduces emissions through route optimization and fuel-saving
measures [190]. When integrated with electric vehicle fleets, these systems are particu-
larly eco-friendly, especially when optimal energy management and advanced charging
strategies are used [196,197].

Real-Time Public Transport Management

The development and deployment of intelligent, real-time public transport man-
agement systems are rapidly advancing in urban areas, particularly those with complex
transport networks. These systems utilize a suite of interconnected technologies, including
the Internet of Things (IoT), Big Data, artificial intelligence (AI), cloud computing, and edge
computing. This integration provides real-time insights into public transport operations by
enabling data collection, integration, and processing across intelligent traffic infrastructures
and VANET [38,198]. Research highlights the benefits of such systems, particularly for bus
transport, where optimized route selection and scheduling can lower operational costs,
reduce travel times for passengers, generate economic benefits for operators, cut CO, emis-
sions, and promote environmental sustainability [199]. Buses serve as a vital component
of sustainable urban mobility; however, their travel times are significantly affected by
street congestion [39]. Real-time passenger information systems address this challenge
by providing travelers with updated arrival times, potential delays, and schedule modifi-
cations, enabling more efficient journey planning and reducing wait times at stops [200].
Another benefit of real-time public transport management lies in its adaptability to passen-
ger demand, allowing for dynamic schedule adjustments that minimize overcrowding and
support social distancing—a feature particularly valuable during health crises, such as the
COVID-19 pandemic [201,202].

Smart Parking Systems (SPS)

Traditional parking practices often lead to inefficiencies, including congestion caused
by drivers searching for available spaces and challenges in revenue management for opera-
tors. Smart parking systems (SPS) address these issues by providing real-time information
on parking spaces’ availability, optimizing space utilization, and offering streamlined
payment options. SPS comprises multiple interconnected technological components that
collectively enhance car park management and user satisfaction. Key elements include
occupancy sensors in parking spaces, a data communication network, a data management
system for processing and analysis, and a user application [40,203]. Smart parking systems
reduce parking-related costs for cities and drivers alike by automating and optimizing
parking processes, thus promoting better space utilization, decreased vehicle traffic, and
lower management expenses. The ability for users to reserve spaces, navigate to locations,
and pay via an app saves time and fuel [204,205]. These systems also hold environmental
relevance by mitigating congestion [206] and reducing the time required to find a parking
space, thereby lowering greenhouse gas emissions from vehicle exhaust [207]. Studies also
indicate that integrating smart parking systems with the electric vehicle (EV) charging
infrastructure increases the availability of charging stations, improves user convenience,
and supports sustainable transport development [208,209]. SPS can also play a critical role
in health crises by minimizing human interaction through cashless payments and remote
reservations [210]. Furthermore, smart parking areas can be repurposed as distribution
centers for vaccines, facilitating efficient vaccination processes [211].

4.2.5. Development of Transport Infrastructure

Infrastructure plays a foundational role in any transport system, supporting both
existing and future solutions. A review of the literature identified three primary research
areas in transport infrastructure, with a focus on sustainable development and adaptability
during global crises (see Table 12).
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Table 12. The role of transport infrastructure solutions in case of potential global crises.

Solution Role in Case of Potential Crises
. Support for the electrification of transport and positive influence on EV
purchasing decisions (economic crisis and environmental crisis)
) ) e  Reducing greenhouse gas emissions and improving air quality, especially in
Infrastructure for electric vehicles cities (environmental crisis and health crisis)

e  Opportunity to reduce dependence on fossil fuels through the use of
renewable energy (economic crisis and environmental crisis)

Smart roads

. Optimization of transportation, improvement of vehicle flow, reduction of
fuel consumption, and increase of supply efficiency (economic crisis and
environmental crisis)

° Improving road safety (economic crisis, health crisis, and social crisis)

e  Maintaining the appropriate state of the transport network (economic crisis,
health crisis, social crisis, and military crisis)

e  Reduction of energy consumption and pollutant emissions (environmental
crisis and health crisis)

Monitoring traffic and providing real-time information (health crisis)

e  Possibility to control ongoing transports (military crisis)

e Reducing the harmful impact of transport on the environment—lower
greenhouse gas emissions and improving air quality (environmental crisis
and health crisis)

e Positive impact on the mental and physical health of society due to the

Green infrastructure in transport possibility of safe and comfortable travel by bicycle or on foot (health crisis)

e  Reducing dependence on traditional means of transport—decreasing road
congestion and consumption of conventional fuels (economic crisis and
environmental crisis)

Infrastructure for Electric Vehicles

The electrification of transport is a prominent focus in recent studies. Electric vehicles
(EVs) are increasingly accepted by the public, steadily growing their market share. Key
factors influencing EV popularity include driving range, as well as the convenience and cost
of energy supply—both of which largely depend on the availability and strategic placement
of charging infrastructure [212]. Research underscores the importance of government
financial support for initiatives such as fast-charging stations, which are essential to the
wider adoption of EVs, fostering economic growth and promoting sustainability [213].
Expanding EV infrastructure, particularly through an accessible charging network, has
a direct impact on consumer purchasing decisions and supports EV adoption [214]. The
resulting rise in EVs on the roads, facilitated by adequate charging access, can significantly
reduce exhaust emissions, contributing to improved air quality [215], which is especially
critical in urban centers with severe pollution issues. As shown in [216], the electrification
of transport can reduce harmful airborne pollutants, a vital factor for public health. Other
studies suggest that the environmental and health impacts of transport could be further
minimized through the integration of renewable energy sources, V2G technology, and
smart charging systems [217]. These approaches not only reduce greenhouse gas emissions
but also lessen reliance on fossil fuels [218], a key consideration in the face of potential
supply disruptions. The literature also highlights the need for equitable development of
EV infrastructure, extending coverage to less affluent areas [219], where electrification can
improve quality of life and reduce social inequalities.

Smart Roads

Smart roads employ IoT technology, combining physical infrastructure, such as sensors,
cameras, LED lighting, and solar panels, with advanced software solutions, such as Al
or Big Data [220]. The concept of smart roads enhances existing road systems to meet
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contemporary mobility demands, facilitating more efficient transport and vehicle flow,
reducing fuel consumption, and improving delivery logistics. These developments provide
financial advantages to both businesses and road users while simultaneously supporting
sustainable development [221]. In [222], it is additionally pointed out that IoT-based smart
roads, integrated with connected autonomous vehicles (CAVs), may enhance traffic safety
and the efficiency of transport systems in the future. Other research highlights the ability
of smart roads to monitor road surface conditions, warn of hazardous driving conditions,
and even report possible maintenance needs or damage [223]. These features are essential
not only for user safety but also for maintaining road conditions, particularly in crisis
situations. Smart roads also reduce the environmental impact of transport. Study results
reveal substantial reductions in energy consumption, pollution, and accident rates on
smart highways relative to traditional roadways [224]. Electric road systems (ERS), which
power EVs in transit, present additional environmental advantages by providing greater
flexibility and convenience for drivers, eliminating the need to stop for charging [225]. The
literature also emphasizes the benefits of IoT and machine learning technologies used in
smart highways. These roads allow real-time information sharing with drivers, monitor
traffic conditions, and provide alerts on potential congestion or incidents [24], which
can be crucial for emergency transports. Furthermore, smart roads may have military
applications, where WSNs positioned along roadways allow for continuous monitoring to
secure transport safety [41].

Green Infrastructure in Transport

The primary aim of green transport infrastructure is to enhance mobility while mini-
mizing the environmental impact of transport. Sustainable travel options, such as cycling
and walking, allow individuals to reduce pollution significantly. Cycling, in particular,
offers several advantages, including the ability to avoid traffic congestion, eliminate harm-
ful emissions, reduce reliance on non-renewable resources, and promote physical fitness.
Additionally, cycling incurs no fuel costs and minimal ongoing costs, making it an econom-
ically viable mode of transport. It also enhances road safety by decreasing the volume of
cars. However, a well-developed network of bike paths is essential to ensure both safety
and comfort for cyclists [226]. A similar argument applies to walking. Research highlights
that pedestrian-friendly infrastructure—designed to be safe, continuous, and accessible to a
wide range of users—can significantly reduce car traffic in urban areas, thereby reducing air
pollution and noise levels [227,228]. Additional examples of green transport infrastructure
cited in the literature include innovative measures, such as photovoltaic noise barriers [229],
bus stop roofs covered with vegetation [230], and corridors designed for both wildlife
and pedestrians [231]. Each of these solutions contributes to reducing the environmental
footprint of transport. In times of health crises, green infrastructure becomes particularly
valuable. Studies have shown that opportunities for outdoor recreation and physical
activity were crucial for maintaining mental and physical health during the COVID-19
pandemic [232]. Consequently, walking and cycling became essential for public well-being.
This underscores the need for strategic planning and development of urban infrastructure
to prepare for future crises [233]. The pandemic also highlighted the increased importance
of bike sharing, which emerged as a relatively safe, alternative mode of transport [234].
Furthermore, the literature underscores the role of inclusive spatial planning to ensure
that green infrastructure is accessible to all social groups, thereby avoiding inequities and
fostering inclusivity [235].

4.2.6. Modern Solutions in Vehicles

A comprehensive literature review identified four key innovations in vehicle technol-
ogy that not only align with sustainable development principles but could also play a vital
role in bolstering the economy and transport sector amidst potential global crises (Table 13).



Appl. Sci. 2024, 14, 10653

22 of 40

Table 13. The role of modern solutions in vehicles in case of potential global crises.

Solution

Role in Case of Potential Crises

Connected car

e  Lowering transportation costs and increasing road safety (economic crisis)

e Reducing pollutant emissions and improving air quality (environmental
crisis and health crisis)

e Possibility of contactless and coordinated deliveries of goods (health crisis)
Monitoring the health of passengers (health crisis)
Automatic detection and reporting of vehicle failures (military crisis and
social crisis)

. Optimization of vehicle flow, reduction of fuel consumption, increase of
safety of road users, and creation of jobs (economic crisis)

. Reducing dependence on oil, coal, and other raw materials (economic crisis,
environmental crisis, and military crisis)

e  Ability to exchange information on the population’s health status
(health crisis)

Vehicle-to-Everything (V2X) e  Assistance in maintaining social distancing by enabling optimal allocation of

passengers to vehicles (health crisis)

e  Support in medical transports and rescue missions (health crisis and
social crisis)

e  Reliable, high-speed communications between ground and air means of
transport (military crisis)

e Improving the flow of vehicles and reducing transportation costs
(economic crisis)
e  Increasing road safety (economic crisis and health crisis)

Advanced driver assistance systems (ADAS) ¢ Lowering pollutant emissions, improving air quality, and reducing the use of

resources for the production of spare parts or vehicles (environmental crisis
and health crisis)

Modular vehicles

. Reduction of operating costs—lower fuel consumption, increased service
level, and reduced travel and waiting times (economic crisis)
Minimizing the harmful impacts on the environment (environmental crisis)
e Possibility to adjust the number of available places to current demand
(health crisis)
e  Support for medical and emergency transports (health crisis and social crisis)
Possibility of adapting military vehicles to changing conditions
(military crisis)

Connected Car

A connected car is an advanced technology that allows vehicles to communicate in
real time with the Internet, other devices, mobile applications, and cloud platforms. This
connectivity expands possibilities, transforming the driving experience and providing
benefits to drivers, passengers, and manufacturers alike [43]. Aligned with sustainable
transport principles, this technology also has potential applications in responding to global
crises. These vehicles provide real-time road condition updates, optimize routes, reduce
congestion, and relay safety alerts. Connected car technology also enables remote vehicle
management, diagnostics, and advanced driver assistance systems (ADAS). By enhancing
traffic efficiency and safety, connected vehicles can help reduce transport costs and play
a critical role in economic resilience [236,237]. Studies highlight the benefits of connected
vehicles in organized truck convoys, potentially reducing operational costs through fuel
and route efficiency [238]. This technology also serves as a foundation for connected au-
tonomous vehicles (CAVs), which could address key road transport challenges related
to safety, mobility, and environmental impact [239]. Connected vehicle systems also sup-
port environmental health, as smoother traffic flow and fewer congestion points lead to
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lower emissions of carbon dioxide and nitrogen oxides (NOXx). Research confirms these
benefits for both CAVs [240,241] and diesel vehicles [242,243]. In public health contexts,
connected vehicles facilitate contactless and coordinated deliveries of essential items, such
as medical supplies and food, which is critical during epidemic situations [236]. Enhanced
with additional detection systems, connected vehicles can also monitor passenger health,
improving safety and reducing disease spread in society [244]. Connected vehicles also
have the capability to automatically detect and report issues, whether in military convoys
or humanitarian missions [245], enhancing overall efficiency and significantly boosting the
likelihood of successful logistical operations.

Vehicle-to-Everything (V2X)

Vehicle-to-Everything (V2X) is a next-generation technology, designed to connect
vehicles with their entire surroundings, making them integral components of the IoT.
Unlike traditional connected car technology, V2X enables real-time communication with
other vehicles (V2V), infrastructure (V2I), pedestrians (V2P), networks (V2N), and various
electronic devices. The V2X system aims to enhance road safety for all users, optimize
route efficiency, and support environmentally friendly driving choices [246]. Given its
advanced capabilities, Vehicle-to-Everything could serve as a valuable resource in crisis
scenarios. This breakthrough technology has the potential to revolutionize global transport
networks, and when integrated with complementary innovations, V2X could further drive
economic growth and sustainability [247,248]. The potential of V2X to enhance traffic
flow, improve road safety, and support sustainable transport development is frequently
highlighted. By enabling real-time data exchange between vehicles and their surroundings,
V2X can prevent accidents [188], streamline traffic flow, and lower exhaust emissions [249],
thus contributing to a safer, more efficient, and eco-friendly transport ecosystem [250].
Furthermore, integrating V2X with electric vehicles could reduce reliance on fossil fuels
and create new job opportunities within the green energy sector [251]. Studies empha-
size the significant role of 5G-based Vehicle-to-Everything (C-V2X) in public health, as it
facilitates the exchange of health-related data, assisting communities in managing viral
outbreaks [252]. Another study found that V2X can help optimize vehicle occupancy,
supporting social distancing protocols [253]. Research also underscores the importance
of Vehicle-to-Everything in medical and rescue transport by alerting other road users to
approaching emergency vehicles [254], while dynamically optimizing routes and reducing
congestion to facilitate faster response times [255]. Moreover, V2X supports military ap-
plications by providing robust, high-speed communication between ground and airborne
means of transport, crucial for responsive operations in dynamic settings [256].

Advanced Driver Assistance Systems (ADAS)

Advanced driver assistance systems (ADAS) are a collection of numerous features
that enhance vehicle handling while also improving safety. These systems, depending on
the manufacturer, level of advancement, and built-in functions, may include a range of
sensors and cameras. Key ADAS functions include lane-keeping assist, emergency braking,
traffic sign recognition, driver attention monitoring, adaptive cruise control, and blind-spot
warning. With these capabilities, ADAS can effectively monitor, enforce, or correct vehicle
behavior on the road [44]. ADAS can be particularly significant from an economic perspec-
tive. Research has shown that their use can improve vehicle flow on highways and reduce
travel costs due to lower fuel consumption [257]. Other studies have highlighted ADAS’
role in shaping driving behavior, which also results in reduced fuel consumption [258].
Adaptive cruise control and lane-keeping assist are particularly beneficial in truck convoys,
enabling them to respond simultaneously to changing road conditions, which improves
safety and reduces transport costs [259]. Publications particularly emphasize ADAS’ role in
enhancing road traffic safety by reducing the frequency and severity of accidents [260,261].
This is especially important, as a lower number of such incidents can reduce public expen-
ditures on addressing their consequences, including infrastructure repairs, rescue services,
administrative costs, and hospitalizations [262]. ADAS can also positively impact the envi-
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ronment due to their potential to optimize vehicle speed and reduce fuel consumption. This
can limit pollutant emissions, thereby improving air quality [263,264]. Furthermore, given
ADAS’ essential role in reducing road accidents, it is worth noting that they not only lessen
the social and economic consequences of these events but also reduce resource demand.
A lower number of incidents can contribute to sustainable development by reducing the
need for spare parts or new vehicles, leading to decreased resource extraction and fewer
production processes, which translates to lower CO, emissions and water savings [265].

Modular Vehicles

Modular vehicles are those with interchangeable components. This modularity is
intended to facilitate repairs and maintenance or enable vehicle reconfiguration to adapt
it for specific functions. This solution finds application across various industries and
sectors, contributing to increased transport efficiency while reducing its harmful impact
on the environment [266]. Publications primarily emphasize the importance of modular
vehicles in the context of economic benefits related to transport [267], both for cargo and
passenger services [268]. By adjusting the vehicle size to real-time needs through module
detachment, carriers can cut operational costs. In urban settings, this approach can reduce
travel times, fuel consumption, and operational expenses [269]. Additionally, modular
vehicles enhance service quality, as they can swiftly reach destinations and seamlessly
connect without requiring stops or transfers [270,271]. Studies confirm the environmental
benefits of modular vehicles, particularly electric models, over their entire lifecycle [272,273].
This adaptability proves crucial during crises that disrupt transport demand, such as the
COVID-19 pandemic [274]. Research also emphasizes the utility of modular vehicles in
medical transport, where their customizable structure reduces response times and allows
for configuration tailored to specific emergencies [275]. Furthermore, modular vehicles are
highly beneficial in military operations. Their design allows for rapid assembly, disassembly,
and reconfiguration, enabling fleets to adapt to changing battlefield conditions with greater
flexibility and efficiency [276,277].

4.2.7. Advances in Public Transport

Public transport systems are continuously evolving to better meet societal transport
needs while minimizing their environmental impact. Several recent innovations also
demonstrated potential benefits in global crisis scenarios. A review of the literature high-
lights five notable examples of such advancements (Table 14).

Table 14. The role of recent advances in public transport during potential global crises.

Solution Role in Case of Potential Crises

o Lack of expenses for operators to employ drivers and the possibility of
reducing transportation costs (economic crisis)

e Reducing greenhouse gas emissions and lower carbon footprint
(environmental crisis and health crisis)

Autonomous buses e  Possibility of using it for contactless transport of infected people, samples,

and tests (health crisis)

o  Higher energy efficiency and profitability of transport during sudden
fluctuations in demand (health crisis)

° Possibility to generate savings by flexibly adjusting courses, shortening travel
times, and increasing vehicle occupancy (economic crisis)

e  Reducing harmful gas emissions per passenger (environmental crisis and

On-demand public transport health crisis)

e Increasing the resilience of the public transport system to potential sudden
changes in demand for passenger transport (health crisis)
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Table 14. Cont.

Solution Role in Case of Potential Crises
. Lowering the costs of running transportation operations—less fuel or energy
consumption (economic crisis)
e Reduction of fuel or electricity consumption (environmental crisis and
In-vehicle air quality monitoring systems health crisis)

e  Increasing passenger safety through the ability to monitor air quality and
reduce the spread of viruses (health crisis)

Contactless payment systems

. Lower costs related to the production, distribution, and storage of tickets,
and no need to engage employees to conduct sales (economic crisis)

e  Increased demand for public transport travel due to speed and convenience
of payment—decrease in use of private vehicles (economic crisis and
environmental crisis)

e  Higher sanitary safety of travelers by eliminating contact with staff, touching
cash, and using ticket machines (health crisis)

Smart stops and stations

e Increase overall transportation efficiency and improve comfort for users
(economic crisis)

e Support in terms of accessibility for different user groups (economic crisis
and social crisis)

e  Reducing greenhouse gas emissions and improving air quality through
integration with other innovative solutions (environmental crisis and
health crisis)

Autonomous Buses

Autonomous buses are designed to operate independently, relying on advanced
technologies, such as sensors, cameras, radars, and artificial intelligence (Al), to navigate
and transport passengers safely. As part of the broader category of autonomous vehicles
(AVs), these buses are usually electric, fostering a shift toward more sustainable and
efficient public transport [278]. One major advantage of autonomous buses is the cost
savings from eliminating driver wages. These savings can benefit both transit operators
and passengers, potentially lowering ticket prices—an especially valuable aspect in the
face of economic challenges and the need for resilience during global crises [279,280].
Autonomous buses also contribute to lower greenhouse gas emissions by optimizing
driving patterns, such as braking and acceleration, and utilizing electric powertrains [281],
which are more environmentally friendly. This shift could help combat climate change
by reducing the carbon footprint of public transport systems [282,283]. In the context of
epidemic risks, autonomous buses offer further advantages. They can transport infected
patients to healthcare facilities with minimized human interaction or deliver samples
and test kits to laboratories [45]. Research also supports the use of autonomous shuttles
during fluctuations in passenger demand, highlighting their superior energy efficiency and
cost-effectiveness under stringent health and safety protocols [284].

On-Demand Public Transport

On-demand public transport is a flexible transit system that adjusts to individual
passenger needs in real time. Unlike traditional transport options, such as buses or trams,
which operate on fixed schedules, on-demand services respond dynamically to user re-
quests submitted through mobile apps or booking systems [46]. Research underscores
the economic benefits of this approach for transport operators. With the flexibility to
adjust to fluctuating demand, service providers can achieve cost savings by optimizing
routes and schedules while reducing empty vehicle trips. However, on-demand public
transport is noted to be especially beneficial in smaller urban areas, where demand can be
more unpredictable [285,286]. Studies on bus transit have shown that on-demand systems
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reduced average travel times by 30% over a weekly cycle. Additionally, vehicle occupancy
rates increased from 8% to over 50%, and emissions per passenger dropped by over 70%
compared to traditional scheduled buses [47]. These findings highlight the alignment
of on-demand transport with sustainable transport objectives. Other studies highlight
the effectiveness of the on-demand system in response to epidemic threats, as evidenced
during the COVID-19 pandemic [287]. The primary benefit was the enhanced resilience of
the public transport system to disruptions, enabled by the system’s flexible adaptation to
varying threat levels and mobility restrictions [146,288].

In-Vehicle Air Quality Monitoring Systems

In-vehicle air quality monitoring systems are sophisticated technologies that enable
real-time monitoring and assessment of air quality within the vehicle cabin. Equipped
with sensors to measure carbon dioxide, oxygen levels, and other compounds, as well as
monitoring humidity and temperature, these systems provide vital information to drivers
and passengers, helping reduce health and safety risks associated with extended time in
enclosed spaces [289,290]. Air quality monitoring systems can enhance vehicle energy
efficiency by adjusting HVAC functions based on current cabin air quality. This helps to
lower fuel consumption and, most importantly, energy usage in electric and hybrid vehicles,
reducing overall operational costs for transport providers [291]. Research also highlights
the importance of this solution for advancing sustainable transport. By managing cabin air
quality—particularly in electric vehicles—emissions are reduced both inside and outside
the vehicle. This minimizes the need for frequent external air circulation, which in turn
helps reduce energy consumption [292]. Most research emphasizes the impact of in-vehicle
air quality monitoring systems on passenger health, particularly during health crises, such
as pandemics [293,294]. These systems enhance passenger safety by actively monitoring
and controlling harmful substances within vehicle cabins. As a result, they help reduce the
spread of airborne pathogens, making public transport safer [295,296].

Contactless Payment Systems

Contactless payments in public transport allow passengers to pay for rides using a
smart card, mobile device, or contactless bank card, eliminating the need for cash or ticket
machines. This method leverages near-field communication (NFC) technology, enabling
transactions by simply tapping a card or device on a reader. Another option is digital
payment through a mobile app, allowing for a seamless, fully digital transaction [297].
Contactless payments provide numerous benefits for both public transport operators and
passengers. By removing the need for paper tickets and cash, transport operators reduce
costs associated with ticket production, distribution, and storage. Additionally, automating
payment processes minimizes the need for ticketing staff, yielding further savings. For
passengers, contactless payments offer speed and convenience, shortening wait times at
stops, accelerating boarding, and removing the need to carry cash or physical tickets. This
convenient system encourages greater public transport use, potentially boosting revenues
and decreasing reliance on private vehicles [298,299]. This shift has a positive impact on
urban air quality by reducing greenhouse gas emissions from transport. Research also
highlights the role of contactless payments in promoting public health, particularly during
epidemics [300]. The COVID-19 pandemic underscored the importance of contactless
payments as a crucial element in enhancing sanitary safety for travelers. This solution
eliminated the need for contact with staff [301], cash handling, and using ticket machines,
thereby reducing the risk of virus transmission [293,302].

Smart Stops and Stations

Smart stops and stations are innovative public transport solutions that leverage in-
formation and communication technologies (ICTs) to improve travel comfort and safety.
Equipped with interactive displays showing schedules, mobile payment options, monitor-
ing systems, and traffic management, these stops provide passengers with better access
to information and services, enhancing the quality and safety of public transport [48,49].
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Beyond economic benefits, smart stops and stations are also environmentally friendly. They
provide real-time traffic information, boosting transport efficiency and passenger comfort
by allowing for better travel planning, with updates on possible schedule disruptions [303].
A key advantage of smart stops and stations is their accessibility, as the infrastructure
and informational interfaces can be customized to meet the needs of diverse user groups,
including the elderly, disabled individuals, and immigrants. By eliminating barriers, these
features can drive higher demand for public transport across all demographics [304]. Re-
search emphasizes the environmental aspect of designing smart stops and stations. Studies
advocate for solutions such as smart lighting management and photovoltaic panel instal-
lations, with additional support from the public power grid [305]. These innovations,
especially when aligned with smart city concepts [49], can significantly reduce energy
usage, lower local CO, emissions, and contribute to better air quality.

5. Conclusions
5.1. General Summary

The modern world remains exposed to a range of threats, which, as recent decades
have shown, can lead to severe consequences and global crises. Additionally, ongoing
environmental degradation and disruptions to the climate system exacerbate these prob-
lems, causing negative impacts on human health, the economy, and society. The goal of
this publication, which was to identify the latest solutions in sustainable transport devel-
opment and to highlight their relevance in the context of potential global crises, has been
achieved. The results not only identified solutions crucial for the stability of the economy
and transport sector in crisis situations but also suggested future research directions in
this area. Moreover, these findings can serve as a resource for policymakers and transport
organizers in implementing actionable recommendations.

5.2. Practical and Theoretical Contributions

This study offers a valuable practical contribution by presenting a series of transport
solutions that, while aligned with the principles of sustainable development, primarily aim
to enhance transport resilience to potential global crises. The results presented in the paper
contribute to the sustainable development of transport by identifying the latest technolog-
ical solutions that can reduce greenhouse gas emissions, promote energy efficiency, and
improve safety and increase the overall stability of the transport sector. Innovations such
as alternative drives, autonomous vehicles, and intelligent traffic management systems can
significantly reduce the carbon footprint and ensure the continuity of transport services
even during crises, such as financial breakdowns, epidemics, or armed conflicts, while
reducing dependence on fossil fuels and increasing the reliability of logistics. Emission
monitoring systems allow improved air quality, which is important in health crises, such
as the COVID-19 pandemic. Autonomous technologies, such as unmanned vehicles and
drones, can support logistics during crises, delivering medicines or other resources to
dangerous or isolated regions. It is also worth pointing out the benefits of this study for
future vehicles. The results showed that means of transport, such as AVs, alternatively
powered vehicles, or modular vehicles, consistently developed toward compatibility with
intelligent transport systems, can optimize traffic, reduce energy consumption and harmful
emissions, and become more integrated with the infrastructure. Moreover, vehicles could
benefit from the expansion of charging infrastructure, including stations using renewable
energy. As a result, this would reduce the dependence on traditional fuels and the negative
impact of transport on the environment. The article provides a practical foundation for
decision-makers and transport organizers, offering recommendations on which solutions
can be implemented to make the transport sector more resilient and environmentally
friendly. Possible future actions can include testing and popularizing intelligent fleet man-
agement, expanding green infrastructure, and continuing work on integrating V2X-related
technologies. A further step could be the implementation of autonomous solutions and
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the popularization of modular vehicles, which is justified due to their ease of adaptation to
changing crisis conditions and increased resilience of transport systems.

The theoretical contribution of this study includes definitions, examples, and clas-
sifications of modern transport solutions, as well as the characterization of global crises.
The concept of sustainable transport development was also discussed in detail, including
the principles that should be met. The literature review allowed for the identification and
categorization of specific transport solutions into categories, such as powertrain technolo-
gies, intelligent transport systems (ITS), logistics and delivery innovations, integration of
transport systems, infrastructure development, modern vehicle solutions, and advances in
public transport. This publication also provided a characterization of recent global crises
and a classification that included economic, health, environmental, social, and military
crises. As a result, this approach established a theoretical foundation that facilitates an
understanding of the application of specific transport solutions in the face of potential
global crises and underscores their importance for sustainable transport development.

5.3. Limitations and Further Research

This study faces several limitations that may affect its findings. First, the source
selection was restricted by publication date. Since the review focused on recent research
advances, only literature published from 2020 onwards was considered. This choice may
have overlooked older, yet still valuable, studies on sustainable transport solutions relevant
to potential crises. Another limitation is that the review drew exclusively from available
scientific publications. Consequently, the findings may not fully capture the real-world
challenges of implementing the proposed innovations, potentially overlooking obstacles,
such as societal resistance to new technologies. There are also limitations related to source
selectivity, as the review was based on research from only four scientific databases. This
approach may have excluded other significant studies in less widely used databases or
articles not indexed in these databases. Therefore, the review may not present a complete
picture of the current state of knowledge on the topic.

This study also indicated possible directions for future research in sustainable trans-
port solutions, which are also relevant in the context of possible crises. Given the results
obtained, empirical studies on the effectiveness of implementing individual innovations
based on geographical location and social diversity would be appropriate. These analyses
could examine cost-benefit assessments, environmental impact, and societal acceptance of
these solutions. Another critical area for future research involves developing hypothetical
scenarios to prepare the transport sector for various crises and associated disruptions. The
literature review also highlighted the importance of advancing research on the integration
of autonomous technologies with urban infrastructure due to their potential to reduce
emissions and improve energy efficiency. Finally, investigating the impact of international
cooperation on transport technology development would be beneficial, particularly regard-
ing access to renewable energy sources, legal regulations, and potential trade barriers.
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Abstract: The observed increase in demand for transport leads to higher energy consump-
tion, which still predominantly originates from fossil fuels. As a result, the transport sector
remains one of the main sources of GHG emissions. At the same time, transport activi-
ties bring economic benefits by generating public income and contributing to GDP. This
article analyzes the relationship between total final energy consumption in transport, CO,
emissions from transport, and government revenues, using Poland as a case study. The
study applies Johansen'’s cointegration method to identify long-term relationships between
time series. Unlike many cross-country studies, this research addresses a gap by focus-
ing specifically on Poland—a post-transition economy where the transport sector holds
both fiscal and environmental significance. After cointegration test, the Impulse Response
Function was used to examine dynamics and identify system shocks. Results indicate that
energy consumption in transport significantly affects both CO, emissions and government
revenues. A rise in energy use leads to higher emissions and also correlates with increased
public income. The study contributes to the understanding of how transport-related energy
use impacts both fiscal outcomes and emissions in a national context. These findings offer
a foundation for shaping future policies that promote economic growth and stable revenue
while encouraging more efficient energy use and lower emissions.

Keywords: energy use; CO, emissions; government revenue; transportation; Poland; Vector
Autoregressive Model; Vector Error Correction Model; Johansen’s cointegration approach

1. Introduction

Currently, a well-functioning transport sector is a fundamental driver of economic
development in many countries, ensuring not only the movement of goods and passen-
gers but also serving as a crucial component of the national energy system and financial
policy [1,2]. The increasing demand for transport, driven by urbanization, globalization,
and rising living standards, leads to intensified energy consumption, which still largely
relies on high-emission fossil fuels [3,4]. This dominance makes the transport sector one of
the main sources of greenhouse gas (GHG) emissions, including carbon dioxide (CO;) [5],
which, when released in excessive amounts, contributes to undesirable climate changes [6].
On the other hand, transport activities bring significant economic benefits, not only by
generating financial resources through instruments such as excise duties and taxes but
also by contributing to gross domestic product (GDP) through its close links with other
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economic sectors. Therefore, government policies must aim for an economic and envi-
ronmental balance, ensuring stable budget revenues while simultaneously implementing
mechanisms to mitigate environmental degradation [7]. This poses a challenge primar-
ily for governments but also for policymakers and other entities responsible for shaping
the economy, organizing transport, and protecting nature. The scientific community has
also been consistently conducting research in this area, dedicating numerous studies to
these issues.

There are many studies focused on emissions and energy consumption in
transport [8,9]. Particular attention is given to the high level of emissions in road transport.
An analysis of CO, emissions convergence from road transport in a sample of 22 European
countries between 1990 and 2014 showed that these emissions tended to equalize, with the
pace of this process depending on specific structural factors. Over the years, the dynamics
of emission level equalization have intensified, leading to a situation where countries with
lower emissions have gradually caught up with those that were previously at the forefront
of pollution [10].

Given these results, the European Union’s climate goals of significantly reducing emis-
sions in Europe by 2050 are gaining increasing importance. It is emphasized that achieving
this objective requires a combined approach, including fleet electrification and an energy
policy that prevents the transfer of transport emissions to other sectors [11]. Another study
examined possible scenarios using Italy as a case study, estimating the demand for road
transport in Italy (for the years 2005, 2019, 2022, and 2030) and assessing greenhouse gas
emissions. The findings showed that even under optimistic assumptions, GHG emissions
could only be reduced by 33%, which is still far below the target [12]. Therefore, to meet
such ambitious reduction goals, continuous monitoring and the implementation of new
strategies are necessary. However, the impact of these measures varies depending on
a country’s level of economic development and transport structure [13]. In Europe, in
recent years, significant progress has been made in fuel efficiency and vehicle propulsion
technologies [14]. There is also potential in the digitalization of passenger transport, where
technologies like Mobility-as-a-Service (MaaS) can enhance mobility while simultaneously
reducing fuel consumption and air pollution [15].

The literature also highlights that fiscal policies can influence both energy consump-
tion and carbon dioxide emissions, thereby contributing to environmental protection [16].
A study analyzing public attitudes toward changes in fossil fuel taxation in 23 European
countries considered the level of political trust. The results indicated that while most
Europeans (78%) believe in anthropogenic climate change and its associated risks, only
33% of respondents support tax increases [17]. Overall, changes in fuel tax systems show
that raising fees often leads not only to a short-term decline in fuel consumption but also
to higher tax revenue. Furthermore, it is emphasized that such additional revenues could
significantly contribute to financing public transportation and developing environmentally
friendly infrastructure [18]. On the other hand, it is pointed out that tax increases, despite
generating higher revenues in the initial phases, may, in the long run, lead to economic
deterioration, particularly in countries heavily reliant on the transport sector [19]. An-
other noteworthy type of government intervention involves tax incentives and subsidies
for the purchase of electric vehicles, aimed at encouraging consumers to choose more
environmentally friendly forms of transport. These measures are considered tools that
help balance public spending with increasingly strict energy consumption and emissions
requirements [20].

Publications are increasingly analyzing the impact of legislative measures related to
emission reductions on national economies and the functioning of the transport sector. A
key area of focus is carbon taxes imposed on fossil fuels, which are proportional to the
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greenhouse gas emissions generated during combustion [21]. One particularly notable case
is the Carbon Border Adjustment Mechanism (CBAM), a tool designed to level the playing
field and reduce “carbon leakage” outside the EU. It does so by applying import taxes
(and/or export subsidies) based on the carbon content of products from countries with
varying levels of climate policy stringency [22]. Another strategy analyzed by researchers
is the European Union Emissions Trading System (EU ETS), which aims to gradually
reduce GHG emissions in key economic sectors through the allocation and trading of
CO, emission allowances [23]. Additionally, it is worth mentioning the continuously
tightening EURO standards, which define permissible emission levels for vehicles. These
regulations have led to the introduction of more environmentally friendly vehicles on
European roads, improving air quality and, consequently, public health [24]. All these
instruments contribute to reducing CO, emissions, but they may also have varied effects
on the socio-economic conditions of a country. Research suggests that well-implemented
climate, technological, and fiscal policies can not only effectively reduce emissions but also
ensure the economic stability of a country [25-27].

A review of the literature also reveals that authors frequently use mathematical mod-
eling to examine the relationships between energy consumption, emissions, and national
economies. For example, the decoupling method has been applied to assess the relation-
ship between transport-related GHG emissions and economic growth in EU countries [28].
Meanwhile, the Granger causality test has been used to analyze the relationship between
energy consumption and economic growth in the ASEAN-5 countries, which include In-
donesia, Malaysia, Thailand, Singapore, and the Philippines [29]. A broader approach,
the Vector Error Correction Model (VECM), has been applied to evaluate the relationships
between freight transport, energy consumption, economic growth, and greenhouse gas
emissions in Tunisia [30]. Additionally, Johansen’s cointegration method has been used to
determine causal relationships between transport infrastructure, energy consumption in
transport, and economic growth [31]. Furthermore, an analogous procedure, extended with
a wavelet-based likelihood ratio test, has been used to examine the long-term relationship
between CO, emissions and real GDP in G7 countries [32].

However, less attention in the literature has been given to studying long-term relation-
ships between energy use in transport, harmful gas emissions, and the budget revenues of
the Polish state, despite the potential for analysis using appropriate statistical methods [33].
This issue is particularly relevant in the context of the Polish economy, where the transport
sector plays a dual role. The relationship between government revenues and energy con-
sumption in the transport sector is based on two-way mechanisms, well documented in the
economic literature. First, fiscal policy has a direct impact on the decisions of economic
entities and consumers through instruments such as excise tax on fuels, VAT, registration
fees, or subsidies for low-emission means of transport. As the authors note, e.g., in [34,35],
energy taxes not only play an income-generating role, but are also an effective tool for
reducing negative externalities, such as pollutant emissions. It is also worth emphasizing
that there is a return effect. The level of energy consumption, including transport fuels,
generates revenues for the state budget, which is an important component of fiscal revenues.
In countries such as Poland, where a significant part of revenues from excise tax and VAT
comes from the road transport sector, variability in fuel consumption may translate into
fluctuations in budget revenues.

Moreover, in the context of transition countries, fiscal policy is playing an increasingly
important role in shaping the direction of modernization of the transport and energy
sectors, for example through a system of tax incentives, subsidies and fiscal preferences for
specific types of vehicles or technologies. As indicated by studies [36,37], such a “green
fiscal transformation” can serve both environmental and budgetary purposes.
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The above relationships suggest that there may be long-term relationships between
fiscal revenues and energy consumption in transport, which justify the use of cointegration
analysis tools. Although this study does not introduce a fully formalized theoretical model,
it is based on the paradigm of mutual feedback between fiscal policy and energy decisions
(so-called policy feedback loop [38]), which provides the basis for the hypothesis of the
existence of a structural relationship between the variables studied.

In the empirical model, this feedback mechanism is captured through a fiscal revenue
variable that reflects overall central government income, including tax revenues from
energy consumption in transport. While this variable is used in aggregated form, it remains
analytically meaningful in the Polish context, where revenues such as excise duties and
VAT on transport fuels represent a structurally important and relatively stable component
of public finances. The use of this variable reflects the functional link between transport
energy consumption and budget revenues, and allows for tracing long-term interactions
within the model framework.

However, while previous studies have examined similar links in broader regional
or global contexts, relatively little attention has been paid to country-specific dynamics,
especially in economies like Poland. As a post-transition country, Poland represents a
combination of structural and institutional features that are rarely analyzed together. These
include the still-important role of coal in the energy mix, the asymmetric fiscal response to
price shocks in the energy sector, and the dynamic but fragmented changes in transport
policy. However, in most existing studies Poland is treated as one of many points in panel or
multi-country analyses, which causes specific country-level mechanisms to be aggregated
or overlooked. This is why studies focusing exclusively on this country remain relevant.
The study proposed in this article focuses not only on the application of the Johansen
method, but also on the deliberate adjustment of the variable set to reflect the specific
institutional configuration of fiscal intervention in the Polish energy sector, including
environmental taxes and subsidies, which are applied differently than in Western European
countries. While the method itself is not novel, its application in this particular setting
is informed by the policy feedback framework, which highlights how fiscal instruments
(such as fuel taxation) not only influence energy consumption and emissions, but are also
shaped by them over time. This bidirectional relationship, especially visible in Poland,
where a significant share of public revenue depends on fossil fuel consumption, creates a
context-specific dynamic that cannot be fully captured in cross-country studies assuming
more harmonized fiscal or environmental systems. Although the model used in the study
does not introduce a new formal architecture, its application in the context of Poland
allows for identifying long-term structural patterns between energy use, emissions, and
government revenues that remain underexplored in the existing literature. In this way,
the study contributes to the empirical understanding of fiscal-energy interactions in post-
transition settings and may serve as a reference point for future comparative research. This
research gap has therefore become the focus of this article.

The aim of this publication was to analyze the relationship between total final energy
consumption in transport, carbon dioxide emissions from transport, and government
revenues, using Poland as a case study. This study is based on two key research questions:

e  What are the relationships between total final energy consumption in transport, CO,
emissions from transport, and government revenues?

e  What is the direction and nature of the long-term dependencies between the analyzed
time series variables according to Johansen’s cointegration method?

In response to these questions, the article first presents the research background by
characterizing the transport sector in Poland in terms of energy consumption, carbon
dioxide emissions, and the country’s economic condition. Subsequently, the core analysis
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of the relationships between these variables is conducted. The study begins with an assess-
ment of the stationarity of the examined time series. Next, Johansen’s method is applied,
utilizing the Trace and Max-Eigenvalue test statistics. Once the cointegrating relationships
within the analyzed time series are established, the Impulse Response Function (IRF) is
calculated to gain a deeper understanding of both the short- and long-term dynamics
between the variables, as well as to identify the main transmission channels (shocks in
the system). The results primarily confirm the presence of long-term relationships be-
tween key variables for the transport sector, environmental sustainability, and the national
economy. This is particularly important for shaping future state policies, which should
aim to foster economic growth and, consequently, increase government revenues, while
simultaneously optimizing energy consumption and reducing greenhouse gas emissions
associated with rising transport demand. The study also has practical implications for the
development of sustainable transport strategies (e.g., promoting electromobility and public
transport) and for tax law reforms, ensuring stable budget revenues while limiting the use
of high-emission energy sources in transport. Additionally, knowledge about shocks in the
relationships between the analyzed time series can serve as a foundation for more informed
energy management in the transport sector during crisis situations, such as sudden fuel
price increases or the introduction of new, stringent climate regulations.

The article is structured into several sections. The study begins with an introduction to
the research topic and a review of the current state of the literature related to the examined
field. This section also outlines the research objective and its significance, as well as
formulates the research questions. Next, a characterization of the transport sector in Poland
is provided, focusing on total energy consumption, CO, emissions, and its connection to the
country’s economic condition. Chapter three presents the materials used in the study and
describes the application of Johansen’s cointegration method along with complementary
analytical tools. In the following section, chapter four, the obtained results are presented
and discussed. Finally, the study concludes with a general summary, formulation of key
findings, discussion of limitations, and potential directions for further research.

2. The Transport Sector in Poland in Terms of Energy Use, Emissions, and
Economic Condition

Poland is a country located in Central Europe, serving as a bridge between the eastern
and western parts of the continent. It is a key transit hub where major transportation routes
intersect, connecting regions with diverse environmental and economic conditions. As a
result, Poland ranks among the most significant transit countries in Europe. Its strategic
position is further reinforced by the fact that Poland’s eastern border also serves as the
external border of the European Union, making it a crucial strategic and trade partner for the
entire region [39]. Passenger and freight transport play a fundamental role in the economy
and society, and as Poland continues to develop ongoing changes in the transport sector
are observed. In this regard, legislative initiatives aimed at making transport more efficient,
environmentally friendly, and safe are particularly noteworthy [40,41]. Efforts are being
made to meet transport demand while simultaneously minimizing negative environmental
impacts, aligning with the principles of sustainable development [42]. Another key factor
driving the growing importance of transport in Poland is government budget expenditures
on expanding the vehicle fleet, developing infrastructure, and enhancing the transport
network. This is clearly reflected in the National Road Construction Program for 2014-2023
(with a perspective until 2025), which aims to build 3767.9 km of roads with a total budget
of approximately 163.9 billion PLN.

The program includes the construction of 324.2 km of motorways, 2948.9 km of ex-
pressways, and 43 bypasses with a total length of 447.2 km [43]. Over the years, these
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developments have allowed citizens to travel more safely and comfortably, while ensur-
ing that goods reach their destinations faster and without disruptions in supply chains.
Expanding on this, the growing importance of modern transport solutions, including
logistics process automation [44] and intelligent traffic management systems [45], is be-
coming increasingly evident. Innovative and environmentally friendly transport solutions,
such as vehicles powered by alternative energy sources, including electricity, hydrogen
or biofuels, as well as advanced emission reduction technologies, are playing an increas-
ingly important role across the sector [46—48]. All these transformations are a response to
contemporary economic and environmental challenges, stemming from the dependence
of national development on the transport sector. Since transport serves as a critical link
for multiple economic sectors, it also generates significant revenue for the state budget,
primarily through fuel excise taxes, road tolls, and other transport-related taxes. Thus, eco-
nomic growth and the expansion of the transport sector directly influence budget revenues.
However, while transport acts as a driver of growth, it is also one of the largest consumers
of energy and a major source of greenhouse gas (GHG) emissions [49,50]. The development
of road infrastructure, the increasing number of vehicles, and the intensification of trade in
recent decades have led to a systematic rise in energy demand within the transport sector.
In Poland, transport has become the largest consumer of final energy, meaning the energy
delivered to end users that excludes energy consumed by the energy sector itself [51]. After
1998, the transport sector overtook industry in energy consumption, as industrial energy
use stabilized over the past few decades. Since 2018, transport has also surpassed the
energy consumption of Polish households. In 2019, total transport energy consumption
reached 952.6 PJ. Due to the COVID-19 crisis in 2020, it dropped to 910.5 P]. By 2022, it had
surged to a record-high 999.5 P] [52]. These trends highlight the critical role of transport in
Poland’s economy and financial stability while also pointing to challenges, particularly in
terms of energy security and GHG emissions. Poland’s total energy consumption by sector
from 1990 to 2022 is shown in Figure 1.
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Figure 1. Total final energy consumption by sector in Poland.

Despite the numerous efforts mentioned earlier to improve energy efficiency and im-
plement low-emission solutions, transport in Poland, as in many other European countries,
remains heavily reliant on petroleum-based products. This is primarily the result of the
significant role of road transport in the overall transportation movement, as well as the
widespread use of internal combustion engines as power units [53,54]. Since the 1990s,
there has been an increase in total energy consumption in transport, accompanied by the
continued dominance of petroleum products. Such a situation has a negative impact on
pollution levels and makes the sector particularly vulnerable to fluctuations in oil prices,
which in turn affects other areas of life, directly impacting consumers [55,56]. Therefore, the
transition towards alternative, more eco-friendly energy sources is crucial [57]. Until 1999,
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aside from petroleum products, electricity was the only other significant energy source
used. The energy mix became more diverse after 2007, with a noticeable but gradual rise in
the share of biofuels, waste, and natural gas, indicating some attempts to diversify energy
sources. However, the scale of these changes remains limited, as confirmed by data for 2022,
when energy consumption in transport from petroleum products amounted to 932,145 TJ,
while consumption from all other sources totaled just 67,399 TJ (Figure 2) [52].
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Figure 2. Total final energy consumption in the transport sector by source in Poland.

In the context of final energy consumption in Polish transport, it is also important
to note how consumption has developed in relation to different subsectors over the last
few years. Passenger transport has consistently shown the highest demand for energy,
which is related to the high and still increasing number of vehicles on the roads, as well as
the significant role of public transport within the entire system [58,59]. Recent, noticeable
disruptions in passenger transport were caused by the market collapse following the
outbreak of the COVID-19 pandemic. In 2020, there was a significant decrease in the
number of passengers transported, resulting from restrictions on movement and reduced
societal mobility [60], which in turn led to a drop in total energy consumption. In freight
transport, energy use was lower compared to passenger transport, but it also increased
over time. This sector exhibited greater stability in terms of responding to economic
disruptions and the crisis caused by the pandemic. Moreover, when comparing energy
consumption in freight transport with that of heavy-duty vehicles, it is noticeable that in
recent years, there has been an increasing demand for this type of transport. This is a result
of the growing demand for goods, including due to the rise of e-commerce services, which
logistics [61] must accommodate. The total final energy consumption by subsectors in the
years 2020-2022 is shown in Figure 3 [52].
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Energies 2025, 18, 2291

8 of 28

The increase in energy consumption, particularly from the combustion of fossil fuels,
leads to higher greenhouse gas emissions, including carbon dioxide. CO, absorbs and
retains infrared radiation, contributing to atmospheric temperature rise. When emitted
excessively due to anthropogenic activities, it intensifies the greenhouse effect. In the
long term, this is associated with a chain of catastrophic events, such as rising sea levels,
changing climatic conditions, and altered precipitation patterns [62]. Additionally, fossil
fuel combustion, which is the primary source of CO, emissions, also releases harmful
substances, such as nitrogen oxides (NOy) and particulate matter (PM) [63]. These pollu-
tants degrade air quality and negatively impact human health [64]. However, a positive
aspect is that, based on reports, Poland has observed a long-term downward trend in
carbon oxide emissions. the most significant reduction occurred between 1990 and 2000.
Despite this decline, coal remains the dominant source of CO; emissions, although its share
in total emissions is gradually decreasing. The share of petroleum products and natural
gas in CO; emissions has remained relatively stable over the past three decades. After
2005, there was a slight rise in emissions, likely due to the growing role of the transport
sector. However, overall, fluctuations in emissions from these sources are minor, and their
contribution to total emissions does not exhibit dynamic changes, unlike coal emissions. It
is also important to consider data from 2019-2022, which show more noticeable fluctuations.
These variations result from the COVID-19 pandemic, ongoing transitions in the energy
and industrial sectors, and the increased energy demand following the crisis [65]. The CO,
emissions by energy source in Poland between 1990 and 2022 are illustrated in Figure 4 [52].
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Figure 4. Carbon dioxide emissions by energy source in Poland.

The share of various energy sources in CO, emissions is reflected in the sectoral
structure of these emissions. The largest source of CO, emissions between 1990 and
2022 was the electricity and heat production sector. However, it should be noted that
this share has clearly declined year by year, mainly due to the development of green
technologies, the implementation of more energy-efficient solutions, and government
policies aimed at reducing heat losses and electricity consumption [66,67]. The industrial
sector has also reduced emissions, albeit to a lesser extent than the energy sector. Meanwhile,
emissions from the residential sector, as well as commercial and public services, have
remained at a relatively similar level. Among the sectors analyzed, transport stands
out with a continuous increase in emissions over the years, making it one of the few
sectors that have not reduced their carbon footprint in the long term. Although economic
disruptions and the COVID-19 pandemic caused temporary declines [68], the sector quickly
returned to a growth trajectory. While total emissions from transport are significantly
lower compared to other sectors—67.34 million tons of CO,e in 2022 for transport, versus
140.26 million tons of COye for electricity and heat production—the persistent upward
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trend is an undesirable phenomenon for the environment. This situation confirms that
transport remains a challenge for climate policy, prompting numerous measures and
strategies aimed at its decarbonization [69,70]. An example of such efforts is the European
Union’s regulations on CO, emissions from transport. According to the revised climate
targets, between 2030 and 2034, CO, emissions from new passenger cars in EU countries
must decrease by 55%, while emissions from new vans must be reduced by 50% compared
to the target levels set for 2021. Additionally, the regulations stipulate that by 2035, all new
urban buses must be zero-emission [71] by 2035. Carbon dioxide emissions by sector in
Poland from 1990 to 2022 are shown in Figure 5 [52].
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Figure 5. Carbon dioxide emissions by sector in Poland.

In the context of the discussed area, it is also essential to address the economic con-
dition of Poland. The primary indicator reflecting the level of a country’s development
is Gross Domestic Product (GDP). This metric measures the total value of all goods and
services produced within an economy over a specific period [72], which, in the case of
transport, includes both the value of transport services and investments in infrastructure.
The direct contribution of the transport sector to GDP is approximately 6%. However,
its overall significance to the economy is much greater, as road transport plays a crucial
role in the supply chain of sectors responsible for nearly half of Poland’s GDP [73]. Gross
Domestic Product is closely linked to budget revenues, which are financial resources accu-
mulated in public funds. In the case of transport, these revenues include proceeds from fuel
excise taxes, road tolls, and taxes on business activities conducted within the transport sec-
tor [74,75]. Between 1990 and 2022, a consistent increase in both GDP and budget revenues
was observed, indicating that economic growth translated into higher state budget inflows.
In this context, transport plays a crucial role—government investments in infrastructure ex-
pansion and the development of the communication network support GDP growth, while
tax policies influence budget revenues, thereby generating funds for further expenditures.
The relationship between these indicators demonstrates that economic growth leads to
a stable expansion of public finances, which, in turn, positively affects transport activity,
both in freight and passenger transportation. This correlation is illustrated in Figure 6,
presenting a comparison of GDP and government revenues from 1990 to 2022 [76,77].

The characteristics of Poland in terms of final energy consumption in transport, CO,
emissions from transport activities, and state budget revenues indicate a certain relationship
between these factors. Conducting further analyses using appropriate statistical methods
will not only help determine the exact dependencies between these time variables but also
establish the direction and nature of their long-term relationships. These findings will be
presented in the following sections of the publication.
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3. Materials and Methods

The article utilizes data for Poland concerning total final energy consumption in trans-
port, carbon dioxide (CO,) emissions from transport activities, and government revenues.
The study covers the period from 1990 to 2022. Data were obtained from statistical reports
by Statistics Poland (GUS) [78,79] and databases provided by the following organizations:
International Energy Agency (IEA) [52], World Bank Group [77,80], and the International
Monetary Fund (IMF) [76].

The considered variables were defined and expressed as follows:

e  Total Final Energy Consumption in Transport (TFECT)—measured in terajoules [T]],
based on the data collection and conversion methodology of the IEA [81];

e  Carbon Dioxide Emissions from Transport (CO,T)—measured in million metric tons of
carbon dioxide equivalent [Mt COse], according to the World Bank approach utilizing
the Emissions Database for Global Atmospheric Research (EDGAR) [82];

e  Government Revenues (GREV)—expressed as a percentage of Gross Domestic Product
in Poland [%GDP], based on the principles of data collection and calculations by
the IMF [83]. This relative indicator enables improved comparability over time by
reflecting fiscal performance relative to economic size [77].

To address potential distortions caused by currency fluctuations and inflation over the
long study period, macroeconomic variables such as GDP were converted to constant 2015
U.S. dollars (USD), following the conversion methods used by the World Bank Group and
the Organisation for Economic Co-operation and Development (OECD) [84]. Since GREV
was expressed as a share of GDP, no further currency adjustment was required for this
series. As a result, this provided a consistent and transparent basis for time series analysis.

As the variables are expressed in different units, care was taken to ensure that this
dimensional heterogeneity does not bias the analysis. According to the established econo-
metric literature [85,86] cointegration techniques are scale-invariant, provided all series
are integrated of the same order. This condition was verified using three complemen-
tary tests of stationarity: the Augmented Dickey—Fuller (ADF), Phillips—Perron (PP), and
Kwiatkowski-Phillips-Schmidt-Shin (KPSS) tests. In addition, numerical stability was
examined through simulation-based diagnostics and impulse response analysis, which
revealed no signs of model distortion or instability due to differences in measurement units.

To achieve the research objective, Johansen’s cointegration test was applied. This
statistical method is commonly used to analyze long-term relationships between multiple
time series variables. It is frequently employed in economics and finance to examine
whether stable, long-term relationships exist between non-stationary time series that may
be cointegrated [87]. Cointegration refers to a situation where the variability of two or more
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time series is similar in the long run. Although individual series may be non-stationary,
their linear combination is stationary, indicating a stable long-term equilibrium relationship
between them. This means that cointegrated series do not drift apart over time, suggesting
an existing connection between them [88]. In such cases, Johansen’s cointegration test is
applicable, allowing for the identification of multiple cointegration vectors and determining
their number [33]. This test, which assesses the cointegration of multiple time series, is
based on the vector error correction model (VECM). However, before applying it, it is
necessary to establish the vector autoregression (VAR) model [89]. The general vector
autoregressive model, in which each variable has a vector value and matrices are used as
coefficients, takes the general form given by the equation:

Xp=p+Ax g+ Ao+ Apxeg Uy, 1)

where:

p—mean vector value of the time series;
x—represents the vector of time series;

A;—autoregressive coefficient matrices;

u;—error terms.

The next step after estimating the VAR model is to convert the VAR model into its
cointegration form, transforming it into the vector error correction model (VECM):

Axp =p+ Axp 1+ 1A+ -+ TAxp o+ uy, ()

where:

Ax; = x; — x;_1—differential operator;
I —matrix for each differential delay.

The Johansen test examines the null hypothesis of no cointegration, which occurs
when the matrix A = 0 [90]. The testing of the number of cointegrating relationships
utilizes two statistics: the Trace test, which examines how many cointegrating vectors exist,
and the Max-Eigenvalue test, which assesses whether the number of cointegrating vectors
is exactly equal to a specified value [91,92].

The Trace test evaluates the number of K linear combinations in the given time series.
The test statistic for this test employs the sum of the logarithms of the eigenvalues of the
cointegration matrix and is defined as follows:

~

Atrace(r) = =T, In(1—4y), (3)

where:

T—number of observations;

k—number of variables in the model;

A;—i-th eigen value estimated from the cointegration matrix;
r—the number of cointegrating vectors (null hypothesis of the test).

The null hypothesis (Hj) assumes that the number of cointegrating relationships is
7, meaning there are at most r cointegrating vectors, whereas the alternative hypothesis
(H;p) assumes that the number of cointegrating relationships is greater than », meaning
there are more than cointegrating vectors. The test is conducted iteratively, checking
successive values. If A, exceeds the critical value, H is rejected in favor of H;. However,
if A¢race is smaller than the critical value, Hy is not rejected—indicating that the number of
cointegrating relationships is not greater than r [93,94].
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Unlike the Trace test, the Max-Eigenvalue test examines the number of cointegrating
relationships individually rather than cumulatively. It tests whether the number of coin-
tegrating vectors is exactly v, by comparing the largest eigenvalue from the cointegration
matrix. The test statistic is defined as:

Amax(r,7 +1) = =Tln(1 — —A ) 4)

where:

A p4i — (r + 1)—the largest Eigenvalue estimated from the cointegration matrix.

The null hypothesis (Hp) assumes that the number of cointegrating relations is exactly
r, while the alternative hypothesis (H;) assumes that the number of cointegrating relations
is r + 1—that is, there is exactly one additional cointegrating vector. If A, exceeds the
critical value, Hy is rejected in favor of Hy, so there are at least r + 1 cointegrating vectors.
If Ajax is less than the critical value, Hy is not rejected, so the number of cointegrating
relationships remains at r [95]. Eigenvalues are crucial as they measure the strength of the
long-term equilibrium relationship. Larger eigenvalues indicate stronger cointegration
relationships [33,96,97].

Additionally, after establishing the cointegration relationships, the IRF function was
applied to assess the dynamics between the time series and identify shocks in the system.

Within the scope of this study, mathematical modeling was conducted using R Core
software (version 4.4.2) [98], primarily with the “urca” package, which provides a set of
cointegration tests for time series analysis [99].

4. Results and Discussion

The study began with a graphical representation of all the examined time series.
The charts sequentially present the total final energy consumption in transport (TFECT)
(Figure 7), carbon dioxide emissions from transport activity (CO,T) (Figure 8), and govern-
ment revenue (GREV) (Figure 9).

TFECT
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400000 +
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Figure 7. Total final energy consumption (TFECT) in Poland in the analyzed period.

Next, the stationarity of the time series of the analyzed variables was examined
using the ADF (Augmented Dickey-Fuller test), PP (Phillips—Perron test), and KPSS
(Kwiatkowski-Phillips—Schmidt-Shin test). For the variables to be included in further
modeling, the time series they represent must be non-stationary in their raw form and
stationary after first differencing. The results of the ADF test for time series derived from
raw data are presented in Table 1, the PP test in Table 2, and the KPSS test in Table 3.
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Figure 8. Carbon dioxide emissions from transport (CO,T) in Poland in the analyzed period.
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Figure 9. Government revenue (GREV) in Poland in the analyzed period.

Table 1. Dickey-Fuller test results for raw data.

Time Series (Variable) Test Statistic p-value
TFECT —1.658 0.705
CO,T —1.647 0.710
GREV —2.587 0.346

Table 2. Phillips—Perron test results for raw data.

Time Series (Variable) Test Statistic p-value
TFECT —8.895 0.559
CO,T —8.982 0.554
GREV —14.236 0.211

Table 3. Kwiatkowski-Phillips-Schmidt-Shin test results for raw data.

Time Series (Variable) Test Statistic p-value
TFECT 0.889 0.01
CO,T 0.887 0.01
GREV 0.883 0.01

The above results obtained using three different tests indicate that all the time series
represented by the raw data are non-stationary. Therefore, in the next stage, the stationarity
of the series after first differencing was examined. The results of the ADF test after first
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differencing are shown in Table 4, from the PP test in Table 5, and from the KPSS test
in Table 6.

Table 4. Dickey-Fuller test results after first differentiation.

Time Series (Variable) Test Statistic p-value
TFECT —3.664 0.044
CO,T —3.733 0.038
GREV —3.756 0.037

Table 5. Phillips—Perron test results after first differentiation.

Time Series (Variable) Test Statistic p-value
TFECT —22.630 0.013
CO,T —22.426 0.015
GREV —34.312 0.001

Table 6. Kwiatkowski-Phillips—Schmidt-Shin test results after first differentiation.

Time Series (Variable) Test Statistic p-value
TFECT 0.140 0.1
CO,T 0.138 0.1
GREV 0.067 0.1

Additionally, for each of the analyzed time series, a Monte Carlo simulation with
1000 replications was conducted to estimate the distribution of the Phillips—Perron (PP) test
statistic under the null hypothesis of non-stationarity (random walk type process). First,
simulations were performed for all time series derived from the raw data. The results are
presented in Figures 10-13.
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Figure 10. Monte Carlo simulation for PP test for TFECT variable (raw data).

Then, simulations were carried out for all analyzed time series after the first differenti-
ation. The obtained results are shown in Figures 13-15, respectively.
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Figure 11. Monte Carlo simulation for PP test for CO,T variable (raw data).
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Figure 12. Monte Carlo simulation for PP test for GREV variable (raw data).
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Figure 13. Monte Carlo simulation for PP test for TFECT variable (after first differentiation).
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Figure 14. Monte Carlo simulation for PP test for CO,T variable (after first differentiation).
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Figure 15. Monte Carlo simulation for PP test for GREV variable (after first differentiation).

The histograms (Figures 10-15) illustrate the distributions of the Phillips—Perron (PP)
test statistic, indicating the positions of the actual test statistics as well as the corresponding
p-values—both prior to and following the first differencing. This approach facilitates an
evaluation of the strength of the evidence against the null hypothesis of non-stationarity. In
the case of a non-stationary series (i.e., one for which the random walk hypothesis cannot
be rejected), the observed PP test statistic is expected to lie near the center of the simulated
distribution. The further the observed statistic is located in the left tail of the simulated
distribution, the stronger the indication that the series is stationary. Accordingly, the results
of the Monte Carlo simulations reveal that, for each of the analyzed time series after first
differencing, the PP test statistic falls within the left tail of the simulated distribution,
thereby providing substantial evidence in favor of stationarity.

To sum up, all obtained results confirm that considered time series represented by
the raw data are non-stationary, whereas after first differencing, they exhibit stationarity.
Therefore, it is possible to proceed with the Johansen cointegration test, starting first with
the selection of the optimal lag order (Table 7).

Table 7. Selection of the optimal lag order for the Johansen test.

Criteria Lag1 Lag 2 Lag 3 Lag 4 Lag 5
AIC(n) 40.337 39.703 39.565 37.835 32.839
HQ(n) 40.608 40.190 40.268 38.754 33.975
SC(n) 41.312 41.458 42.100 41.150 36.935

FPE(n) 3.370 x 107 2.002 x 10" 2.391 x 107 8.903 x 10'® 3.856 x 10'°

Given the obtained values, it can be observed that the optimal lag order is 5, and,
therefore, this value was adopted for the subsequent part of the study. Next, the number
of cointegration relationships was examined using two statistics—the Trace test and the
Max-Eigenvalue test. The obtained results are presented below.

Eigenvalues (A;)

0.8877;
0.6988;
0.1823;
0.0268.

The results of the Trace test statistic (Table 8) indicate that the hypotheses for » = 0
and r < 1 should be rejected, but there is no reason to reject the hypothesis » < 2. Thus,
it is assumed that there are two cointegrating vectors. The eigenvectors matrix (Table 9)
presents the coefficient in each cointegration relationship. The first row of this matrix is
normalized with respect to the TFECT time series, which serves as the normalizing variable.
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This implies that each relationship is expressed relative to this series. High values for CO,T
and GREV suggest that these series play a significant role in the cointegration relationships.
Therefore, cointegration includes TFECT, CO,T, and GREYV, forming linear combinations
that remain stable over the long term.

Table 8. Values of Trace test statistic and critical values.

Cointegrating

Vectors (1) Test 10 pct 5 pct 1 pct
r<3 0.76 6.50 8.18 11.65
r<2 6.40 15.66 17.95 23.52
r<1 39.99 28.71 31.52 37.22
r<o0 101.21 45.23 48.28 55.43

Table 9. Eigenvectors matrix—cointegration relations.

TFECT.L5 CO,T.L5 GREV.L5 PASS.L5
TFECT.L5 1.000 1.000 1.000 1.000
CO,T.L5 —1.545 x 10% —1.669 x 10% —1.290 x 10* —1.366 x 10%
GREV.L5 —1.771 x 103 8.413 x 103 —4.145 x 103 —2.389 x 102

Subsequently, the loading matrix (Table 10) was constructed. The analysis of this
matrix reveals how each time series responds to deviations from long-term equilibrium.
The largest absolute values occur for TFECT (~1.61 and ~2.28), indicating that this series
reacts strongly to deviations from equilibrium in both cointegration relationships.

Table 10. Loading matrix of analyzed time series.

TFECT.L5 CO,T.L5 GREV.L5
TFECT.L5 1.614 2.280 —0.290
CO,T.L5 1.009 x 10* 1.910 x 10~* —1.524 x 10°°
GREV.L5 3.459 x 10* —9.333 x 10~° 1.617 x 107>

As demonstrated by the results presented above, the Johansen procedure confirmed the
cointegration of the time series. Therefore, the next stage of the study involves estimating
the VECM model. The estimated model includes the RLM (Restricted Linear Model) and
the matrix of cointegrating vectors 8, which accounts for long-term relationships between
the time series. These are the linear combinations of the series that remain in equilibrium
over the long run. In this analysis, two cointegration relationships and three time series are
considered, meaning that the  matrix has dimensions 2 x 3. The values represented by
this matrix indicate how the individual series are related to one another. High coefficients
suggest strong dependencies between the series. The matrix of cointegrating vectors 3
including trend coefficients is shown in Table 11.

Table 11. Matrix of cointegrating vectors 3 with attached trend coefficients.

ectl ect2
TFECT.L5 1.000 6.776 x 10721
CO,T.L5 0.000 1.000
GREV.L5 —34,483.640 —2.467

TREND.L5 —26,828.310 —1.807
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In the first cointegration vector (ectl), TFECT.L5 is assigned a coefficient equal to 1,
establishing it as the normalizing variable for interpreting the long-run equilibrium. The
coefficient for CO,T.L5 is 0, indicating that this series is not part of the first relationship.
For GREV.L5, there is a large negative value, which suggests a strong inverse relationship
with TFECT.L5. Additionally, the value of the trend coefficient suggests that there is a long-
term trend affecting TFECT.L5. Based on the specified coefficients, the first cointegration
relationship (ectl) can be expressed by the following equation:

TFECT.L5 —34,483.64 x GREV.L5 —26,828.31 x TREND.L5 =0 5)

In the second relationship (ect2), CO,T is the normalizing variable, which is why
its coefficient is 1. For TFECT, the coefficient is 0 because this series is not part of the
second relationship. The value of the coefficient for GREV.L5 indicates that as GREV.L5
increases, CO,T.L5 decreases. Taking the values of the coefficients into account, the second
cointegration relationship (ect2) can be expressed by the following equation:

CO,T.L5 —2.467 x GREV.L5 —1.807 x TREND.L5 =0 6)

In the next part of the study, after identifying the cointegrating relationships present
in the considered time series, the Impulse Response Function (IRF) [100] was computed.
IRF analysis allows for a deeper understanding of both short- and long-term dynamics
between time series, as well as identifying the main transmission channels of shocks in the
system. This analysis helps in determining how a change in one time series influences the
dynamics of the entire system in subsequent periods. Particularly significant are sudden
changes, or shocks. They primarily allow for assessing which time series are especially
sensitive to changes occurring in others. Additionally, the IRF shows the direction of the
influence—whether it is direct or opposite. Moreover, it reveals how long the shock effect
lasts over time, i.e., whether the system quickly returns to equilibrium or if the shock
causes long-lasting changes. The value of the IRF indicates the strength of the shock’s
impact. Large responses indicate a strong influence, while small ones show more subtle
reactions [101,102]. The responses to shocks in the system were analyzed using all the
considered time series. Figure 16 presents the impulse response from TFECT, while Table 12
shows the IRF values from TFECT in each period.
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Figure 16. Impulse response from TFECT.
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Table 12. TFECT’s response to shocks in the system.

Period TFECT CO,T GREV
1 19,366.846 1.387 0.435
2 16,767.475 1.154 0.339
3 17,264.957 1.123 0.464
4 4907.827 0.269 0.117
5 2431.460 0.082 0.272
6 —2059.687 —0.144 —0.116
7 1617.437 0.147 0.063
8 2350.726 0.222 0.019
9 1967.259 0.184 0.126

10 1543.445 0.152 0.152
11 2185.142 0.182 0.210

A shock in TFECT leads to a notable rise in the first period (~19,367), followed by
a gradual decline over the next few periods. Around period 6, the effect turns slightly
negative (~=—2060), after which the system settles at a new relatively stable level. This
indicates a strong but short-lived reaction, with the system reaching a new equilibrium
within a few periods. Regarding the shock in CO,T, a small initial increase is observed
(=~1.387 in period 1), but this effect quickly dissipates. Generally, there is little long-term
impact—after several periods, the values are low. On the other hand, analyzing the shock
in GREV, a very small effect is visible—a slight surge initially, which next diminishes with
some fluctuations after third period.

The impulse response from TFECT shows an immediate and short-lived rise in CO,
emissions. This is consistent with the dominant role of fossil fuels in the transport sector,
where combustion leads to direct emission effects. GREV respond with a slight delay,
reaching a peak in the third period (~0.464). This lag does not result from the excise tax
collection mechanism itself, but more likely reflects the time needed for increased fuel
consumption to influence broader fiscal aggregates, including VAT and business-related
taxes. These revenues often react indirectly or follow periodic reporting cycles. This pattern
observed supports the presence of both immediate environmental effects and more gradual
fiscal adjustments.

Next, the responses to shocks in the system with CO,T were examined. The results
are illustrated in Figure 17, and Table 13 presents the IRF values from CO,T in each period.
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Figure 17. Impulse response from CO,T.
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Table 13. CO,T response to shocks in the system.

Period TFECT CO,T GREV
1 0.000 0.175 0.374
2 6799.627 0.638 0.751
3 8591.020 0.733 0.414
4 20,978.393 1.543 0.460
5 25,905.726 1.842 0.488
6 29,414.847 2.060 0.522
7 23,882.844 1.657 0.442
8 18,964.084 1.243 0.590
9 10,317.802 0.652 0.371
10 8845.228 0.595 0.414
11 9529.344 0.698 0.357

Considering the shock in TFECT, CO,T exhibits a pronounced rise, peaking at over
20,000 by period 4, before trending downward in subsequent periods. This indicates
that while increased transport energy use has a strong effect on emissions, the influence
diminishes progressively as the system adjusts. Analyzing the shock in CO,T, a self-
reinforcing effect is observed. CO; increases at first and gradually rises to its maximum
level (22.06 after 6 periods), after which it starts to decline. Thus, it can be concluded that
the shock in CO, emissions causes a lasting effect, which only fades after a longer period.
Regarding the shock in GREV, an initial upward response (=0.75 in period 2) is visible, but
after a few periods, the effect is ambiguous. Therefore, state budget revenues may have
some impact on CO, emissions, but this effect is not strong.

These results suggest that CO, emissions can reflect changes in transport-related
activity that later translates into increased energy consumption. Rather than acting as a
direct driver, emissions may indicate intensified use of transport services, including freight
or passenger movement. The response of GREV, although limited in magnitude, points to a
indirect linkage, where emissions-related activity contributes to fiscal inflows through fuel
taxation or broader economic turnover. This interpretation shows differentiated responses
in timing and scale across the transport-energy-fiscal nexus.

Similarly to previous analyses, the responses to shocks in the system with GREV were
examined. The impulse response from GREV is shown in Figure 18, while Table 14 presents
the IRF values from GREV in each period.
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Figure 18. Impulse response from GREV.
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Table 14. GREV’s response to shocks in the system.

Period TFECT CO,T GREV
1 0.000 0.000 0.857
2 2591.472 0.274 0.407
3 7062.757 0.627 0.272
4 22,071.636 1.587 0.380
5 18,801.535 1.333 0.074
6 20,518.968 1.432 0.352
7 9682.863 0.649 0.340
8 6492.695 0.398 0.404
9 2817.795 0.192 0.186

10 8872.288 0.626 0.378
11 10,627.816 0.796 0.177

Taking into account the shock in TFECT, government revenues (GREV) rise sharply,
exceeding 22,000 by period 4, and then gradually decline in the subsequent periods. This
pattern highlights a direct fiscal response to increased transport energy use. Referring to
the shock in CO,T, GREV climbs more slowly, reaching approximately 1.43 in 6 period,
and then experiences a downturn. This may result from cyclical changes in the domestic
economy. Cyclical fluctuations are related to the degree of transport utilization, which in
turn impacts carbon dioxide emissions from transport. However, these fluctuations do not
cause significant disruptions in state revenue flows. When analyzing the shock in GREV, a
preliminary surge in revenues (0.86 in the first period) is observed, but later oscillations
occur, both upwards and downwards, which may indicate that the state’s policy in this
area is not sufficiently predictable, leading to varying effects on the long-term state of funds
collected in public accounts.

The results obtained by the IRF function from GREV suggest that changes in fiscal
capacity, even when variable, can indirectly influence energy consumption through policy
channels such as infrastructure investment or demand stimulation. These effects are not
immediate but may accumulate over time, especially in sectors that are energy-intensive by
nature. The reaction of CO,T is less consistent, which aligns with the fact that emissions are
not directly shaped by fiscal instruments in the polish transport sector. Overall, the findings
indicate that fiscal dynamics can transmit into the energy and environmental domains,
although the strength and predictability of these links depend on how public resources
are allocated.

The conducted IRF analysis and observed response patterns suggest that some of the
system dynamics are shaped not only by statistical interdependence, but also by underlying
institutional and behavioral factors. This is particularly evident in the time-lagged and
persistent reactions observed for some variables. In the case of the delayed response
of government revenues (GREV) to a shock in transport energy consumption (TFECT),
one explanation is the structure of the Polish tax system. While fuel excise is collected
immediately upon sale, other major fiscal revenues, such as VAT or CIT, are subject to
monthly or quarterly settlement cycles. As a result, it takes time for increased transport
activity and fuel use to be reflected in government accounts. Additionally, rising energy
consumption may stimulate broader economic activity in sectors like logistics or retail,
which generates taxable value with a certain delay due to accounting practices and reporting
periods. These factors help explain why the fiscal response becomes visible only after a
few periods. When it comes to the prolonged effect of carbon dioxide emission shocks
(CO,T), which lasts for more than six periods, the key reasons are related to technology and
cost barriers in the transport sector. Fossil fuels still dominate the energy mix in transport,
and the transition to low-emission technologies, such as electric vehicles, is progressing
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slowly. This is due to several constraints, including: the limited availability of public
charging stations (particularly outside major cities), relative high purchase costs of low-
emission vehicles despite existing subsidies and also administrative delays in processing
support programs. There are also behavioral aspects involved—both transport users and
service providers often postpone switching to cleaner alternatives because of high up-front
costs, uncertainty about future regulations, or long lifespans of current using fleets. These
elements together contribute to the inertia of the system and explain why the effects of a
CO; shock are more persistent than those of other variables. These patterns show that the
dynamics captured in the model are shaped not just by statistical relationships between
energy use, emissions, and fiscal outcomes, but also by real-world aspects and constraints,
such as how taxes are settled or how quickly the transport sector can adapt to change.

5. Conclusions

The article analyzes the relationship between the total final energy consumption in
transport (TFECT), carbon dioxide emissions from transport (CO,T), and state budget
revenues (GREV) in the context of Poland. The Johansen cointegration method and the
associated test statistics, Trace and Max-Eigenvalue, were used. After identifying the
existing cointegrating relationships in the analyzed time series, the Impulse Response
Function (IRF) was also calculated to gain a deeper understanding of the short- and long-
term dynamics between the series, as well as to identify the main transmission channels
(i.e., the shocks in the system). The conducted study revealed that the total final energy
consumption in transport (TFECT) is a major determinant of both carbon dioxide emissions
(CO,T) and state budget revenues (GREV). Therefore, an increase in energy consumption
in transport not only leads to higher emissions but also affects the funds flowing into public
accounts. The CO,T series reacts to TFECT but also to its own shocks, which suggests a self-
reinforcing effect in carbon dioxide emissions. The GREV series is strongly linked to TFECT
but reacts less predictably to other time series variables. Considering the results obtained, it
can be concluded that in Poland, reducing total energy consumption in transport could be
an effective way to reduce carbon dioxide emissions from transport activities. Regulations
and changes in fiscal policy, including fuel or emission taxes, may impact CO; emissions
from transport, but the effect is not immediate and spreads over time. The scale of these
changes, therefore, depends on long-term government strategies. State budget revenues are
also significantly linked to energy consumption in transport, suggesting that tax policies
related to transport activities may have a substantial impact on public finances.

The conducted analyses confirm the research hypotheses formulated in the introduc-
tion of this study. The first hypothesis, regarding the existence of long-term relationships
between energy consumption, CO, emissions, and government revenue, is supported by
the results of Johansen’s cointegration test and the Vector Error Correction Model. The
second hypothesis, concerning the direction and nature of these dependencies, is also vali-
dated. The impulse response analysis (IRF) shows that an increase in energy consumption
in transport leads to a rapid rise in CO, emissions, and affects public revenue, albeit with a
certain delay. This indicates that the analyzed variables are interconnected over the long
term, with varied intensities and time dynamics. These findings also have practical impli-
cations for public policy in Poland. In recent years, government initiatives have included
a proposed environmental tax on internal combustion vehicles, originally scheduled to
come into force in 2026, with rates depending on the EURO emission standard met by the
vehicle. At the same time, increasing attention is being paid to an alternative approach
emphasizing financial incentives instead of consumer costs. For instance, government
subsidies of up to 40,000 PLN are currently available for the purchase of electric vehicles.
Such measures are consistent with the directions outlined in the Energy Policy of Poland
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until 2040 (EPP2040), which emphasizes the development of electromobility, improved
energy efficiency, and the decarbonization of the transport sector. An integrated fiscal and
environmental approach to transport policy could play an important role in supporting
these strategic goals. The results of this study can contribute to the evaluation of both
cost-based and incentive-based strategies. On the one hand, increasing fuel taxes may
help reduce energy consumption and CO, emissions while providing additional public
revenue. On the other hand, incentive-based programs require careful fiscal planning but
may more effectively accelerate the adoption of low-emission technologies. In light of
findings, a balanced approach that combines fiscal and environmental objectives appears to
be the most appropriate. Recommended directions should include: (1) fuel taxation based
on emission intensity, (2) allocating transport-related tax revenues to the development of
sustainable infrastructure, (3) supporting the sector’s transformation through targeted tax
relief and subsidies for low-emission technologies.

In addition to general fiscal instruments, the adjustment of policy to the national insti-
tutional context is of particular importance. In the case of Poland, it is worth considering,
among other things, partial redirection of fuel tax revenues to local governments. Currently,
fuel tax is set centrally, but local transport is mainly financed by local governments. The in-
troduction of a registration tax linked to CO, emissions could be considered (as in Germany
or France), although it would be necessary to take into account the total emissions over
the entire life cycle of the vehicle. It is also worth postulating better use of EU ETS funds
in the transport sector, which are currently directed to a limited extent to decarbonization
of transport in Poland, ensuring their greater allocation to the modernization of public
rolling stock, support for electromobility or expansion of charging infrastructure. In the
context of restrictions resulting from the expenditure rule and the fiscal situation, it is rec-
ommended to introduce instruments with high fiscal efficiency, i.e., those that have a low
budget cost in relation to environmental effects (e.g., tax reliefs instead of direct subsidies,
public-private partnerships).

This study has several limitations. First, the temporal scope of the analysis was limited
to the period 1990-2022, reflecting the availability of consistent and reliable macroeconomic
and sectoral data over a politically and institutionally stable period. Earlier data were ex-
cluded due to concerns about comparability and the structural differences in the economic
system prior to the early 1990s. The selected time frame ensures a uniform analytical foun-
dation based on sources from official statistics and recognized international institutions.
Second, the analysis focuses on three main variables: total final energy consumption in
transport, CO, emissions from transport, and government revenues. This choice was moti-
vated by the need to maintain model clarity and long-term data homogeneity. Nevertheless,
other factors, such as fuel prices, legal and fiscal reforms, macroeconomic shocks, or techno-
logical change, may also influence the relationships under investigation. Additionally, the
impact of external shocks, such as geopolitical tensions, crises, or EU climate policies, could
introduce volatility into the system that is not fully captured by the model structure. Future
studies could incorporate time-varying parameters to better account for such dynamics.
Third, the present analysis treats the transport sector as a whole, without disaggregating
passenger and freight transport. However, these subsectors may differ in their contributions
to energy consumption, emissions, and fiscal outcomes. Differentiating between them in
future research could provide a more detailed understanding of the drivers and policy im-
plications within the transport domain. Finally, while the Johansen cointegration approach
used in this study is appropriate for assessing long-run relationships among integrated
variables, it does not account for possible structural breaks or nonlinear effects. Given
Poland’s significant institutional and policy transformations during the analyzed period,
future research could benefit from applying complementary techniques, such as structural
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break tests (e.g., Zivot-Andrews) or ARDL-type models. These extensions would provide a
broader analytical perspective while building on the solid empirical basis established in
the present study. Generally, these limitations do not undermine the validity of the current
findings but rather delineate the scope and applicability of the results. At the same time,
they point to promising directions for future research.
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Abstract

Poland, as an important transit hub in Europe, has experienced a dynamic increase in
the significance of air transport in recent years. However, the outbreak of the COVID-19
pandemic in 2020 led to a severe collapse of passenger aviation worldwide. The aim of this
study was to assess the condition of the passenger air transport market in Poland against
the background of selected European countries in connection with the disruptions caused
by the pandemic. The Holt-Winters models, based on pre-pandemic data, made it possible
to forecast passenger transport volumes in the absence of the crisis and compare them with
actual values to estimate losses and the extent of recovery. In the first three months after the
outbreak, passenger losses ranged from 7.8 million in Sweden to 13.5 million in Portugal,
while Poland recorded 10.9 million; after one year, cumulative losses in Poland reached
44.5 million. In addition, the pace of restoration of selected markets was evaluated. In 2022,
Poland reached levels of up to 145% of its reference value, indicating one of the strongest
restoration dynamics among the analyzed countries. The results show that all markets
experienced sharp declines followed by a comparable rate of growth. The findings confirm
Poland’s strengthening position in the European air transport system and highlight the
need to build resilience to potential future crises.

Keywords: civil aviation; passenger air transport; COVID-19 pandemic; epidemic threats;
transport resilience; Holt-Winters method; forecasting; time series analysis

1. Introduction

Air transport plays a special role in the movement of passengers due to its ability to
provide comfortable travel over long distances in a relatively short time [1]. For this reason,
it is an attractive mode of transport for all travelers, regardless of whether they travel for
personal, tourist, or business purposes, which in turn positively contributes to increased
mobility and economic development. Poland, as an important transit hub in Europe,
has in recent years experienced a dynamic increase in the importance of air transport.
However, the outbreak of the COVID-19 pandemic in March 2020 led to serious disruptions
in passenger aviation [2]. This was primarily the result of the progressively introduced
restrictions aimed at limiting the spread of the virus. Self-isolation, social distancing,
mandatory quarantines, as well as remote work and education, had a clear impact on the
functioning and activity of the population [3]. Numerous restrictions and the need to adapt
lifestyles to completely new conditions resulted in a decline in mobility and a reduction
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in demand for passenger transport. Moreover, fears of possible contact with infected
individuals in public spaces caused people to more frequently choose individual means
of transport, avoiding public transportation [4]. In addition, many people abandoned
international travel in favor of local trips [5]. Thus, the pandemic period translated into
changes in transport mode preferences and affected travel patterns. This situation was
reflected in the functioning of passenger air transport markets worldwide, including in
Europe, and consequently also in Poland [6]. The number of flights decreased, interest
in international travel declined, and airlines were forced to adapt their operations to a
new and challenging reality [7]. Given the situation at that time, both at the national and
international levels, the aim of this study was to assess the condition of the passenger
air transport market in Poland against the background of selected European countries in
connection with the disruptions caused by the COVID-19 pandemic. The research is based
on two key research questions:

e How did the COVID-19 pandemic affect the performance of passenger air transport in
Poland compared with selected European countries?

e  From the post-pandemic perspective, how did the process of recovery of the passenger
air transport market in Poland proceed in relation to other European countries?

The article presents a comparative analysis of the condition of passenger air transport
in Poland and selected European countries during the COVID-19 pandemic disruption,
applying the Holt-Winters forecasting method to assess losses and the extent of recovery
across individual markets. The study provides evidence that the aviation sector in Poland,
similarly to other countries, experienced a dramatic decline in the number of passengers
carried. At the same time, it demonstrated a recovery dynamic comparable to that of
markets with stronger economies, which is a positive phenomenon. The results highlight
the importance of the transport market’s resilience to epidemic-related crises and indicate
that Poland’s strategic location and the ongoing development of its infrastructure may foster
long-term growth. The paper also emphasizes the need to develop strategies that enhance
the stability and preparedness of the aviation market for future threats of a similar nature.

This study contributes to the existing research by applying a single forecasting ap-
proach consistently across several European aviation markets (Poland, Portugal, Sweden,
Norway, Switzerland), by quantifying the scale of COVID-19 pandemic-related changes
using pre-pandemic trends and seasonal patterns, and by comparing differences in the
extent and pace of restoration between air passenger transport markets with distinct
structural characteristics.

This publication consists of several sections. The introduction presents a general
outline of the study, including its purpose and research questions. This is followed by a
literature review focusing on publications addressing the impact of the COVID-19 pandemic
on the economy and the transport sector, as well as studies employing mathematical
methods to analyze transport disruptions resulting from the epidemic crisis. Subsequently,
the materials and methods applied in the study are described. Section 4 constitutes the core
of the paper and includes the review and selection of markets for comparison, the modeling
and forecasting of passenger numbers in selected countries, along with a supplementary
comparison of alternative forecasting approaches to verify the robustness of the results,
and a comparative analysis of market losses and recovery. and a comparative analysis
of market losses and recovery. Finally, the conclusions are presented, summarizing the
study’s findings and key results.

2. Literature Review

The COVID-19 pandemic became a phenomenon that was closely monitored and
analyzed, which was reflected in the growing number of published reports, information
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bulletins, and scientific papers focused on this threat. The global spread of the SARS-CoV-2
virus shook the world economy, leading to its prolonged destabilization. This situation was
reflected in serious disruptions to transport systems [8], particularly affecting passenger air
transport. Initially, airlines attempted to maintain regular flight schedules in order to meet
public demand. However, it was soon observed that a characteristic feature of COVID-19
was the rapid transmission of the virus across different regions of the world [9]. Most
countries recognized international and regional air connections as one of the main routes for
pathogen transmission [10]. Therefore, governments around the world decided to introduce
travel restrictions to curb the spread of the virus [11]. In response to the threat, there were
increasing instances of countries refusing to accept flights from states and regions with
high infection rates. International borders began to close, which not only made foreign
destinations inaccessible to visitors but also created difficulties for people attempting to
return to their home countries [12,13]. Air transport also became less attractive due to the
requirements imposed by some governments on travelers. These often involved mandatory
testing, the obligation to present a vaccination certificate, or enforced quarantine.

Another important factor influencing the condition of passenger air transport was the
restrictions imposed on the hotel industry. The availability of hotel facilities became strictly
dependent on government decisions, which varied according to the current epidemiological
situation. Hotels were alternately closed and reopened for specific groups. This made it
impossible to plan vacations or business trips in advance, which ultimately led to a decline
in interest among passengers traveling for tourism and business purposes [14].

Other studies have shown that psychological factors were also significant for the
demand for air travel. It was found that the spread of SARS-CoV-2 caused concern among
many people, and in extreme cases even fear of infection through close contact with others
in airports or on airplanes [15]. Flights were increasingly canceled, or travelers chose
alternative and seemingly safer modes of transportation. The development of video-
conferencing technology also contributed to the decline in the number of passengers
carried, as it made it possible to conduct business and social activities without the need for
physical travel [16,17].

All of the above-mentioned factors led to a severe decline in travel demand, thereby
generating significant disruptions in passenger aviation [18]. As a result, the analytical
approach has become a popular direction in the literature, aiming to illustrate the broad
impact of the COVID-19 pandemic on transport. Researchers frequently apply mathemat-
ical methods to examine the functioning of transport processes under crisis conditions,
including passenger air transport. Existing studies can generally be examined in relation to
three aspects: the research region, the applied methods, and the main areas of application.

A significant portion of publications focuses on Europe. For example, in Poland
researchers employed various time series analysis methods, ranging from the discrete
wavelet transform (DWT) and statistical tests used to identify seasonality, to exponential
smoothing and Fourier spectral analysis. These approaches made it possible not only to
capture the sharp declines in air traffic [19] but also to indicate differences in the number of
passengers handled at specific airports (e.g., Szczecin Goleniéw) [20]. Other studies focused
on assessing the variation in passenger transport losses among selected EU countries in the
years 2015-2021 [21], as well as on a multidimensional comparative analysis of the Polish
and German markets in 2020-2022, highlighting different initial recovery paths following
the outbreak of the pandemic [22]. In Germany, additional research examined the financial
condition of airports (Frankfurt, Munich), using stochastic equations with the standard
Wiener process to forecast EBITDA [23].

In Latin America, specifically in Brazil, the use of Bayesian structural time series (BSTS)
models made it possible to estimate the impact of COVID-19 on air travel demand and
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the resulting changes in CO, emissions [24]. In Colombia, BSTS models were applied to
develop medium- and long-term forecasts, confirming that both passenger and freight
transport demand would return to pre-pandemic levels within the next few years [25].

In Asia, research conducted on Beijing Daxing International Airport (China) was based
on machine learning algorithms (the Light GBM model with SHAP values), incorporating
pandemic-related variables to forecast short-term daily passenger flows at the airport
terminal [26]. Meanwhile, in Turkey, actual air traffic density was compared with forecasts
obtained from two models—SARIMA and the multilayer perceptron (MLP). Both models
proved effective and demonstrated a significant decline in air traffic in Turkish airspace,
dependent on pandemic restrictions [27]. Other comparative studies based on ARIMAX
models indicated that the Asia—Pacific macroregion experienced a short-term but intense
shock, followed by a rapid recovery of the air transport sector [28].

North America was primarily analyzed within comparative studies involving other
parts of the world. SARIMA models, based on data from 2010 to 2019, were used to estimate
monthly passenger traffic in the United States, European countries, and China from January
2020 to December 2022, assuming the absence of the COVID-19 pandemic. The results
showed that in the United States and Europe, a gradual improvement in transport volumes
was observed in the months following the outbreak of the pandemic, whereas in China,
a clear decline in traffic occurred in 2021-2022 due to a sharp increase in the number of
infections [29]. Furthermore, another comparative analysis demonstrated that in the United
States, the impact of the pandemic was relatively uniform, and the recovery of domestic
connections progressed faster than in Europe [30].

In the case of global-scale studies, it can be observed that they focused on analyzing
virus transmission mechanisms in the context of passenger air travel. To forecast the risk of
SARS-CoV-2 transmission, survival models (e.g., the Cox model, inverse distance model)
and the concept of “effective distance” in the air transport network were applied [31].
Another study estimated the relationship between the volume of passenger air traffic
and the number of COVID-19 cases worldwide, using, among others, Poisson regression
models (PM, QPM) [32].

As shown, the literature employs a variety of analytical approaches, ranging from
classical statistical methods and time series analyses to machine learning and network-
based models. Such methods make it possible not only to analyze sudden drops in demand
but also to forecast recovery scenarios, assess the effects of pandemic restrictions, evaluate
economic impacts and analyze environmental consequences [33,34].

In parallel to studies focused on the effects of the COVID-19 pandemic, an increasing
number of publications examine long-term changes taking place in the aviation sector in
connection with climate-policy commitments and decarbonization targets [35,36]. These
works point to the growing importance of technological developments, the role of sustain-
able aviation fuels and the use of market-based instruments, including emissions trading
and carbon pricing, in shaping the sector’s future regulatory and cost environment [37,38].
In the European context, these issues are reflected in the Fit for 55 package, the ReFuelEU
Aviation regulation, which introduces mandatory SAF blending levels [39], as well as the
gradual tightening of the EU Emissions Trading System (ETS) for aviation [40,41]. Scenario-
based studies also show that achieving net-zero climate impacts will require improvements
in energy efficiency, the use of alternative fuels and operational adjustments, and may lead
to higher operating costs and ticket prices, while only moderately affecting overall demand
for air travel [42,43]. This different strand of work highlights that contemporary aviation is
subject to multiple, overlapping pressures, with the pandemic representing only one albeit
highly disruptive factor.
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However, there is a lack of studies that, from a post-pandemic perspective, compare
the condition of passenger air transport in Poland with that of other European countries
using forecasting models such as the Holt-Winters method to assess the losses caused by
the COVID-19 crisis and the dynamics of market recovery. The identified research gap
served as the starting point for this study, which is focused on analyzing the impact of the
pandemic on transport performance and the course of recovery processes in passenger air
transport markets in Poland and selected European countries.

3. Materials and Methods

The entire research process was structured in the form of a three-layer methodological
framework. This structure includes the stages of data preparation, mathematical model
development and validation, as well as the analysis and interpretation of the obtained
results. Figure 1 illustrates this framework by clearly outlining the sequential structure
of the study and the relationships between its stages, providing a clearer context for the

applied approach.
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Figure 1. Three-layer methodological framework of study outlining the sequence from data prepara-
tion to model development and results analysis.

The study, starting from data layer, utilized the database of the Statistical Office
of the European Union (Eurostat), which contains extensive data on transport activities
in Europe. The research was based on the dataset “Air passenger transport by type of
schedule, transport coverage and country”, which was adjusted in terms of geopolitical
scope, time range, and available measurement units [44]. As a result, monthly data were
obtained on the total number of passengers transported by air in 30 European countries (the
EU27 region plus Iceland, Norway, and Switzerland). The study covered the period from
January 2004 to March 2024, as only for this time range was a complete set of monthly data
available for all 30 countries. Subsequently, taking into account the long-term transport
characteristics of individual national markets, countries with results comparable to those of
Poland were identified. In addition, a contextual analysis of economic and infrastructural
conditions was carried out to better understand the specific features of each market. In the
next stage of the research, the collected data were used to construct time series representing
the number of passengers transported by air in the selected countries. Each of the time
series was then divided into two subsets, with the outbreak of the COVID-19 pandemic
in March 2020 serving as the point of division. The first subset was used to develop a
mathematical model and to generate forecasts for the period following the emergence of the
epidemic threat. The second subset served as a reference dataset, enabling the estimation
of losses through the comparison of the actual state (reflecting the declines caused by the
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pandemic) with the forecasts based on data from before March 2020, which represented the
potential level of air transport in the absence of disruptions.

The next layer of the study (model layer) involved the development of mathematical
models describing the number of passengers transported by air. To identify and predict
temporal changes, time series models are used, as they make it possible to describe the
nature of the analyzed process, identify its deterministic components, and represent the
process as a function consisting of such elements as a trend, seasonal fluctuations, cyclical
variations, and random disturbances [45]. Identification of the individual components and
the internal dynamics of a time series enables the forecasting of its future values [46]. In
this study, the Holt-Winters model was applied, as it is suitable for time series that exhibit
a trend, seasonal fluctuations, and random variations. Due to its flexibility, this model is
widely used by researchers across various fields. For instance, in industry, it can be used
for forecasting product sales [47], or electricity generation [48], while in demography it
is applied to predict birth and death rates [49]. Another area of application involves the
analysis of developmental trends and the forecasting of the spread of epidemic threats such
as COVID-19 [50]. Moreover, the Holt-Winters method is also used in transport process
modeling, including analyses of vehicle volumes and related congestion, road traffic safety
studies, and forecasts of passenger transport demand [51,52]. There are two variants of this
model that differ in the nature of their seasonal component. The additive model is preferred
when seasonal fluctuations remain approximately constant throughout the series, whereas
the multiplicative model is more suitable when seasonal fluctuations change proportionally
to the level of the series [53,54]. In this study, for each of the analyzed air transport markets,
a multiplicative model was applied, consisting of the forecasting equation Y}, ,, (1) and

t+m
three smoothing equations: the level L; (2), the trend B (3), and the seasonality S; (4):

" Ly 4+ By xm
Yt+m = tsit (1)
t—s+m
Y}
Ly = ag Tt (I —a)(Le-1 + Bi-1) )
—S
By =06(Ly —Ly—1) + (1 —0)Bs_q 3)
Y,
St =7 L—i +(1—79)St—s (4)

where:

a, 6, y—exponential smoothing coefficients such that «, J, v¢(0;1);
Y;—actual value at time ¢;

S—Ilength of the seasonality cycle (for monthly data L = 12);
m—forecast horizon [55].

In the adopted approach, the exponential smoothing coefficients «, 6, y were selected
to achieve a high fit of the model to the actual data by minimizing the Mean Absolute
Percentage Error (MAPE) [24]:

Y- Y7

1 n
MAPE = ) 1=

ni3

%100 [%] )

where:
Y[ —forecast value at time ¢;
Y;—actual value at time £;

n—number of observations.
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The Holt-Winters models were estimated using an automatic optimization procedure,
which determines the smoothing parameters («, 4, y) by minimizing the in-sample forecast
errors. For each country, several candidate specifications generated by the software were
compared, and the final model was selected based on the lowest MAPE value. Model
validation was carried out by applying the set of accuracy metrics, by comparing AIC
values across specifications, and by analyzing residual behavior using standard diagnostic
tests, including the Shapiro-Wilk test. In addition, the coefficient of determination (R%) was
included as a supplementary indicator of the overall fit of each model.

To present these diagnostic results explicitly, the accuracy of each model was assessed
using standard error metrics. Besides MAPE, the Mean Error (ME), Mean Absolute Error
(MAE), and Root Mean Square Error (RMSE) were computed according to Formulas (6)—(8):

ME = %Zle(yt —Y}), (6)

1
MAE = Ezle Y} —Yi|, 7)

(Yt* - Yt)z

RMSE = \/ Y ®)

where:

Y —forecast value at time ¢;
Y;—actual value at time £;
n—number of observations.

Lower error values indicate that the model forecasts are closer to the actual observa-
tions, which translates into higher forecast accuracy and, consequently, greater predictive
capability of the model [56]. Furthermore, to compare the goodness of fit and complexity
of alternative models, the Akaike Information Criterion (AIC) was applied, the value of
which was determined using the following formula:

AIC = 2k —2In(L), )

where:
k—number of parameters in the model;
L—reliability function.

Lower AIC values indicate a better trade-off between model fit and the number of
estimated parameters. This ensured that the model selection was not solely the result of
forecast error minimization, but also maintained a balance between accuracy and model
complexity. At this stage of the study, the Shapiro—Wilk test (W) was also performed to
assess whether the residuals followed an approximately normal distribution [57].

The coefficient of determination (R?) was also calculated as a supplementary measure
of overall model fit. It was computed using the standard formulation based on the sum of
squared residuals (SSE) and the total sum of squares (SST) [58]:

YRRk

R>=1 t
Y (Ye—Y)?

(10)

where:
Y;—actual value at time ¢;

Y —forecast value at time ¢;
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Y—mean of all observations;
n—number of observations.

Additionally, for robustness purposes, several alternative forecasting models (SARIMA [59],
BSM [60,61], TSLM [62], Random Forest [63,64]) were estimated using the same pre-pandemic
dataset and identical accuracy metrics. These models served only as a supplementary check of
the stability of the results.

The final stage (results evaluation and interpretation layer) involved the analysis and
interpretation of the results obtained from the mathematical models in order to evaluate
and compare the condition of selected passenger air transport markets disrupted by the epi-
demic threat. The forecasts derived from the Holt-Winters models were used to determine
the losses (L) incurred during specific periods following the outbreak of the COVID-19
pandemic, which were calculated as follows:

Lw= Y . PF;—Y " PA, (11)

where:

L,—passenger losses in the m months since the outbreak of the pandemic;

m—number of months since the outbreak of the pandemic;

PF,,—projected number of passengers transported m months after the outbreak of the pandemic;

PA,;—actual number of passengers transported m months after the outbreak of the pandemic.
Next, the extent of loss recovery (R;;) was determined in the corresponding periods:

", PA;

R, = ==l "t
" " PF;

x 100 [%], (12)

where:

Ry—extent of loss recovery in the period of m months since the outbreak of the pandemic;
m—number of months since the outbreak of the pandemic;

PA;;—actual number of passengers transported m months after the outbreak of the pandemic;

PF,,—projected number of passengers transported m months after the outbreak of
the pandemic.

Additionally, to obtain a more comprehensive picture, the actual transport perfor-
mance in the subsequent months following the announcement of the pandemic was com-
pared with the data from the beginning of 2020, which made it possible to assess the pace
of market restoration in each of the analyzed countries. For this purpose, the following
formula was applied:

Y

D: = = %100 [%], (13)

where:

D,—ratio of the number of passengers carried in month z relative to January 2020;
z—months following the outbreak of the pandemic, starting in April 2020;
Y,—actual number of passengers in month z;

J—actual number of passengers in January 2020.

Furthermore, for the results obtained in this way, color mapping was applied, assigning
appropriate colors to three percentage value ranges:

e red (<35%)—very low or low level of market restoration;
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o  yellow (35.1-85%)—medium level;
e  green (>85.1%)—high level, close to or exceeding the level from January 2020.

The introduced classification facilitated the systematic interpretation of the data,
enabling the identification of patterns and the comparison of the pace of restoration between
individual air transport markets.

The modeling within this study was carried out using Statistica software (version 13.3,
StatSoft/ TIBCO, Hamburg, Germany) [65] and R Core software (version 4.4.3, R Core
Team /R Foundation for Statistical Computing, Vienna, Austria) [66] with packages that
provide a set of algorithms for data preprocessing, time series forecasting and machine
learning. All visualizations were prepared in MS Excel. The approach described in this
section made it possible to conduct a comparative analysis of the condition of air transport
markets disrupted by the outbreak of the COVID-19 pandemic, as well as to assess Poland’s
situation relative to other European countries.

4. Results and Discussion
4.1. Selection and Characteristics of Markets Included in the Analysis

The study began with the acquisition of data from the Eurostat database containing
information on air passenger transport in 35 European countries. The dataset was subse-
quently adjusted in terms of geopolitical scope, time horizon, and available measurement
units. Verification of the completeness of monthly data made it possible to determine a
study period that ensured the largest number of markets suitable for comparison. The
period from January 2012 to March 2024 was adopted, excluding countries with data
gaps for these dates—the United Kingdom, Bosnia and Herzegovina, Montenegro, North
Macedonia, and Serbia. As a result, monthly data were obtained for the total number
of passengers transported by air in 30 European countries, specifically in the European
Union member states (EU27) as well as Iceland, Norway, and Switzerland. The prepared
dataset reflected both long-term transport trends and distinct disruptions in the trend
caused by the outbreak of the COVID-19 pandemic, forming the starting point for further
analysis. Figure2provides a comparative overview of monthly passenger volumes in
2012-2024 across 30 European countries (EU27 plus Switzerland, Norway, and Iceland),
showing both the typical seasonal patterns and the sharp structural break in 2020 caused
by the pandemic.
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Figure 2. Overview of monthly passenger air transport volumes across 30 European countries
in 2012-2024.

Subsequently, from the dataset comprising 30 European countries, a comparative
group was selected based on the similarity of long-term passenger traffic volumes to those
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observed in Poland prior to the pandemic. Before the final selection, several other medium-
sized markets with comparable monthly passenger volumes in the last pre-pandemic years
were also taken into consideration (among others Ireland, Belgium, Denmark and Austria).
The final choice of countries was made according to three criteria: (i) full availability
and internal consistency of the Eurostat series for 20122024, (ii) the most comparable
whole-term passenger volumes, and (iii) the possibility of capturing structurally distinct
configurations of national air transport markets. In this respect, the inclusion of Portugal,
Sweden, Norway and Switzerland provides a complete set of reference countries that,
despite having pre-pandemic passenger volumes broadly comparable to those of Poland,
represent different long-term demand structures shaped, respectively, by tourism activity
(Portugal), domestic network needs (Sweden and Norway), and internationally oriented
hub operations (Switzerland). Such structural variation within a volume-comparable group
makes it possible to interpret Poland’s dynamics more reliably by contrasting its trajectory
with markets exposed to different dominant drivers of passenger air transport. The monthly
passenger air transport volumes in 2012-2024 for these countries are presented in Figure3
to illustrate their relevance as reference markets. The monthly passenger air transport
volumes in 2012-2024 for these countries are presented in Figure3to demonstrate their
relevance as comparable markets.
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Figure 3. Overview of monthly passenger air transport volumes in 2012-2024 for Poland and markets
selected for further analysis.

In addition, key demographic, economic, and infrastructural indicators were compiled
to characterize the structural profile of the selected countries and to support the justification
for their inclusion in the subsequent stages of the analysis. These characteristics provide
essential background for interpreting the comparative results discussed later in the study.
The detailed values of these indicators are summarized in Tablel.

As shown in Tablel, among the countries included in the further stages of the study,
there is a clear differentiation, particularly in terms of population size, economic per-
formance, land area, and the number of airports. These differences reflect the specific
characteristics of individual markets, thereby increasing the comparative value of the
entire analysis. Although Poland has a relatively lower GDP per capita compared to the
Scandinavian countries and Switzerland, in 2023 it recorded a high passenger volume of
over 50 million people. This result was comparable to the Swiss market and exceeded
the volumes achieved in Sweden and Norway. This indicates that after the COVID-19
pandemic, Poland has been consistently becoming an increasingly important transport hub
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in Central Europe, mainly due to the expansion of international routes offered by low-cost
airlines, as well as the strengthening position of the national carrier LOT Polish Airlines.
Among the analyzed countries, the highest passenger transport volume was recorded in
Portugal, which handled 61.1 million passengers in 2023—about 11 million more than
Poland—despite having a population more than three times smaller. This high level of
air traffic primarily results from the structure of Portugal’s economy and its geographical
location. The country is strongly tourism-oriented, and its attractiveness as a leisure desti-
nation means that a significant share of passenger transport is generated by foreign visitors.
In the case of Sweden and Norway;, it can be observed that compared to Poland, these
countries have a much higher GDP per capita, as well as exceptionally well-developed
domestic air transport networks—with 41 and 45 civil airports, respectively. The large
number of airports demonstrates that in both countries, air transport plays a crucial role not
only in international connections but also as an essential mode of internal communication
within the Scandinavian region, characterized by vast territory, low population density,
and geographical barriers such as mountain ranges and numerous fjords. Meanwhile,
Switzerland, despite having the smallest area and population among all the compared
countries, recorded nearly 52 million air passengers in 2023, according to the available data.
This high level of passenger transport is directly related to Switzerland’s significance on the
international stage, where its role as a financial and institutional center is combined with
a well-developed transport infrastructure. Moreover, the strong position of the national
carrier SWISS, which is part of the German Lufthansa Group, further reinforces this effect.

Table 1. Demographic, economic, and infrastructural characteristics of Poland and the markets
selected for further analysis.

Country Poland Portugal Sweden Norway Switzerland
Population 36.69 10.58 10.54 5.52 8.89
(in millions)
Area [km2] 312.696 92.391 450.295 385.207 41.285
GDP per capita
(2023) [USD] 22,056.67 27,331.21 55,516.84 87,925.09 99,564.71
Civil airports 15 19 41 45 7
PLL LOT, TAP Air iﬁ‘;\t:g :‘Sr; Scandinavian ~ SWISS, easyJet,
C Enter Air, Portugal, L Airlines (SAS), Edelweiss Air,
Main airlines . 2 . Norwegian . : .
Ryanair, Azores Airlines, Air Sweden Norwegian Air Helvetic
Wizz Air Sevenair SA Shuttle, Wideroe Airways
Braathens,
Passengers
carried by
air transport 50.17 61.10 29.44 36.38 51.95
in 2023

(in millions)

The conducted selection and analysis of the conditions of individual markets made it
possible to establish a comparative perspective for assessing the situation in Poland against
other European countries. Therefore, the selection of countries constituted the starting
point for the next stage of the study, in which mathematical models were developed to
forecast the level of air passenger transport under conditions without disruptions related
to the COVID-19 pandemic.

4.2. Modeling and Forecasting of the Number of Carried Passengers in Selected Countries

The application of mathematical modeling enables the study of transport processes
under crisis conditions and the assessment of their resilience. In this case, by employing the
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Holt-Winters model, forecasts were generated based on pre-pandemic data to determine
the potential level of passenger transport in the absence of epidemic disruptions. For
all selected countries, the multiplicative variant of the model was applied, as it allows
capturing both development trends and the distinct seasonality characteristic of the air
passenger transport market. The exponential smoothing coefficients «, §, and y were
selected in order to achieve a high degree of model fit to actual data by minimizing the
Mean Absolute Percentage Error (MAPE).

The modeling process began with Poland. The lowest MAPE value, amounting to
1.85%, was obtained for the parameters « = 0.9, § = 0.1, and y = 0.1. The results indicate
a strong agreement between the forecasted and actual values up to the outbreak of the
pandemic. However, in the subsequent months, due to COVID-19, a significant deviation
became apparent, particularly during the period March—June 2020. Actual passenger
transport plummeted sharply, reaching only 10.4 thousand in May 2020, whereas the model
predicted a continued upward trend. It is also noteworthy that by mid-2023, the forecasts
indicated that the number of carried passengers should exceed the record level of 7 million.
It should be noted that this represents a forecasted level reflecting the development potential
of the market based on historical data, which in practice may be constrained by various
financial, infrastructural, or organizational factors. In this context, particular importance is
attached to the implementation of the Central Communication Port (CPK) project, which
aims to create a transport hub integrating passenger and cargo air traffic with the rail
and road networks. The main component of this project will be a new airport, which is
ultimately expected to become the largest hub in Central and Eastern Europe, handling
millions of passengers annually and providing long-haul connections [67]. According to the
latest forecasts by IATA, CPK will be capable of serving around 32 million passengers in its
first full year of operation, and by 2040 this number may increase to as many as 40 million.
The investment is expected to significantly enhance Poland’s air connectivity, thereby
strengthening the country’s competitiveness in the European market. It also assumes a
high share of transfer traffic and a developed cargo activity, both of which may contribute
substantially to overcoming existing limitations and further market growth [68]. Against
this background, it is a positive development that since 2022, actual passenger traffic has
gradually recovered its typical seasonality, and during the summer peaks of 2022 and 2023,
the observed values were already much closer to the optimistic forecasts, indicating market
stabilization and a return to a growth trajectory. A comparison of the model values with
the actual number of passengers carried by air transport in Poland is presented in Figure 4.

POLAND

Number of passengers (in millions)

8

— Actual — Maodel

Figure 4. Comparison of model forecasts with the actual number of air transport passengers
in Poland.

As part of the verification process, the Shapiro-Wilk test was carried out, and the
result (W = 0.978, p-value = 0.105) confirmed that the residuals followed a distribution close
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to normal. The obtained AIC value of 2466.5 indicates a good model fit with moderate
complexity. The R? value for the model was 0.99602. In addition, to further assess the
forecast accuracy, the ME, MAE, and RMSE metrics were applied, with their low values
confirming a high level of model precision (Table 2).

Table 2. Assessment of forecast accuracy in the Holt-Winters model for the Polish market.

Metric Value

Mean Absolute Percentage Error (MAPE) 1.845%
Mean Error (ME) —298.109
Mean Absolute Error (MAE) 45,574.277
Root Mean Square Error (RMSE) 59,391.479

For the case study of Portugal, the best-fitting model was obtained with the parameters
a« =08, 6 =01, y=0.1, yielding a MAPE of 1.97%. Similarly to Poland, the forecasts
indicated a continued dynamic market expansion, which was abruptly interrupted by
the epidemic crisis. The developed model accurately reproduced the characteristics of
passenger traffic observed before the COVID-19 pandemic. After the outbreak, the largest
discrepancies between the forecasts and actual values occurred during the summer months
of 2020 (difference of approx. 16.99 million) and 2021 (difference of approx. 15.28 million).
In contrast, during the winter season, the deviations were smaller (around 10.13 million
in 2021), reflecting the lower demand for air transport outside the holiday period. Portugal
thus represents a market strongly dependent on tourism-driven demand, which was
severely constrained by the mobility restrictions and epidemiological safety procedures
in force at the time. From 2022 onwards, a gradual restoration of seasonal patterns can be
observed, while the still significant differences from the forecasts stem from the fact that the
historically based model assumed the achievement of record traffic levels under a no-crisis
scenario (Figure 5).

PORTUGAL

Number of passengers (in millions)

— Actual — Model

Figure 5. Comparison of model forecasts with the actual number of air transport passengers
in Portugal.

As in the previous case, the conformity of the model residuals with the normal distribu-
tion was verified. In the Shapiro-Wilk test, the result was W = 0.982 with a p-value = 0.184.
The AIC value of 2552.2 indicates a level of model complexity similar to that obtained for
the Polish case study. This model achieved an R? of 0.9933. In addition to MAPE, the values
of the ME, MAE, and RMSE were also calculated (Table 3).
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Table 3. Assessment of forecast accuracy in the Holt-Winters model for the Portuguese market.

Metric Value
Mean Absolute Percentage Error (MAPE) 1.973%
Mean Error (ME) 594.162
Mean Absolute Error (MAE) 67,857.894
Root Mean Square Error (RMSE) 91,947.498

For Sweden, the best fit for the Holt-Winters model was achieved with the parameters
«=0.6,0=0.1, v =0.1. The developed model accurately captured both the trend and
seasonality of the Swedish passenger market, as evidenced by a low MAPE of approximately
1.64%. It is worth noting that even before the pandemic, in 2019, there was a decline in the
annual number of passengers compared to the record level of 2018 (a year-on-year difference
of about 1.33 million passengers), suggesting that the airline market’s performance was
also constrained by factors unrelated to the epidemic crisis. In the first half of 2020, similar
to the Polish and Portuguese markets, there was a sharp collapse in passenger traffic,
resulting from pandemic restrictions and the associated changes in society’s travel needs.
The 2021-2022 period brought a noticeable recovery, although seasonal peaks were still
below those projected under a no-crisis scenario. The turning point came in 2023, as
from April onwards, the actual values gradually approached the forecasts, and during the
summer, the two series almost completely overlapped. This can be interpreted as a return
of the Swedish market to the level of passenger traffic that would have been achieved
without pandemic disruptions. This demonstrates the relatively high resilience of Sweden’s
passenger air transport, largely based on domestic connections. The comparison of model
forecasts with the actual number of passengers transported in Sweden is shown in Figure 6.
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Figure 6. Comparison of model forecasts with the actual number of air transport passengers
in Sweden.

Model verification confirmed its validity. The Shapiro-Wilk test statistic was W = 0.986
with a p-value = 0.363, and the AIC was 2471.1. The coefficient of determination (R?) for
this model amounted to 0.98304. Additionally, other error metrics such as ME, MAE, and
RMSE also indicate a high accuracy of the forecasts (Table 4).
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Table 4. Assessment of forecast accuracy in the Holt-Winters model for the Swedish market.

Metric Value

Mean Absolute Percentage Error (MAPE) 1.635%
Mean Error (ME) —4087.547
Mean Absolute Error (MAE) 47,544.672
Root Mean Square Error (RMSE) 60,789.824

The Norwegian market was best described by the Holt-Winters model with parameters
«=03,0=0.1,y=0.1. The low MAPE of approximately 1.31% indicates that the forecasts
obtained were the most accurate among all analyzed cases. Between 2012 and 2019,
the market in Norway experienced moderate growth without the significant increases
characteristic of countries such as Poland or Portugal. Consequently, forecasts for 2023-2024
assumed only a gradual, mild increase in passenger numbers compared to pre-crisis levels.
The initial phase of the pandemic caused a sharp decline in passenger traffic, reaching
around 86% in April 2020 compared to March of the same year. The recovery process
began in 2021 and, in Norway, it was more dynamic than in Sweden. Seasonal fluctuation
amplitudes were more pronounced, and differences between forecasted and actual values
decreased more rapidly. From mid-2023 onwards, both series converged significantly, which
can be interpreted as a sign of the Norwegian market steadily returning to the pre-pandemic
growth scenario. This supports the conclusion that the dominance of domestic flights and
Norway’s specific geographic conditions made the market relatively less vulnerable to
the effects of restrictions on international travel. The comparison of forecasted and actual
values for Norwegian passenger air transport is shown in Figure 7.
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Figure 7. Comparison of model forecasts with the actual number of air transport passengers
in Norway.

For this model as well, there is no basis to reject the hypothesis of normality of residuals.
The Shapiro-Wilk test statistic (W) was 0.988 with a p-value = 0.505. The AIC value of 2442.7
confirms that the applied model achieves an appropriate balance between goodness of
fit and the complexity of its parametric structure. The R? for this model reached 0.9878.
Moreover, the error metrics ME, MAE, and RMSE, similarly to MAPE, also confirm the
high accuracy of the forecasts (Table 5).
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Table 5. Assessment of forecast accuracy in the Holt-Winters model for the Norwegian market.

Metric Value

Mean Absolute Percentage Error (MAPE) 1.313%
Mean Error (ME) —597.599
Mean Absolute Error (MAE) 40,308.111
Root Mean Square Error (RMSE) 52,653.495

The last of the models developed in this study concerned the Swiss market, with
parameters set at « = 0.4, 0 = 0.1, v = 0.1, yielding a MAPE of approximately 1.43%. A
comparison of the forecasted and actual values shows that the Swiss air transport market,
similar to Portugal, was heavily dependent on international travel, which led to a sharp
collapse immediately after the outbreak of the pandemic. This is confirmed by the difference
in the number of passengers carried, which reached 3.94 million during the February—April
2020 period. In 2021-2022, despite visible signs of market recovery, actual passenger
traffic remained significantly below the levels projected in a no-disruption scenario. At
the beginning of 2023, there was a clear improvement, and from October of the same
year, actual values nearly matched the forecasts. This indicates that the Swiss market
had returned to its model development trajectory, thereby restoring the potential implied
by its pre-pandemic condition. As observed, COVID-19 clearly impacted passenger air
transport in Switzerland, mainly due to restrictions on international travel. However, the
strong service-based economy, high purchasing power of citizens, and institutional stability
contributed to a relatively rapid return to forecasted levels, as illustrated in Figure 8.

SWITZERLAND
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Figure 8. Comparison of model forecasts with the actual number of passengers in Switzerland.

As with the other developed models, the Shapiro-Wilk test was performed, yielding
W =0.981 and a p-value = 0.175. The AIC was 2509.1, indicating a complexity similar to that
of the previously analyzed models. This model achieved an R? of 0.98738. Additionally,
the ME, MAE, and RMSE values were calculated, confirming the high accuracy of the
forecasts (Table 6).

Table 6. Assessment of forecast accuracy in the Holt-Winters model for the Swiss market.

Metric Value

Mean Absolute Percentage Error (MAPE) 1.427%
Mean Error (ME) —3299.916
Mean Absolute Error (MAE) 58,235.413
Root Mean Square Error (RMSE) 73,839.845

The Holt-Winters method proved effective in modeling passenger numbers on the
selected aviation markets, achieving very low error values, as evidenced by MAPE below
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2% in all cases. Moreover, across all countries the R? values exceeded 0.98, indicating a
consistently high alignment between the fitted and observed series. Up to March 2020,
the forecasts closely matched the actual data, after which significant and country-specific
discrepancies emerged. The pandemic had a greater impact in countries with a higher
share of international traffic (Portugal, Switzerland), while markets with a strong domestic
network, such as Norway and Sweden, proved more resilient. Among the analyzed
countries, Poland was positioned in the middle, combining a sharp decline with the
forecasted growth potential. The models and results presented in this section form the
basis for further analysis, including estimating losses, assessing the extent of recovery and
pace of restoration of individual markets.

4.3. Robustness Check and Comparison of Alternative Models

To strengthen the empirical framework and verify the stability of the results, several ad-
ditional forecasting approaches were estimated alongside the multiplicative Holt-Winters
model. The aim of this part of the research was to assess whether the long-term projections
used in the study are sensitive to the choice of forecasting method, or whether similar
patterns emerge when applying alternative models. For this purpose, four commonly used
approaches were considered:
seasonal ARIMA model (SARIMA);
basic structural model (BSM);
trend—-seasonal linear model (TSLM);

Random Forest model (RF).

All models were trained on the same pre-pandemic period and evaluated using
identical forecast accuracy metrics to ensure full comparability (Table 7).

Table 7. Forecast accuracy metrics for the examined models.

Model MAE RMSE MAPE

Multiplicative Holt-Winters (HW) 1,952,926 2,407,673 1711.7
Seasonal ARIMA (SARIMA) 2,024,236 2,371,277 1652.3
Trend-seasonal linear model (TSLM) 2,058,869 2,370,695 1630.5
Random Forest model (RF) 1,101,460 1,498,198 1368.9
Basic structural model (BSM) 1,546,193 1,810,148 1210.2

It should be noted that the MAPE values obtained for the benchmark models are
relatively high. This results from the fact that, during the pandemic collapse, actual
passenger numbers fell to very low levels, which significantly inflates percentage errors.
Similar behavior of MAPE in periods with near-zero observations is well documented
in forecasting research [69-71]. For this reason, the comparison focuses on the relative
differences between the models rather than on the absolute size of the MAPE values.

The benchmarking results indicate that some alternative models, particularly BSM and
Random Forest, achieved lower error values. However, the objective of the comparison was
not to select the single most accurate algorithm, but to verify whether the general behavior
of the examined markets remains consistent across different forecasting techniques. In this
respect, the Holt-Winters method offers several practical advantages: it provides a clear
decomposition of trend and seasonality, can be applied consistently across all analyzed
markets without extensive model-specific adjustments, and generates stable long-term
forecasts suitable for comparative analysis.

Overall, despite differences in accuracy metrics, all models produced highly consistent
qualitative patterns, both in terms of the magnitude of the COVID-19 impact and the overall
pattern of recovery observed across air passenger transport markets. This confirms that the
key findings of the study are robust and do not depend on the specific forecasting method
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applied. As a result, Holt-Winters remains the primary analytical model in this study,
while the benchmarking results are reported to ensure methodological transparency and to
support confidence in the results.

4.4. Comparative Analysis of Losses and Recovery of Markets

The final stage of the study involved analyzing and interpreting the results obtained
from the developed models to assess and compare the condition of selected aviation
markets disrupted by the epidemic-driven crisis. Forecasts generated using the Holt-
Winters method were used to determine both the losses in the number of carried passengers
(L) and the extent of their recovery (R;;) across successive time intervals () following the
outbreak of the COVID-19 pandemic. The results indicate significant variation among the
analyzed markets.

In the initial period, covering the first three months of the crisis, passenger losses
ranged from 7.82 million in Sweden to 13.54 million in Portugal. Poland, with a figure of
10.91 million, fell in the intermediate group between Norway (8.22 million) and Switzer-
land (12.64 million). This differentiation persisted in subsequent time intervals, with the
fastest accumulation of losses observed in Portugal and Switzerland, while lower losses
occurred in Sweden and Norway. One year after the outbreak, cumulative losses exceeded
30 million passengers in all countries, with the highest recorded in Portugal (53.87 million)
and Switzerland (48.45 million). Poland, at 44.45 million, was slightly below this group,
while Sweden and Norway reached 30.84 million and 32.88 million, respectively. These
findings indicate that markets more dependent on international travel and tourism experi-
enced a greater passenger deficit relative to projected demand, primarily due to prevailing
restrictions (e.g., entry requirements, health regulations) and the resulting decline in societal
mobility. Conversely, the Scandinavian countries, with a significant share of domestic travel
and an extensive internal network, were less affected by the crisis. The reduced sensitivity
of these markets to international passenger flow restrictions translated into lower losses
and positively influenced the initial phase of passenger traffic recovery.

Equally important from the perspective of market health are the observations regard-
ing the extent of loss recovery (R;;). After three months, Norway recorded the highest
extent of recovery at 18.83%, while Poland reached 10.16%. After six months, Norway
maintained its lead (21.16%), whereas Poland and Switzerland showed similar values of
around 15-16%. For Portugal and Sweden, despite Portugal experiencing a larger passenger
deficit—13.6 million more than Sweden—the difference in extent of recovery remained
below two percentage points (14.85% and 12.82%). One year after the pandemic outbreak,
the R;; indicator remained relatively low across all countries (13.9% to 20.6%), reflecting
the persistent demand barrier caused by mobility restrictions. A clear acceleration became
visible only in the second year: between the 18th and 24th month, all markets recorded an
increase of around 7 pp. Two years after the outbreak, the Norwegian market demonstrated
the highest capacity for loss recovery. Poland, despite a delayed start, achieved the largest
overall increase—from 10.16% to 27.11% (+16.95 pp.). This confirms the Polish market’s
ability to effectively compensate for lost volume, supported by deferred demand and
restored airport throughput. Portugal and Switzerland, despite experiencing the highest
losses and having substantial market potential, did not translate seasonal rebounds into
higher extent of recovery, reaching only 26.62% and 27.01%, respectively. Sweden, despite
a relatively low passenger deficit (52.94 million), exhibited the weakest extent of recovery,
reaching 24.59% after two years. The contrast with Norway, whose losses were only about 6
million higher, but extent of recovery reached 29.34%, illustrates how markets with similar
traffic profiles may follow different recovery dynamics. In Sweden’s case, this likely reflects
a more gradual demand response and weaker seasonal rebounds compared to Norway.
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A summary of passenger losses and recovery levels across the analyzed markets is

presented in Table 8.

Table 8. Crisis-related losses based on predicted values obtained by models.

Period After COVID-19 Pandemic Outbreak

3 Months 6 Months 12 Months 18 Months 24 Months
Country (m = 3) (m = 6) (m=12) (m =18) (m =24)
Ly * Ry [%] Ly * Ry [%] Ly * ;{%’:'] Ly * Ry [%] Ly * Ry [%]

Poland 10.907 10.16 24.433 15.25 44.45 15.42 66.77 20.38 79.84 27.11
Portugal 13.535 12.54 30.532 14.85 53.87 16.34 84.50 19.18 100.07 26.62
Sweden 7.819 14.34 16.933 12.82 30.84 13.86 45.03 17.34 52.94 24.59
Norway 8.218 18.83 17.534 21.16 32.88 20.56  50.09 21.83 59.03 29.34
Switzerland  12.639 12.93 25.725 16.41 48.45 15.43 70.83 19.72 83.86 27.01

* millions of carried passengers.

Next, the actual passenger transport results in the months following the outbreak of
the COVID-19 pandemic were compared with data from January 2020 (JAN-2020 = 100%),
which allowed for the assessment of the pace of restoration of passenger air transport
markets in the selected European countries. The results obtained in this way were fur-
ther visualized by assigning appropriate colors to the percentage values (Dz), as shown

in Figure 9.
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As shown in Figure 9, all the analyzed air transport markets experienced a similar
cycle, encompassing a sharp collapse, partial restoration, and then a return to stability near
pre-pandemic levels, taking January 2020 passenger traffic as the baseline. The differences
that emerged were mainly related to the intensity of the process and typically amounted to
shifts of 1-2 months between individual phases, confirming that each European country
was equally exposed to the unprecedented crisis in passenger aviation caused by the
COVID-19 pandemic. It is worth noting that Poland, in many periods, achieved results
comparable to—or even higher than—other economically stronger countries. At the same
time, these developments took place within a sector that is also being shaped by longer-term
climate-policy and decarbonization efforts.

The initial collapse in spring 2020 affected all countries, with passenger air traffic
almost completely halted. In April 2020, the Dz index stood at only 0.5% in Poland, 0.75%
in Switzerland, and 0.94% in Portugal, while conditions were slightly better in the Scandina-
vian markets. In the subsequent months of 2020, a partial restoration occurred, particularly
in August, when Poland and Portugal reached approximately 57% of the pre-pandemic
reference level, while Norway and Sweden remained below 40% and Switzerland below
30%. This was the first indication of the Polish market’s strong responsiveness to seasonal
restoration of air traffic. The following year, 2021, was marked by high volatility and clear
differences between countries. In July, Poland reached over 85%, and in August nearly 99%
of January 2020 traffic levels, indicating an almost full summer restoration. For comparison,
Portugal recorded 70-99%, Switzerland 63-75%, and Norway and Sweden 54-58%. This
confirms that Poland belonged to the markets with particularly high restoration levels, sur-
passing even the Scandinavian countries and Switzerland. During the winter of 2021-2022,
all markets again fell to 40-70%, following a similar pattern. In 2022, the restoration process
intensified. By May, the Polish market had exceeded the 100% threshold (106.77%), and
in July and August reached around 145%. In the same months, the highest values were
observed in Portugal (142-166%), while Norway recorded 109-125%, Sweden 97-109%, and
Switzerland 89-113%. Thus, 2022 demonstrated that Poland was among the countries with
the strongest restoration dynamics, matching markets supported by strong domestic traffic
or high tourism potential. Results for 2023 and Q1 2024 reflect the stabilization of European
passenger aviation. Poland maintained values above 105% for most months, frequently
exceeding 150% (June-September 2023). The situation was even more favorable in Portugal,
where the Dz index repeatedly surpassed 110%, often exceeding 160% (May-October 2023).
During this period, Norway generally ranged between 90 and 130%, Sweden stabilized at
85-120%, and Switzerland remained within 95-127%.

The cross-country differences in the observed market dynamics after the pandemic
outbreak can be partly explained by structural characteristics of the analyzed air transport
systems. Norway and Sweden benefited from extensive domestic networks, which helped
stabilize passenger volumes during periods of strict international travel restrictions. In
contrast, Portugal and Switzerland were more exposed to international and tourism-driven
demand, resulting in deeper initial declines and a slower return to pre-pandemic levels.
Poland occupies an intermediate position: although domestic traffic plays a smaller role
than in Scandinavia, this market combines diversified leisure, visiting-friends-and-relatives
(VFR) and business demand with a strong presence of low-cost carriers. Taken together,
these structural characteristics help account for the comparatively rapid improvement of
the Polish market once pandemic-related travel restrictions were eased.

Considering all the obtained results, it can be concluded that the Polish passenger air
transport market occupies a strong position within Europe and in recent years has clearly
asserted its growing role in the region. A performance similar to that of economically
stronger markets in the post-COVID-19 period demonstrates not only the flexibility of
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demand but also the effectiveness of measures undertaken by transport organizers, carriers,
and airports. The epidemic crisis at the time proved to be critically impactful for passenger
aviation, yet it simultaneously showed that Poland not only met the challenges but also
joined the group of countries that managed to restore their transport capacity within a
short period. At the same time, this experience highlights the need to strengthen the
sector’s resilience by developing recommendations and solutions that will enable effective
responses to similar threats in the future.

A comparison of the five chosen markets indicates that the ways in which they recon-
structed their passenger volume were closely associated with short-term crisis conditions
such as the stabilizing effect of extensive domestic networks in Norway and Sweden or
the relatively rapid reinstatement of leisure- and VFR-oriented capacity in Poland. In
turn, longer-term structural characteristics, including the strong reliance on international
traffic in Portugal and Switzerland, were more important for explaining both the extent of
loss recovery and the pace at which markets restored pre-pandemic traffic levels. These
observations help contextualize the practical recommendations.

Given the resilience patterns observed across all analyzed markets, several practical
directions for policymakers and the aviation sector emerge from the comparative results:

e strengthening domestic and regional connectivity, which contributed to a faster pace
of restoration in markets with more diversified demand structures;

e enhancing the operational flexibility of airlines and airports, allowing for rapid adjust-
ments to sudden fluctuations in traffic volumes;

e maintaining adequate airport capacity reserves and intermodal accessibility, which
facilitate a quicker scaling-up of operations once mobility restrictions are eased;

e developing clear and coordinated crisis-management procedures, helping stabilize
connectivity during periods of severe disruption.

5. Conclusions

The COVID-19 pandemic significantly affected the functioning of passenger aviation,
initially causing sharp declines in carried passenger volumes and subsequently forcing
the process of market recovery. The publication assessed the condition of passenger air
transport in Poland relative to selected European countries in the context of disruptions
caused by the pandemic, using the Holt-Winters method to forecast passenger transport
outcomes. The conducted study not only enabled the identification of the scale of incurred
losses and the determination of the extent of their recovery based on forecasts obtained
from the models but also allowed for the assessment of the pace of restoration in individual
markets. The results showed that Poland, like other European countries, experienced a
severe collapse in passenger air traffic during the initial phase of the pandemic. At the
same time, however, the extent of loss recovery and the pace of market restoration in the
following years proved comparable to those observed in stronger European economies.
All markets included in the study recorded a significant deficit in the number of handled
passengers during the first months of the pandemic, with the largest declines observed
in Portugal and Switzerland—countries more dependent on international and tourism-
related traffic. In contrast, the Scandinavian markets, characterized by a high share of
domestic flights, demonstrated greater stability and returned to the growth path more
quickly. Poland ranked in the middle of the comparison, with a passenger deficit of
approximately 44.5 million after the first year of the pandemic. Nevertheless, the analysis of
loss recovery showed that despite an initially delayed response, the Polish market achieved
the highest increase in the R;; indicator across all cases (+16.95 pp), confirming its capacity
to compensate for the lost volume in the medium term. Moreover, the assessment of the
pace of restoration revealed that Poland, in many periods, achieved results comparable
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to—and sometimes exceeding—those of other countries. Since spring 2023, similarly to
Portugal, Poland has not only fully restored its January 2020 passenger transport level but
has also exceeded it for several consecutive months, which constitutes a highly positive
signal for the condition of the Polish passenger aviation sector in the post-pandemic context.
In summary, it can be concluded that Poland’s role within the European air transport system
continues to strengthen. These post-pandemic developments in passenger air transport
should also be perceived in the context of a wider structural shift in the aviation sector,
where long-term climate policy and decarbonization processes are gradually redefining the
conditions under which European air transport develops. At the same time, this study—
based on the challenging experience of the COVID-19 pandemic—clearly suggests that,
beyond the growing passenger volume, equal importance should be placed on enhancing
market resilience through coordinated actions of policymakers and operators aimed at
shaping transport policies to prepare for future crises of a similar nature.

The contribution of the study can be summarized in several areas. First, the analysis
applies the same forecasting approach to a group of European aviation markets that differ
in size and structure, which allows long-term changes in passenger traffic to be examined in
a comparable manner. Second, the use of pre-pandemic trend and seasonal patterns makes
it possible to estimate the scale of passenger losses caused by COVID-19 and to assess both
the extent of recovery and the pace of market restoration. Third, the comparison of markets
shows that recovery trajectories are shaped not only by the depth of the initial decline but
also by structural characteristics, such as market orientation or the role of domestic traffic.
In this respect, the study extends previous work that has usually focused on individual
markets or shorter time horizons.

From a practical perspective, this study provides valuable insights for infrastructure
development planning, transport strategy formulation, and the strengthening of passenger
aviation resilience to future crises. Above all, the results confirm the growing importance of
Poland as a transport hub in Europe, which has significant implications for the continued
development of infrastructure and the operational policy of the national carrier. In the
longer term, one of the key factors that could help consolidate this position is the imple-
mentation of the Central Communication Port (CPK) project. The construction of CPK may
overcome existing infrastructural constraints that limit the number of air operations and,
consequently, the overall transport performance. By increasing capacity and improving
connectivity, this investment could substantially enhance market competitiveness and
stimulate further growth in passenger transport, thereby strengthening the aviation sector
as well as related industries. Secondly, the analysis highlighted that market resilience
depends not only on its scale but also on its structure. It demonstrated that a higher
share of domestic flights can reduce vulnerability to global epidemic-related disruptions.
Furthermore, the study emphasizes the need to develop comprehensive crisis management
strategies, including diversification of route networks, implementation of epidemic risk
management procedures, and a stronger role of the state in ensuring the stability of the air
transport market.

The study has several limitations. The applied Holt-Winters method made it possible
to develop highly accurate models that very effectively capture the trends and seasonality
present in time series. However, it should be noted that the proposed models are based
solely on historical data on the number of passengers carried, omitting significant economic
and social variables such as air ticket prices, GDP level, or unemployment rate.

At the same time, the modeling framework does not explicitly incorporate broader
socioeconomic determinants, such as income dynamics, labor market stability, the strin-
gency of mobility restrictions or ticket price evolution, which may substantially shape both
the depth of pandemic-related losses and the rate of recovery. Their inclusion in future
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research would enable a more multidimensional explanation of cross-country differences
and deepen the analytical interpretation of resilience patterns. They also do not account
for extraordinary factors such as armed conflicts, economic crises, or changes in tourist
preferences, which could significantly influence passenger behavior and transport demand.
Moreover, although the study compares Poland with a group of four other European mar-
kets, this set does not fully represent the diversity of pandemic impacts observed across
the continent. While the chosen countries provide a structurally varied set of reference
cases that differ in their domestic traffic shares, international orientations and long-term
demand drivers, several other types of European aviation systems may nevertheless have
experienced distinct post-pandemic dynamics—for example, those characterized by sub-
stantially different traffic scales, pronounced tourism-driven seasonality or very small
national markets. As a result, the conclusions drawn in this study should be generalized
with caution to countries whose scale or structural characteristics fall outside the range
represented here. Additional markets were not included because only a limited number
of European countries met all methodological requirements, namely full availability and
internal consistency of data, comparable passenger volumes in the years immediately
preceding the COVID-19 pandemic, and the ability to represent distinct aviation system
configurations. Overall, these limitations do not undermine the credibility of the present
results but rather define the scope and applicability of the study’s conclusions.
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The following abbreviations are used in this manuscript:

AIC Akaike Information Criterion

ARIMAX Autoregressive Integrated Moving Average with Exogenous variables
BSM Basic Structural Model

BSTS Bayesian Structural Time Series

CO, Carbon Dioxide

DWT Discrete Wavelet Transform

EBITDA Earnings Before Interest, Taxes, Depreciation, and Amortization
EU European Union

ETS Emissions Trading System

GDP Gross Domestic Product

IATA International Air Transport Association

LightGBM Light Gradient Boosting Machine

MAE Mean Absolute Error

MAPE Mean Absolute Percentage Error

ME Mean Error
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MLP Multilayer Perceptron

PLL LOT LOT Polish Airlines

PM Poisson Model

QPM Quasi-Poisson Model

RF Random Forest

RMSE Root Mean Square Error

SARIMA Seasonal Autoregressive Integrated Moving Average
SARS-CoV-2  Severe Acute Respiratory Syndrome Coronavirus 2
SAS Scandinavian Airlines

SAF Sustainable Aviation Fuels

SHAP SHapley Additive exPlanations

SWISS Swiss International Air Lines AG

TAP Transportes Aéreos Portugueses

TSLM Trend—Seasonal Linear Model

USA United States of America

VER Visiting-friends-and-relatives
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Abstract

The outbreak of the COVID-19 pandemic had a profound impact on the global economy and disrupted daily
life across many regions of the world. Restrictions imposed at the time, such as the closure of national borders
and restrictions on mobility, led to unprecedented challenges for the transportation sector and related tourism
services compared with any prior crisis. This disruption also affected maritime passenger transport in Poland.
This article aims to assess the impact of the COVID-19 pandemic on passenger traffic in Polish seaports and
to develop mathematical models that could support management in the event of future epidemic threats. Three
different models are proposed, which showed that the epidemic crisis resulted in a significant decline in passen-
ger traffic at Polish seaports. The most accurate proved to be the SARIMA model. The Holt-Winters model also
demonstrated high fitting and predictive performance. In turn, the STL model offered intriguing insights with
its time series decomposition, enabling a detailed analysis of individual components. A comparative analysis
of the proposed models confirms their usefulness in forecasting passenger traffic in seaports in the face of dis-
ruptions such as the COVID-19 pandemic. These models can be an effective decision-support tool, helping to
reduce the negative effects of future epidemic threats.

Introduction

Threats such as pandemics, geopolitical con-
flicts, climate change, and terrorist attacks sig-
nificantly influence the modern world and glob-
al economy. The COVID-19 pandemic outbreak
in 2020, for example, dramatically and unexpect-
edly affected social and economic systems, caus-
ing widespread destabilization across nearly all
sectors (Clemente-Sudrez, 2021). Maritime trans-
port, essential for global passenger and cargo
movement, was also impacted by the coronavirus.
In response to the global epidemic crisis, shipping
lines and operators had to adjust their operations to
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fit a new reality (Chua et al., 2022). Strict restric-
tions and health guidelines were imposed to curb
the spreading of the virus and enhance public safety.
Governments enforced widespread lockdowns and
mandated social distancing and personal protective
measures. Travel became more challenging due to
temporary border closures, increased border checks,
and mandatory quarantines upon entry into coun-
tries (Sobczuk, 2024). These restrictions, along with
evolving legal regulations and new safety standards,
affected the operational performance and transport
outcomes. In the face of a dynamically changing sit-
uation, passenger maritime transport in Poland has
faced the challenge of adapting to restrictions and
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new operating standards. The lack of appropriate
analyses may make it difficult to understand the real
scale of the problem and limit the sector’s adaptive
capacity, especially from the perspective of a poten-
tial recurrence of similar events. Therefore, this
study aims to assess the impact of the COVID-19
pandemic on passenger traffic in Polish seaports
and to develop mathematical models that can sup-
port management in the event of future epidemic
threats. This study not only showed the scale of dis-
ruptions caused by COVID-19 in passenger traffic
in Polish seaports but, above all, provides effective
forecasting tools for the maritime transport sector,
which can be used for operational and strategic
planning in the face of potential epidemic threats.
This will enable a more effective response to simi-
lar challenges in the future, which will consequently
reduce the negative effects of crisis events such as
pandemics.

Literature review

In recent years, maritime transport in Poland has
seen consistent growth. Port facilities have been
modernized, and infrastructure has been expand-
ed and enhanced through modern technologies.
These investments aimed to increase cargo vol-
umes and improve passenger comfort. As a result,
the importance of maritime transport grew, lead-
ing to an increase in both passenger numbers and
cargo volumes (Bochenski et al., 2021). However,
this positive trend was disrupted by the outbreak
of the COVID-19 pandemic in 2020. The pandemic
led to a decrease in demand for transport services,
port closures, and extended waiting times for port
operations (such as docking and cargo handling) due
to expanded security checks. Business and corporate
travel were either postponed or replaced by virtual
meetings for safety reasons. Tourists, constrained
by mobility restrictions in most countries, opted for
domestic travel, often using personal transportation.
This shift was evident in transport statistics, partic-
ularly for summer cruises. The pandemic also led
to rising freight and charter rates in container trans-
port. Additionally, decreased demand for and prices
of oil resulted in reduced deliveries, necessitating
the storage of oil on floating tankers. These disrup-
tions contributed to rising insolvencies and even
bankruptcies among maritime carriers (Cullinane
& Haralambides, 2021; Wgcel et al., 2024).

Numerous publications have examined maritime
transport during the COVID-19 pandemic. These
studies analyze the operational activities of carriers
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and assess the measures taken to mitigate the neg-
ative impacts of reduced revenues from passenger
transport and ferry services (Urbanyi-Popiolek,
2020). Another study explored the crisis’s implica-
tions for the future of European maritime transport
and proposes directions for further development
(van Tatenhove, 2021). There have also been analy-
ses of the impact of the pandemic on cargo maritime
transport based on vessel types and the evaluations
of cargo throughput in ports (Borucka & Kozlowski,
2023). Additionally, the need to reconfigure global
supply chains managed by container transport and
enhance their resilience through new digital solu-
tions has been emphasized (Grzelakowski, 2022).
The system of maritime navigation, with a focus
on passenger traffic and trends within the European
Union, has also been studied (Gracan, 2022). Some
studies have visualized the impact of the COVID-19
pandemic on maritime transport in Poland and
developed long-term forecasts for passenger traffic
(Barczak, 2023). Nevertheless, there is a noticeable
lack of focus on mathematical models that can eval-
uate and forecast passenger traffic in Polish seaports
amid the pandemic’s disruptions, which is the prima-
ry focus of this publication.

Materials and methods

This study utilized quarterly data on the passen-
ger numbers to and from Polish seaports from 2004
to 2024, provided by Eurostat, to construct the time
series necessary for the analysis (Eurostat, 2024).

Time series models were employed to iden-
tify and forecast temporal changes, allowing for
the description of the process under study, the detec-
tion of the deterministic components, and the rep-
resentation of the process as a function containing
components such as the trend, seasonal variations,
cyclical fluctuations, and random variations (Boruc-
ka & Guzanek, 2022; Bouboulas et al., 2022;
Oszczypala et al.,, 2023). By identifying these
components and the internal dynamics of the time
series, future values of the time series can be fore-
cast (Rodrigues et al., 2022; Kozlowski et al., 2023).
Three different models were applied in this study,
and their results were compared (Liu et al., 2024).
If observations of the lagged series appear as depen-
dent variables in the model, it is appropriate to apply
autoregressive processes AR (p). If the variables
in the model are a combination of lagged external
disturbances, moving average models are suitable
MA (g). Often, combining these two models —
i.e., ARMA (p,q) — is the most effective approach.
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However, for non-stationary series that can be trans-
formed into a stationary form (through differencing),
it is appropriate to use ARIMA (p,d,q) models. When
seasonal components are also included in the model,
the SARIMA (p,d,q)(P,D,0)[S] model is obtained
(Riaz et al., 2023), i.e.,

(1-pB-9,B —-—g,B")
(1-2,8° -0, —..—®,B").
(1-B)(-5)y = ()

= (1+GIB+¢9ZB2 +---+0qB‘f)-
(1+0,8 +0,8” +--6,8%)e,

where ¢1,02,...,0, is the autoregression coefficients,
@, D,,...,0p is the seasonal autoregression coef-
ficients, 6,,0,,...,0;, is the moving average coef-
ficients, ©,0,,...,0, is the seasonal coefficients
ofthe movingaverage, Bisthe differentiation operator
By =y — yi-1, and g is the random error at time ¢.

The Holt-Winters model, which is applicable to
time series with trend, seasonal, and random fluctu-
ations, was also used. There are two variants of this
model that differ in the nature of the seasonal compo-
nents. The additive model is preferred when season-
al variations are roughly constant across the series,
while the multiplicative model is used when season-
al variations change proportionally with the series
level (Koehler et al., 2001; Ribeiro et al., 2019).
This study used a multiplicative model consisting
of the forecasting equation Y., and three smoothing
equations — i.e., the level L,, trend B,, and seasonality
S; — which are expressed as

y* =2 2
=g 2
Y,
L=as +(-a)(Z,,+B,,) 3)
t—s
Bt :ﬂ(Lt _Lz—1)+(1_ﬁ)Bt—l (4)
Y,
S, =y (1=7)S.., (5)

t
respectively, where a, f, and y are the exponential
smoothing coefficients such that a, S, y.(0;1), Y; is
the actual value at time ¢z, S is the length of the sea-
sonality cycle (for quarterly data, L = 4), and m is
the forecast horizon (Wang, 2019).

The last model employed was the seasonal-trend
decomposition using LOESS (STL), which decom-
poses the time series to analyze each component
separately. As a result, the value of the variable
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under study (Y;) at time ¢ is expressed as the sum
of the trend, seasonal, and remainder so that:

where M, is the trend at time ¢, S; is the seasonality at
time ¢, and R, is the remainder component at time ¢.

The component values are determined through
a series of locally weighted regression (LOESS)
smoothing procedures, which are based on fitting
a weighted polynomial regression to the observation
time (Dagum & Luati, 2003). The time series is iter-
atively adjusted until the trend and seasonality stabi-
lize using a multi-step process involving alternating
moving averages and LOESS smoothing. The sea-
sonal, trend, and remainder components are then
extracted using the following equations:

St — St(kJrl) (7)
M, =M (8)
R=Y,—-8—M, (9)

respectively, where & is the number of iterations for
the respective steps.

A model selection was based on the Akaike infor-
mation criterion (AIC) and the Bayesian information
criterion (BIC), which are calculated using the fol-
lowing formulae:

AIC=2k-21n(L) (10)

BIC = k In(n) — 2 In(L) (11)

where £ is the number of parameters in the mod-
el, L is the reliability function, and #» is the number
of observations. Lower AIC and BIC values indicate
a better model fit.

For each of the models used, the accuracy
of the determined forecasts was also evaluated.
Forecast accuracy for each model was assessed by
calculating the mean absolute error (MAE), mean
square error (MSE), and root mean square error
(RMSE) via:

MAE:li Y, -7, (12)
n -
o (-7, f
MSE =) L (13)
n

t=l1
VR v L)
t=1 n

where Y, is the forecasted value at time ¢, ¥, is
the actual value at time ¢, and n is the number
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of observations. Lower error values indicate higher
forecast accuracy and, thus, better predictive perfor-
mance of the model (Saigal & Mehrotra, 2012).

In this paper, time series analyses and the devel-
opment of all the mathematical models were per-
formed using R Core software (version 4.3.3) with
packages that provide a set of algorithms for data
preprocessing and time series forecasting (R Core
Team, 2024).

Comparison of the mathematical models
describing passenger traffic in Polish
seaports

This study began with an analysis of the passen-

ger numbers in Polish seaports using basic descrip-
tive statistics. Data from each quarter of 2004—2023

750 -t

500 =t

Number of passengers (in thousands)

250

were analyzed and displayed using a box plot, as
shown in Figure 1.

Transport data from 2004-2023 were also ana-
lyzed by quarter (Q1-Q4), as illustrated in Figure 2.

The plots reveal significant variability in the pas-
senger numbers from year to year, especially com-
pared to 2019. Notably, 2020-2021 show distinct
outliers, which are attributed to the disruptions
caused by the COVID-19 pandemic, which led to
temporary mobility restrictions, including maritime
travel (Chua et al., 2022; Wecel et al., 2024).

Additionally, the data exhibit quarterly seasonal-
ity, with the highest passenger numbers in the third
(Q3) and second (Q2) quarters. This pattern is due
to favorable weather conditions for maritime trav-
el during the spring and summer months, leading
to increased cruise bookings. The third quarter’s
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2008 +
2009 +
2010 +
2011 +
2012 +

2013 +
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2014 +
2015 +
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Figure 1. Box plot of the passenger numbers in Polish seaports from 2004 to 2023 (based on Eurostat, 2024)
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Figure 2. Box plot of the number of passengers in Polish seaports by quarter based on data from 2004 to 2023 (based on

Eurostat, 2024)
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holiday season also significantly contributes to
increased passenger traffic in seaports. In the remain-
ing parts of the year (Q1 and Q4), there are fewer
passengers, primarily due to business travel and less
frequent tourist trips (Gracan et al., 2022; Barczak,
2023).

Next, a time series analysis of the quarterly pas-
senger numbers from 2004-2023 was conducted.
The dataset was divided into training and testing
sets, with the division occurring at the end (Q4)
0f 2022, as shown in Figure 3.

The SARIMA model was initially proposed.
The best model, determined based on information
criteria, was SARIMA (1,0,0)(0,1,1)[4]. The esti-
mated parameter values for this model are presented
in Table 1.
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Table 1. SARIMA (1,0,0)(0,1,1)[4] model parameters

Model parameters

AR 1 SMA 1
Coeflicients

0.6488 -0.3189
Standard error 0.1009 0.1432

The values of the individual information criteria
(i.e., AIC and BIC) are similar and are summarized
together in Table 2.

Table 2. Evaluation of SARIMA (1,0,0)(0,1,1)[4] model fit

Evaluation of the model fit

Aikike information criterion (AIC)

791.71

Bayesian information criterion (BIC) 798.54
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Figure 3. Dataset division into training and testing sets (based on Eurostat, 2024)
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Figure 4. Passenger numbers in Polish seaports with SARIMA (1,0,0)(0,1,1)[4] model forecast
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The MAE, RMSE, and MSE forecast errors were
also determined. The results were satisfactory, with
lower errors for the testing set, indicating high pre-
diction accuracy (Table 3).

Table 3. Forecast accuracy measures for the SARIMA (1,0,0)
(0,1,1)[4] model

Forecast accuracy measures

Training set Testing set

MAE 36.6301 29.6084
RMSE 54.8371 31.6947
MSE 3007.1097 1004.554

The actual passenger numbers in Polish seaports
from 2004-2023, along with the forecast based on
the SARIMA (1,0,0)(0,1,1)[4] model, are shown
in Figure 4.

The next proposed model was the Holt-Winters
model with multiplicative seasonality. The values
of the smoothing parameters and initial parameters
are presented in Table 4.

Table 4. Parameters of the multiplicative Holt-Winters
model

The Holt-Winters model was also evaluated using
information criteria (Table 5). The values obtained
were higher than those for the SARIMA model, indi-
cating a poorer fit than the SARIMA (1,0,0)(0,1,1)
[4] model.

Table 5. Evaluation of the multiplicative Holt-Winters model
fit

Evaluation of the model fit

Aikike information criterion (AIC)

951.47

Bayesian information criterion (BIC) 972.45

Forecast errors for the Holt-Winters model were
also determined (Table 6). The error values were
satisfactory for both the training and test datasets.
Moreover, for the testing set, the MAE and RMSE
errors were lower than those for the SARIMA mod-
el, indicating that the forecasts from this model have
smaller prediction errors.

Table 6. Forecast accuracy measures for the multiplicative
Holt-Winters model

Forecast accuracy measures

Training set Testing set

MAE 38.7481 29.1471
Model parameters RMSE 56.0513 27.0655
Smoothing parameters Initial parameters MSE 3141.7505 8495518
Alpha (a) 0.3655 1 550.1898
Beta () 0.0001 b 0.2276 The actual passenger numbers in Polish seaports
13228 from 2004 to 2023, with the 2023 forecast from
Gamma (y) 0.6344 s 1.1652 the multiplicative Holt-Winters model, are shown
0.8699 in Figure 5.
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Figure 5. Passenger numbers in Polish seaports with the multiplicative Holt-Winters model forecast
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The last model proposed is seasonal-trend
decomposition using LOESS (STL), which allows
for the decomposition of the time series into season-
al, trend, and remainder components. The STL mod-
el components and interquartile range (IQR) calcu-
lations are presented in Table 7.

Table 7. STL model components with IQR calculations

Timeseries components

Seasonal Trend Remainder

Min. —178.3537 342.6228 —143.8509
Ist Qu. —137.745 397.6869 —18.0134
Median —60.7633 463.6279 —0.3256
Mean 0.00001 461.5133 —0.6449
3rd Qu. 76.9817 507.9549 19.9074
Max. 299.8803 582.0477 110.5635

Inter-quartile range calculations (IQR)

STL seasonal ~ STL Trend STL remainder Data
214.73 110.27 37.92 274
78.4% 40.2% 13.8% 100.0%

As before, the forecast errors were also deter-
mined for the STL model, the values of which indi-
cate high prediction accuracy (Table 8).

Table 8. Forecast accuracy measures for the STL model

Forecast accuracy measures

MAE 28.8357
RMSE 37.1778
MSE 1382.186

g
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The decomposition of the analyzed time series
(Figure 6) reveals certain regularities within its com-
ponents. Most notably, throughout the entire period,
quarterly seasonality remains consistent, unaffected
by global events such as the COVID-19 pandemic.
However, when discussing disruptions, the trend
line, as determined by the STL model, highlights
the significant impact that the spread of the SARS-
CoV-2 virus had on societal mobility, particularly on
maritime passenger transport.

Analyzing the trend in passenger numbers from
Q3 in 2019 to Q3 in 2020, a significant decline is
evident, attributable to the epidemic crisis during
that period. Therefore, considering both the seasonal
component and the overall trend, it can be concluded
that the COVID-19 pandemic outbreak had a sub-
stantial impact on transport outcomes, reducing pas-
senger traffic at Polish seaports. However, it did not
disrupt the established pattern of seasonal interest
in cruises across different quarters.

The actual passenger numbers in Polish seaports
from 2004 to 2023, along with the forecast generated
using the STL model, are presented in Figure 7.

The last phase of this study involved compar-
ing the results obtained by each of the mathemati-
cal models under consideration. Actual values were
compared with forecasts for the individual quarters
of 2023. The higher forecasted values, compared
with the actual figures (except for Q2 2023), were
obtained across all the models, which confirm that
the SARS-CoV-2 pandemic significantly disrupted
passenger traffic (Table 9). All the proposed models
were also compared graphically with the testing set
(Figure 8).
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Figure 6. Decomposition of the time series of passenger numbers in Polish seaports using the STL model
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Figure 8. Comparison of mathematical models for passenger numbers in Polish seaports

Table 9. Comparison of forecasts obtained by individual
mathematical models

Q1-2023 Q2-2023 Q3-2023 Q4-2023
Actual value 328.00 517.00 731.00  350.00
SAIRMA model  339.23  479.71  760.60  390.32
Holt-Winters model348.66  483.61 74420  391.02
STL model 320.77 501.81  799.00  374.92

The results indicate that the SARIMA model pro-
vided forecasts closest to the actual values. Satisfac-
tory results were also achieved with the multiplicative
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Holt-Winters model, while the STL model showed
the lowest accuracy, particularly for the forecast
of Q3 in 2023. Nevertheless, each proposed mod-
el offers valuable and effective tools for forecasting
passenger traffic in Polish seaports, even amid glob-
al disruptions such as the COVID-19 pandemic.

Conclusions
The impact of the COVID-19 pandemic on mar-

itime transport was evident globally. In passenger
transport, the disruptions were primarily linked
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to restrictions imposed, including those regarding
mobility, resulting in a decrease in cruise passengers.
The aim of this study, which was to assess the impact
of the COVID-19 pandemic on passenger traf-
fic in Polish seaports and to develop mathematical
models that could support management in the event
of future epidemic threats, has been achieved. This
publication provides an evaluation of passenger traf-
fic in Polish ports as a case study. For this purpose,
mathematical models that accounted for both sea-
sonality and trends in the time series were employed
and then compared. The study confirmed that the epi-
demic crisis led to a marked decline in passenger traf-
fic at Polish seaports. The forecasts produced were
generally higher than the actual figures, highlighting
the disruptions caused by the pandemic. This find-
ing is reinforced by the comparison of the results
obtained by three different mathematical models.
Based on the values of the information criteria and
the comparison of actual data with the forecasts,
the SARIMA model proved to be the most accurate.
The Holt-Winters model also demonstrated high
fitting and predictive performance. The STL mod-
el offered intriguing insights as well, with its time
series decomposition enabling a detailed analysis
of individual components in light of the disruptions
caused by the pandemic. In summary, the compara-
tive analysis of the proposed models (i.e., SARIMA,
Holt-Winters, and STL) has shown their usefulness
in forecasting changes in the number of passengers
in Polish seaports in the face of disruptions such
as the COVID-19 pandemic. These models can be
an effective decision-making support tool, helping to
limit the negative effects of future epidemic threats.
Conclusions based on these models can be used
to develop strategies in the event of a recurrence
of similar challenges.

However, despite the obtained results, the study
has several limitations. First of all, the analysis was
based on data concerning Polish seaports only, which
may limit the universality of the proposed mod-
els and the possibility of generalizing conclusions
for other countries. Another limitation is the lack
of an in-depth qualitative analysis, which could
complement the analyzed quantitative results by bet-
ter understanding the factors determining the vari-
ability in passenger traffic. It is also worth noting
that the study focused on the relatively short-term
effects of the pandemic, which may ignore long-
term changes in passenger behavior and preferences.
An additional limitation of the study was the avail-
ability of only quarterly data, which may translate
into the predictive performance of the proposed

Zeszyty Naukowe Politechniki Morskiej w Szczecinie 81 (153)

models and, therefore, may not reflect changes
occurring in the months following the outbreak
of the pandemic. Hence, it may not take into account
the full scope of external influences, such as glob-
al economic changes or current initiatives related to
crisis management.

Taking into account the obtained results, fur-
ther research should focus primarily on extending
the analyses to other countries or regions in order
to understand global trends and their local diver-
sity. This would also allow for an assessment
of the universality of the developed forecasting
models in terms of their application to other trans-
port markets. Another direction of research may be
to consider more advanced models using, among
others, machine learning algorithms and analyses
based on Big Data sets. This would make it pos-
sible to consider additional factors, which in turn
would improve the performance of the models and
the precision of the forecasts. Such studies should
include a detailed analysis of the impact of external
factors, including state policy and sanitary regula-
tions. Another important direction of the research
is to prepare recommendations and proposals for
solutions aimed at increasing the safety of the Pol-
ish maritime transport sector in the event of simi-
lar events in the future. The authors plan to con-
duct more detailed analyses in this area in future
studies.
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Abstract:

Purpose: This article aimed to identify the possibilities of using mathematical modeling to
analyze and evaluate the functioning of transport processes in crisis situations. The study
responds to the need for analytical approaches that enhance transport management under
disruptions caused by economic, environmental, health, social, and military crises.
Design/Methodology/Approach: The study is based on a classification of crisis types and a
systematic overview of mathematical modeling methods that can be applied to the analysis and
evaluation of transport processes. It combines theoretical and empirical approaches, drawing
on data from international statistical sources, public agencies, and national transport
authorities. The models were applied to several case studies, including public transport in
Warsaw, seaport passenger traffic following the COVID-19 outbreak, road safety analysis and
the assessment of transport—energy—emission relationships in Poland.

Findings: The analysis's results indicate that mathematical models can be used as valuable
tools for analysing and evaluating the functioning of transport processes in specific crisis
situations. Their application allows for the identification of disruptions, prediction of changes,
and assessment of relations between selected indicators. Classical statistical and econometric
models make it possible to identify structural changes and long-term dependencies, while
machine learning models demonstrate particular strength in detecting complex interrelations
and predicting risk patterns. The results show that the proper selection of mathematical
models, depending on the type of crisis, data availability, and the nature of the analysed
process, supports decision-making in transport and contributes to improving the safety,
sustainability and shaping a resilience of transport systems, which is especially significant in
the context of potential crises.

Practical Implications: The study’s results provide a solid basis for applying mathematical
modeling methods in the analysis and assessment of transport processes under crisis
conditions. The findings can support policymakers, public institutions and transport
authorities in identifying potential disruptions, forecasting their effects, and planning response
strategies as well as strengthening overall resilience. They also indicate that the proper use of
modeling tools facilitates informed decision-making and contributes to improving the safety
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and stability of the transport sector in challenging and dynamic environments.
Originality/Value: Previous studies have focused mainly on the impacts of individual crises
or the use of single modeling techniques. This research introduces an interdisciplinary and
comprehensive approach that combines the typology of crisis situations with the classification
and application of mathematical modeling methods with examples. It contributes to the
development of a coherent analytical framework for modelling transport processes and
supporting their functioning in the event of disruptions of diverse origin.

Keywords:  Transport resilience, global crises impact, transportation, mathematical
modelling, time series models, machine learning algorithms.

JEL Code: C51, C52, R41.

Article Type: Research article.

1. Introduction

The introduction should identify key ideas of the research, why it is important, pose
research question that needs to be answered and how the findings contribute to the
discipline. Introduction includes the description of the study, problems, sets aim and
tasks of the research, research methods applied, and presents novelty and topicality
of the research as well as lists problematic questions of the conducted research,
information sources, delimitations of research subjects, and theoretical discussion.

The modern world still has to deal with dynamic and often unpredictable phenomena,
such as pandemics, armed conflicts and rapid social changes. These events have a
significant impact on almost all areas of life, including transport. Therefore, research
that allows for assessing the effects of disruptions, forecasting changes and potential
threats, in order to identify areas requiring improvement in the transport sector,
is becoming increasingly important.

There is a wide interest in the impact of crises on transport activities in the literature.
In particular, the spread of the COVID-19 highlighted the susceptibility of transport
to disruptions, which resulted in intensified research into the consequences of this
type of events. In passenger transport, the pandemic has led to a substantial decrease
in the number of travellers, changes in the structure of transport and forced the
adaptation of services to more restrictive sanitary requirements (Gkiotsalitis and
Cats, 2020; Burdzik, 2023).

In many urban areas around the world, serious mobility restrictions have been
introduced and traveller preferences have changed (Galeazzi, Cinelli, Bonaccorsi,
Pierri, Schmidt, Scala, Pammoli and Quattrociocchi, 2021; Swiderski, Sobczuk and
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Borucka, 2024). Freight transport has also experienced disruptions, including delays
in supply chains and the need to adapt infrastructure and transport organisation to
new conditions (Kukulski, Lewczuk, Goéra and Wasiak, 2023).

In addition to health crises, researchers are also analysing the impact of economic,
social and environmental disruptions on transport (Borca, Putz and Hofbauer, 2021;
Rothengatter, 2011). Their effects are complex and multidimensional, which requires
the use of analytical methods. In this area, mathematical models are used and
constantly developed, allowing not only the description and interpretation of
changes, but also the forecasting of further consequences.

The literature is dominated by regression, moving average and exponential
smoothing models (Riaz, Sial, Sharif and Mehmood, 2023), as well as more complex
tools (Oszczypata, Ziotkowski and Matachowski, 2023) —e.g., vector-autoregressive
models (Borucka and Sobczuk, 2025a) or time series decomposition methods (e.g.,
STL) (Sobczuk and Borucka, 2025).

Machine learning algorithms such as Random Forest, KNN or CART are also
increasingly used (Silva, Andrade and Ferreira, 2020). They are used both in research
on road traffic safety (Borucka and Sobczuk, 2025b), as well as in forecasting the
load on transport networks (Tsolaki, Vafeiadis, Nizamis, loannidis and Tzovaras,
2022) and in assessing the impact of GHG emissions (Yifan, Wu, Zhou, Wu, Yang,
Wallington, Shen, Tan and Deng, 2022).

Despite the wide interest in the discussed topic, there is still a lack of studies that
would comprehensively combine the typology and review of contemporary crisis
events with the division of mathematical modeling methods and their practical
application in research on the functioning of transport under disruption conditions.
The recognition of this gap has guided the direction and objective of the current
research.

The aim of article was to identify the possibilities of using mathematical modeling
to analyze and evaluate the functioning of transport processes in crisis situations.
This study is based on following principle research questions:

» How can specific crisis situations affect the functioning of transport?
*  What mathematical models can be used to analyze and evaluate the
functioning of transport processes in specific crisis situations?

In response to the above, the article characterizes and classifies crises and indicates
the consequences of these events for the transport sector. The work continues with a
description of mathematical approaches used in research on the impact of crisis
situations on transport. Then, the possibilities of using selected mathematical models
were presented, based on examples from recent years. This study provides a new
perspective on the impact of crisis situations on transport by combining a review of
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crisis types with a classification of mathematical modeling methods and their practical
application. The article includes both theoretical and empirical examples, showing
specific tools that can be used in the analysis and assessment of disruptions to transport
processes.

Thus, it contributes to the development of an interdisciplinary approach to transport
management in crisis conditions.

2. Overview of Contemporary Crisis Situations

A crisis situation is defined as a situation that adversely affects the security of people,
significant property, or the environment, thereby significantly limiting the operation
of competent public administration bodies due to inadequate forces and resources
(Government of Poland, 2007). Very often, an incident that is initially perceived as
a crisis situation can escalate to a state of deeper disorder known as
a crisis. According to one approach, a crisis results from unwanted events linked to
natural, technological, or human causes (Farazmand, 2018).

Another source views a crisis as a situation in which core societal values such as
safety, health, security, or economic stability are under threat (Rodriguez,
Quarantelli and Dynes, 2007). Thus, the two terms remain closely linked and can be
considered together as successive stages of the same process of disruption. In
literature crises are classified in a variety of ways, with the most common approaches
focusing on their genesis and areas they disrupt.

However, an unambiguous and fully objective classification is not possible. First of
all, each case has unique characteristics and scale of impact. In addition, crisis
situations often have multiple causes and effects that intertwine. This study uses a
classification based on the approach presented in (Sobczuk and Borucka, 2024). The
division of crises with characteristics and specific examples is presented in Table 1.

Table 1. Adopted division of crises with examples

Crisis type Characteristics Example
Marked by a sudden drop in market indicators and - Global financial
asset  values, accompanied by rising| crisis (2008);
. unemployment and inflation. It also involves| Euro area crisis
Economic

reduced production, lower investment and| (2009).
consumption, and widespread financial instability
at both corporate and individual levels.
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Environmental

Involves significant deterioration of ecological
systems and natural resources. It poses threats to
public health due to factors such as climate
change, atmospheric pollution, and environmental
degradation. These crises are often linked to both
anthropogenic influences and natural phenomena,
and are  observable through tangible
environmental damage.

- Rising global
temperatures;

- Intensification of
extreme weather
phenomena;

- Forest fires in
Southern Europe
(2024)

Health

Directly impacts public health through the rapid
spread of disease, leading to increased demand for
medical services. It requires implementation of
preventive measures such as quarantine and
personal protective equipment (PPE).

- Spread of the MERS
virus (2012);

- Western African
Ebola epidemic
(2013-2016);

- COVID-19
pandemic (2020).

Social

Disrupts core societal frameworks, undermining
collective identity and weakening social cohesion.
It often results in diminished trust in actions of
governmental institutions and public authorities,
and can trigger widespread civil responses such as
protests, strikes, or movements.

- European
crisis (2015);

- Protests
rising  food
energy  prices
Europe;

- High mortality rate
in traffic accidents.

migrant

against
and
in

Military

Poses a direct threat to human life and safety
through the deployment of military forces and the
use of weapons. These crises result in physical
destruction, including damage to critical
infrastructure and essential services.

- Ukraine-Russia War
(2022);

- Iran-Israel
(2024).

tensions

Source: Author’s elaboration based on Sobczuk and Borucka, 2024.

Subsequently, the characteristics of the listed types of crises were deepened with a
comparative analysis in terms of their impact on transport functioning, which made
it possible to better understand the nature and extent of the disruptions taking place
in each case (Table 2).

Table 2. Comparative analysis of different crises' impacts on transport functioning

Crisis type

Impact on transport

Economic

Reduced travel demand driven by financial constraints; decline in freight
volumes; increased reliance on public transport; decreased household
spending on transport-related services.

Environmental

Limited availability of raw materials for vehicle manufacturing;
increased demand for sustainable modes of transport; rising costs of
traditional fuels

Health

Reduced use of public transport due to health concerns; lower interest in
tourism-related travel; changes in transport mode preferences;
restrictions on international mobility; disruptions in logistics and shifts
in transported goods.
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Travel activity may decrease as a result of public anxiety over safety and
societal unrest; difficulties in ensuring the safety of transport
Social infrastructure; declining public confidence in traffic regulations;
increasing societal pressure for infrastructural and legal reforms;
disparities in access to transportation systems.

Damage to transport systems and infrastructure; restricted access to air
Military and maritime routes; suspension of cross-border transport; elevated risk
of attacks on ongoing transport operations.

Source: Author’s elaboration based on Sobczuk and Borucka, 2024.

As shown in Table 2, the different types of crises can have a significant but different
impact on transport leading to numerous disruptions that, due to the role of transport
in the functioning of the economy and society, also impinge on all other areas of
life.

Given, that in recent years there have been many unfortunate events of various
origins and effects, the occurrence of such risks in the future cannot be ruled out. It
is therefore justified to use mathematical modeling methods to study the impact of
crisis situations on transportation processes, through which, among other things, it
is possible to assess the effects of disruptions or identify areas for improvement,
and as a result, draw lessons for the future.

Considering the probability of further threats, it is important to develop and
implement solutions or strategies based on an analytical approach.

This will increase the resilience of the transport sector in order to be able to fully
cover the transport needs generated in crisis conditions, thus leading to maintaining
the stability of the entire economy.

3. Research Methodology

The relationship between crisis situations and transportation functioning is
bidirectional. This means that not only specific events can lead to disruptions of in
transportation processes, but also transportation itself can be a factor intensifying
crises, for example, through adverse effects on the environment.

The interrelationships that occur can be analyzed on the basis of statistical data
covering various aspects of transport operations - both directly related to transport
and relating to economic issues, traffic safety or the state of the environment
(including gas emissions, resource exploitation).

Among the sources used are data from international databases and agencies
(including the World Bank, Eurostat, IEA), statistics from national public
institutions (e.g., Statistics Poland), reports from services (e.g., Police
Headquarters), studies of research centers (e.g., Motor Transport Institute) and
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information from transport operators (e.g., from municipal transportation
authorities).

These data can be used in mathematical modeling, which — depending on the
adopted research problem — constitutes the basis for identifying dependencies,
analysing disruptions and forecasting changes in transport in crisis conditions. This
enables the formulation of practical conclusions, including the identification of
areas requiring improvement, which in turn can support decision-making processes
in planning actions and strategies in disruption situations. This is particularly
important in the context of the growing complexity and dynamics of contemporary
threats.

The adopted methodology for research on transport processes in crisis situations
based on mathematical modeling is presented in Figure 1.

Figure 1. Adopted methodology for research on tramsport processes in crisis
situations using mathematical modeling.

MATHEMATICAL MODELLING

O Analysis and assessment of changes in
the functioning of transpart processes
Sludy on the impact of crises on
ransgart

3 Forecasting the efects.

RESEARCH AND RESULTS J

O Conclusicns;
TRANSPORTPROCESSES O Recommendations and strategies;
IN CRISIS CONDITICNS O Proposals for possible technological/
f f. organizational/legal solutions
: — . CONTRIBUTION
FUNCTIONING OF TRANSFORT
| PROCESSES - -
g E Moving towards more rasiliznt and stable
OCCURRENCE OF CRISIS transport against existing and potential
SITUATIONS similar threats
B FURTHER PERSPECTIVE
M MATERIALS

Source: Author’s elaboration.

This article identifies the possibilities of applying mathematical modeling to analyze
and evaluate the functioning of transport processes in crisis situations by referring to
specific research results (examples) that were achieved by following the
methodology shown.

The adopted classification of selected mathematical modeling methods in the context
of their use for research on transportation in threat conditions is presented in the next
section.



Sebastian Sobczuk, Anna Borucka, Pawel Kler

1182

4. Selected Methods of Mathematical Modeling of Transport Processes

Mathematical modeling involves using the language of mathematics, i.e.
mathematical symbols and relations, to describe a specific fragment of reality. A
correctly selected and constructed mathematical model for a given process allows it
to be analyzed and useful conclusions to be drawn, which is especially important when
disruptions are observed. In the study of transport processes in crisis situations,
mathematical models can be classified into several groups depending on the analytical
approach and possibilities.

Classical statistical models include a range of methods used in time series analysis,
and their main purpose is to model and forecast changes over time based on historical
data. Among the basic approaches is regression in time series. Regression modeling is
used to determine the relationship between the quantities under consideration and to
predict the values of some quantities based on the values of others.

The simplest variant is linear regression, which assumes that an increase in one
variable is accompanied by an increase or decrease in another variable. Polynomial
regression, on the other hand, makes it possible to model more complex, non-linear
relationships by introducing higher orders of explanatory variables.

Among the classic statistical models, it is also important to point out exponential
smoothing methods that allow to reduce the variance of a time series using a weighted
moving average of past values, with weights decreasing exponentially with distance
in time (Saigal and Mehrotra, 2012).

The most basic variant is a single exponential smoothing referred to as a Brown model
and used for series that do not show a development trend, and fluctuations in values
are due to random factors (Brown, 1962). The extension of this model is double
exponential smoothing taking into account the linear trend (Holt model). In addition,
in situations where the considered time series additionally show cyclical patterns,
triple exponential smoothing (Holt-Winters model) is used, taking into account the
smoothing parameter (), trend (#) and seasonality (7).

These models come in two varieties - additive or multiplicative, depending on the
nature of the seasonal element (Riaz, Sial, Sharif and Mehmood, 2023; Holt, 1960).
The most advanced class of classical statistical models are autoregressive and moving
average models. If the explanatory variables in the model are time-lagged
observations of the series, it is appropriate to use autoregressive processes AR(p).

If the variables in the model are a combination of time-lagged external disturbances,
moving average models MA(g) will be appropriate. In many cases, the most effective
will be a combination of these two models - ARMA(p, g) (Sobaszek, Gola and
Koztowski, 2020).
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However, for non-stationary series, but which can be transformed to a stationary form
(using differencing), it is appropriate to use ARIMA(p,d,g) models. Additionally, if
seasonal components are included, the SARIMA (p, d, g¢) (P. D, Q) [S] model is used
(McDowall, McCleary and Bartos, 2019).

Another category is made up of econometric and multivariate models, which make it
possible to study the interrelationships between multiple time variables, not only in
economics, but also in transportation analyses. Among them, it is necessary to
distinguish the vector autoregressive model (VAR), which extends -classical
autoregressive models to multidimensional cases, making it possible to analyze the
interrelationships between many variables simultaneously (Liitkepohl, 2005).

When the considered variables exhibit non-stationarity, an error correction model
(VECM) is used to model long-term relationships between variables, while
eliminating errors due to short-term fluctuations. These models are particularly
important in the study of time series cointegration (e.g., the Johansen cointegration
test), that is the search for a relationship in which the variability of two or more time
series is similar over the long term (Johansen, 1988).

It is also appropriate to distinguish a group of models used for decomposition of time
series, which means their distribution into individual components, such as trend,
seasonality, random component, which facilitates the identification of changes
occurring in the processes under study.

Classical decomposition uses two approaches - additive, in which the sum of the
components reproduces the values of the time series, and multiplicative, where the
components are multiplied with respect to each other, which allows better
representation of dynamic changes. Another approach is the X11 decomposition,
which is based on the classical variant, but additionally uses moving average filters,
often called X-11 type filters (Dagum and Bianconcini, 2016).

Still another type is LOESS decomposition. In this case, the values of the individual
components are determined by a sequence of smoothing procedures using locally
weighted regression (LOESS), which is based on fitting a weighted polynomial
regression for a given observation time (Dagum and Luati, 2002).

It is noteworthy that one of the constantly developing fields of artificial intelligence
is machine learning, which also finds application in research involving the operation
of transportation under emergency conditions (Izdebski, Michalska, Jacyna-Gotda and
Gherman, 2024). Machine learning methods allow analysis of large and compound
data sets, which traditional techniques are often unable to process effectively (Li, Song
and Shi, 2024). These include distance-based algorithms such as K-Nearest Neighbors
(KNN), which are based on the analysis of similarities between observations in feature
space (Uddin, Haque, Lu, Moni and Gide, 2022).
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Another class are algorithms based on decision trees applied to both classification and
regression problems. These include Random Forest (RF), which involves constructing
multiple decision trees at learning time and generating a class that is the dominant of
the classes (classification) or the predicted mean (regression) of the individual trees
(Moussa and Aoulmi, 2025).

Another example is Recursive Partitioning (RPart), which divides data into smaller
groups (partitions) in such a way as to obtain the most homogeneous subgroups with
respect to the objective variable (class in the case of classification) (Mahesh, 2020).
Dimensionality reduction models such as Principal Component Analysis (PCA) can
also be useful as they allow the transformation of the original set into a new set of
uncorrelated variables (so-called principal components) (Illahi and Mir, 2021).

These components are linear combinations of the original variables, where each
subsequent principal component explains as much of the variability in the data as
possible. A classification of selected mathematical modeling methods applicable to
the analysis and evaluation of the performance of transportation processes in
emergency situations is shown in Figure 2.

Figure 2. Mathematical models in research on transport in crisis situations.
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The mathematical approaches listed are widely applicable to research on the impact
of crises on transportation allowing, among others, the analysis of data structures and
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properties of time series, identifying dependencies, assessing the level of disturbances
and forecasting changes or consequences of events.

However, it is necessary to note that each method is based on different assumptions
and provides different possibilities, so the selection of a model should take into
account not only the specifics of the problem under study, but also the availability and
quality of input data. Examples of the application of part among mentioned
mathematical models in research of the functioning of transportation processes in
crisis situations are shown in the next section of the publication.

5. Examples of Model Applications in Research on the Functioning of
Transport Processes in Crisis Situations

5.1 Analysis of Changes in Urban Public Transport in the Context of Events
from 2019-2022

In 2020, due to the outbreak of the COVID-19 pandemic, collective public transport
experienced serious disruptions resulting from mobility restrictions and enforced
sanitary and hygiene requirements. In addition, in February 2022, the Russian-
Ukrainian conflict escalated and turned into a regular war.

This initiated the migration of the population towards the west, including Poland,
which translated into changes in demand for passenger transport. These events became
the starting point for examining the effects of crisis situations on operations in
collective public transport in Warsaw (Swiderski, Sobczuk and Borucka, 2024). The
study considered data from 2019-2022, which was obtained from the statistics of the
City of Warsaw and the Warsaw Public Transport Authority.

The article uses exponential smoothing models, i.e., Brown and Holt methods. The
collected data was divided into three periods: pre-pandemic, COVID-19 pandemic
and Ukraine-Russia war period, which were put through exponential smoothing. Then,
the directions of change in each period were identified by determining a linear trend
from the projected values.

This approach allowed to examine the dynamics of indicators describing the
implementation of transport processes, such as the transport performance and the
number of passengers carried, as well as to analyze changes in transport needs in terms
of the number and structure of tickets sold.

The results indicate that health and military crises, and in this case the pandemic
COVID-19 and the war in Ukraine, had an impact on the functioning of Warsaw's
public transport, as confirmed by fluctuations in indicators describing the
implementation of transport processes, as well as changes in the number and structure
of tickets sold.
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The analysis showed a decline in total ticket sales from 7.08 million in 2019 to 4.88
million in 2020, while the number of passengers decreased from 1201.5 million to
726.1 million (-39.56%) during the period. In 2022, due to the inflow of immigrants
to Warsaw, there was an increase in demand for transportation and an improvement
in the values of the analyzed indicators, which is reflected, among others, in the
determined upward trend of transport work (100.1 thousand VKT per month).

In addition, each of the models obtained a high fitting with real data and satisfactory
prediction accuracy (MAPE: 3.7-10.1%), which confirms their usefulness under the
considered conditions.

From the perspective of applying mathematical modeling in transportation research
under crisis conditions, the discussed study is an example of the use of classical
quantitative methods to identify and assess the effects of collective public transport
disruptions in a large urban agglomeration.

The Brown and Holt models presented in this case, due to their flexibility and low
computational complexity, are applicable to the analysis of the implementation of
transportation processes in the context of health and military crises, enabling rapid
capture of structural changes, which can support both transportation providers and
authorities. Overall, it has been shown that relatively simple statistical models,
properly chosen to characteristics of the data, can provide information to assess the
scale of change, identify breakthrough moments and support planning of responses to
similar events in the future.

5.2 Study on COVID-19-Related Changes in Passenger Traffic at Seaports

An example of the use of mathematical modeling to analyze and evaluate the
functioning of transportation processes in crisis situations is the study of passenger
traffic disturbances at Polish seaports. In the article (Sobczuk and Borucka, 2025) the
authors assessed disruptions caused by COVID-19 pandemic and developed models
that could support management for similar threats in the future. Quarterly data
covering the years 2004-2023 obtained from Eurostat were used.

Three different models were considered: SARIMA (1,0,0)(0,1,1)[4], the
multiplicative Holt-Winters model and the STL decomposition. The input data was
divided into a training set and a test set. The moment of division was the end of 2022
- data up to and including Q4-2022 were used for model estimation, while from Q1-
2023 were allocated for verification and evaluation of predictive performance. Based
on the value of the information criteria and the comparison of observations with
predictions, both the SARIMA model and the Holt-Winters model proved to be very
effective and comparable in terms of fit and accuracy.

These models reflected well the overall trends in the data and seasonal fluctuations,
making them valid tools for forecasting passenger traffic at seaports. In turn, the use
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of STL decomposition allowed for a detailed examination of the time series
components, providing deeper insight into the effects of disruptions caused by the
pandemic. The model confirmed the stability of the seasonality despite the disruptions
that occurred. It is noteworthy that in most quarters of 2023, the obtained forecasts
exceeded the actual values, suggesting that passenger cruise demand has not returned
to the levels that would have been expected in the absence of the pandemic (Figure
3).

Figure 3. Comparison of model forecasts with actual number of passengers at
seaports.

@
=
c -+ Actual value
2 s00 o -=- SARIMA
= ’ ; —- Holt-Winters
-.,‘-C; 200 - STL
@
@
E}
£ 600
]
m
(=8
‘s 500
5]
0
=
= 400

300

- Quarter 2023

T Q2 Q3 Q4
Source: Author’s elaboration.

The study demonstrates that mathematical models can provide information on how
the transport sector responds to disruptions - in this case of epidemic origin. Despite
the use of models with different structures, all showed a similar response to disrupted
data. Identified discrepancies interpreted in the context of a crisis can act as an
indicator of the level of disruption of a given process.

In addition, the decomposition method allowed the evaluation of seasonality patterns
and the rate of return to previous values, which confirms the potential not only in
forecasting, but also in in diagnosing the condition of the transport sector in crisis
situations. In summary, the approach used in this study can support the identification
of areas particularly susceptible to disruption and serve to assess the resilience of
transportation, thereby supporting planning and operational activities in the face of
potential, not only health crises.

5.3 Application of Machine Learning Models in Road Safety Research
Mathematical models based on machine learning (ML) are used in road safety

research, enabling the identification of patterns and relationships between factors
leading to road accidents, as well as the prediction of potential threats and their
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consequences. This has been shown, among others, on the example of Poland
(Borucka and Sobczuk, 2025b).

The article identifies key factors influencing road safety, and ML models have been
developed to identify road accidents and predict the severity of injuries for
participants. The research used data from 2019-2023 collected by Polish Police within
the Accident and Collision Register System (SEWiK), simultaneously processed and
disseminated by the Motor Transport Institute.

In the first stage, the Random Forest algorithm, along with the mean decrease Gini
index, was used to identify 11 key variables most strongly associated with road safety
levels in Poland. Then, three different ML models were considered: K-Nearest
Neighbors (KNN), Random Forest (RF) and Recursive Partitioning and Regression
Trees (RPart). The data set was divided into training (85%) and test (15%), and then
a cross-validation controller (10-fold cross-validation) was prepared. Similar results
were obtained for all proposed models (Table 3).

Table 3. Comparison of evaluation parameters for the models considered

Sensitivity [%]
lAccuracy
Model % Kappa | “minor “severe » v
[Vo] no injuries”. . . L, deaths
injuries injuries
KNN 64.2 0.4162  [88.90 62.72 14.83 6.23
RF 63.02 0.414 84.95 59.03 24.90 12.17
RPart 62.86 0.3664 [97.13 56.11 0 0

Source: Borucka and Sobczuk, 2025b.

Among the considered models, Random Forest demonstrated the highest accuracy,
particularly in identifying infrequent classes. For tasks where overall prediction
accuracy is the central objective, KNN provided a balanced alternative.

In turn, the RPart model can be used as a fast baseline model, but needs improvements
to cope with rare classes. In summary, all the models made it possible to determine
the relationship between the characteristics of an event and its consequences.

The study presented should be considered in the context of the persistent and diffuse
social crisis represented by traffic accidents. Statistics confirm that these incidents
continue to result in a high number of injuries and fatalities, which in turn translates
into significant costs for the state, a burden on the health care system and long-term
social consequences, including a dramatic impact on the lives and material situation
of the victims' families.

Used ML models have made it possible to identify factors contributing to the
occurrence of injuries among participants and detect recurring patterns of risk.
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These models, integrated with a unified system for collecting data on incidents and
traffic flows, could serve as a decision-support tool for improving transportation
infrastructure, planning preventive measures, and intervening at the local and national
levels, including changes to existing regulations (such as speed limits).

The study shows that combining a modeling approach with road safety management
can foster the formation of more resilient mobility systems, leading to real reductions
in social and economic costs resulting from accidents.

5.4 Exploring the Link between Transport Energy Use, CO2 Emissions and
Government Revenues

The Johansen cointegration method evaluates the cointegration of many time series
and is based on the Vector Error Correction Model (VECM). For example, this
approach has been employed to investigate the link between energy consumption in
the transportation sector (TFECT), CO, emissions (CO,T) and public revenues
(GREV) in Poland (Borucka and Sobczuk, 2025a). The study covered data from 1990-
2022 obtained from the International Energy Agency, the World Bank Group and the
International Monetary Fund.

As a result of the stationarity tests (ADF, PP, KPSS), the first-order integration of the
variables was confirmed, which allowed the Johansen cointegration method to be
applied. This test showed the presence of two cointegration vectors (ectl, ect2), which
enabled the estimation of the VECM model. Finally, based on the obtained
coefficients, the long-run equilibrium equations were of the form:

TFECT — 34,483.64 X GREV — 26,828.31 X TREND =0 (1)
CO,T — 2.467 X GREV — 1.807 X TREND = 0 2)

Moreover, after establishing cointegration relationships, an impulse response function
(IRF) was applied to evaluate the dynamics between the time series and identify the
main transmission channels.

The study proves that total final energy consumption in transportation (TFECT) is a
major factor shaping both the level of CO; emissions from transportation (CO,T) and
the amount of government budget revenues (GREV).

Growth in TFECT leads to a significant, although time-distributed, increase in
emissions and affects the level of budget revenues, especially through fuel taxes and
fiscal burdens related to transportation activity. At the same time, it is shown, that the
CO,T time series responds to TFECT, but also to its own shocks, suggesting that CO»
emissions are self-reinforcing.
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Public revenue (GREV), while significantly related to transportation energy, shows
less clear responses, indicating the indirect nature of this relationship. The results
obtained confirm that all the analyzed variables are related to each other in the long
term, although with different intensity and time dynamics. As a result, these identified
relationships made it possible to identify specific policy implications and courses of
action.

The importance of using mathematical modeling in the mentioned study should be
considered in the context of growing economic and environmental tensions,
particularly fiscal constraints, overexploitation of fossil fuels, rising energy costs and
intensifying emission pressures in the transport sector. The results suggest that an
integrated approach combining fiscal and environmental goals seems most
appropriate, including such as taxing fuels based on emissions intensity, or
redistributing revenues from transportation taxes for the development of more
sustainable infrastructure.

The application of the VECM in the Johansen test framework enabled the
identification of sustainable linkages between fiscal and environmental policies,
which is particularly important in the context of leading the energy transition under
conditions of limited financial resources. IRF analysis, in turn, provides additional
information on the distribution of effects over time, which can support the planning
of stepwise corrective actions. Overall, the study demonstrates that econometric and
multidimensional models provide important support for formulating sustainable
strategies, and therefore shaping the transport sector's resilience to economic and
environmental crises.

6. Conclusions

The aim of article was to identify the possibilities of using mathematical modeling to
analyze and evaluate the functioning of transport processes in crisis situations. Based
on the classification of crisis types and overview of selected modeling approaches, it
was shown that statistical, multidimensional and econometric models, as well as time
series decomposition methods and machine learning algorithms, can be valuable tools
to conduct the study of transport disruptions caused by health, social, military,
economic or environmental crises. Analysis of selected models based on event cases
from recent years confirmed that:

. Crisis situations have a clear, measurable impact on the functioning of
transport by primarily affecting demand, structure, safety and organization;

. Appropriate selected mathematical models can identify disruptions, forecast
changes and support decision-making processes in transportation planning and
management;

. Simple statistical models are operationally useful, while advanced

econometric and ML methods offer deeper strategic insights.
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The conducted study provides not only a theoretical ordering of models and
classification of crises, but also indicates directions for the practical use of methods
depending on the defined problem, the specifics of the threat and the characteristics
of the input data. This makes it possible to consider the analysis not only as a closed
scheme, but as a flexible approach to support the development of interdisciplinary
transport management and a starting point for shaping its resilience to potential
disruptions.

Several existing limitations must also be pointed out. First of all, the effectiveness of
the presented models depends to a large extent on the availability and quality of data,
the acquisition of which in crisis situations can pose serious difficulties. Besides, all
the analyzed models were based only on available historical data and specific types of
crises, according to the adopted classification, which on the one hand sets the
framework for application, but also suggests a direction to be extended and deepening.

In view of the results, future research should focus on integrating quantitative models
with solutions based on streaming data, Big Data and artificial intelligence. Al,
combined with machine learning, anomaly detection and automatic optimization, can
support the analysis of disruptions with hard-to-define patterns, making it particularly
valuable for complex or sudden crises. This is forward-looking in the context of
building resilient, scalable and predictive transportation systems capable of real-time
response, which could prove crucial in the face of future crises of difficult-to-evaluate
genesis, nature and scale.
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