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Abstract: Increasing the market share of low-emission vehicles in relation to individual mobility is
one of the main postulates of modern transport policy. In the discussion on low-emission and the new
structure of the car fleet, the role of new vehicles is emphasized above all, ignoring the importance of
the secondary market. In recent years, both in Poland and in other European Union countries, there
has been a noticeable dynamic development of electromobility implementation processes in urban
areas, the initial effect of which is increasing market accessibility to commercial vehicles with electric
EV/BEV, hybrid HEV/PHEV and fuel cell powered FCEV. As in the case of vehicles powered by
conventional ICEV fuels, also in relation to those defined as low-emission, their residual value is lost
along with the operational process. Information on this variable is important both for the owner of a
newly purchased vehicle, which after the period of its operation will decide to sell it as well as to
the future buyer. The scientific aim of the study is to analyze the residual values of selected vehicle
models from the primary and secondary market, with particular emphasis on stochastic operational
phenomena. The subject of the research is to obtain extensive knowledge on the achieved changes in
the residual values of low-emission vehicles in relation to ICEVs. For this purpose, a comparative
analysis of the commercial program, data approximated from auction portals and own numerical
modeling tool based on a neural network was performed. The research sample included, among
others, selected models of passenger cars, the purchase offer of which included the choice of a drive
unit powered by conventional and low-emission fuels. The use of this method allowed to answer
the question whether low-emission vehicles are characterized by a greater or lesser loss of value in
relation to conventionally powered vehicles ICEV.

Keywords: low-emission; electromobility; residual value; exploitation factors; numerical modeling;
development policy

1. Introduction
1.1. Analysis of the Development of Domestic and International Markets for Electric and
Hybrid Vehicles

In the last two decades, changes in the area of creating individual mobility have
been one of the fundamental problems of the European transport policy [1–3]. One of
the concepts inherent in the considerations on the future of individual transport is the
concept of low-emission [4,5]. The development of this idea is based, among others, on the
use of vehicles often described as clean instead of those powered by fossil fuels. The key
priority of activities in this field has been to reduce environmental pollution by reducing
emissions of harmful CO2 and NOx compounds [6–8]. Even though numerous promotional
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activities were undertaken to reduce the negative effects of individual mobility, min. by
promoting low-emission means of public transport, in particular in urban areas [9,10]. In
the opinion of many researchers, these activities did not bring the expected result, because
still individual transport defined in the form of a passenger car plays the most important
role in the negative impact on the natural environment [11–14]. In order to meet market
expectations, manufacturers from the automotive industry have introduced to their sales
offer, apart from conventional ICEV vehicles, also hybrid vehicles (HEV, PHEV), or only
electrically powered vehicles (BEV, FCEV). Observations of the automotive market indicate
that the trend has become a global phenomenon and applies to almost every segment
of the passenger car market [15,16]. This phenomenon is reflected in the data showing
that sales of electric cars (BEV) and plug-in hybrids (PHEV) on the global market have
increased 5.5 times in the last five years-from 548,600. units in 2015 to almost 3,000,000 at
the end of 2020. Of this number, 68% were exclusively electric long-range BEV cars and 32%
were short-range PHEV cars. About the market potential European Union is evidenced
by data which indicate that in 2020 cumulative sales in the Old Continent (European
Union countries, EFTA and the United Kingdom) amounted to 1,360,000 copies. In total,
around 10,000,000 BEV and PHEV vehicles were registered in 2020, 32,000,000 of which in
Europe. The scale of this global process is best illustrated by the forecast indicating that
in 2040 there will be as many as 500,000,000 electric cars on the roads in 2040 for a total
of 2,000,000,000 vehicles [17]. As a consequence, in the coming years, in the era of the
ubiquitous phenomenon of market competition in the automotive industry, a significant
increase in the market share of low-emission vehicles, in particular those of the BEV and
FCEV type, can be expected not only in relation to the cumulative total sales, but also the
market share in the total structure of the current market. automotive. The market records
from recent months, especially in December, were responsible for the increase in the value
of the results. In last in the month of 2020, about 407,000 people have been registered in the
world. electric cars and about 164,500. plug-in hybrid. At that time, both vehicle groups
also achieved an unprecedented share of the global new car market: 5%. for electric cars
EV, including BEV and 2%. for PHEV. According to the estimates of the industry portal
EV-Volumes, plug-in electric vehicles accounted for 4.2%. global car sales, while in 2019
this share was 2.5%.

In 2019, only eight countries reported an electric vehicle share of 5% or more. Last
year, already 13 countries had a 10% share of sales of new electric cars. As in previous years,
Norway was the undisputed leader in this respect, with 75% of plug-in electric vehicles.
Iceland, Sweden and Finland were also in the top five, which proves the rapid spread of
electric cars in the Scandinavian countries. China, by far the largest electric car market
by unit sales, has dropped out of the top 10. Electric vehicles account for 6.2%. sales of
passenger cars in this country. Even though Norway is the country with the highest share
of electric cars in total passenger car sales, no country comes even close to China in terms
of absolute market size. According to the Chinese Association Car Manufacturers (CAAM),
sales of battery electric vehicles (BEV) and plug-in hybrids (PHEV) amounted to PLN
100,000 and PLN 250,000, respectively. In 2020, this places China far ahead of Germany
(395,000 EVs sold) on this list, which overtook the United States in terms of sales of electric
vehicles. While Europe’s largest markets saw three-digit growth in electric vehicle sales
last year, growth in the US was just 4%, according to industry website EV-Volumes. Despite
this, out of 328,000, US electric vehicles sold are still the third largest market, ahead of
France, Great Britain and Norway. Vehicle sales in Poland are shown in Figure 1.
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Figure 1. Sales of BEV and PHEV cars in 2015–2020 (Source: ACEA, PSPA, PZPM, IEA, CEPIK).

Regarding the policy of developing low-emission transport, it should be mentioned
that the Act on electromobility and alternative fuels was not ignored by the Polish authori-
ties either. The guidelines of the European Union in the form of the directive of 22 October
2014, 2014/94/EU, which imposed on European countries an obligation to transform in
the field of fuels, were imperatively treated, at the same time setting a specific direction of
changes [18]. An example of further actions in this matter was the adoption by the Polish
authorities in 2017 of the Act on Plan for the Development of Electromobility in Poland [19].
The available data indicate that at the end of 2020, there were 20,504 electric passenger cars
on Polish roads, 51% of which were fully electric vehicles (BEV)–10 471, and the rest of the
plug-in hybrid (PHEV)-10,033 pcs. At the end of April 2021, there were over 23,800 electric
cars on the Polish roads. During the first four months of this year, their number increased
by 5098, i.e., by 137% compared to the same period of 2020. According to statistical data at
the end of April this year. 23,834 electric passenger cars were driving on Polish roads, of
which 49.68%. Fully Electric Vehicles (BEVs), with the remainder being 50.32% were plug-in
hybrids (PHEV). The fleet of electric vans and trucks consisted of 899 units. The number of
electric mopeds and motorbikes continues to grow, reaching 9652 at the end of April. By
mid-2021, the electric bus park in Poland has increased to 484 models. From January to
April 2021, the electric bus fleet increased by 52 zero-emission vehicles. Compared to the
corresponding period of 2020, when 23 such buses were registered, this means an increase
by 126%. The report shows that as the number of electric vehicles increases, the charging in-
frastructure is also developing. This is the basis for acquiring greater profitability by using
unconventional drive solutions. Despite the previously observed difficulties related to their
charging processes and the frequency of various aperiodic and periodic failures [20,21].
In the first half of 2021, there were 1456 publicly accessible charging stations for electric
vehicles in Poland (2838 points). In this case, 33% of them were fast charging stations with
direct current (DC), and 67% slow AC chargers with a power less than or equal to 22 kW.
The electromobility counter, updated by the Polish Automotive Industry Association and
the Polish Alternative Fuels Association, is available on the organization’s website. It
shows how many electric vehicles are currently driving on Polish roads and how many
charging stations are in operation. The data was prepared by PZPM and PSPA on the
basis of complex data analyzes from, among others, from the Central Vehicle Register,
as well as own research and kept records. This work indirectly focuses on the potential
benefits of electrification and the speed with which electric vehicles will become more
affordable in different households with varying degrees of affluence. The residual value
and the economic dimension of introducing particular types of propulsion systems, de-
pending on purchasing preferences, is the basic parameter that determines the strategy
of introducing electrification levels in a given area. To a large extent, attention should
be paid to the operational dimensions of electric and hybrid vehicles, the current state of
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expansion of the charging network infrastructure and the infrastructure of maintenance
and repair workshops. The key question is when BEVs and PHEVs will achieve cost parity
with equivalent ICEV gasoline vehicles for different socioeconomic groups. A particularly
important aspect is the state that electric or hybrid vehicles will become fully profitable
economical in non-urban areas. The study used vehicle purchase data to estimate how
much each household spends on its current vehicles, broken down by drive systems. An
analysis was performed with data on the resale value of electric vehicles on the market in
2020, as well as the bottom-up costs of electric vehicles, forecasts in line with the trends in
battery costs (their operation and purchase). From this analysis, it is possible to quantify
how much the potential cost savings of electric vehicles vary depending on socio-economic
factors.

1.2. Analysis of the Literature on the Methods of Predicting the Residual Value of Vehicles

As indicated in the literature on the subject, numerous studies with regard to the de-
velopment of the low-emission vehicle market have attempted to identify the determinants
influencing the low market share of this vehicle category in the total car fleet of individual
countries [22–25]. The available literature successfully identifies barriers of a technical or
organizational nature that have a direct impact on the development of the low-emission
vehicle market [26,27]. A large role in the profitability of using ICEVs is played by dura-
bility tests concerning external factors that do not apply to most EVs [28–30]. Consumers
are increasingly distinguishing the advantages and disadvantages of different types of
alternative fuel vehicles PHEV, BEV and others, and are increasingly considering switching
from ICEV to PHEV hybrids rather than to EV electric cars. Segmentation analysis is used
to study different groups of consumers and their probabilities acceptance of cars using
alternative fuels. At the same time, the most important areas necessary to increase the
market share of this vehicle category were successfully identified [31–33]. There is an in-
creasing number of works on modeling based on machine learning, creating mathematical
models of transport systems and energy units [34,35]. Starting from identifying the need
for technological progress in the field of batteries consisting in increasing their energy
efficiency, which will result in extending the range of vehicles [36–38]. By emphasizing the
role of the increase in the availability of charging infrastructure and its efficiency, as well as
cooperation with the existing power grid in the form of standardization and tariffication
of charges [39–41]. Much work focuses on modeling the energy consumption of electric
vehicles and the factors influencing battery life, which is the primary factor in determining
the resale value of an electric vehicle after a few years use [42]. It is largely influenced by
the failure rate of the energy source and the purchase price of new batteries.

Concern for knowledge and the environment has a weaker influence on preferences
than the socio-economic impact and innovation of given electric and hybrid drive tech-
nologies. Some authors present business and industrial models for the production, devel-
opment and servicing of low-emission vehicles and the possibility of achieving a decent
synergy effect in the form of the use of intelligent installations based on renewable energy
sources [43,44]. The analysis of the literature on the subject shows that many researchers
have also successfully undertaken to define legal barriers, comprehensively indicating and
describing areas requiring legislative changes [45–47]. However, in the case of attempts
to identify economic barriers, the presented research and analyzes on this topic indicate a
certain gap and are not fully exhaustive [48]. In most cases, the researchers focused their
research on the areas of identification, vehicle operating costs, including purchase, repair
costs [49,50] or else purchase preferences analysis [51,52], or determining the total cost
of vehicle ownership [53–55]. Disregarding one of the important parameters influencing
the purchasing decisions of the demand side and defined in the literature as the residual
value [56].

A novelty affecting the demand for electric cars may be the new regulations of the
Audible Vehicle Alert System, a sound system that, from 1 July 2021, will be mandatory for
all electric and hybrid cars sold in the European Union. Its purpose is to warn pedestrians
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and cyclists that an electric vehicle is approaching. This is to increase road safety. It may
also incur additional costs due to system failure rates and some additional cost factors.
Road transport has been present in sustainable development strategies for a long time.
Strategic tasks for the development of transport in Poland are related to such activities as:
significant reduction of environmental pollution, increasing transport safety, slowing down
the growth rate of energy consumption, ensuring an increase in energy and raw material
efficiency, and generally-contributing to the environmental policy of the state. Lots of
researchers clearly indicates that the residual value is min. one of the key components of
the Total Cost of Ownership-i.e., the total cost of using the vehicle [57–59]. In particular,
these studies concern the creation of more and more complex mathematical models taking
into account an additional stochastic factor affecting the residual value of the car after a
given period of use. In particular, at the time of the demand stagnation caused by the
economic crisis, in the automotive sector, the parameter defined as the residual value may
become more and more important not only for managers of car, car-sharing and leasing
fleets, but more and more often also for individual customers. Considering that the key
information for each owner is the answer to the question of what cash equivalent will be
regained after a few years of vehicle operation [60].

Therefore, the simulation of the residual value of a car, which is the forecast and at
the same time the most probable amount that will have to be paid for a vehicle after a
given period of operation, in the long term, may play a key role in the development of
the low-emission vehicle market, in particular in a country such as Poland. Where, in the
case of financial leasing within the meaning of the currently applicable tax regulations,
the ownership of the subject of the lease may automatically pass to the financing party
right after the end of the contract. In addition, in long-term rental, financial and operating
lease contracts, the residual value affects the amount of monthly installments, which has its
direct economic dimension. Therefore, in the context of the electro-mobility development
plan adopted by the Polish government and the preferential conditions for the import of
low-emission cars from European Union countries and the reduction of customs duties
on imports from outside the European Union, the issue of value residual problem is a
significant research problem, in particular that the available literature lacks such analyzes
and studies on such 3–5-year periods of operation of low-emission vehicles as compared
to conventionally driven vehicles in relation to a specific market, which is the Polish
automotive park.

Correct estimation of the residual value is a process that requires an interdisciplinary
and experimental approach. Since this parameter depends on many variables that may
not be fully identifiable at the initial stage of the analyzes. However, as in the case of the
conventional fuel ICEV market, the knowledge of the parameter defined as the residual
value, i.e., the decrease in the commercial value of the vehicle together with the ongoing
process of operation, is of fundamental economic importance due to the growing share
of these vehicles in the total car park and development plans electromobility. According
to the methodology and scenario of analyzing changes in extensive, systemically related
communities, it is assumed that among economic sectors, one of the fastest increases in
harmful emissions to the atmosphere will be road transport, which will include ICEV
vehicles.

1.3. Factors Determining the Residual Value of Hybrid and Electric Vehicles

Currently, road transport plays an important role in the socio-economic development
of each country, in particular, targeting low-emission vehicles, regardless of the type of
energy source. As one researcher points out, the residual value of a car is its forecast,
future market value, that is the price at which the user of the vehicle or another entity
will be able to sell it after an appropriate period of use [61]. This parameter is given as an
amount or percentage, as a relation of a used vehicle to the price of a new one. Today, the
residual value is the basic indicator used by leasing and fleet management companies. As
mentioned above, this parameter is a fundamental component of the so-called TCO, i.e.,
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the total cost of using a car. Its value is particularly important, for example, at the stage of
determining the rental installments or estimating the buy-back value of the vehicle [62].
Thus, an analysis of the residual value of a specific vehicle can yield measurable economic
benefits. The authors agree that the analyzes concerning this variable should be taken into
account during the individual purchasing process, thus allowing the demand side to make
an informed and informed choice. Hence the importance of the exploration of residual
values for the development of the low-emission vehicle market.

In order for the TCO model to be reliable and cover all phenomena, even those of a
stochastic nature resulting from external conditions, it is important to identify and calculate
the necessary cost categories for a specific type of vehicle and drive system design, in
particular for PHEV and BEV vehicles-the most common in terms of electromobility. The
cost of purchasing and owning an ICEV or PHEV and BEV comes with many different
cost categories, along with a subcategory of vehicle operating costs. The following TCO
equation and its detailed description were presented in the authors’ work [25]:

TCO ≈
(

Pp−x − (Rp−x(wt × wz × wd))
)

+Ec(wd−tm(Dv−ee + Dv−ce) + wd−tpm(Dv−ee + Dv−ce)
−wd−rek) + CIC + PFWP f−x + AFWA f−x

(1)

In this TCO approach it is assumed that the total cost of ownership during the period
of ownership, Pp-x is the purchase price of a new vehicle with the selected driveline, e.g.,
ICEV, BEV, PHEV (this parameter can include additional variables corresponding to the
vehicle price, i.e., comfort, safety equipment and other additional systems increasing the
market value of the vehicle), Rp-x is the resale price of the vehicle at the end of the ownership
period (taking into account its technical condition and future costs). In this comparison, the
age of the vehicle in wt and the mileage in wd are important for determining the mandatory
inspection intervals. Therefore, determining the operating distance, without incurring high
periodic costs, e.g., replacement of batteries or components of the drive system of ICEV
vehicles, and the current state of wear of the vehicle, taking into account the design of the
wz. The nature of the timetable is of great importance when assessing energy consumption,
therefore the coefficients have been introduced to define the nature of the timetable driving
and driving load and energy systems, including kinetic energy recovery systems for BEV
and PHEV. In this case, the urban mode distribution factor w (d-tm), the urban mode
distribution factor w (d-tmp) and the amount of energy recovered from the auxiliary systems
in (d-rek) are assumed. As the wear of the vehicle progresses, the final price decreases
adequately to its technical condition and purchase trends of a given vehicle brand, in a
non-linear manner, individually for the vehicle, and the difference between Pp-x and Rp-x is
the vehicle depreciation value. Ec is the cost of energy adequate to the current fuel prices or
the cost of electricity per kilometer. Dv-ee is the total number of kilometers traveled during
the lifetime of an electric vehicle, Dv-ce is the total number of kilometers traveled during the
lifetime of a combustion engine vehicle for the ICEV. The operating costs related to vehicle
purchase transactions are distinguished by: m—to monthly interest rate, Pc—amount
borrowed, n—number of monthly interest payments. In addition, the following should
be added: the cost of compulsory third party liability insurance to CIC and the presumed
costs related to maintenance and operation, including periodic replacement of components
in accordance with the recommendations of the vehicle manufacturer Pf, and costs related
to non-periodic faults Af. The costs of subsidies and taxes can be ignored, as they are not
relevant considering the current legal framework in Poland. When considering the costs of
Pf and Af. the analyzed vehicle mileage range should be taken into account, e.g., from 0 km
to 100,000 km. Changing this parameter is very important from the point of view of the
residual value. The make, model and technological sophistication of the driveline as well as
the structure of the vehicle body also play an important role in this system. Therefore, some
factor values should be introduced based on actual failure frequency analyzes periodic
WPf-x and aperiodic WAf-x within a given group of vehicles according to user opinions
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and detailed expert analyzes. This condition is also related to the timetable and operating
conditions, including environmental factors, especially in a changing climate.

The available literature indicates that in the past attempts were made to identify this
parameter in relation to strictly geographically selected markets. For example, several
researchers, on the basis of statistical methods, analyzed the resale value of HEV and BEV
vehicles for the German market-with an expected service life of up to 4 years [63]. Taking
into account the adopted method, the minimum forecast was that BEVs would lose more
value than HEVs. However, as the authors themselves emphasize, the results of the analysis
of residual values could not be fully satisfactory at that time, given the limited empirical
database on the resale value of HEV and BEV for the analyzed market. As for another
researcher who predicted a 44% drop in the resale value of this category of vehicles [64].
Some authors predicted that after 5 years of operation, the residual value of HEV and
BEV may achieve only 10% of the purchase value of a new low-emission vehicle [65].
All the authors made a reservation, however, that their forecasts were based on unclear
expectations regarding issues such as, for example, the life cycle of the drive-battery, the
anticipated technical progress and other factors that, in their opinion, have an impact on
the achieved values. Moreover, the applied methods based only on static inference and
residual data do not fully support the acceptance of the achieved results as final and are
not applicable in the case of attempts to determine the residual value of a specific model
from a selected market segment.

In the remaining studies, however, referring geographically to another market-the
American one, based on the analysis of archival sales data, it was indicated that low
residual values were achieved, for some models of BEV Tesla 3, 5 vehicles after the first
3 and 5 years of ownership [66]. In turn, another researcher in relation to this market
suggested that the residual values of BEVs may depend on the vehicle brand [67]. On
the other hand, other researchers emphasized that the residual values of PHEV and BEV
vehicles, compared to vehicles with ICE combustion engines, when settling the tax relief
(related to their purchase), may be much higher than in the case of vehicles that were not
paid for [67]. Another researcher suggested that in the longer term in the years 2020–2025,
in the event of market development, PHEV vehicles will maintain the residual values,
similar to their ICE counterparts [68]. However, all researchers emphasized the majority of
cases, the attempts at analyzes referred to a geographically limited market, e.g., California
USA, or individual brands and models, e.g., Tesla 3 and 5. It is important that none of
these studies, based on the adopted methodologies, undertook a comparison of the same
vehicle models, or coming from particular market segments but equipped with different
drive units BEV, HEV, PHEV, and ICE. Only researchers attempted to develop such a model
on the basis of the available data on the market value of BEVs compared to the ICE for
the US market [69]. Indicating in the conclusions, inter alia, that high-performance BEV
brands such as Tesla 5 type Long Range achieve higher sales values than other PHEV
and HEV vehicles. Moreover, BEVs other than Tesla show a faster decrease in market
value over a 3-year period than other types of ICEV [70]. However, also in this case, the
researchers cautioned that the research was data-driven source and estimated values of
selected vehicle models should be supplemented with other vehicle models and compared
with the methods obtained using expert methods in order to fully verify them. Therefore,
the presented study cannot fully constitute a basis for drawing conclusions in relation to,
for example, geographically different markets, e.g., the European market, where the share
of individual models in the total car park, e.g., Tesla, is different than on the American
market [71] and provide answers on how they are shaped residual values for the same
models in individual market segments. In this context, the procurement of vans and the
expansion of vehicle fleets in this category are highly dependent on their profitability
and reliable performance, with the total cost of ownership being the decisive factor in
correlation with the residual value. Other markets, mainly in Asia, were investigated in
the works due to the residual value of the vehicle [72–75].
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Nobody should have any doubts that low-emission emissions is one of the greatest
challenges facing the modern automotive industry [76]. However, changes in individual
transport, the pillar of which are vehicles powered by conventional fuels, are inevitable [77].
The introduction of restrictive EURO 6D ISC-FCM emission standards from January 2021
forces transformations not only on the supply side-by replacing ICE-type units with low-
emission ones, but also-changes in purchasing preferences defined as an increase in ecolog-
ical awareness of the demand side [78]. Moreover, in the coming years, a tightening of the
EURO standards from 6D ISC-FCE to the EURO 7 standard should be expected [79] In par-
ticular with regard to newly sold ICE conventionally powered passenger cars. The authors
share the opinion of other researchers that electromobility is the answer to the low-emission
needs. Plans for the development of electromobility, for example in Poland they assume
that by 2025 [80,81] there will be 1,000,000 electric cars on the roads. Thus, a significant
part of the structure of the new car fleet will be low-emission vehicles, both newly manu-
factured and used [82]. As other researchers show, economic aspects are still one of the key
determinants influencing purchasing decisions in the automotive market [83]. The most
common identified barriers relate to the high purchase price of a new low-emission vehicle
compared to a conventionally powered vehicle [84–87]. However, these considerations
ignore one of the key elements of TCO defined as the residual value [88,89]. In a narrower
sense, the residual value is defined as the value of the car at the time of resale [90,91]. On
the other hand, it is broadly defined by the notion that it is the price that the owner of the
car can count on by selling it after the assumed useful life [92].

Environmental certification acts as a sustainable practice for companies to improve
their competitive advantage, and its motivation has been widely discussed in the work [93].
An important aspect influencing the residual value is also the recycling value of vehicles in
given countries. This topic is described in detail in [94]. Important social, environmental
and economic aspects of electric vehicles were also discussed in the works [95–98]. The
statistical data used in the work are based on portals [99–103].

The scientific aim of the work is to analyze the residual values of selected vehicle
models from the primary and secondary market, with particular emphasis on stochastic
operational phenomena. The subject of the research was to obtain extensive knowledge on
the achieved changes in the residual values of low-emission vehicles in relation to ICEV
vehicles. This study extends the research conducted so far in the field of considerations
concerning the low-emission vehicle market by showing the important role of the economic
factor defined as the residual value. To the best of our knowledge, this article is the
first to link residual value considerations to the development of the low-emission vehicle
market (including a comparative analysis of passenger car vehicles equipped with both
conventional and low-emission powertrains) and was the first to discuss the case study-
domestic market. A key contribution of this study is the pioneering analysis of actual and
projected values residual low-emission vehicles based on the expert method used, among
others automotive experts, to which only a small number of researchers have access. This
method has been enriched with additional factors ignored by many experts, this applies
to periodic and aperiodic phenomena that may affect the final value of the vehicle and
increase the costs of its operation and use.

In short, this article brings a new look to the existing literature in the following
areas: (I) low-emission-electromobility (II) modeling the demand for low-emission vehicles,
passenger car segment, (II) technology (HEV, PHEV, BEV, FCEV) and residual value and
vehicle impairment (IV) development plans and domestic market.

The article is organized as follows. Section 1 provides an overview of the literature on
the factors influencing the residual value of hybrid and electric vehicles compared to com-
bustion engine vehicles. Section 2 provides a detailed description of the research approach.
Section 3 describes the results of experimental research along with their interpretation.
Section 4 presents the final conclusions of the research, indicating their limitations, practical
application and future directions of research in this field.
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Therefore, the presented research is the first attempt to fill the gap in the literature on
the subject by presenting forecasts of the residual values of low-emission BEVs, PHEVs
compared to ICEVs based on the expert method for an incomparable period of 5 years in
relation to the unanalyzed automotive market of the European Union country, which is
Poland. In addition, expert analyzes were performed with the use of simulation tools over
a period of 24 years, using data obtained from vehicle users and the applicable market
prices approximated for a given year.

2. Research Method and Methodological Assumptions

The complexity of the subject matter under study, as well as the diversification and
progress of the technology used in individual models of low-emission vehicles offered on
the Polish market, required the authors of an alternative approach. Therefore, in order to
show significant dependencies, preconceived behavior patterns were used. In order to
maintain the logical correctness and methodological value of the research, it was assumed
that the scope of the analyzes included passenger cars of selected manufacturers from
several market segments.

Models with specific features and purpose, which were popular on the analyzed mar-
ket, were selected for the analysis. In order to illustrate the aforementioned relationships,
analyzes were presented including data on residual historical values obtained from the
Info-Eskpert system, comparing the ICEV and PHEV driven vehicle as well as the forecasts
of values relating to the future residual values of PHEV, BEV, ICEV vehicles in the period
of 5 years using the methods.

The author’s method illustrates additional factors that may affect the residual price of
the vehicle, these are mainly operational, service and repair factors in the case of a diverse
external environment and a stochastic nature of extortions. In this case, data from car repair
shops, opinions of vehicle users and trends in relation to brands and their assessment by
users were used. This is a very difficult task, especially in the case of precise determination
of the final residual value of the vehicle depending on their structure and failure frequency
of the drive system and drive train. To a large extent, the value of this parameter is also
influenced by the comfort equipment and the vehicle class. For convenience, similar values
of these parameters were adopted, so as not to introduce an additional disturbing factor.

The “Info-Forecast” program enables an easy and convenient way to forecast the
residual values of passenger cars, SUVs and delivery vans [93]. The application enables the
analysis of the residual value (sale and purchase) of new and used cars in the range from
6 to 60 months. It also allows you to obtain archival data. Monthly update of the vehicle
database, new prices and equipment makes the program an invaluable tool supporting
fleet management. Forecast for a group of vehicles with the assumed mileage. The program
allows you to forecast for a selected vehicle with different mileage assumed and to compare
any vehicles from the database. It also enables the indication of the main vehicle and
presentation of differences from this vehicle, determination of the influence of additional
equipment on the residual values (analysis of identical vehicles with different completion of
optional equipment). With it, analyzes of residual values or loss of value can be presented.

A comparative analysis of the effectiveness of both tools was performed. The “Info-
Forecast” program allows you to determine the changes in the residual value based on the
variables, such as comfort equipment, engine, vehicle condition and many more. Mainly
the analyzes of this program are based on statistical data with a large generalization. It
has quite a lot of disadvantages significant for determining the residual value of new,
mainly hybrid and electric vehicles. Additional parameters and machine learning analyzes
were added to the proprietary expert method, which uses a creature’s model. These
parameters include factors, i.e., repair and maintenance costs resulting from the frequency
of occurrence of periodic and non-periodic defects for a given model. Such data was
obtained from car services, from users on the basis of automotive forums. These values
were introduced as coefficients decreasing or increasing the residual value in comparison
with the data of the “Info-Prognosis” program. As the most a reliable point of reference,
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approximation data of the current market prices from auction portals was introduced.
These data were the average value of the price in a given year. The expert method, which
is based on increasing the number of variables in relation to the “Info-Prognosis” program,
turns out to be more effective in standard software. In order to obtain such values, the
model introduced a methodology for extracting aperiodic phenomena constituting the
basis for the energy balance of vehicles for the analysis of electromobility system indicators.
The model included in [21] is used to analyze the additional costs resulting from the
repair and maintenance of vehicles. Based on the frequency of repairs performed, it is
possible to judge the decrease in the residual value after entering this parameter. Such
data can be derived from the cost of parts and the frequency of specific faults based on the
Automotive Forum or service data from repair shops. This is a highly important parameter.
As a result, some vehicle brands are perceived as less attractive and their market value
decreases quickly even in the case of high standard of equipment and good parameters of
the driveline.

When approximating the residual values from auction portals, 50 vehicles from a
given year with similar technical equipment, comfort and technical condition were taken
into account. In this study, the replacement cost component was selected as an additional
basis introduced into the main model. The basic formula of the replacement cost method
of the resale purchase price in a given vehicle year Rp−x + y1 is:

Rp−x+y1 = Pp−x−y1 × Rp × Kp (2)

In the formula, Pp−x−y1 is the price of the car after periodic and unforeseen replace-
ments, for example, the main source of accumulative energy; Rp is the basic residual
directional index of the residual rate; Kp is the residual rate correction factor.

(a) The cost of carrying out the necessary replacements in a given period

The cost of PHEV replacement is enriched mainly by the purchase of new batteries
and additional kinetic energy recuperation components. It mainly relates to the cost of
re-purchasing the same or a similar vehicle, including: the price of a new vehicle, purchase
surcharge and purchase tax.

Pp−x−y1 = Pdot − Ddot + Rvat (3)

In the formula, Pp−x−y1 is the replacement cost; Pdot is the indicative price given by the
producer before deducting the subsidy; Ddot means subsidies for the purchase of vehicles,
including state subsidies and local subsidies; Rvat stands for Tax on Vehicle Purchase.

(b) The basic residual rate indicator for the remainder

Since the cost of the battery in PHEV and BEV vehicles accounts for a large proportion
of the total cost of the vehicle, batteries are important for the residual rate of vehicles of
this type. Therefore, in this study, an additional residual rate will be introduced into the
model in the form of a complete vehicle from the perspective of the battery power system
and other component. For ICEVs, this value is ignored.

Rp = κ1 × Rp-bat + κ2 × Rp-axip (4)

In the formula, Rp is the basic residual rate for PHEV and BEV; Rp-bat is a residual
battery power indicator; Rp-axip is the residual stake of another part, except for the battery;
κ1 is the weight of the residual power battery rate; κ2 is the weight of the residual rate of
the other part.

(c) Residual rate adjustment factor

Factors that influence the correction factor for the residual rate of PHEV vehicles
include physical depreciation, functional depreciation and economic depreciation.

Af physical depreciation is expressed as the vehicle condition factor. The total ve-
hicle condition factor relates to the physical loss of vehicle components. Based on the
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conventional evaluation specifications, the condition of the vehicle during roadworthiness
tests. Indirectly, the use of targets is also an important factor influencing the physical
depreciation of PHEV and ICEV vehicles. Different use purposes reflect different use habit,
intensity and operating environment of the vehicles. Maintenance records as part of the
cyclical and necessary maintenance of a PHEV and ICEV vehicle are used to assess the
maintenance costs during the historical use of vehicles. This translates into the final cost
of ownership for older vehicle models. These costs increase with the age of the vehicle,
regardless of its type. Thus, this index can be used for all types of motor vehicles. The fault
register of vehicles, especially periodic and aperiodic vehicles, is a key value that has a
huge impact on the final result is the value of the residual rate correction factor.

Functional depreciation mainly relates to depreciation caused by vehicle upgrades
and depreciation of functions determined by technological progress and a decline in
labor productivity. With the progress of science and technology development, the use of
new technology will inevitably lead to the depreciation of the old technology, which is
particularly reflected in better results of the residual value of PHEV and other vehicles with
unconventional drivetrain.

Ao operating depreciation relates mainly to the high operating costs in each coming
year due to the high level of energy consumption of battery powered vehicles. The
corresponding result can be calculated by comparing the level of energy consumption of
the vehicle under review (older generation or older than the year) with the main type of
vehicle (new) at the same level-this is the assessment of the loss of efficiency of obtaining
and returning energy.

The economic creep of Ae depreciation is mainly due to the reputation of a given
vehicle brand, e.g., hence the best brands achieve favorable residual value results. The
price of used vehicles is still very high over the years. In this study, brands were included
in the residual score by the rate and reputation score correction coefficient-in automotive
sites, they are most often used as a quantitative measure to assess a brand’s reputation.

Kp =
(

β1 A f + β2 Ao + β3 Ae

)
(5)

The values of the coefficients expressing an individual vehicle or group of vehicles are
denoted by βn.

3. Results and Results of Conducted Simulation and Statistical Tests
3.1. Analysis of the Residual Value of PHEV and ICEV Vehicles on the Example of Toyota Prius
and Corolla in 1997–2021

One of the first hybrid vehicles offered on the Polish market was Toyota Prius. The
analysis of the residual values covered the 5 generations of this vehicle compared to the
conventional ICEV Toyota Corolla vehicle from the same market segment in individual
periods including the production of this model. It was assumed that the residual value for
the initial years includes the older models, and the residual values for the current years
include the newer models. The same criteria for validating the results were adopted as the
standard of equipment. Moreover, a constant initial value of the purchase was assumed for
a given period of its implementation. A number of variables have been introduced that
may affect the final residual value.

Figure 2 shows the percentage changes in the residual values based on the prevailing
trends at a given point in the life of the vehicle. Detailed data was obtained on the basis of
commercial software without using additional factors carried out in the author’s method.
In Figure 3, for comparative purposes, a detailed analysis with the use of model tools
was performed and the results were summarized as a comparative basis. Additional
variables were introduced to define mainly changes in the residual values of PHEV and
ICEV vehicles. This allows you to significantly increase the accuracy of the residual value
results for a given vehicle year with the prevailing market trends. The values of these
parameters can be compared based on the approximate prices of the residual values of
PHEV and ICEV vehicles on auction protals (Figures 4 and 5). Figures 2–5 show the



Energies 2021, 14, 6859 12 of 24

percentage changes in the vehicle resale value compared to the previous year. Therefore,
the resale value for a given year represents a decrease in the value of the vehicle compared
to the previous year.

3.2. Comparative Analysis of the Residual Value of PHEV and ICEV Vehicles over a Period of
5 Years for Various Classes of Additional Equipment

Segmentation is perceived as the process of dividing the market into relatively homo-
geneous market segments which, due to their similarity, have the same consumption needs.
This need is a natural consequence of the increasing number of consumers, the growth of
their incomes, the development of individual preferences and the possibility of making a
choice. Therefore, the fundamental goal of segmentation is to analyze the market structure,
i.e., the needs of customers that create the market. The second goal of segmentation is prod-
uct positioning, i.e., giving it, in the perception of customers, certain specific advantages
that distinguish the product from competitors and other segments. With regard to the auto-
motive market, initially the main criterion for belonging to a vehicle class (segment) was
its total length, i.e., the size related to the bodywork. The engine displacement was used as
an auxiliary criterion. Due to the fact that, alternatively, several engines are often installed
in one bodywork different sizes, this division assumed the smallest engine version. Other
categories grouped vehicles with specific functional characteristics, for example sports or
off-road. Later, the application of the engine criterion was abandoned as the practice of
assembling the same engines in different bodies used by larger manufacturers disrupted
the transparency of this division. The current version of the market division divides the
European passenger car population into 10 categories, the first six resulting directly from
the overall length criterion, and the remaining ones from the utility values related to the
body type. Individual categories are marked with successive letters of the alphabet. This
division is periodically modernized so that it is adjusted to the current situation on the
car market as precisely as possible. The limit values of the overall length between the
individual categories are only indicative. There is a gradual change in the limit values, co is
due to changes in customer preferences and progress in vehicle construction. In particular,
the vehicle equipment class plays a key role in the residual value of electric and hybrid
vehicles. There is a variation in the residual value for different brands and body types, but
it is largely the equipment and the number of additional components that determine the
depreciation of a used vehicle. In the case of PHEV vehicles, it can be noticed that the value
of the comfort equipment and additional utilities is important only in the initial period
of use of the vehicle. Already after 4 years of use from the purchase of the vehicle, the
impact of this parameter on the resale price of the vehicle is negligible. Figures 6 and 7
introduce four class designations: A1-low standard, A2-medium, A3-good, A4-very good
(the class determines the amount of additional equipment and additional costs related to
its operation). In Figures 6 and 7 it can be seen that the standard of equipment of the ICEV
and PHEV vehicles is of great importance in the case of vehicles from 1 to 3 years of use.
After this period, the impact of the equipment on the resale price is less significant. This is
evidenced by the aligning bars of the percentage of the vehicle’s resale price to the new
car’s price for 2016 and 2017. The differences in these values become very similar for each
of the 4 equipment classes of the vehicle ICEV and PHEV. It can also be seen from these
drawings that the impact of vehicle equipment is more significant on the resale price than
for PHEV vehicles. This is due to certain customer trends for these vehicle propulsion
sources. ICEVs are viewed in terms of comfort equipment, body preferences and engine
performance. In the case of PHEV vehicles, the key parameters determining customer
purchasing trends are vehicle maintenance costs and economic benefits of using PHEV
vehicles. In this case, the accessories are of less importance. The most important thing is
the profit in the form of the cheapest possible ride a certain number of kilometers of the
route.

For ICEVs, the residual value strongly depends on the equipment class of the vehicle.
The comparison of 3 software methods with the use of standard software (An-p), analyt-
ical software with the use of own simulation tool (An-sym) and approximated data from
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auction portals (An-apr) is presented in Figures 8–15. Based on the obtained data, it can
be concluded that the adopted numerical method gives a greater approximation to the
values approximated on the basis of market data from auction portals than the proposed
tool used commercially in Poland by experts. In Figures 8–15 below, it can be seen that the
trendline values for the model program and the approximated data from auction portals
are very similar. The values obtained from the program are burdened with a greater error
in relation to the reference in the form of approximated data. Therefore, it can be said that
the created program and the concept of introducing a more extensive base The introduced
variables provide the basis for reliable forecasting data for the following years. You can
expect slight deviations in relation to future resale prices obtained on the basis of data from
auction websites. To a large extent, this computational accuracy was made possible by
taking into account the utility variables, the costs of future faults and operation, and taking
into account the influence of trends aimed at the vehicle comfort equipment.

Figure 2. Analysis of the residual value of a PHEV vehicle with ICEV from the same market segment
over a period of 24 years on the example of Toyota Prius (all generations) and Toyota Corolla-market
values forecast based on simplified data from Info-Forecast program.

Figure 3. Analysis of the residual value of a PHEV vehicle with ICEV from the same market segment
over a period of 24 years on the example of Toyota Prius (all generations) and Toyota Corolla, taking
into account the variables simulated in the numerical analysis.
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Figure 4. Analysis of the residual value of an ICEV vehicle from the same market segment over a
period of 24 years on the example of Toyota Corolla, taking into account the variables simulated in
the numerical analysis in comparison with the values approximated from auction portals.

Figure 5. Analysis of the residual value of a PHEV vehicle from the same market segment over a
period of 24 years on the example of Toyota Prius (all generations), taking into account the variables
simulated in the numerical analysis in comparison with the values approximated from auction
portals.
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Figure 6. Analysis of the ICEV residual values over a period of 5 years on the example of Toyota
Corolla 2021-data values based on a commercial program.

Figure 7. Analysis of the residual values of the PHEV vehicle over a period of 5 years on the example
of Toyota Prius 1.8 2021-data values based on a commercial program.

Figure 8. Analysis of the ICEV residual values over a period of 5 years on the example of Toyota
Corolla 2021 for class A1.
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Figure 9. Analysis of the ICEV residual values over a period of 5 years on the example of Toyota
Corolla 2021 for class A2.

Figure 10. Analysis of the ICEV residual values over a period of 5 years on the example of Toyota
Corolla 2021 for the A3 class.

Figure 11. Analysis of the ICEV residual values over a period of 5 years on the example of Toyota
Corolla 2021 for the A4 class.
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Figure 12. Analysis of the PHEV vehicle residual values over a 5-year period based on the Toyota
Prius 2021 for the A1 class.

Figure 13. Analysis of the residual values of the PHEV vehicle over the period of 5 years on the
example of Toyota Prius 2021 for the A2 class.

Figure 14. Analysis of the PHEV vehicle residual values over a 5-year period based on the Toyota
Prius 2021 for the A3 class.
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Figure 15. Analysis of the PHEV vehicle residual values over a 5-year period based on the Toyota
Prius 2021 for the A4 class.

3.3. Forecast ICEV, PHEV and BEV Residual Values on the Example of Toyota Corolla, Prius,
VW E-Golf

A model program was used to forecast the residual value for the next 5 years. Archival
data was used and all trend changes in the perception of BEV and PHEV vehicles by users
were taken into account. The introduction of these variables in a significant way affects the
resale price of the vehicle. This greatly improves the residual value in the initial period
of use of BEVs and PHEVs. This is due to the constant expansion of the electric vehicle
charging infrastructure, reducing the costs of operating and using electric vehicles. This
condition is also influenced by the increasing availability of vehicle users to the service and
repair infrastructure in large urban agglomerations. The growing number of short- and
long-range electric vehicles also translates into prices and the availability of spare parts.
This has a huge impact on the decrease in vehicle prices from the moment of its purchase to
5 years of use. So far, these losses have been very significant, what discouraged customers
from purchasing electric vehicles. Changing trends and the policy of car manufacturers
will certainly lead to an increase in the popularity of electric vehicles in the automotive
market. The presented simulation results for the two equipment classes A1 and A4 can be
seen in Figures 16 and 17.

Figure 16. Forecast of residual values of ICEV, PHEV and BEV vehicles on the example of Toyota
Corolla, Prius, VW E-Golf-for equipment class A1.
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Figure 17. Forecast of residual values of ICEV, PHEV and BEV vehicles on the example of Toyota
Corolla, Prius, VW E-Golf-for equipment class A4.

4. Summary

Observations of the automotive market indicate that in the current decade, model
changes in individual market segments are more frequent than in the previous decades. Car
concerns, wishing to gain a new market segment, introduce design innovations on average,
every 2–3 years, supplementing the offer of drive systems and additional equipment. The
new PHEV and BEV power units are becoming more and more competitive with the
ICEV drive. The profitability of using electric or hybrid vehicles is influenced by many
interdependent factors. One of them is the residual value, which constantly changes
its trends in line with technological progress. The changed model, in line with the low-
emission idea, is an opportunity for producers to attract new customers and increase sales,
and thus increase the profitability of production. As a consequence, an increase in the
starting price of a low-emission vehicle compared to a conventionally powered model may
lead to a faster decline in residual value. On this basis, the authors forecast that this practice
will force the introduction of price discounts on low-emission models. However, even such
a sales strategy may also result in them losing their price on the secondary market more
quickly. As a consequence, a high price margin for the purchase of a given model may, in
extreme cases, lead to a significant loss of value of the car in the first year of its use.

Based on the analyzes carried out using a standard program, proprietary numerical
model and data approximated from auction portals, the following conclusions can be
drawn:

- The most reliable source of the residual value assessment is the modeling of a given
vehicle, taking into account the class of its equipment and the type of drive unit, using
data approximated from auction portals. It is the users and their prevailing liking
trends that determine the percentage of price loss in each year of use of the vehicle.

- The commercial program used by many appraisers gives slight errors in relation to
the data approximated from auction websites.

- The created numerical model and the introduction of variables defining the equipment
classes, technical condition of the vehicle at the time of resale, the demand trend factor,
brand evaluation factor and many others discussed in the paper gives much more
accurate results than commercial programs. This is reflected in the very similar results
of the residual values in relation to the approximated data.

- The equipment class of the vehicle has a significant influence on the residual value in
the initial years of use, after 3 years, the equipment class has a moderate impact on
the resale price of the vehicle. The equipment class mainly affects the residual value
of ICEVs in the case of PHEV and BEVs this value is only relevant in the initial period
of use.
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- PHEVs show significantly greater loss in value at resale than ICEVs. This is especially
important for the first 3 years of use. The initial price losses for the PHEV vehicles are
significant.

- The created tool enables conducting accurate analyzes of forecasting changes in the
residual value of vehicles depending on the type of drive system and other factors.

- As part of the forecasts for the next 5 years, it can be expected that the loss in residual
value for BEVs will continue to be very large after exceeding the 3rd year of use. In
the initial period of use of BEVs, the price loss in the resale of the car is lower than for
PHEV vehicles. In the first 2 years of operation, BEVs will have lower residual drops
than ICEVs.

- Despite the tendency to expand the charging network infrastructure, new technologies
of battery construction and their operation, lower costs of use, repair and maintenance
of PHEV and BEV vehicles, ICEV vehicles after more than 5 years of use will still be
characterized by the lowest loss of value in the automotive market.

Summarizing the analyzes presented by the authors on the residual values of ICEV,
PHEV and BEV passenger cars on the example of selected low-emission vehicles from
individual market segments, by exploring these values, they do not fully exhaust the
essence of the issue, but are only an attempt to signal the complexity of the issues under
study, concerning both the structure of creating numerical models and difficulties in taking
into account many variables. These issues will certainly be the subject of further analysis
and research in order to create a tool that allows to forecast residual values with very
high accuracy in relation to approximate data obtained from auction sites with a highly
detailed breakdown into equipment classes and trends in the perception of given vehicle
propulsion.
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Abbreviations

ICEV Internal Combustion Engine Vehicle
BEV Battery Electric Vehicle
PHEV Plug-in Hybrid Electric Vehicle
HEV Hybrid Electric Vehicles
FCEV Fuel Cell Electric Vehicles
SOM symptom observation matrix
PSPA Polish Alternative Fuels Association
PZPM Polish Association of the Automotive Industry
IEA The International Energy Agency

CEPIK
IT system that includes the central register of drivers (CEK) and the central register
of vehicles (CEP)
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