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Abstract
This paper presents an approach to rationalize the energy consumption of road transport towards sustainability 
in a steady-state economy. The research hypothesis is that the rationalization of the energy consumption of road 
transport is affected by drift and shocks, which desynchronizes the adjustment mechanism from equilibrium. 
The objective of this research was to incorporate the model of energy consumption of road freight transport 
with the goals of sustainability by considering ecological and constructivist rational orders, the issue of order 
drift, and the occurrence of shocks. The research investigated Poland from the first quarter of 2004 to the fourth 
quarter of 2018. A model for rationalizing the energy consumption of road transport was constructed using the 
vector error correction model and cointegration techniques. The model revealed one cointegrating relationship 
and showed statistically significant unlimited drift. The level of changes to long-term equilibrium appeared re-
spectively for GDP – 1.8%, PPI for energy – 7.3%, and for energy consumption – 10.9%. We observed a weak 
sustainability between the energy consumption of road transport and GDP and a strong sustainability between 
energy consumption of road transport and PPI energy. It was determined that price shocks had a positive impact 
(at the estimated point level around 0.06) and supply and demand shocks had a negative impact (at the level 
estimated point around –3).

Introduction

The aim of rationalizing the energy consumption 
of road transport is to achieve sustainable develop-
ment. Defining sustainable development and sus-
tainability determines the rationalization process. 
In the context of rationalization, the importance of 
information asymmetry is raised, which results from 
shocks and economic drift; therefore, these issues 
were investigated in this paper.

The research hypothesis is that the rationaliza-
tion of the energy consumption of road transport is 
affected by both drift and shocks, which desynchro-
nize the equilibrium adjustment mechanism. The 
aim of this article is to provide a model to rational-
ize the energy consumption of freight road transport 
towards sustainability by considering ecological 

and constructivist rational orders and the problem 
of drift and the occurrence of shocks. The research 
investigated Poland from the first quarter of 2004 to 
the fourth quarter of 2018.

The article consists of five sections: introduc-
tion, literature review, description of data and meth-
ods, research results, and conclusions. The first part 
discusses the concepts of a steady-state economy, 
strong and weak sustainability, sustainable devel-
opment, orders (also rational orders), drift, rational-
ization, and energy consumption. A commonality 
in all concepts was observed, and they were shown 
to affect each other. The data and methods section 
describes the subject, time, and spatial scope of the 
study and the research methodology, with particular 
emphasis on the construction of the vector error cor-
rection model. Attention was paid to tests that will 
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supplement the study, making it possible to verify 
the accuracy of the model. The third part presents 
the results of stationarity and cointegration tests, 
model estimate results, Granger causality tests, and 
impulse response to shocks. The last part presents 
the conclusions.

Literature background

Prevailing fluctuations, impermanence, instabil-
ity, and imbalances in the global economy encour-
age the exploration of prospective concepts and 
tools that will help achieve the goals of sustainable 
development, including the pursuit of openness to 
“knowledge civilizations” and reducing the sensitiv-
ity to widespread erosion. They should also operate 
effectively and efficiently and have a reference to 
existing system models (Mączyńska, 2015, p. 43).

Sustaining socioeconomic development is 
a fundamental challenge in the 21st century. During 
unstable conditions, a multidirectional relationship 
between the economy and other spheres arises. Ener-
gy is the primary driver for economic development 
and growth, and the production and consumption 
of energy have significantly influenced the devel-
opment of current civilizations and environmental 
exploitation (Szaruga, 2018, p. 16). The economy 
is dynamic and operates in changing and unstable 
conditions; therefore, steady-state economics must 
be mentioned, which is often linked to sustainable 
development (Szaruga, 2018, p. 19).

The creator of the concept of steady-state eco-
nomics was Daly, who noticed the dynamic nature 
of economies. The common denominator for econo-
mies in the sense of sustainable development and the 
steady-state economy is that economic subsystems 
undergo disturbances and adaptation to the environ-
mental ecosystem and, at the same time, economic 
subsystems maintain a dynamic equilibrium (Daly, 
1993, p. 814).

A steady-state economy has various definitions in 
the literature, but most are related to the steady-state 
or state of sustainability (Daly, 1991; Schmitt-Grohé 
& Uribe, 2003; Coeurdacier, Rey & Winant, 2011; 
García-Olivares & Ballabrera-Poy, 2015; Huang, 
Meng & Xue, 2017). A steady-state economy, accord-
ing to Daly, is an economy whose growth is limited 
(i.e., it will not last indefinitely), and it is character-
ized by a time-limited state of human and manmade 
resources. Maintaining a constant level of resources 
is possible if low performance rates are maintained, 
i.e., by maintaining minimum material and energy 
flows during production and consumption (Daly, 

1991, p. 17). Daly also claims that a growth econo-
my is the antithesis of a steady-state economy (Daly, 
1991, p. xv), and he equates a growth economy with 
quantitative change and a steady-state economy with 
qualitative change (Daly, 1991, p. 17). The steady-
state economy approach is still evolving, as is the 
concept of development (which has both qualitative 
and quantitative aspects). Daly’s assumptions are 
criticized for omitting socioeconomic indicators, in 
particular the gross domestic product (GDP) growth 
rate in favor of defining growth limits within an 
environmental framework (O’Neil, 2015, p. 1214). 
It should be noted that Daly did not completely omit 
measurable aspects, as he included the GNP (gross 
national product) (Szaruga, 2018, p. 23).

García-Olivares & Ballabrera-Poy assumed that 
a steady-state economy is the best possible scenario 
in which fossil fuel alternatives can be introduced. 
This scenario mitigates random economic and eco-
logical effects because the technologies of modern 
economies strongly impact the natural environment. 
They also noticed that in the short and medium-term, 
no fossil fuel alternatives can be introduced as prima-
ry energy sources without disrupting the functioning 
of modern economies (García-Olivares & Ballabre-
ra-Poy, 2015, p. 596).

The steady-state approach presented by Schmitt-
Grohé & Uribe in models of small open economy 
includes temporary shocks with long-term economic 
impacts. Drift is particularly important for shaping 
a dynamic balance because it causes infinite and 
unlimited variance. Modifications to the models 
cause a stationary dynamic equilibrium (Schmitt-
Grohé & Uribe, 2003). This approach is particularly 
important because it includes the concept of shocks 
and drift.

As mentioned before, steady-state and sustain-
ability have been correlated and integrated. As 
noted by Mitra et al., sustainability is incorporated 
into models of depleting resources. Increasing the 
spectrum of substitution possibilities for aggregate 
capital relative to exhaustible and non-renewable 
resources is part of the sustainability concept (Mitra, 
2013). A commonality between both steady-state 
and sustainability is the issue of depleting resources, 
while the concept of sustainability attempts to assess 
substitution possibilities.

Dedeurwaerdere also referred to substitution 
possibilities within the context of sustainability, 
by separating weak sustainability and strong sus-
tainability (Dedeurwaerdere, 2013, pp. 16–17, 
19–22). He explains that weak sustainability occurs 
during full substitution between natural capital and 
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technological or produced capital. Technical inno-
vation can help reduce the consumption of natural 
resources and serve as an economic growth factor; 
however, strong sustainability occurs during limit-
ed substitution between manmade capital and nat-
ural resources. This situation occurs when natural 
resource deficiencies cannot be fully compensated 
for using other types of capital (Dedeurwaerdere, 
2013, pp. 16–17, 19–22).

Litman approached the concept of sustainabil-
ity holistically. He noted that sustainability refers 
to a global and long-term perspective, and the main 
challenge is to harmonize economic, environmental, 
and social goals by fully integrating the possibilities, 
effects, and planning processes. He draws attention 
to the need to integrate development programming 
process with the interests of various social groups 
and the interests of various economies (including 
its sectors) (Litman, 2016, pp. 3–13). Therefore, it 
can be assumed that sustainability is the effect of 
a dynamic and long-term balancing of orders. This 
process consists of partial, temporary, and transi-
tional stages for balancing the orders and results of 
implementing 21st-century challenges, consistent 
with the ideals of sustainable development (Szaruga, 
2018, p. 26).

Referring to the interpretation of the concept of 
sustainability (proposed by Szaruga), this thread 
should be developed by defining three aspects of the 
concept of sustainable development. First, sustain-
able development should be understood as a long-
term process of self-sustaining development, whose 
overarching goal is to identify common conflict areas 
(particularly those requiring improvement) in vari-
ous orders (economic, social, environmental, polit-
ical, and spatial) and to prevent self-destabilizing 
events in these areas. Secondly, it is a development 
that is subject to economic, social, and environmen-
tal drifts (including dynamics, cyclicality, and inno-
vative shocks). Third, its essence is to temporarily 
tune processes from imbalances to equilibrium, to 
evolve into a new dynamic imbalance (development 
involves disruption because equilibrium is a tran-
sient state) (Szaruga, 2018, p. 25).

Załoga also approached the concept of sustain-
able development in three ways. She notes that the 
concept of sustainable development represents the 
harmonization of economic, social, and environ-
mental orders. The goal is to strive for socioeco-
nomic development while respecting human capi-
tal (first approach). The second approach concerns 
the strategic dimension in the global dimension of 
problems such as: energy saving, pollution and noise 

emission reduction, as well as social cohesion. The 
third approach refers to the socioeconomic imbal-
ance resulting from the limited uses of natural capi-
tal (Załoga, 2013, p. 30).

In the context of the above concepts, two other 
terms were used, i.e. drift and order. Drift is a bot-
tom-up process of spontaneous actions, i.e. shocks, 
technological changes, conflicts, and changes in 
thinking patterns (Pysz, 2015, p. 50). Order refers to 
the comprehensive and planned connection of inde-
pendent factors into established structures, organi-
zations, or institutions. Each of these components 
is independent from the others, although interac-
tions between them are determined by certain rules 
(Kaczmarek, 2015, p. 57). Smith emphasizes that 
order is essential when attempting to empirically 
understand the reality of a socioeconomic environ-
ment. He distinguishes two rational orders: con-
structivist and ecological order. In the constructivist 
order, the reality and operation of rational units are 
modelled. In the ecological order, there are adjust-
ment mechanisms during the decision-making pro-
cess of rational individuals (Smith, 2013, pp. 13–15).

Smith’s rational order concept involves rational-
ization, which is part of the decision-making process 
for sustainability (Schrettle et. al., 2014). Rational-
ization is otherwise an optimization process that is 
limited by information asymmetry (Cherepanov, 
Feddersen & Sandroni, 2013).

The fundamental measure of sustainable devel-
opment is energy consumption because it informs 
about the scale of energy consumption and environ-
mental pollution (Załoga, 2013, pp. 94–95). It also 
represents transport activity and reflects the efficien-
cy of the economy and environmental strain (Szaru-
ga, 2018, p. 49). It can be assumed that energy con-
sumption due to transport is the energy consumption 
of the vehicles used for basic transport functions. 
This indicator can be presented as the relation of 
energy consumption in liters of oil equivalents rel-
ative to transport performance (Lu, 2016, p. 503).

Research on energy management in transport and 
the rationalization of energy consumption of trans-
port have been carried out by numerous research-
ers (Karplus et. al., 2013; Barla, Gilbert-Gonthier 
& Kuelah, 2014, p. 316; Winebrake et al., 2015; 
Załoga & Szaruga, 2015; Sierra, 2016; Gerboni et. 
al., 2017; Saidi, Shahbaz & Akhtar, 2018; Szaru-
ga, 2018; Szaruga et. al., 2018; Szaruga & Załoga, 
2019). However, there is still a research gap regard-
ing the rationalization of energy consumption of 
road transport. This is particularly manifested in 
terms of the dynamic balance and mechanism of 
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adjustments to this balance (taking into account eco-
nomic drift); therefore, this article will explore this 
research direction.

Data & methods

The model of rationalization of energy consump-
tion of freight road transport was constructed based 
on a quarterly time series. The time period covered 
the first quarter of 2004 to the fourth quarter of 2018. 
The spatial scope of the research was Poland. The 
adopted time range meets the condition for provid-
ing a sufficient number of degrees of freedom for the 
vector error correction model with accepted delays 
and restrictions. The following symbols were adopt-
ed as representative variables (the prefix l_ before 
the variable means logarithmic transformation):
•	 l_EN – logarithmic energy consumption of freight 

road transport; raw data expressed as the relation 
of energy consumption demand in kg per trans-
port unit in t·km; kg/(t·km);

•	 l_GDP – logarithmic gross domestic product; 
raw data expressed in constant prices as an index, 
2015 = 100;

•	 l_PPI – logarithmic index of production prices for 
energy; raw data expressed as an index, 2015 = 
100.
Logarithmic transformation was necessary to 

provide a multiplicative formula of the relationships 
between variables.

Raw secondary data were obtained from the 
OECD.Stat database (OECD, 2019), with the ener-
gy consumption index determined as the quotient of 
energy demand for road transport and freight perfor-
mance (Lu, 2016, p. 503).

All series were subjected to stationary analysis 
using the augmented Dickey-Fuller (ADF) test, tak-
ing into account the optimal number of lags. The 

optimal number of lags was determined based on 
the information criteria: Akaike (AIC), Final Predic-
tion Error (FPE), Hannan-Quinn (HQ), and Schwarz 
(SC). In the absence of the confirmation of a station-
ary time series, the study was supplemented with 
a cointegration test, i.e. the Johansen trace test. The 
model was estimated by a two-stage procedure and 
verified in terms of correctness by appropriate tests 
for stationarity, autocorrelation, and multidimen-
sional ARCH effects. The model was also verified 
using the Granger causality test in terms of causal 
relationships.

Results

The studied variables were subjected to the 
analyzing the occurrence of the unit root using an 
ADF test (Table 1). The research included drift and 
constant.

The results shown in Table 1 indicate that it is 
not possible to confirm the stationarity of the test-
ed series with the optimal number of lags. Thus, 
the cointegration analysis was performed using the 
Johansen trace test (Table 2).

The data in Table 2 indicate that there is one 
long-term cointegrative equation that includes the 
variables representing the energy consumption of 
freight road transport, energy prices, and economic 
growth (taking into account the first rank of lags). 
Based on the stationary and cointegration tests, it 
has been concluded that VECM (Vector Error Cor-
rection Model) better depicted this relationship than 
VAR (Vector Autoregressive Model). Based on the 
information criteria – AIC, HQ, SC, FPE – the opti-
mal number of lags was determined to be 1. Spec-
ifying the model, the conditions for the cointegrat-
ing relationship were established: unlimited drift, 
limited constant, and unlimited seasonal variables. 

Table 1. Results of ADF tests for l_EN, l_GDP, l_PPI (OECD, 2019)

Tests l_EN 
[4]

l_GDP 
[4]

l_PPI 
[1]

ADF test statistics −2.7619 −3.0101 −1.2738
The study took into account the optimal number of lags, drift, and a constant.
The optimal number of lags determined by at least two information criteria is given in square brackets: AIC, FPE, HQ, or SC. 
The main information criterion with which the optimal rank was determined is AC.

Table 2. Johansen trace test for l_EN, l_GDP, l_PPI (OECD, 2019)

r0 LR p-value 90% 95% 99%
0 
1 
2

46.55 
12.11 
4.76

0.0191 
0.8024 
06358

39.73 
23.32 
10.68

42.77 
25.73 
12.45

48.87 
30.67 
16.22

The study included the optimal number of lags, drift, constant, and seasonal dummies.
The optimal number of lags was 1, which was determined using four information criteria.
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The estimations provided by this model are present-
ed in matrix form (the dashes indicate no statistical 
significance – which were not useful and were omit-
ted from the computations):
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In this relation, the importance of unlimited drift 
(< 0.05 p-value, i.e. 0.043), constant, and seasonal 
dummies (p-values below 0.01 and 0.05, respective-
ly) is noted.

Based on the standardized cointegration vector of 
VECM, the equation describing the long-term equi-
librium between the energy consumption of road 
transport, GDP, and the price index of energy pro-
ducers was obtained:

	 l_ENt = −7.254 l_GDPt + 0.213 l_PPIt +  
	 + 28.510 CONST	 (2)

This equation can be used to determine the flex-
ibility of the energy consumption of freight road 
transport in relation to GDP and PPI, which were 
−7.254 and 0.213 respectively. However, the flexi-
bility of freight road transport relative to PPI was not 
statistically significant. Thus, there is weak sustain-
ability between the energy consumption of freight 
road transport and GDP and a strong sustainability 
between the energy consumption of freight road 
transport and PPI energy.

The mechanism for adjusting the energy con-
sumption of freight road transport to the long-term 
equilibrium after equilibrium disturbance was ana-
lyzed based on the vector:

	 ∆l_ENt = −0.109(−7.254 l_GDPt–1 + 
	 + 0.213 l_PPIt–1 + 28.510 CONST) + …	 (3)

	 ∆l_GDPt = −0.018(−7.254 l_GDPt–1 + 
	 + 0.213 l_PPIt–1 + 28.510 CONST) + …	 (4)

	 ∆l_PPIt = 0.073(−7.254 l_GDPt–1 + 
	 + 0.213 l_PPIt–1 + 28.510 CONST) + …	 (5)

From vector estimates, it is noted that the energy 
equilibrium equation for road transport is affected by 
energy consumption, GDP, and the energy producer 
price index. The balance correction is respectively 
for GDP – 1.8%, PPI for energy – 7.3%, and for 
the energy consumption of road transport – 10.9%. 
Return to GDP equilibrium required about 8 years 
and 1 quarter, 2 years for PPI, and about 1 year and 1 
quarter for the energy consumption of road transport.

The estimated model was characterized by the 
desired properties because the residuals did not 
show an autocorrelation, were normally distributed, 
and there was no multidimensional ARCH effect. 
The estimated model was subjected to a Granger 
causality test, which identified the causal relation-
ships between the variables (Table 3).

Seven general and immediate causal relation-
ships were identified using Granger’s test. The first 
is particularly interesting in the context of shock 
analysis. Figure 1 shows the shocks represented by 
all variables. The shocks were presented using the 
impulse response function.

When analyzing the impact of GDP and PPI 
shocks on the energy consumption of road transport, 
it can be seen that the shock from GDP was negative 
(at the estimated point level around −3); however, 
the price shock from PPI of energy was positive (at 
the estimated point level around 0.06). These shocks 
eventually stabilize – after 37 quarters for the GDP, 
and after 27 quarters for the PPI of energy.

Conclusions

Sustainable development is a recent concept, but 
the challenges of the 21st century are rapidly chang-
ing due to economic drift and shocks. Rationalization 
can contribute to the pursuit of sustainability, as it 
includes a mechanism to adjust the equilibrium level. 
By their very nature, shocks unbalance a given sys-
tem, but it is important to assess how long they last. 
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Table 3. Identification of causal relationships between the energy producer price index, GDP, and the energy consumption of 
freight road transport (OECD, 2019)

Granger causality Instantaneous causality
Causes → Effects Test results Causes → Effects Test results

l_PPI, l_GDP → l_EN Test statistics l = 2.6867 
p-value-F(l; 4, 130) = 0.0341

l_PPI, l_GDP → l_EN Test statistics: c = 0.3199 
p-value-Chi(c; 2) = 0.8522

Conclusion: There is a causality of 5% significance. Conclusion: There is no evidence of causality at the significance 
level of less than 10%, 5%, 1%.

l_EN → l_PPI, l_GDP Test statistics l = 1.7789 
p-value-F(l; 4, 130) = 0.1369

l_EN → l_PPI, l_GDP Test statistics: c = 0.3199 
p-value-Chi(c; 2) = 0.8522

Conclusion: There is no evidence of causality at the significance 
level of less than 10%, 5%, 1%.

Conclusion: There is no evidence of causality at the significance 
level of less than 10%, 5%, 1%.

l_EN, l_PPI → l_GDP Test statistics l = 0.7667 
p-value-F(l; 4, 130) = 0.5488

l_EN, l_PPI → l_GDP Test statistics: c = 8.0764 
p-value-Chi(c; 2) = 0.0176

Conclusion: There is no evidence of causality at the significance 
level of less than 10%, 5%, 1%.

Conclusion: There is a causality of 5% significance.

l_GDP → l_EN, l_PPI Test statistics l = 2.9930 
p-value-F(l; 4, 130) = 0.0211

l_GDP → l_EN, l_PPI Test statistics: c = 8.0764 
p-value-Chi(c; 2) = 0.0176

Conclusion: There is a causality of 5% significance. Conclusion: There is a causality of 5% significance.
l_EN, l_GDP → l_PPI Test statistics l = 2.0980 

p-value-F(l; 4, 130) = 0.0847
l_EN, l_GDP → l_PPI Test statistics: c = 8.1872 

p-value-Chi(c; 2) = 0.0167
Conclusion: There is a causality of 10% significance. Conclusion: There is a causality of 5% significance.
l_PPI → l_EN, l_GDP Test statistics l = 1.1626 

p-value-F(l; 4, 130) = 0.3304
l_PPI → l_EN, l_GDP Test statistics: c = 8.1872 

p-value-Chi(c; 2) = 0.0167
Conclusion: There is no evidence of causality at the significance 
level of less than 10%, 5%, 1%.

Conclusion: There is a causality of 5% significance.

0.5

0

–0.5

–1

–1.5

–2

–2.5

–3

–3.5

 l_GDP → l_EN  l_PPI → l_EN
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Figure 1. Changes in energy consumption of road transport due to shocks from GDP (demand and supply) and PPI (price) 
(OECD, 2019)
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The criteria for rationalizing the energy consumption 
of freight road transport should correspond to a mac-
roeconomic adjustment mechanism. This means that 
they should involve both cointegrating relations and 
a path to return to equilibrium after being disrupted 
from this state. In light of the results of this research, 
the main hypothesis is that rationalizing the energy 

and shocks, which desynchronizes the adjustment 
mechanism from equilibrium (sustainability).
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