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Abstract: This paper aims to deal with CO2 emissions in energy production process in an original
way, based on calculations of total specific CO2 emissions, depending on the type of fuel and the
transport distance. This paper has ambition to set a break point from where it is not worthwhile
to use wood as an energy carrier as the alternative to coal. The reason for our study is the social
urgency of selected problem. For example, in the area of public sector decision-making, wood heating
is promoted regardless of the availability within the reasonable distance. From the current state of the
research, it is also clear that none of the studies compare coal and biomass fuel transportation from
the point of view of CO2 production. For this purpose, an original methodology has been proposed.
It is based on a modified life cycle assessment (LCA), supplemented with a system of equations. The
proposed methodology has a generalizable nature, and therefore, it can be applied to different regions.
However, calculation inputs and modelling are based on specific site data. Based on the presented
numerical analysis, the key finding is the break point for associated processes at a distance of 1779.64
km, since when that it is better to burn brown coal than wood in terms of total CO2 emissions. We
can conclude that, in some cases, it is more efficient to use coal instead of wood as fuel in terms of
CO2 emissions, particularly in regard to transport distance and type of transport.
Keywords: biomass; efficiency; heating system; renewable energy; decision making process; transport;
LCA; break point

1. Introduction
In past decades, the issues of nature’s conservation, sustainability, energy intensity, and greenhouse
gas emissions reduction have been not only problems for practitioners and scholars, but it also,
increasingly, are becoming political problems. An example might be the upward discussions on this
subject, which in some cases present hugely different opinions of the regional but also national political
leaders. There is the question of how much importance is attached to individual opinion streams.
When searching for the objective attitude, it is important to rely on quantifiable data and high-quality
research. Even though the aforementioned areas have been relatively well researched, some gaps still
might be identified. The political decision-making process and related presentation of key theses and
strategies might be ideologically burdened. The correctness and relevance of the proposed policies
should not be relativized, particularly because of the gravity of this issue. In this case, a science based
on empirical and quantifiable findings is the only fair and verifiable tool. The challenge of this article is
to look at the selected issues using the optics of quantifiable and measurable variables. In the context of
the urgency of the open topic, the total specific CO2 emissions from the transport and burning processes
of coal and wood, depending on the transport distances, were selected as indicators of environmental
burden and energy intensities. How effective is the replacement of fossil fuels with biofuels (wood in
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our case) in relation to transport distance for the reduction of CO2 emissions? This question will be
answered in the following text. Many authors have dealt with the issue of CO2 emissions, transport,
and solid fuels. Therefore, we would like to mention the most important work that has been published
in this area. Describing current state of the art will help us to create a broader theoretical basis for our
practical part, and at the same time to find a research gap that has not been explored so far.
The introductory part of this work will be opened by a global perspective of the problem, from
the point of view of the international authorities, because energy efficiency is directly related to climate
change issues, primarily in terms of searching for new, more efficient, and sustainable technologies. The
United Nations (UN) initiated the establishment of the International Panel on Climate Change (IPCC).
This UN body, among other agenda, has been publishing reports on climate change, in particular,
the current Fifth Assessment Report (AR5). The report takes into account the impact of human
activities on climate change. Factors that can amplify the effects of adaptation and mitigation can be
considered good-quality public administration, such as the use of green technologies or a sustainable
way of life [1]. Key documents with global impact are the United Nations Framework Convention on
Climate Change and the Kyoto Protocol and the Paris Agreement. The United Nations Framework
Convention on Climate Change (the convention) has been the initial platform for international climate
negotiations from 1992. Its objective is to stabilize the concentration of greenhouse gases in the
atmosphere in order to prevent dangerous changes in the climate system [2]. The 1998 Kyoto Protocol
(UN) obliges the countries involved to reduce their greenhouse gas emissions. The Czech Republic
signed and ratified this document in 1998 and 2001 [3]. In 2015, the Paris Agreement defining a
long-term perspective on climate protection was adopted by the stakeholders of the Convention.
EU countries agreed to reduce greenhouse gas emissions by at least 40% by 2030 compared to 1990
and they ratified the agreement in October 2017 [4]. At European Union level, a few documents
with significant impact on energy and efficiency needed to be mentioned. Firstly, the Covenant of
Mayors for Climate and Energy whose participants declare to act according to Paris Agreement [5].
Currently, there are 11 signatories to this initiative from the total of approximately 6250 municipalities
and towns in the Czech Republic [6]. Directive 2010/31/EU of the European Parliament and of the
Council on the energy performance building is a document from 2010, according to which buildings
account for 40% of total energy consumption in the Union [7]. Directive 2012/27/EU of the European
Parliament and of the Council on energy efficiency, amending Directives 2009/125/EU and 2010/30/EU
and repealing Directives 2004/8/EC and 2006/32/EU from 2012 states that the energy efficiency is a
tool to fight the dependence on energy imports, energy shortages, economic difficulties, and climate
change [8]. The Czech Republic as a member state of the European Union, and therefore, coordinates
and harmonizes the priorities and objectives of its policies. An important state body is the Government
Council for Sustainable Development of the Czech Republic, which is administered by the Office
of the Government of the Czech Republic. The importance of this office is underlined by the fact
that the chairman is the Prime Minister, and other significant members include the Minister of the
Environment, the Minister of Finance, the Minister of Industry and Trade, the Minister of Labour and
Social Affairs [9]. It consists of nine Committees, such as the Sustainable Energy Committee, which
deals with possibilities of implementing international sustainable development documents and other
energy documents into Czech environment [10]. The Advisory and Working Body, whose activities
are provided by the Ministry of Industry and Trade, is the Government Council for energy and raw
materials strategy of the Czech Republic [11]. In case of legislation, it is necessary to mention Act
number 165/2012 Coll., on supported energy sources and on amendments to certain acts that regulates
the field of renewable sources, secondary energy sources, and high-efficiency combined heat and power
generation, including adjustments of stakeholders’ behaviour (state administration, natural persons,
and legal entities) [12]. The state energy policy from 2004 (updated in 2010 and 2015) acknowledges
clearly formulated priorities and strategic objectives of the Czech Republic for future decades; e.g.,
principles of sustainable development [13,14]. The Ministry of the Environment of the Czech Republic,
in cooperation with other institutions, created The Strategy on Adaptation to Climate Change in the
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Czech Republic, which was approved by the Government of the Czech Republic in 2015. The document
assesses the impacts of climate change [15]. In 2010, the Government of the Czech Republic approved
The Strategic Framework for Sustainable Development of the Czech Republic, defining the concepts
of sustainable development in the Czech Republic, defining basic principles, objectives, priorities,
and economic, social, and environmental indicators [16]. In 2017, this document was followed by the
strategic framework called The Czech Republic 2030. Sustainable development should be measured,
according to the document, by improving quality of life of individuals and society, taking into account
the legacy to future generations [17].
2. Literature Review
There are many authors studying impact of fossil fuel combustion emissions on human health
and the air quality; therefore, the aforementioned issues are reflected in both academic and scientific
circles [18–20]. There are no doubts that coal use results in environmental degradation and causes
negative health consequences [20,21]. According to [22], where the human health and ecotoxicological
impacts of electricity production from wood to coal fuel were compared, ”Improvements in power
plant efficiency, silviculture management, and reduced transport distance have the potential to reduce
the respiratory effects of bioenergy systems.“ In terms of emissions, studies mainly deal with pollutant
emissions produced by the combustion of solid fuels by households or industrial activities [23–26].
Other types of studies deal with the reduction of emissions of CO2 , NOx , and other pollutants in the
atmosphere caused by burning fossil fuels [27,28]. As [29] claims, bioenergy represents a sustainable
greenhouse gas (GHG) reduction option. In their work, they raise concerns about the climate change
impacts of bioenergy and uncertainties within the bioenergy supply chains, and that evaluation
methods generate large variations in emission profiles. However, as [29–31] claim, biomass in terms of
forest residues is supposed to have large global availability and might achieve large GHG emissions
savings. In the study of Thakur et al. [32] it is concluded that “Forest residues can provide an almost
carbon neutral energy source that has lower GHG emissions than fossil fuels and requires very little
energy for processing and growth compared to what is produced.“ However, those authors deal with
an issue of chipping options when preparing forest residues for power plant processing. In their
work, the transportation distance seems to be crucial in terms of reduction of energy consumption and
emissions. The general view has been that carbon emitted from biomass combustion is assumed to
be low-level or carbon neutral—as supported by IPCC [33]. The explanation is that amount of CO2
released from biomass fuel (e.g., wood as the major biomass resource) combustion equals the amount
of CO2 trees absorb during their growth. However, this opinion about biomass carbon neutrality has
been questioned in recent years. Scientists have been arguing that biomass energy produces emissions,
and therefore, is unlike other renewables. Sedjo and Cherubini at al. explain in their works, that
sustainable foresting may be carbon neutral. However, in the short term, using wood biomass energy
can generate increases in atmospheric carbon. “The issue arising from the violation of the temporal
boundary is the waiting time needed to achieve carbon neutrality” [34,35]. Nian and Johnson state,
that in some cases, biomass fuels can be far more carbon positive than fossil fuels [36,37].
Even the Environmental Protection Agency (EPA) is considering regulations against biomass
energy’s carbon emissions [34].
However, it should not be overlooked that the carbon contained in wood was absorbed from the
atmosphere, unlike that of fossil fuels, a relatively short time ago, usually in tens or hundreds of years,
when it was grown. By returning it back to the atmosphere, it is not possible to change the balance of
its concentration if the area of forest land is maintained, where the growth of new tree species absorbs
this carbon dioxide again, thus it is sustainable. Since this study assumes this kind of sustainability, we
consider CO2 emissions from biomass to be CO2 -neutral. Let us add that, of course, extensive clearing
or burning of forest stands does not represent sustainability.
However, at the same time European Commission, and Joint Research Centre on Directorate
Energy, Transport, and Climate states, that the European Union’s CO2 emissions increased again,
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by 1.3%, in 2015 [38]. This was caused by an increase of 4.6% in natural gas consumption, mainly
utilized in power generation and space heating, and by an increase of 4% in diesel consumption in
transport [38]. Additional emissions from the combustion of gas could be offset by the employment
of local biomass sources, especially wood as fuel, but additional emissions due to transport are not
obvious for this solution. The International Energy Agency compares the CO2 emissions of fossil
fuels in a broad way, but does not compare them with neutral biofuels [39]. In terms of biomass
trade, there are several studies that have been investigating trade in biomass for energy purposes. In
study [40], an initial overview of the global status of the production and biomass trade for energy
is presented. Proskurina, Junginger, and Heinino [41] investigated emerging energy biomass trade
streams, in other words, biomass producing and consuming countries regarding liquid and solid
biofuels (including roundwood).
Nevertheless, environmental risks caused by coal energy includes, besides direct emissions
from the coal burning process, indirect emissions, such as coal mining emissions and transportation
emissions. The carbon emission factor of the coal-to-energy chain is calculated based on the life-cycle
assessment that is provided in [42]. Based on his conclusions, CO2 is the most direct GHG emission
and mainly results from coal combustion, which accounts for 93.8% of the total GHG emissions. The
remaining 6.2% of total GHG indirect emissions are from the energy consumption in the mining,
transportation, and washing processes. Different authors have introduced their LCA (life cycle
assessment) studies on the carbon emissions of coal-fired electricity generation in different countries;
for example, in the UK [43], Japan [44], Canada [18], and Germany [45]. Only very few works focus on
coal and biomass together; for example, Morrison and Golde [46] analysed the environmental impacts
associated with producing electricity from wood pellets and coal. According to their conclusions,
“Utilizing wood pellets in lieu of coal results in a GWP reduction of 90–92% per kWh of electricity
generation.” One of the most current papers of Sterman, Siegel, and Rooney-Varga [47] solves a very
similar problem, whether replacing coal with wood lowers CO2 emissions. However, it does not
include the transport effect, which can change the whole emission reduction effect, since the wood is
significantly less dense, so its transportation with a growing distance may be significantly less efficient
than the transportation of coal. The work of Zhang et al. [18] proves that there is huge advantage
for electricity-generating companies to substitute biomass fuel for coal (reducing emissions by 91%
and 78% relative to a coal and natural gas combined cycle). A study on the Chinese environment
investigated a life-cycle comparison of the energy, environmental, and economic impacts of coal versus
wood pellets for generating heat. In that work, the authors presented the conclusion on wood pellets
system significantly reduces various emissions in comparison to coal [18]. In the following chapters,
the data collection, evaluation, and processing; the methods used; the methods of calculations; and the
modelling, will be described. Subsequently, on the basis of the proposed methodology and modelling
results, the overall environmental burden (the indicator was CO2 ) monitored will be described. Then,
the results will be discussed and conclusions and recommendations will be provided. In the last
chapter, the results of the theoretical and practical part of the research will be summarized; we will
try to formulate the weaknesses, and the possibilities of further research. The aim of this paper is to
examine how the total volume of CO2 produced in connection with the transport and combustion of
selected solid fuels develops. Therefore, the following working hypothesis can be defined: the break
point at which the total CO2 emissions from the coal and wood transport and combustion process
equals is less than 1500 km. From the above, a possible range of methods follows.
Based on the provided facts in the analyses of LCA, transportation of solid fuel is one of the
biggest indirect sources of GHG emissions. It is also clear that none of those studies compares coal and
biomass fuels’ transportations from the point of view of CO2 production. In addition, the LCA method
is quite problematic where it comes to its practical application. Among the most common LCA issues
in practice are, first, the high demands on time and input data; second, the uncertainty regarding the
content of some particles of the analysed LCA chain; and third, that in practice, it is not necessary
to analyse the complete LCA chain, which may be debatable with respect to the abovementioned
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point. That last statement is supported by several works [48–51]. That logic brings us, for practical
purposes, unambiguously to a deeper analysis of the selected part of the LCA chain. The analysis is
presented in this paper for two parts of the LCA, the first of which is represented by the transport
process and its output streams, and the second is represented by the energy utilization of the conveyed
fuel and its output streams. The latter is represented by the total calculated CO2 emissions. The first
reason is that transport is an integral part of both processes in terms of emissions associated with the
use of these fuels, and therefore, forms one whole with the combustion process. Solid fuels cannot
be used energetically without being transported to the final consumer. Alternatively, other means
of transport may also be used; other results would be obtained when using an alternative mode of
transport (train, ship, etc.). The second reason is that it was possible to obtain unambiguous data for
both partial processes, and in that connection, to obtain clear outputs with respect to the nature of
the phenomenon under investigation. The overall view would probably be changed by taking into
account other parts of the LCA chain. However, this article, based on the above-mentioned arguments,
prefers accurate and practically useful calculations of the defined part of the LCA. The third reason is
that during the solution, it became clear that the model was easily transferable to other conditions. An
example may be the fact that the originally intended application of the model in the Czech environment
has been limited to a certain extent, due to the relatively short transport distances (see chapter 3).
While under conditions of longer transport distances, the model clearly demonstrates the expectedly
significant increase in inefficiency for shipping, including the so-called break point: the point from
which coal is more efficient than wood in terms of CO2 emissions (see chapter 3). Nevertheless, our
study emphasizes issue of CO2 emissions that are generated by transportation of coal and wood,
depending on transport distance. In other words, our study solves the question of coal and wood
transportation effectiveness in terms of CO2 production by the break point determination.
3. Materials and Methods
After detailed literature research, which deals with CO2 emissions from wood combustion and
transportation, we have come up with following findings.
1.

2.

3.

Studies dealt with the partial aspects of CO2 production, without dependence on the transport of
individual raw materials. CO2 emissions are comparable in both processes under review and
represent at the same time energy consumption.
Previous studies were concerned with setting specific LCA values for the ratio of direct and indirect
emissions in specific regions. In this study, we deal with general but significant connections of
the transport of solid fuels and direct emissions from their combustion.
The output of this study is the determination of the unique relationship between the selected, and
some of the most widely used types of solid fuels, and the transport distance and total specific
CO2 emissions from these processes.

The main output of the work is the analysis of CO2 emissions’ development from transport
depending on the type of solid fuel considered, while direct emissions from the combustion of these
solid fuels are taken into account also. In the analysis, a break point was defined. In other words,
a break point where is the maximum meaningful distance for timber transport. This point clearly
quantifies the distance in which the total CO2 production from transport and wood burning process
equals total CO2 production from transport and coal burning process. The analysis was divided
into two sub-processes; namely, the determination of the CO2 emissions from the combustion of the
considered fuels and CO2 emissions from transport.
3.1. Fuel
For auxiliary calculations of different fuels, the energy contents, volumes, and CO2 emissions of
selected fossil fuels’ combustions need to be determined. Those are average values of efficiency and
corresponding emissions for commonly utilized types of boilers and stoves fired by coal and wood.
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The energy content parameters of the combustion process for coal were determined from two sources.
In general, the parameters for coal combustion may vary; however, in this work, brown coal was
analysed. It may vary in parameters such as ash content, sulphur, water, and so on, but CO2 emissions
should be comparable regardless of the specific source. The value for the CO2 emissions produced is,
therefore, calculated from two independent sources for different types of lignite.
The first source was the coal-fired process from Umberto’s software tool library, which predicts a
70% efficiency of the burning stove. The second one was the information on the website of the Czech
coal producer called Severočeské doly, a.s. According to Umberto library, 80.80 kg of coal produces
1,000,000 kJ of heat. This corresponds to 12.376 MJ/kg by taking into account the 70% efficiency of the
heating system.
The primary energy input is calculated according to the formula:
Enp = En/η

(1)

where Enp represents primary energy consumption, En represents energy obtained by burning a certain
volume of coal in kg, and η represents efficiency of the process.
The CO2 emissions from the combustion of 1 MJ of primary energy, ep , is evaluated as
ep = em × η

(2)

where em represents specific emissions and η represents efficiency of the process.
For the assessment of transport effects, it is important to take into account the amount of energy
that can be transported, in each particular form of fuel, in one shipment. This requires data on the
density and energy contents of the transported fuels. For coal, this data is directly available [52].
For wood, it is necessary to employ the following formula:
ρw = Mn × vff

(3)

where ρw represents density of 1 m3 of cut and chopped loose wood, Mn is the average mass of wood
calculated from a combination of different tree species in 1 m3 , and vff represents the percentage
volume of clean wood in free-flowing 1 m3 of cut and chipped wood.
The following option is considered for wood. For calculating itself, it is necessary to set additional
values, especially the energy contained in the wood Ep . The precise type of wood, its proportion,
or wood moisture is unknown both in short-term and in long-term; therefore, the value of Ep was
determined in accordance with the average calorific value of the wood and in accordance with expected
moisture content based on [53]. CO2 emissions from the biomass burning process itself are herein
considered as neutral, so they cannot be counted as total additional CO2 emissions.
The value of the wood mass, mw , corresponding to this volume, is calculated for the bulk space
meters according to the relationship:
m w = Vw × ρ w
(4)
where the mass of wood is in kg and the volume of wood Vw is in m3 . Analogically mc and mb for coal
are evaluated from volume Vc of coal respectively.
The determination of the calorific value for wood is a little bit problematic in Central European
conditions. A relatively wide range of different tree species can be used, which differ both in calorific
value and in density. Another problem is that the calorific value of the same wood type varies according
to the volume of moisture contained. The information portal TZB info, which focuses on the issue of
energy in the long term, provides data from which these typical calorific values can be derived [54], and
subsequently, adjusted for real conditions. When determining the average energy content of firewood,
items that are not meaningfully usable from an economic, environmental or physical point of view
have been omitted. In Table 1 there are expected values of wood with 40–50% moisture contained,
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which is not possible to burn in common types of boilers, and wood with 0% moisture contained, that
does not exist in normal conditions.
Table 1. Wood types and characteristics.
Wood Type

Moisture [%]

Calorific Value [MJ/kg]

15
15
20
30
10
20
30

14.605
15.584
14.28
12.18
16.4
14.28
12.18

Deciduous wood (oak, beech 50/50%)
Coniferous wood (spruce, pine 50/50%)
Logs (spruce, pine 50/50%)
Logs (spruce, pine 50/50%)
Wood chips (oak, beech, spruce, pine each 25%)
Wood chips (oak, beech, spruce, pine each 25%)
Wood chips (oak, beech, spruce, pine)

Source: own processing according to [54].

Let us assume in this study that wood is cultivated in the Czech Republic and it is commonly
dried for a year in roofed areas; exceptionally wet wood stays there for 2 years. Let us, therefore,
assume that the wood has a total calorific value of 14.215 MJ/kg, which is the average calculated from
the values given in Table 1. The selected wood types represent the most commonly used species in the
Czech Republic. The final value is, therefore, average, and at the same time corresponds to a water
content of 20%.
The total amount of energy included in one load was calculated based on this calculation of energy
content from values shown in Table 1 as follows:
Ew1l = Ew × mw

(5)

where Ew is the energy included in 1 m3 of wood. Alternatively, from energies Ec in coal, the total
amount of energy included in one load Ec1l coal was evaluated.
For brown coal, it was also necessary to determine the corresponding CO2 emissions from the
combustion process. Due to the neutrality of biomass emissions, CO2 emissions for wood were set to
zero (Sw = 0). The emissions for coal are determined according to the formula:
Sb = Eb1l × ep

(6)

3.2. Transportation
In addition to emissions from energy consumed by transport, the associated processes, such as
transport, are examined in this case also. As the means of transport were considered truck, train
and ship. Data for a train is specific to the conditions of the Czech Republic, as it is based on the
structure of the electric energy mix and is, therefore, not transferable. However, the data for shipping
are transferable, since the propulsion of river cargo ships is similar and most of the ships in Europe
that use diesel fuel.
When considering a truck with an average transport capacity of 8–10 m3 (in our study, the Tatra
815 S3 was selected with parameters according to Table 2. This type of truck is commonly utilized
not only in the Czech Republic, but also in other countries. It has an average transport capacity of
8–10 m3 .), the increase in total transport emissions of fossil fuel and renewable energy in the form of
wood is caused due to the increasing consumption of fossil fuel consumed by transporting the wood to
its customer. For analysis, a truck with the parameters listed in Table 2 was selected.
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Table 2. Technical specifications of selected vehicle.
Type of Vehicle

T-815 S3 6 × 6

Curb weight
Payload
Total vehicle weight
Engine type
Engine displacement
Highest engine power
Basic fuel consumption
Volume of the hull

11,300 kg
10,700 kg
22,000 kg
T-3−929 −11
15,825 cm3
280/2200 kW/Nm
32.5/63l/100 km
8 m3

Source: [55–57].

As the mass of transported fuels differs considerably, it is obvious that this effect will be reflected
in the fuels’ consumption during transport. Therefore, it was necessary to establish a function that
describes the relationship between the weight of the transported cargo and the fuel consumption.
Let us assume for simplicity that the consumption depends on the additional mass linearly. The
dependency function for selected Tatra 815 S3 vehicle is in the form:
y = 32.5 + (x/350.8197)

(7)

where y represents the total consumption in l/100 km and x represents the weight of the load in kg.
Based on knowledge of fuel consumption in l/100 km, CO2 emissions can also be determined. For
CO2 emissions produced by transport, Ekoblog.cz reports the calculation of the specific emissions of
diesel fuels [58]: “Specific emissions of CO2 per kilometre driven by diesel combustion = 10,084/3.7584
× Specific consumption (l/100 km)/100 = Specific consumption × 26.83 (g CO2 /km)”.
Transport-related emissions from transport by truck as the second component of the total CO2
emissions St(truck) , can thus be evaluated based on formula:
St(truck) = qt × y

(8)

where qt is the coefficient of diesel fuel CO2 emission (26.83 in this case) and y represents the
consumption in litres per 100 km. Last but not least, the total number of trips to transport the same
amount of energy, Nt, should be evaluated. This number can be determined as the ratio of the amount
of energy transported per carriage relative to the brown coal according to the formula:
Ntw = Ec1l /Ew1l

(9)

where Ntw represents the number of trips needed to transport the same amount of energy in the form
of wood, which corresponds to one fully loaded car with a coal. The value Ntc is less than always 1,
because it is given by relation Ntc = Ec1l /Ec1l . Consumers will primarily demand a certain amount of
energy, not fuel; however, when a specific fuel volume is demanded in the order, estimation of the
amount of energy is required.
The data are available in a different form for train and ship transport. According to the original
study, which was conducted in 2004 under the conditions of the Czech Republic [59].
The following values were researched for rail transport. It is true that the study may not be
perceived to be completely up-to-date, but given the developments in the field of automobile transport,
significant changes in energy consumption cannot be expected, since the measures being considered,
especially recovery, have not yet been implemented. In addition, these are average values.
Since similar studies are rare in this field and the data structure exactly matches the purpose of
the research, we consider these data to be sufficient.
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Shipping transports according to Table 3. 410,000,000 t of cargo over a distance of 1 km,
consumes 128,000 GJ. It uses 0.312 MJ for the transport of one ton of cargo per km. Emissions were
calculated analogously.
Table 3. Outputs, energy consumption and number of ton-kilometers (tkm) per 1 TJ of energy consumed
by transport type.
Outputs, Corrected Energy Consumption, and Number of Ton-Kilometers (tkm) per 1 TJ of Energy
Consumed in the Czech Republic in 2004.
Type of transport
Truck transport
Railway motor transport
Railway electric
transport
Shipping

Transport volume (106 tkm)
46,010
1690

Energy consumption (TJ)
58,116
2272

Number of tkm/TJ
791,693
743,908

13,040

2761

4,723,200

128

3,203,125

410
Source: [59].

Railway motor transport transports 1,690,000,000 tons of cargo per km and consumes 2,272,000 GJ.
It therefore consumes 2,272,000 GJ/1,690,000,000 tkm for the transport of one ton of cargo per km,
which is 1.344 MJ.
Therefore, we need 1.344 MJ of diesel to transport one ton of cargo over a distance of 1 km using
diesel railways.
In case of electric railway transport, we calculated the outputs according to the same formula.
Railway electric transport transports 13,040,000,000 t of cargo per 1 km and consumes 2,761,000 GJ. It
therefore consumes 2,761,000 GJ/13,040,000,000 tkm for the transport of one ton of cargo per km, which
is 0.212 MJ.
Therefore, we need 0.212 MJ of electricity to transport one ton of cargo over a distance of 1 km
using an electrified railway.
The cargo volume according the Table 3 for electric and motor railway transport is a ratio of
88.53/11.47%. Therefore, the resulting emissions calculated for rail transport were combined from
those two items, which together constitute the weighting for the weighted average calculation.
Specific CO2 emissions can be calculated in a similar way as for truck by substituting into the
Formula (there).
Under the conditions of the current electric energy mix, according to a decree of the Ministry of
Trade and Industry [60], 1 kWh (3600 kJ) of electricity is produced with 1.17 kg of CO2 in case of the
Czech Republic.
Total emissions from river transport (shipping) are also calculated by substituting for Equation (8).
The auxiliary calculation that had to be performed here is to convert the tonne/kilometre data according
to Table 3 and to specific CO2 emissions according to the formula.
St(ship) = (Etkm /Ed ) × 2.683

(10)

where Etkm represents the energy consumption for transport of 1 t cargo for distance 1 km by ship, Ed
represents the amount of energy included in 1 L of diesel fuel, and the number 2.683 is the weight of
CO2 emitted by combustion of 1 L of diesel in kg.
Total rail transport emissions can be also calculated from ton-kilometers, but according to
Formula (8) CO2 emissions can only be calculated for that part of rail transport which is realized using
diesel locomotives. Under the conditions of the Czech Republic, this represents 11.47% of freight rail
transport, while the remaining 88.53% is transport on electrified lines. To calculate CO2 emissions, it is
therefore, necessary to use data from the Ministry of Industry and Trade, which states an emission
coefficient of 1.17 CO2 per kJ [60].
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4. Results
4. Results
As we recognized the knowledge gap during the literature review, the previous chapter proposed
As we recognized the knowledge gap during the literature review, the previous chapter
an original methodology for calculating inefficiency in terms of CO2 emission and transport distance.
proposed an original methodology for calculating inefficiency in terms
of CO2 emission and transport
distance. This inefficiency relates to the nature of the material being transported. In the following
paragraphs, the case study with specific empirical values (valid for the Czech Republic) is provided
and the break point for wood is revealed.
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This inefficiency relates to the nature of the material being transported. In the following paragraphs,
the case study with specific empirical values (valid for the Czech Republic) is provided and the break
point for wood is revealed.
4.1. Calculations
In the following chapters are the results of calculations based on formulae defined in the
methodology section, first, for the CO2 from the combustion of fuels used for heating, and second for
fuels and energy types used for transport of fuels used for heating.
The following formulas show the process of the evaluation of the specific CO2 emissions per
unit of energy (MJ) when coal is assumed as the fuel. The emission data obtained from the Umberto
software environment library [61] and the Bílina mine website were used for the calculation [62].
In line with the proposed methodology, the primary energy consumption, Enp , was determined
at first by substitution into Equation (1).
Enp = En/η =12.376/0.7 = 17.68 MJ/kg

(14)

The result, giving the calorific value of the coal itself, without taking into account the efficiency of
the equipment, is equal to 17.68 MJ/kg. This is in correspondence with calorific value for Ledvice coal,
that is equal to 17.6 MJ/kg, as listed on the site of the mining company [62].
For this coal, Biom suggests emissions of 102.9 g CO2 /MJ for combusted brown coal with a
humidity of 39.5% [63]. The Umberto software-based calculation gave 151.27g CO2 /MJ, which is 70%
relative to the efficiency of the combustion plant. By substituting into Equation (2), we calculated the
emission value for the fuel itself:
ep2 = em × η = 151.27 × 0.7 = 105.889 g CO2 /MJ

(15)

For the evaluation of total CO2 emissions from coal, the average value of these two values
was used:
ep = (102.9 + 105.889)/2 = 104.3945 g CO2 /MJ
(16)
Substituting the empirical data from the above-mentioned sources [61,62], quite similar values
were obtained. From those partial results, which are presented in the Equations (15) and (16), the
average value was calculated. This is a substantial sub-result, since it has been found that the specific
CO2 emissions converted to energy in MJ do not differ significantly for different coal types. This fact
makes it possible to assume that the resulting value can be utilized with little error for other types.
Wood as a Fuel no Number if There Is only One Subsection
The average energy value of firewood used most often in the Czech Republic for the following
calculations was set in methodology chapter as 14.215 MJ/kg. In case of applying this procedure to
another area with a different composition of used tree species, it is possible to update the calorific value
and recalculate the results for any conditions.
Within the following relationship (Equation (17)), the weight of 1 m3 of pure wood mass was
calculated after processing to a length of 33 cm. The value ρw indicates the specific value of the wood
processed to 33 cm and loose to the body of the transport device. The weight was calculated for this
blend of wood as 582 kg/m3 of pure wood; the expected volume of bulk timber was 0.41 m3 of pure
wood volume per 1m3 of the loading area. A value of 0.41 m3 is the diameter for a non-irrigated field
of 33 cm, which is the most commonly used one [64].
ρw = Mn × vff = 582 × 0.41 = 238.62 kg/m3

(17)

Energies 2019, 12, 3864

12 of 21

In the case of fuel transport, it is necessary to work with data that can be compared for further
actions. Therefore, Table 4 provides a summary and supplementation of the data and weights of the
fuels compared to their volume.
Table 4. Bulk density of the fuel.
Type of Fuel

Bulk Density of Fuel ρw [kg/m3 ]

Wood
Brown coal

238.62
1100–1500
Source: own processing from [52].

Another important limiting factor is the mode of transport. The reason for this is the possibility of
using different types of transport, and therefore, different specific CO2 emissions can be expected, due
to variable energy consumption per kilometre and variable transport capacity.
In Sections 4.2 and 4.3, the amount of energy contained in the transported solid fuels is described
with full utilization of the capacity of the means of transport considered.
It is also necessary to take into account maximum weight of the load to be transported with respect
to the weighed means of transport. The reason for this is to verify the possibility of using the full
transport volume potential for the considered fuel and type of vehicle. The article considered that
Tatra 815 S3 truck has two important limits: the weight limit of 10,700 kg and the volume limit of 8 m3
of transported cargo.
4.2. Calculation for Wood
Based on the aforementioned calculations and data in Table 4, the bulk density of wood was taken
to be 238.62 kg/m3 . The weight of transported wood was evaluated by substituting into Equation (4):
mw = Vw × ρw = 8 × 238.62 = 1909 kg

(18)

A fully loaded truck brings 8 m3 of wood that weighs 1909 kg. Even if there the maximal load, the
weight capacity of 10,700 kg will not be exceeded. Therefore, wood transport is limited by the volume
of the hull.
To express the total CO2 emissions from the monitored processes, it is necessary to express the
total transported volumes of energy. This is necessary in order to determine the number of trips
corresponding to the transport of the same amount of energy in the form of different types of fuels
(wood and coal).
Therefore, it would be possible to transport 1.9 t of wood in one trip. Substituting into Equation (5)
we got the energy content of that mass of wood:
Ew1l = Ew × mw = 14.23 MJ/kg × 1909 kg = 27,165 MJ

(19)

The resulting value represents the amount of energy in wood that can be transported by fully
loaded transport vehicle.
4.3. Calculation for Brown Coal
Analogous calculations were done and results for brown coal were obtained. Those values were
already calculated for bulk material.
Substituting into Equation (4):
mc = 8 × 1300 = 10,400 kg

(20)
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8 m3 of brown coal would weigh 10,400 kg. Even of there were maximum load capacity, the
weight limit would not be exceeded.
Substituting into Equation (5):
Ec1l = 17.6 MJ/kg × 10,400 kg = 183,040 MJ

(21)

The resulting value of Ec1l represents the amount of energy that can be transported in the case of a
fully loaded transport vehicle and brown coal. Again, unlike wood, it was necessary to calculate the
amount of CO2 emissions generated by burning this brown coal.
Substituting into Equation (6):
Sc = 183,040 MJ × 104.3945 g = 19.108 t CO2
Energies 2019, 12, x FOR PEER REVIEW
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By substituting into Equation (7), consumption for the transport of the material concerned was
obtained. Then, with the help of determined functional dependency, the fuel consumption of the
selected vehicle was able to be calculated for any weight of the load being carried.
The results for the distribution of individual types of fuels are given in Table 5. The table also
summarizes the results for the combustion process of transported fuels, which is the summary of the
previous parts of the calculations. The values in Table 5 were converted to 8 m3, representing the fully
loaded Tatra 815 S3. The first column shows the weight of a fully loaded vehicle with a particular
solid fuel; the second column shows the CO2 emissions of selected solid fuels; and the third column
summarizes the fuel consumption per 100 km of the right fuels selected by the vehicle.
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By substituting into Equation (7), consumption for the transport of the material concerned was
obtained. Then, with the help of determined functional dependency, the fuel consumption of the
selected vehicle was able to be calculated for any weight of the load being carried.
The results for the distribution of individual types of fuels are given in Table 5. The table also
summarizes the results for the combustion process of transported fuels, which is the summary of the
previous parts of the calculations. The values in Table 5 were converted to 8 m3 , representing the fully
loaded Tatra 815 S3. The first column shows the weight of a fully loaded vehicle with a particular
solid fuel; the second column shows the CO2 emissions of selected solid fuels; and the third column
summarizes the fuel consumption per 100 km of the right fuels selected by the vehicle.
Table 5. Summary table.
Fuel

Weight of Load Carried
by 1 Ride (mw,c ) [kg]

CO2 Emissions from Combustion
of Fuel by Weight According to
Column 2 (Sc (Sw = 0 )) [t]

Corresponding Consumption of
Fuel with the Load According to
the Column 2 (y) [L/100 km]

Without load
Wood
Brown coal

0
1909
10,400

0
0
19.108

32.5
37.94
62.14

Source: own processing.

Specific consumption and specific CO2 emissions are included in Table 6. Because CO2 emissions
were the chosen identifier of the reviewed (analysed) processes, the emissions of CO2 per 1 km were
determined (Table 6). The results were calculated based on [58] by substituting the values of the third
column of Table 5 as a variable x in Equation (7). The results were further converted to g/km and
presented in Table 6. The reason is to compare the emissions related to transport of each type of solid
fuel (mentioned in 1st column of Table 5). In general, is also possible to use this data for comparisons
with other types of trucks or even different transport means.
Table 6. Specific consumption of l/100 km and specific CO2 emissions.
Specific Consumption of L/100 km (y)

Specific CO2 Emissions (St ) [g/km]

32.5
37.94
50.74
62.14

871.975
1017.9302
1361.3542
1667.2162
Source: own processing.

Table 6, therefore, summarizes the emissions per kilogram of a given load. The order of rows
is identical as in Table 5. The value of 871.975 g/km, contained in the second column of Table 6,
corresponds to emissions per kilometre without a load; the value of 1017.9302 g/km corresponds to
emissions per kilometre of a fully wood-loaded truck; the following values apply accordingly for
driving a fully loaded car carrying brown coal. Since energy is being demanded in the form of energy
volume, it is then necessary to express how much energy is transported in a fully loaded truck. That
could be expressed by how many times the path must be taken to transport the same amount of energy
relative to the chosen fuel variant. That is shown in Table 7, where Nt(w,c) are calculated according to
Equation (9).
The first column of Table 7 describes the solid fuel types; the second column contains the amount
of energy contained in the solid fuel per trip considering the type of transport. The third column
shows the recalculated number of trips to be performed in order to carry the same amount of energy in
all cases. Trips are recalculated according to the volume of solid fuel transported. The initial values
and the results after substitution into Equation (5) are given in the second column. As a reference, the
value for brown coal was used.
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Table 7. Transported energy and number of rides for selected fuels.
Fuel

Transported Energy on a Fully Loaded
T815 (Ew1l ) [MJ], Train and Ship

Number of Trips (Nt(w,c) )

Wood (w)
Brown coal (cc )
Brown coal (ct )
Brown coal (cs )

27.165
183.040
183.040
183.040

6.738
1
x
x

Source: own processing.
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Figure 3. Total CO2 emissions of associated processes of selected fuels and related break points.
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Studies [29–31] addressed biofuel reduction of CO2 emissions; however, they did not address the
of biomass combustion and transport; nevertheless, in terms of total energy involving the
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and a comparison with the combined process for fossil fuel was not included. Many other sources
examine the problem from a different point of view, with a different range and context. In studies
[43,44,45], authors applied the LCA methodology, but none of them combined the LCA methodology
together with the associated processes involving transport and combustion, and the comparison of
biofuels with fossil fuels. Contributions [46,47] dealt with emissions from biomass and coal
combustion together, but only for electricity generation. As was explained in detail earlier, all of those
studies addressed selected issues from different points of view and with different scopes and

Energies 2019, 12, 3864

16 of 21

have been found, e.g., [38–42], addressing either the combination of transport and biofuels, or the
determination of fossil fuel emissions. However, they examine the problem from a different point of
view, with a different range and context. In studies [43–45], authors applied the LCA methodology,
but none of them combined the LCA methodology together with the associated processes involving
transport and combustion, and the comparison of biofuels with fossil fuels. Contributions [46,47] dealt
with emissions from biomass and coal combustion together, but only for electricity generation. As
was explained in detail earlier, all of those studies addressed selected issues from different points of
view and with different scopes and contexts. Moreover, none of them had the ambition to set a specific
breakpoint for the combination of transport and post-combustion of fossil fuels and biofuels in the
CO2 emissions context.
From a theoretical point of view, it has been shown that such points actually exist. Based on
the solution of the system of defined equations, its value was calculated for the selected conditions:
ca. 1780 km for transport by truck, ca. 1500 km by train, and ca. 1400 km by ship. As can be seen
from Figure 3, according to various fuel parameters, break points for different fuel and transport
combinations can be also determined. In the case of Figure 3, it shows a combination of wood and
brown coal truck, train, and ship transport. On a practical level, a break point can be used to assess the
effectiveness, sustainability, and environmental impact of any associated process. This coupled process
is bounded by fuel transport and combustion.
From our results, it is obvious that, for normal distances in the order of kilometres or tens of
kilometres, the difference in total specific CO2 emissions is not significant. However, the overall
emission curve for the wood transport process is considerably larger due to its lower weight curves
than those for brown coal. This points to the fact that the combined process of burning wood and
its transport is prone to a rapid increase in total CO2 emissions over longer distances. As the model
neglects CO2 emissions associated with logging, the results for wood will be even more unfavourable
than the ones show in Figure 2.
For distances of 1780, 1500, and 1400 km for trucks, trains, and ships, respectively (points where the
blue curve crosses the others), it is better to burn brown coal than wood in terms of total CO2 emissions.
5. Discussion and Conclusions
At the beginning of the discussion and before stating final conclusion, it is necessary to be aware
of following facts, which underline the originality of the approach of researched in this paper, and at
the same time, illustrate its benefits.
First, the aim of this paper was to deal with CO2 emissions in energy production process based
on calculation of the total specific CO2 emissions of a combined process and setting the break point
according to chosen factors. The outcomes are evident from the graphical interpretation of the results
in Figure 3. Key factors were the type of fuel and the transport distance. The break point, where it is
not worthwhile to use wood as an energy carrier as the alternative to coal, has been found. As can
be seen in the search section, such an approach has not yet been applied in this context. Also, the
dependence of specific CO2 emissions from transport on the type of transported solid fuel was also
revealed. Results were achieved within the original methodology, applied within the LCA framework.
The general novelty of this paper is, with reference to the literature search, in the original view of
analysing CO2 emissions in the case of associated processes and with reference to the political level.
Novel benefits are outlined in the following paragraphs. An example could be the discussed fuel
transport in terms of energy volume or the interconnection of transport, cargo carried, and specific
CO2 emissions.
Second, the proposed methodology opens two issues to be discussed. First issue concerns its
practical use. The second issue is about its general use of the methodology. In case of the practical
use, it should be taken into account that, although the process and the associate input parameters
were designed for the Central European environment (namely, the Czech Republic), the calculations
facilitate its use in other regions of the world. This is mainly due to the conditions in Central Europe.
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Original results show an unusually large transport distance for which the total specific CO2 emissions
are lower for one fuel (the calculated break-point).
Limitations of Study
While working on this study, we came across limitations that we consider necessary to state in
order to broaden the perspective of the researched issue. What matters is the locality, because the
choice of locality and its specifics determines other input parameters. Those are mainly the type of
wood, type of transport, and transport distances. In case of the locality we chose, it is the environment
of the Czech Republic, which in many aspects can be extended to the Central European region. This
implies the specifics for the selected type of transport, also the means of transport, as well as certain
above-mentioned parameters in case of rail transport and related CO2 emission factors. Selected
types of wood and their parameters are connected with the choice of the locality, which of course
significantly contribute to the final results. At the same time, the selected location determines the
transport distances common to the region. It should be noted, however, that when developing the
methodology, the emphasis was placed on the possibility of its universality in terms of transferability to
other environments and related, different input parameters. We believe that due to careful construction
and a detailed description of the methodology, non-local application should be feasible without
major obstacles.
Practical Use of the Methodology
Since the aim was to determine a theoretical break-point, it was necessary to think about the
practical application of this result. In Europe, the usual fuel transport distance when using trucks is
within range of tens to hundreds of kilometres. The break-points calculated in this study were 1779.64,
1500, and 1400 km, showing the fact that in Europe, transport efficiency is not a major problem in
terms of specific CO2 emissions. On the other hand, this distance limits the usability of the breakpoints
itself and the circumstances resulting from it, even though the model shows the increasing inefficiency
expressed by specific CO2 emissions from traffic for any distance. But there are regions in the world
where truck transport is realized for hundreds to thousands of kilometres. An example might be
South America or some regions in Asia, where, due to insufficient rail networks trucks are used for
long-distance transport. Thus, even though the original intention was to concentrate on the practical
application of the model in Central Europe, the calculations in practice appear to be inappropriate for
this region; but possibly worth considering for other regions. Because we did not consider it essential
to change the input parameters typical of Central Europe (namely, the Czech Republic) for the purposes
of this article, we used the Tatra 815 S3, which is a truck typical of the Czech Republic. In addition,
parameters typical for coal and wood extracted in the Czech Republic were also used. However, the
strength of this model lies in its easy generalization by the alteration of several input parameters to
match the specific conditions of particular regions. For application in other regions, it is necessary
to perform a parameter correction for a particular means of transport used. That could be related to
another mode of transport as well. As far as trucks are concerned, the consumption and transport
capacity of a particular vehicle needs to be known. For more accurate calculations, it is also appropriate
to take into account the weight and average calorific value for the usual composition by species of
burned wood, in regions where there is a completely different composition of trees (e.g., tropical). For
coal, it is recommended to verify the parameters, especially in terms of its weight per unit volume and
calorific value of a specific type of coal. For example, in South America, the practical application of this
model gains it merit. For Europe’s conditions, the meaning of the results can be seen not directly in
determining the breakpoint itself, but in determining the rate of increasing inefficiency of wood use as
a fuel with growing distance (in terms of total specific CO2 emissions).
General Use of the Methodology
At the theoretical level, it has been shown that CO2 is a suitable indicator for conjoined processes’
analyses, even though the use of CO2 for such applications has been underestimated. This was
underlined by the works in the literature review; e.g., [18,46,47,65] compared to the results of
this article.
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Generally speaking, the intent that we opened at the beginning of the study was to deal with
transport and combustion as a combined process. Parts of this process cannot be separated in practice,
and we believe that it is not possible to deal only with emissions issues in the combustion process as
a determinant that will represent the induced environmental burden. Calculations of total specific
CO2 emissions from the combustion and transport of wood can be considered only as a partial result.
On this basis, it was possible to establish a functional relationship between the distance and overall
emissions. This functional relationship was expressed by three equations and it was considered the
basis of the original methodology. The break point, which was the final outcome of this work, was
then, the final result of the above-mentioned equations.
Overall Conclusions and Discussion
The proposed methodology can also be evaluated in terms of overall conclusions, in terms of some
partial results, and finally, in terms of the possibilities of generalization. The structure of the two parts
of the work provide both a relatively complex view of, and some partial conclusions for the process of
determination of total specific-emissions of CO2 from the combustion of solid fuels and the emissions
from the transportation of those fuels. The part which deals with the determination of CO2 emissions
from the combustion processes of selected solid fuels shows one of multiple possible views on the
relatively accurate determination of some parameters of the combustion process’s outputs. The values
for wood were based on knowledge of the average composition of harvested trees corresponding to the
conditions of Central Europe. The portability of the model to other regions is, of course, also possible,
as already mentioned. However, a possible correction of parameters for the composition of local
tree species is appropriate. Values for coal can usually be found on suppliers’ or mining companies’
websites. For these fuels, it is also possible to recommend validation and eventual value correction
when applying the model to other regions. The energy content of the coal can shift the proposed
breakpoint either to a greater distance, or alternatively, shorten the distance.
Increasing the amount of energy in wood will move the breakpoint closer to the beginning of the
graph. Reducing the amount of energy will move the breakpoint to greater distances. For transport
parameters, a simple model was designed to determine the change in consumption in relation to
the freight load. In practice, the course of the function is not entirely linear. Most likely, it will be
exponential, as the rolling resistance of the tires will also appear. As the straight line is not used at
the speeds considered therein, such influences are not very significant; therefore, the linear function
y = 32.5 + (x/350.8196721) was constructed as is depicted on Figure 2. It can be said that the analysis has
demonstrated the sensitivity of the timber supply process to transport when the process is considered in
terms of CO2 emissions. The results show that the total specific emissions of CO2 from the comparison
processes equalize only at the distance of 1779.64 km. With the reference to practical utilization, this
problem should be seen in the fact that, already, at a distance of 355 km, the amount of CO2 corresponds
to 1/5 of the emissions that would be produced by heating with brown coal. Such a quantity of
emissions largely limits the positive effects resulting from the neutrality of CO2 emissions from the
energy use of biomass. Besides the practical application, it raises questions about the results of the
policies aiming to meet the requirement of the Paris Climate Conference. The final summary of this
transmits this simple message: We have shown that there is a point that represents a turning point in
which it is more efficient to burn coal than wood. Efficiency refers to the total CO2 emissions of the
combined process. Therefore, it can be stated that wood is not always a more environmentally friendly
alternative, because, as we have shown, under certain circumstances it is more environmentally friendly
to use coal.
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