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Abstract: Transportation of renewable wood is increasing, being a necessary operation in logistics
of the environmentally sustainable forest industry. However, increasing the transportation capacity
is a source of greenhouse gas emissions. In addition to trucks” emissions, maintaining road infras-
tructure affects the environment by the emissions of increasing utilization of HCT (high-capacity
transportation), that is, larger and heavier vehicles, affecting the backhauling transportation and the
efficiency of road-network combinations. Environmental efficiency is an important metric which is
used for comparisons among technological alternatives employed in the utilization of energy derived
from both fossil and renewable resources. Based on the enterprise resource planning (ERP) data
(2018-2020), CO, emissions of increasing HCT were calculated for a forest industry corporation.
The reduction in average fuel consumption (ml t x km~1), between 52% and 70% in backhaul-
ing transportation, was 18.88%. In this respect, CO, emissions were reduced by 4.52 g t x km™1,
achieving 19.48 g t x km~!, based on the data from the 76 t vehicle combinations. Furthermore,
the metric of total environmental efficiency shows the potential of the alternative road-network
combinations for the HCT. The environmental efficiency of the 92 t HCT increased by 11% via an
intensive road-network combination, compared to the most efficient 76 t HCT alternative and the
efficiency increased by 21%, compared to the most efficient line-hauling alternative. Thus, the results
are in favor of the backhauling transportation by the means of 92 t vehicles for HCT development.
Furthermore, a sensitivity analysis demonstrates that technological improvement of the forest roads
is essential for HCT in an increasing harvesting of renewable wood energy. Also, to achieve the
maximum environmental efficiency of the HCT during upgrading of the forest roads, efficiency
measurements of the HCT should be implemented in the transportation planning systems.

Keywords: transportation; backhauling; emissions; environment; efficiency; high-capacity; techno-
logical updating; road network setup; infrastructure; energy; wood

1. Introduction

Provision of commodities and services from forests to the customers is commonly
sustained by the use of energy from either fossil or renewable sources. Typical to the
industrial supply chains is that there are several situations in which the energy is received
in one form and then converted to another form or even to a non-energy form. Although
the wood supply chains are sustainable in many countries, carbon dioxide emissions by
the use of fossil fuels cause environmental problems in the EU’s forest industry [1-3].
To tackle this problem, one may aim to improve the wood harvesting infrastructure of
the renewable forest energy sources. In this respect, there is a pressing need for research
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and technological development to characterize and reveal the energy efficiency of supply
chains. An energy efficient supply chain is commonly defined as that chain which uses
only a small part of the energy being delivered to a destination [4]. There is no doubt
that a supply chain is efficient, when the fossil fuel use is minor or completely avoided.
With respect to the efficiency of supply chains, road transportation represents an efficient
operation within a sustainable forestry and wood harvesting activity [1]. However, there is
a need to improve the environmental efficiency of wood transportation systems, mainly
due to the carbon dioxide emissions from burning fossil fuels. Besides the transportation
systems, an environmentally efficient transportation infrastructure is essential to sustain
and balance the increasing wood demand in the forest industry. The present study reveals
the technological development needs in a road network with the aim of increasing road
freight transportation of the renewable wood energy.

Forest is the only major natural resource and energy source in Finland. Wood harvest-
ing, which is being done sustainably, is an important part of the forest industry. It means
that after harvesting, forests are always regenerated or replanted, leaving an overall wood
energy balance that is actually positive [1]. Also, Finland was ranked highly (8th) against
the top performer (Germany) in the EU region in terms of logistics performance index,
that is, competence and quality of logistics services amongst countries in 2018 [5]. Nev-
ertheless, ca. 20% of the total CO, emissions in the EU come from the road transport
sector [6,7]. In response to the EU regulations [8,9], recently, the Ministry of Transport
and Communications published an action plan to eliminate greenhouse gas emissions in
domestic transportation by 2045 [10]. According to the plan, the best solution for reaching
the goals lies in an environmentally efficient transportation as a part of wood harvest-
ing in the forest industry. From an environmental point of view, the forest industry has
already advanced towards a carbon-neutral economy through the development of low-
carbon logistics in the 21st century [11,12]. Actually, the development state indicators of
the industry have justified the positive expectations in regards to the environmental effi-
ciency of transportation systems. In a quite mature transportation situation, high-capacity
transportation (HCT) would be an effective development step in raw-material processes
towards an environmentally efficient forest industry. In addition, if introduced and used,
the environmental emission efficiency metrics would be useful for the development of the
Finnish road network, which has seldom been the focus of research.

The total length of public, private and forest roads and streets in Finland is about
450,000 km [13]. The network encloses highways, paved and gravel roads that are divided
into five classes according to their local importance. As Finland is a large and sparsely
populated country, there is no reason to upgrade all the roads to highways [14]. The total
lengths of the paved and unpaved roads in the network are 50,305 and 27,688 km, respec-
tively. There are also local roads used for forestry purposes in Finland. The total length of
the forest road network is about 130,000 km [14]. Forest roads have been constructed to
provide access for forest machines transportation vehicles into forest areas; some examples
of forest roads are given in the supplementary material. Although there is not a general
classification of forest roads in Finland, they may be subdivided into subsequent classes
according to their traffic capacity, pavement type, driving speed and funding of construc-
tion and maintenance operations and, as such, their share may vary in different scientific
reports and publications. In addition, many private roads, other than purpose-built forest
roads, serve as access routes into forests. These are maintained rather well, often have
a gravel coating and the traffic on them is usually minimal, being easily driven on by
trucks; only the wet autumn season and the frosty spring season can be problematic for
wood transportation and there is also a need for road maintenance and improvement of
the infrastructure for this part of the forest road network. In this study, forest roads were
considered those made of gravel for an average driving speed of up to 30 km h™!.

The construction of forest roads, which is subsidized by the government, peaked in the
1970s, when almost 5000 km of roads were constructed annually (Supplementary Materials).
In the southern and central parts of the country, the forest road network has already reached
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the optimal density defined on the basis of current economic criteria [14]. According to the
Temporary Act on the Financing of Sustainable Forestry, the maximum density of forests
roads is 1.5 km km~2 on productive forest land [15]. In practice, the optimal distance
to the nearest forest road has been commonly defined as from 200 to 400 m. For these
reasons, only 500 km of new forest roads were constructed in 2018. Given the forest
road network, which also serves public use, it is clear that an effective forestry can be
implemented in the country, where ca. 80% of wood transportation is done by trucks,
making the transportation conditions a key issue for an effective supply from forests to the
industry (Supplementary Materials).

In recent decades, the focus has shifted from the construction of new forest roads to
the maintenance of existing road network [16-18]. In 2011, more than 3800 km of forest
roads were subjected to upgrading operations. However, the volume of road upgrading
and consequently, the transportation conditions of the forest road network has declined
over the last decade. The Forestry Experts’ Association estimated that one-third of the
forest roads require improvement [18]. Those who work in wood harvesting operations
have also suggested that the roads need improvements. Moreover, the machines used
in the forestry have become heavier at the same pace as the roads have deteriorated.
Therefore, the Temporary Act on the Financing of Sustainable Forestry allows applications
for subsidies to renovate the roads, stipulating that a new road project must cover at least
500 m and supporting the idea of upgrading partial sections of roads [15]. The estimated
costs of constructing a new forest road are about 20 € per meter, whereas for road upgrading,
which is mainly done to improve the bearing capacity, they start at 15 € per meter [16-18].

High-capacity transportation (HCT) is often referring to the use of larger and heavier
vehicles (LHVs), large capacity transport vehicles or high-capacity vehicles (HCV) [19-21].
Several studies reported that a large vehicle does not always utilize the total maximum
weight allowed but it can be loaded to 100% capacity depending on the characteristics of
the payload [21-23]. In this study, the concept of HCT was understood as any development
intended to increase the contribution of the road transportation to both, transportation
efficiency and environmental efficiency, by providing a way to reduce the exhaust emissions
of wood transportation in line with the global targets [21]. Nowadays, the development
of HCT must also improve its relative environmental efficiency and if the discourse is
focused on the concepts of wood transportation and wood transportation in relation
with CO, emissions, the difference may become clear. CO, emission is indicative for the
vehicle’s loaded and/or empty turns, expressed in kilometers, as well as for the weight of
transported wood per kilometer travelled (t x km™1).

A backhauling model of wood transportation describes well CO, emissions in relation
to the wood transportation volume per kilometer (Supplementary Materials) but this can
also be imagined by the means of vehicles and kilometers. Both energetic metrics result in
the benefits derived from the backhauling, that is, due to use of the HCT, which, however,
should be evaluated accurately to improve the environmental sustainability. It is expected
that backhauling is one of most effective operations for increasing transportation efficiency
towards the HCT [24-28], because it reduces empty driving and the total transportation
distance needed to deliver one payload to destination. In the backhauling model, trans-
portation is formulated in three components: line-hauls, line hauls with backhauls and
backhauls, which are graphically explained in the supplementary material. Using these
components, which stand for a better description of real conditions, the effects of wood
transportation on CO, emissions can then be modelled more accurately, because transporta-
tion efficiency and environmental efficiency depend mainly on transportation distance and
the type of road used [21].

Currently, fossil fuel is used by all the machinery operated in forestry, including
that used in road improvement and maintenance. Consequently, EU provides guidance
on reducing the emissions of these operations, being possible to control and reduce ex-
haust emissions, while still developing a sound forest road network for the HCT [29,30].
Based on the Temporary Act on the Financing of Sustainable Forestry, the Finish Forest
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Centre has published the same kind of guidance as the Forestry Commission in UK for
the construction and improvement of the national forest road network [15,31]. In both
countries, the forest road infrastructure appears to be changing, with the aim of reducing
environmental emissions. At least, recommendations for forest road construction, mainte-
nance and use aim at minimizing the damages from vehicle traffic and extreme weather
and, thereby, at minimizing the need for repairing and rebuilding. A solution to the latter
problem is an increase in the size and number of the drainage culverts to reduce seasonal
problems [32,33], while a solution to the former problem would be the backhauling [24,26].
However, various HCT alternatives can take advantage of these possibilities to different
extents. Acknowledging its own characteristics, the environmental efficiency of a HCT
is still dependent on the transport conditions of the road network, share of loaded turns,
empty driving, total weight and load volume or on their combination, to increase the
capacity of wood transportation, which is partly a question of an increased total weight
and of an increased vehicle length, that enable a higher payload volume, although they
create flexibility and partial transport efficiency. Therefore, it is necessary to analyze the
backhauling turns of vehicles and different road-network combinations, to meet the ef-
ficiency requirements of carbon-neutrality in the forest industry. Studies conducted in
Sweden and Finland [24-28] have already suggested that 20-46% of the total wood trans-
portation could be done by backhauling, reducing the direct transportation costs by 2-5%
and the number of empty turns by 24% which, in turn, would bring environmental benefits.
Currently, the vehicles are monitored by a synchronized transportation system (STS) of
the forest industry which includes tools to estimate transportation efficiency, being used
in the supply-chain management [20] and in the inter-enterprise collaboration at the op-
erative level [26]. In the EU region, trucks” exhaust emissions and energy efficiency of
transportation have been studied using various approaches [34-39]. Recently, a useful
energy efficiency model of wood transportation has been developed, tested and suggested
for the calculation of line-hauling, which achieved a 20.5% increase in energy efficiency as
a result of the development work on the HCT [1,40,41]. The model can be used to develop
upstream logistics, when energy efficiency models of the forest industry are expanded to
wood procurement [42-45]. With respect to environmental efficiency, the long-term CO,
reduction could even be 27-32%, figures which could be achieved when the transportation
conditions are fully adjusted to the maximum weight limits [41]. Besides that, it has been
suggested that improving the transportation conditions may contribute to the improvement
of the HCT’s environmental efficiency. However, the promised environmental benefits have
not yet been received. In this respect, the environmental efficiency analysis of increasing
levels of backhauling transportation and shares of forest road network has seldom been a
topic of research. Such research is necessary, because the wood transportation sector needs
advanced HCT systems to ensure environmentally efficient transportation operations to be
deployed in different road-network combinations. Once that has been achieved, the road
network can be used, in practice, to develop HCT systems towards carbon-neutrality.

The adoption of environmentally efficient HCT technologies is part of the forestry’s
process of adaptation to EU’s environmental regulations [1-4,46]. Recent studies have
concluded that the increase in the environmental efficiency of the HCT depends on the
transportation routes and fleet management [20,47,48]. However, these studies have
analyzed and considered the efficiency of transportation, highlighting the potential impacts
on the environmental benefits of the line-hauling transportation. In addition, the effect of
road network combinations has not been properly examined.

This study analyses the environmental efficiency of the HCT in different road-network
setups, by taking into consideration an increasing backhauling transportation, because
engaging in a deeper development of the HCT for a mature forest road network requires a
profound understanding of backhauling models. It is hypothesized that the road-network
setup has an impact on the environmental efficiency of the increasing HCT. In addition to
different road networks and backhauling models, 76 and 92 t vehicles were included in the
study, which had the following objectives: (i) to evaluate the effects of the road-network
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setups on the environmental efficiency of the HCT between 2018 and 2020 and (ii) to
evaluate the usefulness of backhauling transportation in the different road-network setups
to achieve the maximum environmental efficiency of the HCT.

2. Material and Methods
2.1. Road Network

The previously developed system of mathematical calculation of environmental ef-
ficiency was expanded for the analysis of road network development needs in respect
to backhauling transportation in the HCT [48]. The road-network setups were found to
operate in three categories from an original group of eight classes of the forest industry
corporation. For example, gravel roads with an average driving speed of up to 30 km h~!
belong to the forest road category (Table 1). In relation to the speed limits, the group of
eight classes was too pretentious for an allocation of characteristics to enable the evaluation
of HCT’s environmental efficiency in practice. The original group was defined by using the
corporation’s GIS system (Table 1).

Table 1. Categories of road-network setups based on the road classes used in forest industry. This was modified from

References [14,16]. H = Highways, G = Gravel roads, F = Forest roads.

Category Description Class Description Average Speed
H Highway, paved road 1 Class I main road or regional main street <80
H Highway, paved road 2 Class II main road or regional main street <70
H Highway, gravel road 3 Regional road or local main street >60
G Gravel road 4 Connecting road or collector street <60
G Gravel road 5 Feeding street or class I private road <50
F Gravel road, forest road 6 Class II private road <30
F Forest road 7 Vehicle track <20
- Forest road 8 Pedestrian and bicycle path <10

2.2. Wood Transportation Data

Wood transportation data were collected from the enterprise resource planning (ERP)
system between 6 July 2018 and 19 August 2020 [48]. The system was used to automatically
collect digital data from 152 vehicles (Table 2), which included all deliveries of the 76
and 92 t vehicle combinations to the corporation. In addition to data ranges, standard
deviations were calculated to illustrate the variation of this data, although no statistical
sampling methods were required or used for data collection [48].

The data on wood transportation used in this study represents a partition of that reported
in Reference [48] and it consisted of 375,004 timber deliveries to mills of the industry corpora-
tion. Statistics of the data showing a wide range of the load sizes were treated similar to those
reported in Reference [48] because the errors generated by the ERP were few, therefore they
did not affect the whole dataset. As shown in Table 1, most of the data given (99%) accounted
for transports done by the 76 t vehicle combinations. Figure 1 is giving a description of this
data partition, on the total quantity transported by the considered vehicle combinations,
which was about 525 million ton-kilometers (t x km).

It is worth mentioning here that the ERP data used in this study stands for the average
values of wood assortments loaded into the vehicles, which are computed based on the
weight scaled by the cranes of each vehicle, as a part of the operative loading system
of the forest industry corporation. Most importantly, the ERP provides data which is
characteristic to different road-network configurations (i.e., shares of distances travelled
by the vehicles), which was useful when analyzing the environmental efficiency of the
backhauling transportation for selected road shares of the road-network setup. As such,
the environmental efficiency analysis was based on the range of distances travelled by the
vehicle combinations, which were accounted as 17 road-network setups which were also
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used to evaluate the usefulness of backhauling transportation in the different road-network
setups of the HCT.

Table 2. Description of the main wood transportation parameters for the 2018-2020 intervals. Partial
data from that reported in Reference [48].

Measurement Vehicle Combination
Parameter .
Unit 76 92t
Share of measured loads % 99 1
Transportation distance—average km 76 165
Transportation distance—range km 1-626 14-303
Transportation distance—standard deviation km 52 61
Transportation distance—median km 65 146
Load size—average t 50 65
Load size—range t 1-1131 48691
Load size—standard deviation t 8 3
Load size—median t 52 65
Share of highways—average % 52 79
Share of gravel roads—average Y% 34 17
Share of forest roads—average % 14 4
Fuel consumption—average L x 100 km™1 62 73
Fuel consumption—range L x 100 km™! 39-76 42-91

! Load sizes larger than the typical capacity are the effect of some minor ERP technical mistakes that were kept in
the analysis, as their effect on the results was insignificant.

73472 178,432 272,89%

Thousands txkm

Transportation,

3
2 l
F R e
N

G H

1
F

76 92
Vehicle combination, t

Figure 1. Breakdown of the transported quantity (t x km) on vehicle combinations and road
network setups. A partition of data from Reference [48]. Legend: F—forest roads with speed limit
<30 km x h~!, G—gravel roads with speed limit >30 and <60 km x h~! and H—highways and
other roads with speed limit >60 km x h~1.

2.3. Fuel Consumption

A fuel consumption calculation system was developed to estimate the values of the
fuel consumption variables that were needed for the environmental efficiency calculation
system (Table 3). The former system is an integrated part of the efficiency calculation system,
which enabled the variation of the different characteristics of the road-network setups.

As shown in Table 3, the average fuel consumption of a fully loaded 76 t vehicle was
estimated at 62 L. 100 km~!. In addition, the difference between the fuel consumption of
the 76 t and 92 t combinations was estimated at 11.2 L 100 km . As the relations between
the fuel consumption for different road-network setups were assumed to remain constant
over the range of payload size and vehicles, the fuel consumption of the 92 t vehicle for a
road-network setup (FCR92) can be calculated by using Equation (1).

FCR92 = FCR76 / FCT76 x FCT92, 1)
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where FCR76 is the observed average fuel consumption of the fully loaded 76 t vehicles
for different road types of the road-network setup and FCT76 is the average total fuel
consumption of the 76 t vehicles for the road-network setups. The shares of the 17 al-
ternatives characterizing the road-network setups were changed manually in the system
during the sensitivity analysis. In addition, the system calculated the fuel consumption
of the vehicles for their different payload sizes. The fuel consumption of the vehicles was
obtained by calculating the linear increase over the range of the fuel consumption values.
Furthermore, fuel consumption of an empty vehicle was calculated and added to the total
fuel consumption of the vehicles by the same system [1,41]. In the dataset, empty 76 and
92 t vehicle combinations consumed 36 and 38 L per 100 km, respectively.

Table 3. Fuel consumption of fully loaded vehicle combinations on road-network setups. Legend: F—
forest roads with speed limit <30 km x h-1, G—gravel roads with speed limit >30 and <60 km x h-1
and H—highways and other roads with speed limit >60 km x h~1.

Vehicle Road-Network Setup, %

e Variable F G H
Combination, t 5 30 65 Total
Fuel L/100km 90.000  70.000 60.000  62.000
76 Fuel kg/km 0.756 0.588 0.504 0.521
Fuel g/t x km 15.126  11.765 10.084  10.420
Fuel consumption of loaded turn 0.038 0.176 0.328 0.542
Fuel L/100km 106.258 82.645 70.839  73.200
9 Fuel kg/km 0.893 0.694 0.595 0.615
Fuel g/t x km 13.732  10.680 9.155 9.460

Fuel consumption of loaded turn 0.045 0.208  0.387 0.640

2.4. Environmental Efficiency of the Increasing HCT

The environmental efficiency analysis of the HCT was conducted in three stages.
Firstly, the CO, emissions of the vehicles were calculated and modelled in respect to the
road-network setups. In a second step, a more accurate analysis of the exhaust emissions
was done in regard to the line-hauling and the backhauling transportation models. Finally,
the index of the total efficiency of the HCT was calculated in respect to the road network
setup and the backhauling transportation together. In this stage, the environmental effi-
ciency of all 120 HCT alternatives was calculated. Thereafter, the environmental efficiency
could be used to organize, from worst to best, the alternatives and to select the most
efficient road-network setup.

At the beginning of the calculation system development process, the load emission
data from VTT’s Lipasto database [49] was paired with the wood transportation data
using the procedure of exhaust emission estimation provided by McKinnon [50,51]. Then,
the method was adapted for the calculation of the emission parameters in relation to the
road-network setups, which was also supported by data on load constraints that was
collected following the provisions of the EU [4,52] under the assumption of a HCT made of
vehicles compliant to the Euro VI emission standard. This standard regulates the maximum
level of emissions for high-duty diesel engines [4].

Energy conversion efficiency is a decimal number between 0 and 1.0 or a share of 0
to 100%. However, the measures having values less than 0 or exceeding 1.0 can be used
for devices and operations that move energy. The environmental efficiency metric and the
index of total efficiency of the HCT for each road-network setup and transportation model
were estimated having as a basis the methods presented in References [53-56]. To account
for CO; emissions, the index of total environmental efficiency (CEE) can be calculated by
the use of Equation (2), for which a detailed interpretation is given [48].

CEE = Target CO, emission/ Real COy emission = (CO, — COs)/CO,, 2)
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where C, is the observed CO, emission and C; is the reference value of the CO, emission.
The target level of CO, emissions was set for the 76 t vehicle combination, because this
vehicle combination was targeted as the legal maximum vehicle size of the HCT [48].
In this study, in addition to organizing the alternatives from worst to best, the index of total
efficiency shows the relative value of potential benefits or improvement possibilities for the
road-network setup. The shares of road combination were used for the efficiency index.

3. Results

This study analyzed the effects of the road-network combinations on the environ-
mental emissions of increasing HCT with line-hauling and backhauling transportations.
In the first analysis, CO, emissions of the line-hauling vehicles for the average transported
load were calculated for different network setups consisting of highways, gravel roads
and forest roads (Figures 2 and 3). CO, emissions of the vehicle combinations (76 and
92 t) increased by a stepwise pattern when the forest road’s share increased in the road
network, although highways and gravel roads were used along with their maximum alter-
natives by shares of up to 100% of the road network. In this analysis, the maximum CO,
emissions per 100 vehicle-km (empty + loaded turns) were 16.13% higher than the lowest
CO; emissions for both vehicle combinations. Compared to the 76 t vehicles, the results
from the calculations showed that the average CO, emissions of the 92 t vehicles were
13.15% higher. Correspondingly, the 92 t vehicle consumed more diesel energy than the
76 t vehicle, when the line-hauling loads of renewable wood energy were delivered from
forest to industry.

—Fuel consumption 175
= Carbon dioxide
— Linear trendline 165

155

145

y=0.599x + 123.51

135

CO, emission, kg

125

115

105

65 75 8 95 35 45|55 65|75 8 35 45 55 65 75

5

Figure 2. The effect of road-network setup on CO, emissions of 76 t vehicles in line-hauling transportation of renew-

able wood.

In respect to other greenhouse gas emissions, the analysis of line-hauling transporta-
tion of renewable wood is presented in Figure 4. To exemplify the analysis tool used in
the study, the emissions of the 76 t vehicles are presented in this line-hauling case only,
because differences as grams per 100 km between the vehicle combinations (and/or be-
tween the transportation technologies) were minor for the presentation of the results of
all alternatives.
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Figure 3. The effect of road-network setup on CO, emissions of 92 t vehicles in line-hauling transportation of renew-

able wood.
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Figure 4. The effect of road-network setup on exhaust emissions of 76 t vehicles in line-hauling transportation of renew-

able wood.

The straight lines crosscut the stepwise curves five times in Figures 2 and 3. At these
five intersections, the values of variable x were the same for the same road network setup
or for the calculated average of two combinations next to each other, 2.11, 5.27, 10.04, 13.21
and 14.75, respectively. Variable x was used to measure and calculate the CO, emission
differences in Figures 2 and 3. For an additional analysis, the effect of road-network setup
on 76 t vehicles” CO, emissions in road transportation of renewable wood was calculated
by using Equation (3). The CO, emissions of these intersections were 124.772, 126.666,
129.527, 131.420 and 132.346 kg. As such, Equations (4), (5), (7) and (8) were used to



Energies 2021, 14, 453

10 of 20

estimate the CO, emissions of the line-hauling cases in increasing transportation volumes
of 60 and 70%.

y = 0.5990x + 12351 ®)
y = 0.6235x + 12858 @)
y = 0.6542x + 13491 ®)
y = 0.6778x + 139.76 (6)
y = 0.7117x + 146.75 @)
y = 0.7540x + 155.49 ®)

Next, the road-network setup (F =5, G = 30, H = 65), was analyzed, using a more
detailed calculation method that revealed the impacts of increasing line-hauling on the
exhaust emissions of the 76 and 92 t vehicles. The results are reported in Table 4 which
shows an increase of the emissions in one road-network setup, when the total emissions
were calculated at the level of ton-kilometer in respect to the average payload and transport
distance. When the line-hauling transportation increased by 20%, from 50 to 70%, the CO,
emissions of the 76 t vehicles were 24.96 and 27.27 g t x km ™!, respectively. Compared to
the 76 t vehicles, the results of the calculations showed that the CO, emissions of the 92 t
vehicles were 21.72 and 24.16 g t x km ™! that is, 12.99 and 11.40% lower, respectively.

Table 4. The effect of increasing line-hauling percentage on vehicles” exhaust emissions (g t x km™1) and fuel consumption
(diesel, ml t x km™1) in the selected road-network setup. F = Forest roads (5%), G = Gravel roads (30%) and H = Highways (65%).

Emissions

Line-Hauling by 76 t Vehicle

52% 60% 70%
gtx km1
F(50) G3o%) Hgs%) F(59%) G3o%) Hgs%) F(59) G@3o%) Hgs%)
CO, 1.73396 8.13065 15.09978  1.80505 8.46398  15.71883  1.89391 8.88065 16.49263
SO, <0.00001 0.00003 0.00005 0.00006 0.00003 0.00005 <0.00001 0.00003 0.00005
NOy 0.00041 0.00164 0.00305 0.00043 0.00171 0.00317 0.00045 0.00179 0.00333
CcO 0.00021 0.00079 0.00146 0.00023 0.00082 0.00152 0.00023 0.00086 0.00160
PM <0.00001 0.00003 0.00006 <0.00001  0.00003 0.00006 <0.00001 0.00003 0.00006
HC 0.00004 0.00012 0.00022 0.00004 0.00012 0.00023 0.00004 0.00013 0.00025
N,O 0.00004 0.00030 0.00055 0.00004 0.00031 0.00058 0.00004 0.00032 0.00060
CHy4 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001
Fuel 0.723 3.372 6.263 0.752 3.510 6.519 0.789 3.683 6.840
mlt x km™1
Line-Hauling by 92 t Vehicle
CO, 1.50862 7.0740 13.13749 1.58408 7.42784 13.79456 1.67839 7.87009 14.61588
SO, <0.00001 0.00002 0.00004 <0.00001  0.00002 0.00005 <0.00001 0.00003 0.00005
NOy 0.00036 0.00143 0.00265 0.00037 0.00150 0.00278 0.00040 0.00159 0.00296
CO 0.00019 0.00068 0.00127 0.00020 0.00072 0.00134 0.00021 0.00076 0.00141
PM <0.00001 0.00003 0.00005 <0.00001  0.00003 0.00005 <0.00001 0.00003 0.00006
HC 0.00003 0.00011 0.00020 0.00003 0.00011 0.00021 0.00003 0.00012 0.00022
N,O 0.00003 0.00026 0.00048 0.00003 0.00027 0.00050 0.00003 0.00029 0.00053
CHy <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001
Fuel 0.629 2.934 5.449 0.660 3.081 5.721 0.699 3.264 6.062
mlt x km™!

Similarly, effects of the road-network setups on the exhaust emissions were analyzed to
establish increasing transportation volumes, using the backhauling transportation. Figures 5-7
show the CO, emissions of the 76 t vehicle combination, when backhauling increased from
52 to 70%. The environmental emissions decreased, when the same road-network setups
are compared to each other’s. By the same approach, Figures 8-10 show the decreasing CO,
emissions of the 92 t vehicles. In this analysis, the maximum CO; emissions per 100 vehicle-
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km (empty + loaded turns) were 43.12% and 40.51% higher than the lowest CO, emissions
for 76 and 92 t vehicle combinations, respectively. Compared to the 76 t vehicles, the results
of the calculations showed that the average CO, emissions of the 92 t vehicles were 13.15%
and 15.25%, higher in the 52% and 70% backhauling, respectively.
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Figure 5. Effects of road-network setups on CO, emissions of 76 t vehicle in 52% backhauling transportation of renew-

able wood.
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Figure 6. Effects of road-network setups on CO, emissions of 76 t vehicle in 60% backhauling transportation of renew-
able wood.
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Figure 7. Effects of road-network setups on CO, emissions of 76 t vehicle in 70% backhauling transportation of renew-

able wood.
- 175
77 A ——TFuel consumption
—— Carbon dioxide - 165
| — Linear trendline
72
o - 155 -
: =
g 67 A y=0.6517x + 134.38 - 145 .§
- 2
q | .-
= 62 L 135 §
S =)
B 4 L 125 ©
52 A - 115
47 105
H-| 45 | 55 | 65|75 | 85 | 95|35 45|55 |65 75| 85 ‘ 35 ‘ 45 | 55 1 65 | 75
C-{ 50|40 30|20 |10 O |50 |40 302010 O |40 |30|20 |10 | O
F- 5 5 5 5 5 5 151515 |15 |15 |15 |25 |25 |25 |25 |25

Shares of highway (H), gravel (C) and forest (F) road, %

Figure 8. Effects of road-network setups on CO, emissions of 92 t vehicle in 52% backhauling transportation of renew-
able wood.
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Figure 9. Effects of road-network setups on CO, emissions of 92 t vehicle in 60% backhauling transportation of renew-

able wood
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Figure 10. Effects of road-network setups on CO, emissions of 92 t vehicle in 70% backhauling transportation of renew-

able wood.

Table 5 shows how the exhaust emissions decreased in the same road-network setup
(F=5,G =30, H = 65), if they are calculated at the level of ton-kilometer in respect to the
average payload and transport distance, because of reduced relative fuel consumption.
In reality, the fuel consumption and the corresponding emissions of environmental contami-
nants would decrease if the HCT would have been developed towards the 70% backhauling.
The reduction in the average fuel consumption (ml t x km~!) between 52% and 70% of
backhauling was 18.88%. In this respect, the CO, emissions could be reduced by 4.52,
achieving 19.48 g t x km~! based on the data from the 76 t vehicle combinations. When the
92 t vehicle was assumed to be used in transportation, the reduction in fuel consump-
tion (ml t x km~!) between 52% and 70% of backhauling was 17.35%. In this respect,
the emissions of CO; could be reduced by 3.62, achieving 17.26 g t x km 1.
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Table 5. The effect of backhauling transportation on environmental efficiency, in respect to increasing harvesting of

renewable wood energy (m?), trucks’ exhaust emissions (gtx km™1) and fuel consumption (diesel, mL t x km™1) in the

selected road-network setups. F = Forest roads (5%), G = Gravel roads (30%) and H = Highways (65%).

Emissions

Backhauling by 76 t Vehicle

_ 52% 60% 70%
gtxkm-1

F(5%) G@Eo%) H65%) F(5%) G@Eow) Hg5%) F(5%) G@Eo%) Hg5%)
CO, 1.66727 7.81793 14.51902 1.50421 7.05332 13.09902 1.35279 6.34332 11.78045
SO, 0.00001 0.00003 0.00005 0.00001 0.00002 0.00004 <0.00001  0.00002 0.00004
NOy 0.00039 0.00158 0.00293 0.00035 0.00142 0.00264 0.00032 0.00128 0.00238
CcO 0.00021 0.00076 0.00141 0.00019 0.00068 0.00127 0.00017 0.00061 0.00114
PM 0.00001 0.00003 0.00006 0.00001 0.00003 0.00005  <0.00001  0.00002 0.00005
HC 0.00003 0.00012 0.00022 0.00003 0.00010 0.00019 0.00003 0.00009 0.00018
N,O 0.00003 0.00028 0.00053 0.00003 0.00026 0.00048 0.00003 0.00023 0.00043
CHy <0.00001 <0.00001  0.00001 <0.00001 <0.00001  0.00001 <0.00001 <0.00001 0.00001

Fuel 1 0.695 3.242 6.022 0.627 2.925 5.433 0.564 2.631 4.886

mLt x km
Backhauling by 92 t Vehicle

CO, 1.45060 6.80196 12.63220 1.32006 6.189864 11.49546 1.19885 5.62149 10.43991
SO, <0.00001 0.00002 0.00004 <0.00001  0.00002 0.00004 <0.00001  0.00002 0.00003
NOy 0.00034 0.00137 0.00255 0.00031 0.00125 0.00232 0.00028 0.00113 0.00211
CO 0.00018 0.00066 0.00122 0.00016 0.00060 0.00111 0.00015 0.00054 0.00101
PM <0.00001 0.00003 0.00005  <0.00001  0.00002 0.00004  <0.00001  0.00002 0.00004
HC 0.00003 0.00010 0.00018 0.00003 0.00009 0.00017 0.00002 0.00008 0.00016
N,O 0.00003 0.00025 0.00046 0.00003 0.00022 0.00042 0.00002 0.00020 0.00038
CHy4 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001

Fuel 0.605 2.821 5.239 0.550 2.567 4768 0.450 2.332 4.330

mL t x km™1!

It was possible to use Equations (9)-(11) in the final stage of the analysis to re-
veal the total efficiency of the HCT in harvesting renewable wood energy. Accordingly,
Equations (12)—(14) estimate CO, emissions of the 92 t vehicle in the backhauling trans-
portation model.

y = 0.5759% + 118.76 ©)
y = 0.5196x + 107.15 (10)
y = 0.4673x + 96.36 (11)
y = 0.6517x + 134.38 (12)
y = 0.5930x + 122.29 (13)
y = 0.5386x + 111.06 (14

The analysis started by estimating the environmental emissions of the road-network
setup, by calculating CO, emissions as kilograms per 100 vehicle-km (empty + loaded turns)
and as grams per ton-kilometer (g t x km ™). Following this step, Equations (3)~(14) were
used to produce the results at this level (Table 6). The lowest CO, emission, as kilograms
per 100 vehicle-km (97.344), was produced by alternative A with Equation (12). On the
other hand, the lowest CO, emission as grams per ton-kilometer (17.52) was produced by
alternative B with Equation (15).

Next, the impacts of the road-network setup on the environmental efficiency order
of the HCT were determined in respect to line-hauling and backhauling transportation
models. There were 60 ordering values in both evaluation groups for the road-network
setups (Table 7). Group O1 describes emissions per 100 vehicle-km (empty + loaded turns)
and the group O2 describes CO, emissions per t x km~!. There were six observations
among the line-hauling alternatives that were better than the ordering value of 30 and
24 observations that belonged to the group of the backhauling transportation in the evalua-
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tion group of O2 (CO, emissions per t x km~1). In addition, six line-hauling alternatives
using the 92 t vehicle combinations were mentioned.

Table 6. Impact of road-network setup on vehicle combination’s CO, emission per 100 vehicle-km (empty + loaded turns)

and as grams per ton-kilometer (g t x km™!) in alternatives of increasing high-capacity transportation (HCT).

Road-Network Setup

Equation of CO, A B C D E
Emission for (5,30,65) (10,25,65) (15,25,60) (20,20,60) (25,10,65)
Line-Hauling and CO; Emission
Backhauling kg/100km Xg{(m kg/100km ><g1/<m kg/100km ><gl/<m kg/100km Xg{(m kg/100km Xg{(m
3 124.772 25.74 126.666 25.34 129.527 25.92 131.420 26.29 132.346 26.48
4 129.887 25.99 131.858 26.38 134.837 26.98 136.808 27.37 137.772 27.57
5 136.281 27.27 138.350 27.68 141.474 28.31 143.543 28.72 144.544 28.92
6 141.181 21.72 143.324 22.04 146.561 22.55 148.703 22.88 149.751 23.04
7 148.242 22.81 150.492 23.15 153.891 23.68 156.141 24.02 157.241 24.19
8 157.068 24.17 159.452 24.53 163.054 25.09 165.437 25.45 166.603 25.63
9 119.973 24.00 121.794 24.37 124.545 24.92 126.365 25.28 127.256 25.46
10 108.239 22.32 109.882 21.99 112.364 22.48 114.007 22.81 114.810 22.97
11 97.344 20.08 98.821 19.77 101.053 20.22 102.530 20.51 103.253 20.66
12 135.751 20.88 137.811 21.20 140.924 21.68 142.984 22.00 143.991 22.15
13 123.535 19.59 125.410 19.29 128.242 19.73 130.117 20.02 131.034 20.16
14 112.192 17.79 113.894 17.52 116.467 17.92 118.169 18.17 119.002 18.31

Table 7. Impact of road-network setup on environmental efficiency order of HCT in harvesting of
renewable wood energy. A to E = road-network setups as percentages of forest road, gravel road
and highway; O1 = emissions per 100 vehicle-km (empty + loaded turns), O2 = CO, emissions
pert x km~1; 76 and 92 t are vehicle sizes in tons; L% = transportation increase as line-hauling
percentage; B_% = transportation increase as backhauling percentage.

Road-Network Setup

Line-Hauling A B C D E
and (5,30,65) (10,25,65) (15,25,60) (20,20,60) (25,10,65)
Backhauling Environmental Efficiency Order
01 02 01 02 01 02 01 02 01 02
76_L_50% 21 46 24 41 27 47 31 49 33 51
76_L_60% 28 48 32 50 34 52 37 54 38 55
76_L_70% 36 53 40 56 43 57 46 58 48 59
92_L_50% 42 19 45 22 49 26 51 29 52 31
92_L_60% 50 28 53 24 54 32 55 33 57 36
92_L_70% 56 35 58 38 59 40 60 43 61 45
76_B_52% 17 34 18 37 20 39 23 42 25 44
76_B_60% 6 25 7 20 10 26 12 27 13 30
76_B_70% 1 11 2 9 3 13 4 14 5 15
92_B 52% 35 16 39 17 41 18 44 21 47 23
92_B_60% 19 6 22 7 26 8 29 10 30 12
92_B_70% 9 2 11 1 14 3 15 4 16 5

Finally, impacts of road-network setups on the environmental efficiency were de-
termined by comparing the total efficiency values of the HCT to the most efficient 76 t
HCT alternative. That was the road-network alternative B with 76_B_70%. To this end,
Equation (2) was used to produce the results at this level. Table 8 shows the relative values
as the index of total efficiency of the HCT in respect to the road-network setup and to
the backhauling transportation in harvesting of renewable wood energy. Road-network
alternative B, with 92_B_70%, was the most efficient HCT alternative. When compared to
the most efficient 76 t HCT alternative, the environmental efficiency increased by 11%. Fur-
thermore, the efficiency increased by 21% when compared to the most efficient line-hauling
alternative, which can be estimated by using Tables 7 and 8.
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Table 8. The index of total efficiency of HCT in respect to road-network setup and backhauling
transportation in harvesting of renewable wood energy. A to E = road-network setups as percentages
of forest road, gravel road and highway; 76 and 92 t are vehicle sizes in tons; B_% = transportation
increase as backhauling percentage.

Road-Network Setup

Line-Hauling A B C D E

B ka}?d T (5,30,65) (10,25,65) (15,25,60) (20,20,60) (25,10,65)
acihaulng Index of Total Environmental Efficiency
76_B_52% —0.21 —0.23 —0.26 —0.28 —0.29
76_B_60% -0.13 —0.11 —0.14 —0.15 —0.16
76_B_70% —0.02 0.00 —0.02 —0.04 —0.05
92_B_52% —0.06 —0.07 —0.10 —0.11 —0.12
92_B_60% 0.01 0.02 0.00 —0.01 —0.02
92_B_70% 0.10 0.11 0.09 0.08 0.07

4. Discussion

In a sustainable forest industry, road transportation represents an important part of
the energy efficient supply chain of renewable wood energy. Together with transportation,
environmentally efficient road infrastructure is essential to sustain the increasing wood
demands of the forest industry. This study revealed the technological development needs
in road-network infrastructure to increase the capacity of road freight transportation.
Right at the beginning, it was hypothesized that the road-network setup might have an
impact on the environmental efficiency of the HCT and the study has proved that the
road-network setup affects the environmental efficiency. For example, CO, emissions of the
vehicle combinations increased when the forest road’s share increased in the road network,
although highways and gravel roads were used, along with their maximum alternatives in
terms of shares of the 100% road-network setup.

The results showed the development needs of the road-network setup towards the
potential environmental efficiency of the HCT in renewable wood harvesting of the forest
industry. It was expected that the indexes of the environmental efficiency of the HCT
would be able to reveal differences between the road-network setups, which could be used
in the mature stage of the development process of the forest road network to determine
its potential efficiency in transportation planning. In reality, the road-network setup of
the corporation consisted of forest roads (14%), gravel roads (34%) and highways (52%).
According to the results of this study, the shares of the forest and gravel roads are currently
too large and they should be upgraded to a higher standard. Typically, by upgrading,
the bearing capacity of the forest road increases [15-17], which is also supporting the
increase of the HCT.

In addition to the road-network setups, the backhauling transportation models and
the 76 and 92 t vehicle combinations are considered in this discussion. Actually, when the
average payloads of renewable wood energy were delivered from forest inventories to the
industrial production, the average CO, emissions of the 92 t vehicles were 13.15% higher,
relative to the 76 t vehicles without the use of the backhauling transportation model.
So far, other studies have analyzed and considered the environmental efficiencies of the
HCT, highlighting the potential impacts on the environmental benefits of line-hauling
transportation [20,47,48]. In reality, the wood transportation situation can be more efficient
from an environmental point of view, if backhauling transportation is to be used instead of
line-hauling transportation. The results show that road-network alternative B (forest roads
10%, gravel roads 25%, highways 65%) with the backhauling alternative 92_B_70% was the
most efficient HCT option. When compared to the most efficient 76 t HCT combination,
the environmental efficiency increased by 11%. Furthermore, the efficiency increased by
21%, relative to the most efficient line-hauling alternative. It is reasonable to mention that,
when the environmental effects of the road-network setups were analyzed in increasing
HCT from 52% to 70%, the use of road network was environmentally more efficient if the
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HCT relied on the backhauling transportation. Therefore, it is recommended an increment
of the backhauling transportation share in the practices of the HCT. This suggestion is
consistent with the findings of previous studies [24-28].

Basically, the environmental emissions of the vehicle combinations were calculated
by the same method as in the study by Palander et al. [48], due to the usefulness of the
method. Nevertheless, the method was developed further for the calculation of the emission
parameters that could characterize both the road-network setups and the transportation
model. This was possible by calculating the index of the total efficiency of the HCT, which was
achieved by dividing the calculated emission target of energy use by the current emission
level from energy use [50]. In addition, the development process produced a useful CO,
emission value table and the environmental efficiency order of the HCT alternatives. Actually,
these environmental applications are often used in the context of energy conversion efficiency
and the thermodynamic fundamentals of fuel production management [7], providing useful
insights into the relationships of the road-network setups and the backhauling transportation,
which represents novel knowledge, compared to previous studies in the EU concerning even
the use of smaller vehicles (max 44-60 t) [1—4,21]. In addition, by its approach, this study
provided a more comprehensive analysis and targets for the Finnish practice of road
maintenance and wood transportation, which is also recommended for a broader use
abroad for a sustainable forestry. The results suggest that the environmental emission
values can be used as an operative state indicator in the process of developing the road
network, if the exhaust emissions are calculated at the level of ton-kilometer (t x km).
So, it is also a useful tool to monitor HCT-operations in practice. The other efficiency
metric, which is based on the vehicle-km approach, could not be recommended as a useful
indicator. The last indicator was the index of the total efficiency of the HCT-combination.
This development indicator would be useful for tactical and strategic planning towards the
potential benefits for the adaptation process to the HCT.

The results provide general information on the planning and design of the road-
network setups, with a specific focus on upgrading the existing forest roads without
reducing the road density, given HCT alternatives, by increasing backhauling and selecting
the vehicle combination. A planning decision benefit index is provided to guide managers
for their selection of the option with the lowest environmental emission impact. In this
respect, additional information is provided on minimizing empty vehicle driving, minimiz-
ing CO, emissions and minimizing the forest roads use. However, the cost efficiency of the
forest roads upgrading was not considered in this study, while they could be substantial.
They were estimated to about 15 € per meter of the forest road [16-18] and are aimed at
improving the bearing capacity of the roads to increase the capacity of wood transportation.
If one-third of the forest roads are to be upgraded to provide an increase of HCT, it will cost
about 650 million €. On the other hand, wood transportation costs are about 500 million €
per year in Finland. This leads to a cost reduction of 25 million per year, that is, it will take
26 years to pay the investment back without consideration of other benefits related to a
sustainable forestry. According to this study, the environmental benefits of transportation
alone may be increased by 40% when CO, emissions related to the upgrading of forest
roads are reduced from the worst transportation conditions to the minimum level.

Finnish studies have reported that CO, emissions may be reduced by as much as
32% when using high-capacity vehicles [19]. However, it is clear that all of the expected
environmental benefits will not be reached in the STS of the forest industry by increasing
vehicle size and weight, by using optimal routing and by vehicle fleet management [41].
Although energy efficiency indicators (wood energy/fossil energy) have revealed that
wood transportation is already carbon neutral in its current state [1,48], the adoption of
100% environmentally efficient HCT technologies is yet a part of the adaptation process of
the national forestry to the EU regulations [1-4]. Therefore, it is important to continue this
positive development driving towards carbon free road transportation in the logistics of the
forest industry. Furthermore, without the research efforts of the forest industry, it is hardly
likely to reach governments’ national environmental aims [1,20]. The results of this study
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justify the abovementioned suggestions, because engaging in development of the HCT in
the mature forest road network required a profound understanding of the line-hauling
and backhauling models of wood transportation. To sum up the national forestry aspect,
it is confirmed that the environmental efficiency of the HCT is dependent on the forest
road conditions. Together with the national road-network setups, they may affect vehicle
routing, transport optimization and scheduling alternatives of transportation fleets in
large forest industry corporations. The studied wood-procurement organization delivers
wood to a large forest industry corporation. Currently, wood transportation volume is
about 23 million m? per year, corresponding to one-third of the used wood resources
at the industrial factories in Finland [45]. Therefore, this study emulates well the wood
transportation conditions in practice.

5. Conclusions

The harvesting of renewable wood energy is a necessary logistics operation of the
environmentally sustainable forest industry. With respect to logistics, the corporations
can address their responsibilities by developing a carbon-neutral wood transportation.
Actually, the adoption of 100% environmentally efficient HCT technologies is also a part
of the adaptation process of the forestry to the EU regulations. In this respect, the index
of the total efficiency of the HCT revealed that decreasing the forest roads’ share in the
road-network setup would increase the efficiency towards a maximum environmental
efficiency for the current forest-road density in Finland. As such, the hypothesis of the
study was true, because the results have indicated that the road-network setup has an
impact on the environmental efficiency of the HCT, which was justified in respect to the
backhauling transport by the 76 and 92 t vehicle combinations. Therefore, upgrading
the forest roads is suggested for the forestry sector as a sustainable practice. However,
upgrading activities will take 11 years, based on the current capacity to construct roads at
a pace of 3800 km per year. In forestry, the discourse is often focused on the carbon balance
and carbon sink. As the upgrading of forest roads will last for a long time, the backhauling
of road transportation planning would support positive regional development in available
road-network setups to achieve a maximum environmental efficiency of the HCT before
the forest roads’ final upgrading. Therefore, the efficiency metrics of the HCT should be
implemented in transportation planning systems and other companies could adopt them
as a good practice example supposing that they operate in a mature development situation
such as that of Finland. Otherwise, construction of new forest roads must be considered
first instead of upgrading.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1996-107
3/14/2/453/sl. Supplementary Figure S1: Three categories of road network in wood transportation:
forest roads with speed <30 km h~1, rural gravel roads with speed >30 and <60 km h~1 and 2nd
class highway with speed >60 km h~!. Supplementary Figure S2: Forest road construction and
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