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Abstract

Aim of this study is to analyze the energy requirements and the CO2 emission of the wood chip
transportation in a short supply chain (within a radius of the travelled distance equal to 70
km), using two different types of vehicles: agricultural and industrial convoys. Three
itineraries (located in North-West of Italy) with different length (14.5, 36.5 and 68.5 km) but
similar in route characteristics were travelled by both the convoys in three different traffic
conditions (morning, afternoon and evening) and in two different road states (dry and wet).
The energy balance was always positive (from 48 to 335) and truck values were about twice
than tractor. The specific energy was directly proportional to the itinerary length and the
lowest values were observed in the shortest itinerary (9.44 M] m-3 for the truck and 17.19 M]
m-3 for the tractor). The net energy highlighted similar values for both convoys (3350 M] m-3).
The CO2z eq. emission per volume unit transported ranged from 0.94 to 8.53 kg m-3, while per
kilometer travelled it varied between 1.33 and 4.24 kg km-1. The truck is more efficient than

the tractor, especially in dry road conditions, but it was less versatile.
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1. Introduction
The wood biomass is an interesting energy source to reduce the pollution in atmosphere,

because during the burning it emits the same greenhouse gases (GHG) absorbed during its

growth phase [1].

has also been ecenemically subsidized by some national and European policies in the recent

years [2]. At-thisregard; Wood chip is therefore the most suitable wood biomass form for

medium and large scale power stations, due to its energetic and economic sustainability [3-4].
Another advantage in-weedehip-use is its easy transportation: a truck can transport 100-110
bulk cubic meters of chips while it can charge only 65 stacked cubic meters of logs [5].
Mereover; This biofuel may be moreover economically convenient also if it is transported
over long distances, whereas logs are competitive up to about 50 km [6].

Nevertheless, transport is ameng-al one of the most energy intensive operations invelved-in

the energy woodchip chain, ameng-the- mestenergy-intensive-eperations both in the

dedicated plantations [7-8] and in the traditional forestry provision [9]. Mereever-as

observed-by-Other Authors [10-11] moreover observed that the higher global warming
potentials (CO2 eq MJ-1 of produced wood chips) are due to the biomass transport. Energy
requirements and COz emissions may be heavily reduced if there distances from the forestry
yard to the energy plants are shorter [12]. For this reason, the policy strategies of some
European countries encourage short wood fuel supply chains [13].

Railway transport may further reduce GHG emissions [14], but it is viable only if the train

biomass loading points are close to the user plants, if the woodchip availability is guaranteed
and if there is a good local road network around the woodchip production yards. Also in this

scenario, however, the distance is the parameter mainly affecting the energy advantages [15].
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From an economic point of view, the railway storage points may be useful as buffer biomass
storage to supply energy wood requirements at any time [5].

Road woodchip transportation ean-beperformed is accessible by industrial vehicles and
agricultural tractors coupled with specific trailers [16]. The firsts are generally built suitable
for long distances use-[17] and their flexibility is measured-with related to the possibility to
travel forest roads and to access the forestry yards. Sessions et al. [18] discussed different van
designs for truck configuration to transport energy wood in step terrain areas, considering
different delivery systems used for comminuted wood.

Lofroth et al. [19] feund-that evaluated fuel costs mayreach 35% of the whole timber
operating costs, while Manzone and Balsari [16] observed a total cost for a road trainfer-the
woodchip transportation of approximately 5.11 € m-3 for agricultural convoys and 2.72 € m-3
for trucks, considering an average distance of 50 km.

Many studies were carried out to optimize and to model log transportation since the nineties
[19-25], but there are few works developed on woodchip haulage [17] and they do not
concern short distances [26].

Differently by many real work conditions, trucks are often considered as the most valid road
transportation systems in various studies on wood biomass sustainability evaluation,
especially considering the environmental impact [14, 28]. At medium short distances (50-70
km) the use of agricultural convoys (tractor plus trailer) is has been increasing in the
woodchip transportation. This eheice is due to their availability in the farm and to their lower
hourly cost, also if their load capacity is lower than industrial convoys (truck and trailer) [16].
Inadditiens; Tractors are moreover preferred te-the-trueks because their trailer may be

directly load in field [29] and they may travel on bumpy roads, which-arefrequent

widespread in forestry areas [30].
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On-the basis-ef these-considerations; Aim of this study is to analyze the energy requirements
and the CO2 emission of the wood chip transportation in a short supply chain (within a radius
of the travelled distance equal to 70 km), using two different types of vehicles (agricultural

and industrial convoys) and analyzing various parameters conditioning the road

transportation: road design, congestion, road surface conditions. The road design (traffic

lights, intersections, roundabouts, stopping distances) heavily influences acceleration and

deceleration rates of the vehicles, causing different environmental impacts (fuel consumption

and travel times) [31]. Also the daytime may influence the environmental and economic

sustainability of the transport operation [32] because the traffic jam may heavily affects both
the emissions and fuel consumption. In-additien,alse The asphalt surface condition is also

crucial: considering that the woodchip transport is performed especially during the autumn

and winter seasons, it is important to analyze the eenvey-performanece-considering different

climatic conditions (rain, sun, fog, ice) during the woodchip transportation.

For these reasons, 18 different scenarios were eonsidered explored for each convoy: three

itineraries (14.5, 36.5, and 68.5 km length), three day times (morning, afternoon, and

evening) and two road conditions (dry and wet).

2. Materials and methods

2.1 Vehicles used

Tests were carried out with two different vehicle types: an agricultural and an industrial
convoy. The agricultural convoy consisted in a tractor - trailer system: the agricultural tractor
had a standard 4WD propulsion system (New Holland series 6-175) and it was coupled with a

standard farm trailer with three axles and turning front axles placed on slewing rings trailer
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(Crosetto, CMR300) (Table 1). The industrial convoy was a specific road train (truck + trailer)
equipped with a light alloy body for the transport of low bulk density materials (as
woodchip).

In-detail; Both the vehicles (widespread in the woodchip transportation in Italy)-used-in-this

study were “large volume”: this is the usual definition when the transport vehicles are

equipped with a container sized to reach the maximum volume allowed by road standards.

The agricultural trailer and the road train were equipped with standard industrial tires, at a
pressure value of 6.5 bar. The agricultural tractor, instead, had conventional agricultural
radial tires at a pressure of 1.3 bar.

In order to reduce the influence of the driver behavior, all vehicles were driven by drivers

with at least three years of experience.

Table 1 - Technical characteristics of the vehicles used in the tests

Tractor Agricultural Industrial

Type New Holland series 6- Iveco Stralis 260s48
175

Power (kW) 118 352

Mass (kg) 5900 12600

Transportable volume (m3) - 40

Trailer

Type Crosetto, CMR300 Zorzi 26R083/19R

Mass (kg) 6950 7200

Axles (n) 3 3

Transportable volume (m3) 40 60
iris-AperTO
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2.2 ltineraries eonsidered-in-thetests

The three ehosen itineraries (located in North-West of Italy) are common travelled routes by
the woodchip conveyors to reach the power station located in Airasca (TO). The itineraries
have different length but they are similar in route characteristics, because the road condition
influences the traffic flow [33]. Also if they are chiefly rural roads (with a width from 6.5 up to
8 meters), all the circuits are suited for both the agricultural and industrial transport, with

reasenable geed-standard; not too curvy and located in flat areas without uphill and downhill.

All the itineraries do not cross the villages, and beltways are present along the path. The
itineraries are: A) from Villafranca Piemonte (CN) to Airasca (14.5 km); B) from Savigliano
(CN) to Airasca (36.5 km); C) from Cuneo to Airasca (68.5 km). The maximum route length is
areund close to 70 km, beeause-this-is the limit distance for the short energy woodchip supply
chain.

In all the yards both the convoys loaded the wood chip directly by the same stationary
chipper (Pezzolato, PTH900), sited in a large square near the road. The unload at the power

station, instead, was performed tipping the woodchip from the truck and the tractor trailers.

2.3 Scenarios

Road geometry, speed limit and route traffic volume highly influence the travel time of heavy

good vehicles (HGV) [34-35]. Asa-censequence The-vehicles HGV cannot travel at a constant
speed and acceleration and deceleration rates become critical parameters, heavily influencing
fuel, travel time and vehiele emissions [32, 36-37].

For these reasons each route was travelled by both the convoys in three different traffic
conditions: early morning (high traffic volume), afternoon (medium traffic volume) and

evening (low traffic volume) [34, 38] and in two different months (April and November 2015)

iris-AperTO

University of Turin’s Institutional Research Information System and Open Access Institutional
Repository



with different road conditions. In April dry roads were almost always present, while in
November wet roads, especially caused by light mist, were observed.

Three passages were surveyed for each convoy and for each traffic and road condition.

For each repetition the outward transportation was travelled at full load, while the return was
accomplished with the empty containers.

The complete experimental design consisted of 108 test (Table 2).

Table 2 - Experimental design

[tinerary Rofa(.i Day time Vehicles
condition Truck  Tractor
A dry morning 3 3
afternoon 3 3
evening 3 3
wet morning 3 3
afternoon 3 3
evening 3 3
B dry morning 3 3
afternoon 3 3
evening 3 3
wet morning 3 3
afternoon 3 3
evening 3 3
C dry morning 3 3
afternoon 3 3
evening 3 3
wet morning 3 3
afternoon 3 3
evening 3 3

2.4 Travel time consumption and productivity

Each unit working time was acquired using the method proposed by Magagnotti and Spinelli
[39] for the biomass chain. In detail, in this work the productive travel time was subdivided in
three categories: net working time (NWT) referred to the normal travel condition
(roundabouts, traffic lights, intersections), complementary working times (CWT) for the
convoys load and unload, and unproductive working times (UWT) which are delays

concerned unpredictable events during the biomass transportation (road-works and road
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accidents) [40]. A digital stopwatch (Hanhart ® Profile 5) was used to record each time
element with a centesimal readability, which correspond to the measurement accuracy.

The average travel speed was calculated using the standard cinematic formula, dividing the
travel distance for the travel time. Productivity was determinated on the basis of a cycle level
based on a roundtrip [41] and was expressed in terms of volume (m3) per distance (km) and
per hour (h). In this calculation the UWT were not considered, because their duration is

unpredictable.

2.5 Energy Consumption
Energy consumption related to woodchip transport operation was calculated on the basis of

the energy content of consumed fuel and lubricant (direct energy consumption) and of th

energy used for machineries the machines manufacturing (indirect energy consumption) [42].
The input and output energy values of wood chips transportation were estimated multiplying
the amount of different input (fuel consumption, lubricant consumptions...) by specific energy
coefficients [43]. For example, the amount of energy input (M] m-3) for fuel consumption was
calculated multiplying the quantity of fuel consumption for volume unit of woodchip
transported (L) by the energy content e of fuel unit (M] L-1). In-the presentstudy-Direct
energy inputs were determinated considering an energy content of 37.0 M] L-! for fuel [44]
and 83.7 M] kg1 for lubricant [45]. lnadditien; Fuel and lubricant equivalents were inflated
with an additional energy value of 1.2 MJ] kg-1 linked to their transportation on the territory of
their distribution [46]. Machinery energy was estimated adepting using the formula of
Equation 1 [47] B+

ME = ELG / TC (D

Wwhere:
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ME = machine energy (M] m3).

E = machine production energy (M] kg-lyr1);

L = machine useful life (year);

G = machine weight (kg)

T = machine economic life (h)

C = machine productivity (m3 h-1)

In-detail; Values of production energy of the considered machines in-thisstudy were: 9.5 M]
kg-lyr-1for self-propelled machines (tractors, loaders and trucks) and 7.0 M] kg-1yr-1 for the
trailers [45]. A useful life of 10,000 hours was estimated for tractors and trucks, while a
service life of 3,000 hours were was considered for trailers and loaders. In-additien; An annual
utilisation of 1,000 hours for industrial vehicles (trucks) and 500 hours for agricultural
vehicles were assumed in the energy consumption calculation [16]. Energy spent for
maintenance and repair was eensidered 55% of the machine manufacturing energy needed

for [48] and, for this reason, it was considered as a part of indirect energy in the energy

evaluation. Fuel consumed in the woodchip transportation was measured by the “topping-off

system”, which consist of the machine tank refilling at the end of each travel-The-amoeuntof

re, A 2-litre

glass pipe with 0.02-litre graduations, corresponding to the accuracy of measurements, was
used to refill the tank [49]. The lubricant consumption was evaluated assumed-as-afunection
as 2% of the consumed fuel eensumptioninameasure 6£2% [50].

In-thisstudyThe energy efficiency of the transport operation was evaluated adopting a
method used for agricultural systems: the energy balance (EB). In-detail-thislatter It was

caleulated-as the ratio between the energy output (M] m-3) and the energy input (MJ m-3)(Eq.
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(2)). Furthermore, the energy related to transperteperation transportation was evaluated

also trough the analysis of other energy indices: energy productivity (EP), specific energy
(SE), and net energy (NE) (eq. (3-5)). The energy productivity was calculated both per volume

unit (EPv) (3a) and distance unit (EPa)(3b).

EB = Energy Output (M]J m-3) / Energy Input (M] m-3) (2)

EPy (m3 MJ-1) =Woodchip output (m3 h-1) / Energy input (M] h'1) (3a)

EP4 (km MJ-1) = Avg. forward speed (km h-1) / Energy input (M] h-1)  (3b)
SE (M] m-3) = Energy input (M] h-1) / Woodchip output (m3 h-1)  (4)

NE (M] m-3) = Energy Output (M] m-3) - Energy Input (M] m-3) (5)

Inthe presentstudy; The human labour, instead, was only expressed as manpower per unit

time and not as energy [16].

2.6 Environmental assessment

The environmental impact of woodchip transportation was estimated considering both the
COz emission coefficient of fuel combustion during the travel (including loading and
unloading operations) and machinery production (:-this-parameterwas-expressed-as kg m-3
and kg km1). An average of 3.76 kg of CO2 per liter of fuel [51] and an amount of 2.94 kg of
CO:2 for each kg of lubricant [52] emitted in the atmosphere were assumed. Inaddition; The

environmental impact of the maintenance was calculated considering an emission value of

0.159 kg CO2 per M] of energy content in the machines [53].

2.7 Statistical analysis
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Data were processed and statistical analysis was applied using Microsoft Excel and IBM-SPSS
Advanced Statistic Package, version 23. Speeifieallyy; The ANOVA test was adoepted used with a
significance level equalte of 0.05 and the Tukey post-hoc analysis was performed [53]; Tukey

test was used because it shows an optimal power for this kind of data distribution [54].

3. Results

3.1 Time consumption and productivity

Data processing highlighted that for the medium travel distance (about 35 km) the total time
(including the loading and unloading operations) was 3.09 hours for the truck and 2.66 for the
tractor (Fig. 1). The loading and unloading time varied in function of the convoy type because
the truck and tractor trailers had different payload capacity. In our case the average loading
time was of 42 and 14 minutes respectively for the truck and the tractor, while the average
unloading time was 18 and 4 minutes each. The averaged recorded unproductive times
(UWT) were always under-the lower than 1% of the total travel time and for this reason they

were included in the veyages travels.

unloading
3%

unloading
10%

loading
9%

outward
travel
35%
outward
travel
45%

return
travel
return 44%
travel

32%

a) b)

Figure 1. Time consumption incidence for truck (a) and tractor (b) convoys
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The average net travel time (NWT) observed during the all the tests was around 1 minute and
40 seconds per kilometer for the truck and approximately 2 minutes for the tractor (Table 3).
This time is directly proportional to the distance and the difference between the vehicles

increases with the itinerary length (Fig. 2).

Table 3 - Average time, forward speed, productivity and manpower

Road Round time Speed (km Productivity Manpower
Itinerary  condition  Daytime Vehicle (h) h?) (m*h?) (s m3km)
Mean SD Mean SD Mean SD Mean SD

A Dry Morning  Tractor  1.31 004 2683 076 3058 093 336 010

Truck 1.05 0.02 3367 076 9525 209  1.08 0.03
Afternoon  Tractor 1,19 0.02 2950 050 33.69 0.58 3.05  0.05
Truck 0.98 0.03 3617 126 10196 347  1.01 0.04

Evening Tractor 1,06 006 3317 176 3789 200 272 015
Truck 0.87 0.06 4133 301 11525 763 089 0.06

Wet Morning ~ Tractor 143 013 2467 225 2818 259 3.67 034
Truck 1.19 0.03 2967 076 8436 207 122  0.03
Afternoon  Tractor 116 0.06 3017 1.61 3446 182 299 0.15
Truck 1.09 0.03 3250 100 9214 262 112  0.03

Evening Tractor 1,06 0.02 33.00 050 37.70 058 273  0.04
Truck 1.01 0.06 3483 231 9886 637 104 0.06

B Dry Morning ~ Tractor 271 014 2550 132 1478 077 354 0.18
Truck 2.00 012 3483 231 5023 316 1.04 0.06

Afternoon  Tractor 232 010 2983 126 1729 072  3.02 013

Truck 1.82 010 3833 208 5504 289 095 0.05

Evening Tractor 213 013 3250 200 1884 116 278 017

Truck 1.55 0.06 4500 1.80 6441 260 081 0.03

Wet Morning  Tractor 268 019 2583 1.89 1497 110 350 025
Truck 271 014 2550 132 3695 1.92 141 007

Afternoon  Tractor 228 015 3033 202 1758 117 298 020

Truck 2.32 010 2983 126 4322 181 1.21 005

Evening  Tractor 203 0.03 3400 050 1971 029 265 0.04

Truck 213 013 3250 200 47.09 290 111 007

C Dry Morning ~ Tractor 506 016 2750 087 791 025 327 010
Truck 3.62 014 3867 153 2768 1.06 094 0.04

Afternoon  Tractor 454 023 3067 153 883 044 294 015

Truck 3.19 010 4400 1.50 3139 1.02 083 0.03

Evening Tractor 390 012 3567 115 1026 0.33 252 0.08

Truck 2.86 014 4933 284 3505 176 074 0.04

Wet Morning ~ Tractor 5,00 018 2783 104 801 030 324 011
Truck 4.01 020 3483 189 2496 130  1.04 005

Afternoon  Tractor 4,64 021 3000 132 863 038 3.00 014

Truck 3.55 013 3933 153 2816 107 092 0.04

Evening Tractor 392 0.09 3550 087 1021 025 254  0.06

Truck 3.38 013 4133 161 2958 112 088 0.04
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In good weather conditions (dry road) the forward speed of the agricultural tractor (30 km h-
1) was 25% lower than the lorry (40 km h-1), but in wet road conditions this difference was
only 10%. The weather conditions are more negligible for the tractor, because its allowable
forward speed is always less than 40 km h-1. The working time and, as a consequence, the
forward speed were conditioned by the different traffic conditions observed during the day
(morning, afternoon and evening). The forward speed in the worst traffic condition
(morning), 33 and 26 km h-1 respectively for the truck and the tractor, increased of 4 km h-1in
the afternoon and of about 8 km h-! during the evening for both the vehicles.

The average truck productivity was near 3 times the tractor, independently by the weather
condition and the day time.

The manpower required for woodchip transportation was about 1 second m-3km-! per unit of

worker (UW) for the truck and around 3 for the tractor, with slightly lower values (about 10-

15%) in the evening route.

+ Tractor

40 . WTruck y = 0.0317x + 0.0629

=35 R2=0.99 .

e
‘e

3 y = 0.0225x + 0.1796
=15 - o R?=0.98

0.0 T T T 1
0 20 40 60 80

Distance (km)

Figure 2 - Truck and tractor average travel times versus travelled distance
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3.2 Energy consumption

The total energy consumption (direct + indirect erergy) ebserved-in-this-experimentation was
37.07 MJ m- for the tractor and 20.37 M] m-3 for the truck (values obtained in the itinerary B
characterized by the medium length of 34.5 km). The values difference of the two vehicles

tested (55%) was quite similar in the other two itineraries and in all werking tested

conditions analysed.

The direct energy of the tractor refereed-te per unit of transported volume (m3) was always

about 100% higher than the eftruck independently from the travelled distance. In the

itinerary A (14.5 km), the observed values were 12.61 and 6.76 M] m-3 respectively for the

tractor and truck, while in the itinerary C (68.5 km) they were 45.98 M] m-3 and 21.80 MJ m-3
for-the-truckand-fer-the-tractor. The direct energy consumption calculated for distance unit
travelled was about 13.91 MJ km-1! for the tractor and 18.13 M] km-1! for the truck. These

valaes This difference (23%) is quite similar in all the working conditions (Table 4).

Table 4 - Direct and indirect energy consumptions

Directenergy  Directenergy Indirect energy Total energy

Itinerar Road (M] km-1) (MJ m3) (MJ m3) (MJ m3)

y condition Daytime  Vehicle

Mean SD Mean SD Mean SD Mean SD

Dry Morning ~ Tractor 1566 047 1370 041 7.09 022 2079 (43
Truck 1966 041 688 014 3.52 0.08 1040 (22

Afternoon Tractor 1426 023 1248 020 644 011 1891 31

Truck 1843 059 645 021 329 011 974 032

Evening  Tractor 1276 064 1117 056 5.73 030 1690 (86

Truck 1644 1.01 575 036 292 019 867 (54

A Wet Morning  Tractor 17,02 150 1489 132 7.73 070  22.63 202
Truck 2208 052 773 018 397 010 1170 (28

Afternoon Tractor 1397 069 1223 060 630 032 1853 (93

Truck 2029 056 710 019 364 010 1074 39

Evening  Tractor 1280 019 1120 016 5.75 0.09 1695 (25

Truck 1901 113 665 039 340 021 1005 g¢1

5 Dry Morning  Tractor 1614 081 2784 139 1469 075 4253 2713

Truck 1855 110 1280 076 669 041 1948 116
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Afternoon

Tractor

13.84 057 2386 099 1255 053 3642 152

Truck 1695 089 11.70 061 610 033 1780 (94

Evening  Tractor 1274 077 2197 133 1154 071 3351 ¢4

Truck 1454 058 10.03 040 521 021 1524  g¢1

Wet Morning  Tractor 1597 111 2755 1.92 1453 103 4208 295
Truck 2503 125 1727 086 9.08 046 2635 132

Afternoon Tractor 1364 0.88 2352 151 1237 081 3589 233

Truck 2145 089 1480 061 776 033 2257 (94

Evening  Tractor 1216 017 2097 031 11.00 016 3197 (46

Truck 1975 119 1363 083 7.13 044 2076 126

Dry Morning  Tractor 1483 046 5151 157 2741 084 7893 241
Truck 1650 063 2293 087 1212 047 3505 134

Afternoon Tractor 1332  0.67 4629 232 2460 125 7089 356

Truck 1457 047 2025 065 1068 035 3094 100

Evening ~ Tractor 1147 036 39.85 124 2114 067 61.00 197

Truck 1308 063 1819 088 958 047 2776 136

¢ Wet Morning  Tractor 1466 053 5094 182 2710 098 7804 2g1
Truck 1829 092 2542 127 1345 068 3887 195

Afternoon Tractor 1361  0.61 4730 211 2515 114 7245 325

Truck 1622 060 2254 083 1191 044 3445 127

Evening  Tractor 1151 027 40.00 095 2123 051 6123 7145

Truck 1545 059 2148 081 1134 044 3282 125

3.3 Energy parameters

In this chapter the energy balance, the specific energy, the net energy, and the energy

productivity are analysed and the results are described (Tables 5 and 6).

Table 5 - Energy parameters

tinerar Roa.d. . . Energy balance  Specific energy Net energy Energy productivity
conditio  Daytime Vehicle (M] m3) (M] m3) (m3 MJ1) (km MJ1)
n Mean SD Mean SD Mean SD Mean SD Mean SD
Dry =~ Morning  Tractor 162.84  4.84 1869 056 336321 0.62 0.05 0.00 0.04 0.00
Truck 32550 691 9.61 020 3373.60 0.22 0.10 0.01 0.03 0.00
Afternoon Tractor 17896  2.97 17.01 028 336509 0.31 0.06 0.00 0.05 0.00
Truck 34773 1145 9.00 029 337426 032 0.11 0.00 0.04 0.01
Evening  Tractor 200.63 1024 1520 077 3367.10 0.86 0.07 0.01 0.05 0.00
A Truck 39141 2498 8.02 0.50 337533 0.54 0.12 0.01 0.04 0.00
Wet  Morning  Tractor 15035 1348  20.34 1.81 336137 2.02 0.05 0.00 0.04 0.00
Truck 28930 688 10.81  0.26 337230 0.28 0.09 0.00 0.03 0.00
Afternoon  Tractor 18296  9.39 16.66  0.83 336547 093 0.06 0.00 0.05 0.00
Truck 31519 871 9.93 0.27 3373.26 0.30 0.10 0.00 0.03 0.00
Evening  Tractor 19965 294 1525  0.23 3367.05 0.25 0.07 0.01 0.05 0.00
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Truck 33745 21.04 9.30 0.56 337395 0.61 0.11 0.01 0.03 0.01

Dry Morning ~ Tractor  79.70 4.10 38.18  1.91 334147 213 0.03 0.00 0.04 0.00
Truck 17411 1077 1799 1.08 336452 116 0.05 0.01 0.03 0.01

Afternoon  Tractor 93,03 3.84 3270 136 3347.58 152 0.03 0.00 0.05 0.00
Truck 19050 9.84 16.43  0.87 336620 0.94 0.06 0.00 0.04 0.00

Evening  Tractor 101.24 6.14 3009 1.82 335050 2.04 0.03 0.01 0.05 0.00
Truck 22225 880 14.08  0.57 336876 0.62 0.07 0.00 0.05 0.01

B Wet  Morning  Tractor  80.69 588 37.78 265 334192 295 0.03 0.00 0.04 0.00
Truck 12862 662 2433 122 3357.64 133 0.04 0.00 0.03 0.00

Afternoon  Tractor 9456 6.23 3223 208 334811 233 0.03 0.00 0.05 0.00
Truck 15013 619 2083 086 336143 0.94 0.05 0.00 0.03 0.00

Evening  Tractor 10585  1.54 2872 042 3352.03 047 0.03 0.01 0.05 0.00
Truck 16338  9.91 19.17 117 3363.24 126 0.05 0.01 0.03 0.01

Dry ~ Morning  Tractor 4290 1.33 7081 217 330507 241 0.01 0.00 0.04 0.01
Truck 9664  3.64 3234 123 334895 134 0.03 0.00 0.04 0.00

Afternoon  Tractor 4781 2.37 63.61 319 331311 3.56 0.02 0.01 0.05 0.00
Truck  109.46 353 2855 092 3353.06 1.00 0.04 0.01 0.04 0.01

Evening  Tractor 5552 1.77 5474 171 3323.01 191 0.02 0.00 0.06 0.00
Truck 122,09 607 25.62 125 335624 135 0.04 0.00 0.05 0.00

¢ Wet  Morning  Tractor 4340 1.59 70.01 252 330596 281 0.01 0.00 0.04 0.01
Truck  g87.21 4.50 3587 180 334513 1.95 0.03 0.00 0.03 0.01

Afternoon  Tractor 46,77  2.06 65.00 291 331155 3.25 0.02 0.01 0.05 0.00
Truck 9831 3.68 31.79 118 334955 127 0.03 0.00 0.04 0.00

Evening  Tractor 5529 1.33 5495 130 332277 145 0.02 0.00 0.06 0.00
Truck  103.20 3.85 3029 115 335118 1.25 0.03 0.00 0.04 0.00

Table 6 - ANOVA of the energy parameters per itinerary, road conditions, and daytime

Energy Specific Energy Energy
balance energy Net energy productivity productivity

MJ m3 MJ m3 m3 MJ1 km MJ-1

I&“‘;rag)y Tractor A 179.23a 1719a  3364.88a 0.06a 0.05a

B 92.51b 33.28b 3346.93b 0.03b 0.05a

C 48.614c 63.18 ¢ 3313.57 ¢ 0.02¢ 0.05a

Truck A 334.40a 9.44a 3373.78a 0.11a 0.03a

B 171.50b 18.80 b 3363.63b 0.05b 0.03a

C 102.81 ¢ 30.74 ¢ 3350.68 ¢ 0.03 ¢ 0.04b

Road  Tractor Dry 106.96 a 37.89a  3341.79a 0.04a 0.05a
condition

(Dry, Wet) Wet 106.61a 37.88a 3341.80a 0.04a 0.05a

Truck Dry 219.97a 1796a  3364.54b 0.06a 0.04a

Wet 185.86 b 21.36b 3360.85b 0.06 a 0.03b

(‘;;:)Yrtlilfi?leg Tractor Morning 93.31a 4264a  333650a 0.03a 0.04a

Afternoon, Afternoon 107.35a 37.87a 3341.82a 0.03a 0.05b

Evening) Evening 119.70 a 33.16a 3347.08a 0.04b 0.05b

Truck Morning 183.56 a 21.83a 3360.36a 0.06a 0.03a

Afternoon 201.88a 19.42a 3362.96a 0.06a 0.03a

Evening 223.29a 17.75a 3364.78 a 0.07 b 0.04b

Note: different letters indicate significant difference between treatments for o = 0.05
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3.3.1 Energy balance

The calculated energy balance is always a positive number and for the truck it is about twice

than the tractor. The values change in function of the itinerary; in fact, they were inversely

proportional to the travelled distance (Table 5 and 6).

Indetail, Considering the average values for all road conditions and daytime, the highest data

were recorded in the itinerary A (14.5 km) (about 180 for the tractor and 335 for the truck),

while the lowest were respectively 48 and 102 in the itinerary C (68.5 km) (Table 5).

Considering the road conditions (wet and dry), statistical analysis showed significant
difference only between truck values. Truck travels in dry road conditions were more efficient
(around 18%) than voyages in wet conditions: in fact, better results were recorded in the first
case with a value of 220. In contrast, travelling in different daytime (morning, afternoon, and
evening) significantly differences can be observed for both the vehicles tested. The best
energy balance was attributable to travels carried out in evening where the traffic density was
lower: in fact, in this case the values were 25% higher than in the morning.

The energy ratio between output and input related-te per travelled kilometer ranged between

11.5 and 6.2 respectively for the truck and tractor in the itinerary A, and it ranged between

0.75 and 0.35 in the itinerary C. In addition, lower was the travel distance, higher was the

energy balance variability, especially for the truck (Fig. 4).
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Figure 4 - Energy balance box plots of the considered vehicles on the three different

itineraries

3.3.2 Specific energy

The specific energy expressed per volume unit was different in function of the travel length.

Differently from the energy balance, the specific energy is directly proportional to the

itinerary length (Fig. 5). The lower values were observed in the itinerary A (9.44 and 17.19 M]

m-3 respectively for the truck and the tractor), while the higher were recorded in the itinerary

C (30.74 and 63.18 M] m3 respectivelyfor thetruckand-the tracter). In all the itineraries the

difference of the specific energy between the truck and the tractor ranged from 49% to 56%

and it increased in function of the distance (Tables 5 and 6).
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Figure 5 - Truck and tractor specific energy versus travelled distance

Similarly to the energy balance, alse-for thisparameter-the statistical analysis highlighted a

different performanee results in function of the road conditions only for the truck: values

greater than 19% were observed in dry wet road conditions (Table 6). Different results

emerged from the daytime analysis :a higher energetic efficiency (around 25%) was observed

travelling in the evening route, independently by the vehicle type (Table 6).

3.3.3 Net energy

The average value of the net energy ealewlated-for-all-test resulted-ef was about 3350 M] m-3
and-the-datashewed with a coefficient of variation efequal to 0.6%. Since the wood chip
energy content is 3384 M] m-3, this value is very positive because it is 99% of the energy
transported. Max and min values ranged around between * 1% of the average value
independently of the vehicle type eensidered (Table 5). Nevertheless, significant differences

were observed in the three different itineraries eensidered: a greater energy consumption is
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required if distance is longer (itinerary C) (Table 6). Also net energy variations are higher if

distances are longer, especially for the agricultural convoy (Figure 6).
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Figure 6 - Net energy box plots for the different vehicles and itineraries

3.3.4 Productivity energy

The energy productivity was different depending on the reference unit considered:

transported volume (m3) or travelled distance (km). In the first case, independently of the

considered vehicles, the results of the itinerary A (14.5 km) were twice the amount calculated

in itineraries B and C. Any differences were otherwise observed in the three itineraries for the

energy productivity per unit travelled distance (km). Nevertheless, the tractor showed values

higher more than 25% compared to the truck in all the working conditions (Table 5 and 6).

3.4 CO2 emissions
The CO2 eq emission per unit transported volume ranged from 0.94 to 8.53 kg m-3, while it

varied between 1.33 and 4.24 kg km-1per travelled kilometer.

Different values were obtained in function of the vehicle type, road and traffic conditions,

independently by the transported volume or the itinerary. Considering the unit volume
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transported, the truck always showed values 50% less than the tractor; infactfora in the

middle length itinerary (B) the truck recorded an average emission of 2.36 kg m-3 and the

tractor 4.42 kg m-3. The tractor showed otherwise lower values than the truck for the CO2 eq.

emission calculated for travelled distance unit, with an average value of 2.2 kg km-! (3.0 kg

km-1 for the truck) (Table 7).

Table 7 - COz eq emission

Road CO2 eq emission
Itinerary conditions Daytime Vehicles
(kg m=) (kg km1)
Dry Tractor 2.21 2.52
Morning
Truck 1.14 3.24
Tractor 2.01 2.29
Afternoon
Truck 1.06 3.03
Tractor 1.78 2.04
Evening
Truck 0.94 2.69
A
Wet Tractor 2.41 2.75
Morning
Truck 1.28 3.66
Tractor 1.96 2.24
Afternoon
Truck 1.17 3.35
Tractor 1.79 2.05
Evening
Truck 1.10 3.14
Dry Tractor 457 2.65
Morning
Truck 2.16 3.13
Tractor 3.91 2.27
Afternoon
Truck 1.97 2.85
Tractor 3.59 2.08
Evening
Truck 1.68 2.44
B
Wet Tractor 4.52 2.62
Morning
Truck 2.93 4.24
Tractor 3.85 2.23
Afternoon
Truck 2.51 3.63
Tractor 3.42 1.98
Evening
Truck 2.30 3.34
Dry Tractor 8.43 2.43
Morning
Truck 4.34 3.12
C Tractor 7.83 2.25
Afternoon
Truck 3.84 2.76
Evening Tractor 4.60 1.33
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Truck 3.66 2.63
Wet Tractor 8.53 2.46
Morning
Truck 391 2.81
Tractor 7.65 2.21
Afternoon
Truck 3.45 2.48
Tractor 6.58 1.89
Evening
Truck 3.09 2.22

Nevertheless; Statistical analysis showed that only the road condition significantly influenced

the CO2 eq emission per unit of transported volume (Table 8), while any difference was found

for the CO2 eq emission per kilometer-travelled;-using-a-confidencelevel-of ee-=0-05.

Table 8 - GLM (general linear model) for CO2 eq emissions per volume (m3) and per distance

(km) unit
Effects DF SS % F-Value P-Value Power
COz emission per volume  yepicle 1 114.742 6.9 327.775 <0.0001 1.000
unit (kg m3)
Itinerary 2 280.958 16.8 401.297 <0.0001 1.000
Road condition 1 0.248 0.2 0.710 0.4021 0.132
Daytime 2 17.727 11 25319 <0.0001 1.000
Intercept 1 1.243.860 75.1 3.553.247 <0.0001 1.000
CO2 emission per Vehicle 1 17.481 2.2 406.088 <0.0001 1.000
distance unit (kg km1)
Itinerary 2 3.609 0.5 41918 <0.0001 1.000
Road condition 1 1.655 0.2 38.451 <0.0001 1.000
Daytime 2 7.634 1.0 88.674 <0.0001 1.000
Intercept 1 753.086 96.1 17.494.802 <0.0001 1.000

Note: confidence level of the statistical analysis o = 0.05.

4. Discussion

In-general; The average forward speed of the truck (37 km ht) was always higher than the

tractor (30 km h1). Concerning the speed limit permitted by the Italian traffic law (40 km h-!

for the agricultural machines, 70 km h* for the industrial vehicles), different performances

were obtained by the tested vehicles: the tractor reached the 75% of the forward speed

limit, while the truck was only at about the 53%. This is a remarkable result because in
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absolute terms the truck forward speed was only 7 km h'! higher than the tractor. Weather

and traffic conditions less influenced the agricultural convoys forward speed because it

must be always less than 40 km hl. In good weather conditions the forward speed

difference between the tractor and the truck was 25%, while it lowered to 10% in worst

climatic situations with bad road conditions. The same trend is also observed analyzing the

amount of traffic flow in the travelled rural and extra-urban roads. Also with fluid traffic

conditions the maximum forward speed of trucks are effectively disadvantaged compared

to agricultural vehicles because of traffic lights, roundabouts, and speed limits.

The productivity was instead very different, due to the higher truck loader capacity (100 m3

against 40 m3 of the tractor loader): the average truck productivity was about 3 times the

tractor, independently by the weather conditions and the traffic flow. These results are in

line with the values obtained in previous studies carried out on wood chip [16] and log

wood transportation [56].

Concerning the time consumption related to the transport operation, data processing

highlighted an high efficiency because in the analysed scenarios the unproductive times

(related to roadworks and road accidents) were very low (1% of the total working time).

These results were independent by the vehicle type, weather conditions, and itinerary

geometry. Nevertheless, these values may become consistently higher if different traffic

conditions are present or if the waiting time for the unloading at the user plant is

remarkable (in some situations it may be more than 2 hours) [16].

The total energy (direct + indirect) required for the woodchip transportation with the

agricultural convoy was 55% qgreater than the truck in all tested conditions. It is a

conceivable value to the lower load capacity of the agricultural trailer (60% less than truck

container).
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Direct energy (fuel and lubricant consumption) per travelled kilometre was about 13.9 MJ

for the agricultural convoy and 18.1 MJ for the truck. The last value is equal to Hamelinck

et al. [57], while both are in line with the results obtained in other studies [58-59].
Nevertheless, it must be underlined that the direct energy per travelled kilometre depends
on the different engine power of the tested vehicle, due to the correlation between fuel
consumption and engine power [49], as observed in other woodchip production phases as
wood chipping [60] and biomass handling [61]. On-the-eentrary In opposition, the direct
energy calculated per unit of volume transported was higher for the agricultural machine
and was always about 100% of the industrial convoy, independently from the itinerary

length. These results are ascribable to the different load capacity of the two vehicles (40

mS3 the agricultural trailer and 100 mS3 the truck plus its trailer [16].

The indirect energy contribution was about 35% of the total energy required for the

transport operation of both the vehicles: this value is similar to the results obtained in

biofuel transportation [62] and in wood chipping operations [60].

The energetic evaluation showed a positive value of the output input ratio (energy
balance) for both the vehicles in all the investigated scenarios. This is a remarkable result
because the transport operation with different convoys and with different traffic and
climatic conditions does not influence the energy sustainability of the short wood chip
supply chain. This logistic solution of the travelled distance within a radius equal to 70 km
is strategic, because the biomass transportation is the most expensive working operation
from the energetic point of view (accounting until the 80% of the total energy requirements)

[63].
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The weather conditions influence the energy balance only for the truck. The transportation

with the truck was more efficient with dry roads because in this case its energy balance was

18% higher than the same measured in wet conditions. With different traffic flows, instead,

both the vehicles showed different results: travelling in the evening (low congestion) the

energy balance was 25% higher than in the morning (high congestion).

The specific energy varied only for the truck in function of the road conditions: 19% higher

values were observed with wet roads. Also in this case, the congestion influenced (up to 25%)

the specific energy of both tested vehicles.

Since the amount of fuel consumption is low in the different road conditions, the net energy

values are directly proportional only at the itinerary length. For this reason, significant

differences for both the convoys were observed only in the three itineraries and not for the

different road conditions.

Similarly, also the energy productivity per volume transported showed different results only

in function of the itinerary length. On the other hand, the energy productivity per unit

travelled distance was equal along all the itineraries.

Analysing the energy balance, the specific energy, and the energy productivity values, the

truck is more efficient than the tractor, especially in dry road conditions. Another important

result of this research is the difference between the output and the input energy per unit of

transported volume (net energy): it was always positive and almost equal for both the

vehicles in all the tested conditions. There are not therefore differences between the

agricultural and the industrial convoy for the net energy: also if the agricultural vehicle has
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a lower payload capacity and a lower forward speed than the truck, in the meantime it has

a lower fuel and lubricant consumption.

The CO2 eq emission analysis showed different values during the biomass transportation in
function of the vehicle type. Higher results per unit of volume were observed for the tractor

(4.4 kg m3) compared to the truck (2.4 kg m-3), showing values 50% higher, independently by

the road conditions and the traffic flow. The load capacity is mainly responsible of the

different results. These values are in line with those obtained in a forest biomass supply chain

study for biomass transportation [63] and in chipping operations with different type of

feedstocks and machines [60]. Considering the CO2 eq emission per unit of travelled distance,

the tractor showed lower values than the truck due to the lower fuel consumption of the

agricultural machines. Dry road conditions moreover permitted an average CO2 eq reduction

of about 8%, while it was further reduced to 30% when the woodchip transportation was

performed in low traffic conditions (evening instead of morning). In the last case, the vehicles

forward speed is more constant and there are less sudden acceleration and deceleration

causing higher fuel consumptions.

Readers must also consider that there are other road constraints (maintenance, design) not
analysed in this study that may influence the vehicles performance and productivity [64].

There are other important operative aspects that must be considered in the woodchip

transport operation. The first is the convoy load: differently by the trucks, tractors can be
used to load the woodchip directly in field, especially when self-propelled chippers are
employed. This fact makes tractors more versatile than the trucks because they can work in
different working conditions maintaining also a lower hourly cost [65-66]. The second aspect

is the possibility to use a standard farm equipment to load the trailer of the tractor: in fact, the
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commonly used trucks for woodchip transportation have top sides 4 m high, only reachable
with specific loader equipments (e.g. telescopic loaders) [61].

Also the agricultural vehicle availability is a main element: tractor is always available in the

farm, while the truck must be rented, increasing operative times and costs. Tractor fixed costs

are moreover lower than truck [67].

In conclusion, considering all the energetic and environmental parameters, the road

conditions (dry and wet) influenced the results, especially for the truck: in fact, worse values

were obtained in case of wet roads. These conditions must be carefully evaluated in a logistic

supply plan, because the wood biomass is mainly harvested and transported during the

autumn and winter seasons, when the weather conditions make the roads wet. Moreover in

the logistic plan also the traffic conditions must be evaluated, because congestions may

influence the forward speed of the vehicles, but in the meantime the low speed of the heavy

(trucks) and slow (tractors) convoys causes the slowing down of other vehicles. The

difference between the output and input energy was positive for both the vehicles.

Nevertheless, the tractor is more versatile than the truck because it can be used also in field to

load the trailer. In order to improve the performance of the truck, it could be interesting to

adopt a specific machine able to move wood chips from the agricultural trailer to the

industrial convoys, reducing the load working times.
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