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Abstract 

The environmental performance of Liquefied Biomethane (LBM) and Diesel operated Tractor Trailer (TT) is compared using the Life 
Cycle Assessment (LCA) study. In this study we consider, raw biogas produced from an anaerobic digestion process of a Wastewater 
Treatment Plant (WWTP) in Umea, Sweden, which is then upgraded and liquefied to LBM and used as a fuel for TTs. Currently, the 
WWTP in Umea is utilizing biogas, produced onsite for cogeneration of heat and electricity, thereby meeting its energy needs. A system 
expansion approach is applied where electricity and heat equivalent to amount of biogas displaced for LBM production is supplied from 
Swedish grid (SE) mix and incineration of wood chips respectively. Correspondingly, the biogas avoided for cogeneration of electricity 
and heat is accounted in the study. The equivalent 16,000,000 ton-km of a TT transporting 
products and goods . The study is modelled using SimaPro LCA Software. The ReCiPe Midpoint (H) impact assessment methodology 
is used to quantify ten selected and relevant midpoint environmental impacts.  When compared with Diesel TT system, LBM TT exhibits 
superior environmental performance in seven out of ten impact categories measured than the Diesel TT system. The highest reduction is 
seen in Global Warming Potential (GWP) and Fossil Depletion Potential (FDP) impacts thereby suggesting that LBM derived from raw 
biogas of WWTP an environmentally preferred alternative to diesel for operation of TTs. However, this value proposition can have other 
trade-offs such as increase in eutrophication and ecotoxicity impacts. Further, replacing diesel with LBM for TT operation may not have 
any significant environmental benefits when electricity is drawn from carbon intensive grid mixes (e.g. coal).      
 
© 20 7 The Authors. Published by Elsevier B.V. 
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1. Introduction 

Tractor Trailers (TTs) represent a class of Heavy Duty 
Vehicles (HDVs) that deliver products and goods to our 
doorsteps, to our departmental stores and supermarkets. In the 
European Union (EU-28) - alone, 881, 123 million ton-km of 
road freight is transported by TTs (25.5-  30.5 tons 
load capacity) in 2015. This amounts to 50% of entire road 
freight transported during 2015 [1]. While TTs, moving freight 
are undoubtedly the most essential mobile infrastructure of 
transportation industry. However, TTs predominantly operate 
on diesel thus making them a worst offender of the environment 

in transport sector. TTs consume more than 50% of the fuel and 
therefore stands as largest contributor of GHG emissions [1]. 
Furthermore, a portion of the vehicle miles travelled by TT in 
its lifetime is attributed to empty miles. At least one fifth of the 
distance travelled by TTs on EU roads in 2015 is empty [2], 
which simply accounts for unwanted GHG emissions. The EU 
is currently aiming at a 40% reduction of GHG emissions for 
HDVs by 2030 [3]. This translates to a motivation of searching 
greener and more renewable fuel alternatives that can substitute 
diesel in HDVs, particularly in TTs. Biofuels derived from 
forest biomass, agricultural residues, and waste feedstocks are 
actively being pursued by the trucking industry as a potential 

© 201  The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the scientifi c committee of the 25th CIRP Life Cycle Engineering (LCE) Conference 
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replacement to diesel. Among these cleaner fuel options, LBM 
produced from biogas holds a great promise to decarbonize the 
TT fleet.  

 Biogas is an important byproduct obtained when organic 
waste from various sources (sewage sludge, food waste, farm 
manure waste etc.) is subjected to anaerobic digestion process. 
The biogas generated by anaerobic digesters (ADs) typically 
contains 66 % methane is purified to 100% clean gas through a 
variety of upgradation technologies such as water scrubbing, 
pressure swing adsorption (PSA), amine scrubbing etc [4]. The  
upgraded gas is liquefied cryogenically to produce LBM [5] 
which is considered as lowest carbon alternative for diesel in 
HDVs to slash emissions [6].  

Sweden is world leading today in automotive use and non-
grid base transportation. The biomethane is either transported 
in compressed state to mobile storage units or liquefied state 
and by ways of local gas grids. Sweden had its first Liquefied 
Biogas plant in Lidköping operating from 2012 thus enhancing 
the market scope for the fuel making the fuel more attractive 
for long distance road haulage applications [7]. Other best 
practices countries like Denmark, Austria, Switzerland and 
Netherlands experience positive biogas markets setting 
example for other countries to follow.  

The objective of this work is to understand potential benefits 
and implications of using LBM as a transport fuel in TTs from 
an environmental perspective. This is illustrated by conducting 
an LCA study to quantify and compare environmental impacts 
of LBM and diesel driven TTs on equivalent basis. Although 
LBM can be produced from various biogas sources, this study 
focuses on biogas derived from anaerobic digestion of sewage 
sludge. The raw biogas data is obtained from a Wastewater 
Treatment Plant (WWTP), Umea, Sweden. The plant treats 
sewage wastewater from the city, digests the sludge 
anaerobically and produces raw biogas. Currently, the energy 
needs of the plant are fulfilled by utilizing the biogas in biogas 
engines for cogeneration of heat and electricity. But the biogas 
produced by ADs of WWTP can be diverted to make LBM. 

2. Evaluating environmental performance of using LBM 
in tractor trailers 

The LCA work in this study is performed following the 
recommended practices of the ISO 14040:2006 and 
14044:2006 [8]. This paper describes the four phases to 
conduct an LCA: goal and scope, life cycle inventory, life cycle 
impact assessment, results interpretation.  

2.1. Goal and scope 

The goal of this LCA is to assess the environmental impacts 
of an LBM driven TT and compare the results with a diesel TT. 
The study is based on an important assumption that raw biogas 
for LBM production is sourced from ADs of a WWTP in Umea, 
Sweden. Currently, the WWTP is using its biogas as an energy 
carrier to meet its internal needs of electricity and heat. Biogas 
from ADs is utilized by gas motors to generate electricity and 
heat that is used within the plant. In our current LCA, entire 
biogas from ADs of Umea WWTP is assumed to be diverted 
for production of LBM fuel. Diversion of biogas for LBM 

production implies that energy needs (electricity and heat) of 
WWTP are to be met from an alternate source. Thus, a system 
expansion approach (shown in Figure 1) is applied to make 
LBM TT system equivalently comparable with diesel TT 
system. In this case, the equivalence of comparison is, Diesel 
TT versus [(LBM TT) + (electricity and heat required by Umea 
WWTP from alternate sources) - (electricity and heat from 
biogas which is otherwise utilized by WWTP internally)].  

2.1.1 Functional unit (FU) and system boundary: 

The equivalent functional unit selected for the study is 
16,000,000 ton-km of a TT transporting products and goods

(100,000 vehicle miles travelled by TT with lifetime of 10 
years transporting an average payload of 16 tons). The system 
boundary of the study is shown in Figure 1. The scope of this 
LCA includes two fuel systems. The life cycle of LBM TT 
system starts from the raw biogas produced by anaerobic 
digesters of a WWTP.  This raw biogas entering the LBM plant 
is burden free (i.e. no processing burdens of WWTP and AD 
are included). Diversion of raw biogas for LBM production 
implies that raw biogas is not utilized by gas motors for 
cogeneration of heat and electricity. Consequently, heat and 
electricity need to be supplied from alternate sources. 
Therefore, system expansion approach is applied and change 
occurring at the WWTP due to displacement of raw biogas is 
taken into consideration. This includes: (a) accounting for 
burdens associated with electricity from Swedish (SE) grid and 
district heat from incineration of wood chips; and (b) avoided 
(credit) biogas for cogeneration of heat and electricity.  

At LBM plant, raw biogas is upgraded to clean gas (99% 
methane) via amine scrubbing process where the unwanted 
impurities (H2S) are removed. The upgraded gas is liquefied 
using a closed nitrogen reversed Brayton recycle refrigeration 
process to obtain LBM which is stored in tanks onsite. The 
LBM from storage tanks is pumped into LBM tanker and is 
transported a service station. The tanker is unloaded into a 
storage tank at service station from where it is distributed as a 
fuel to be used in TTs. LBM fueled TT operates for 16,000,000 
ton-km carrying a payload of 16 tons. Correspondingly, in 
Diesel TT system, the crude oil refining process produces low 
sulfur diesel, stored onsite, transported to service stations 
before it is used as a fuel in TTs. 
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Fig.1. System boundary of the LCA study 

 

2.2. Life Cycle Inventory (LCI) data 

SimaPro LCA software package (version 8.0.3) [9] was used 
to model the LCI data. The background data is obtained from 
ecoinvent database (version 3.2) [10].  Data related to 
production of raw biogas is obtained from Umea WWTP, 
Sweden. Other foreground data, i.e., LCI associated with LBM 
plant, storage and transport stages as well as the emissions from 
LBM driven TTs is obtained from academic and/or industrial 
literature. The datasets from ecoinvent are modified to reflect 
Swedish grid conditions wherever necessary. Major 
assumptions made while modeling LCI data for LBM TT life 
cycle & Diesel-TTs are summarized in Table 1 whereas the 
actual inventory per FU for LBM-TT and Diesel -TT are shown 
in Table 2 and Table 3 respectively. 

  Table 1. Key assumptions considered in the LCA study 

Life Cycle 
Stage 

Major Assumptions & Key LCI Data Used 

Raw Biogas 
 

 Zero processing burdens associated  

LBM Plant 

 

 Methane content of raw biogas from ADs = 66%. 
 Methane content of biogas is upgraded and liquefied, 

whereas the CO2 is not captured (released as emission). 
However, this CO2 is treated as biogenic emission.  

 Electricity per Nm3 of biogas: (a) 0.25 KWh- upgrading 
(amine scrubbing-99% efficiency); (b) 0.75 KWh- 
liquefaction (9  [4, 11]; and (c) 0.0018 KWh/kg of 
LBM- pumping from storage tank to tanker [12]. 

 Liquid N2: 0.16 Nm3/ N m3  [11] 
 Steam consumption: 2.34/ Nm3  [5] 

LBM 
Transport 

 300 with LBM transported in cryogenic tanker (liquid 
CO2 refrigerant system, under freezing conditions). 

 LBM tanker capacity = 15.5 tons  [13] 
 Liquid boil-off rate from tanker = 0.08% of volume of 

methane transported/day [3]. For 300 km driven in 6 
hours = 10.3 g/ton-km. 

LBM 
Service 
Station  

 Pumping LBM to storage tank 0.0018 KWh/kg. 
 Methane slip emissions from LBM storage tank  

= 0.08% volume of LBM stored [3]. For 1 tanker 
volume stored = 3 g/kg LNG. 

LBM Use in 
TT 

 Fuel consumption LBM TT = 28 kg/100 km [14] = 
0.0175 kg/ton-km. 

 Average vehicle miles travelled (VMT) = 100,000 km 
per year for 10 years [15]. 

 LBM TT emissions per ton-km: 49.87 g CO2 (biogenic) 
[3]; 0,0978 g CH4 [3]; Particulates 0.00015 g; NOx 
0.0265 g [16]. 

System Expansion- Raw Biogas Displacement 

Electricity & 
Heat  

 1 m3 of biogas when utilized in cogeneration unit 
produces 2.14 KWh of usable electricity and 12.5 MJ 
of heat [17]. 

 In 2016, 1,839,440 m3 of biogas generated by ADs of 
Umea WWTP in which: 385,041 m3 of biogas is flared, 
1,239, 689 m3 for electricity generation and 219,711 m3 
for heat generation. This amounts to 2642 MWh of 
electricity and 2746 GJ of heat respectively. 

 Thus, for every 1 m3 of raw biogas produced by ADs of 
Umea WWTP, 0.21 m3 is flared, 0.67 m3 is used for 
electricity generation, and 0.12 m3 for generation of 
heat.  

 The same amount, i.e.1.43 KWh (0.67 m3 *2.14) from 
Swedish grid and 1.5 MJ of heat from wood chips 
incineration per 1 m3 of biogas is accounted and 1.43 
KWh of electricity and 1.5 MJ of heat from biogas 
cogeneration unit, i.e. gas motors is avoided. Avoided 
burdens also include infrastructure from gas motors.  

Diesel System 
Diesel 
System 

 The dataset includes impacts of diesel (low sulfur) 
production from crude oil refining, transport from 
refinery to storage tanks at user, and use in trucks.  

 Fuel consumption of a diesel truck- 31 liter/100 km [14] 
= 0.0160 kg/ton-km. 

  Table 2. LCI data for LBM-TT life cycle 

Inventory Amount Notes  

LBM  280,000 kg  0.0175 kg LBM consumed 
by TT per ton km. This 
amounts to 280,000 kg LBM 
(=364,000 NM3 of clean gas. 
1kg LBM = 1.3 NM3 gas [18] 
= ~ 553280 m3  biogas)  

Electricity  
From SE Grid  
 
 
 
 
Elec. Credit 
from Biogas 

1745 MWh 

 

 

 

-1184 MWh 

 Raw Biogas from AD (1184 
MWh) + LBM Plant (364 
MWh) + Pumps (1 MWh) +   
+ Service Station (196 MWh) 
 

 Avoided electricity from 
biogas cogeneration unit.  
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Avoidance  

Emissions (taken from literature  [3, 16]) 

CO2-biogenic 798 tons  49.875 g per ton-km 

Methane  14 tons  0.0978 g per ton km 

Particulates 2.4 kg  0.00015 g per ton km 

NOX 420 tons  0.02625 g per ton km 

 Table 3. LCI data for Diesel-TT life cycle 

Inventory Amount Notes  

Diesel 259,920 kg  0.0162 kg diesel  per ton-km 
(vehicle consumption of 31 l/ 
100 km [14]).  

Electricity 
 
 
Energy as Heat 

381 KWh  

 

43 GJ 

 Ecoinvent dataset (Prodn.  Of 
1 kg low sulfur diesel [10].) 
 

 Ecoinvent dataset (Prodn.  Of 
1 kg low sulfur diesel [10].) 

Emissions (Ecoinvent data for transport freight, lorry diesel [10]).  

CO2   57.5 g per ton-km 

Methane    0.040 mg per ton-km 

Particulates   0.237 mg per ton-km  

NOX   26.2 mg per ton-km. 

Note: Other emissions of diesel are not reported here.  

2.3. Life Cycle Impact Assessment (LCIA) 

ReCiPe, Europe (H) [19] impact assessment methodology 
is used to quantify the midpoint environmental impacts of LBM 
and diesel TTs. Ten, most relevant midpoint impact categories 
are selected and will be discussed in the study. The categories 
included are climate change or Global Warming Potential 
(GWP) in kg CO2 eq.; Ozone Depletion Potential (ODP) in kg 
CFC-11 eq.; Acidification Potential (AP) in kg SO2 eq.; 
Freshwater Eutrophication Potential (FEP) in kg P eq.; Marine 
Eutrophication Potential (MEP) in kg N eq.; Human Toxicity 
Potential (HTP) in kg 1.4 DB eq.; Photochemical Oxidation 
Formation Potential (POFP) in kg NMVOC;  Particulate Matter 
Formation Potential (PMFP) in kg PM10 eq.; Aquatic 
Ecotoxicity Potential (AETP) in kg 1.4-DB eq.; and the Fossil 
Depletion Potential (FDP) in kg oil eq. respectively. AETP is 
considered as a summation of marine and freshwater 
ecotoxicity potentials.  

2.4. Sensitivity analysis- alternate electricity and heat source  

Displacement of raw biogas for LBM production requires 
substitution of electricity and heat from an alternate source. For 
baseline study, electricity from SE grid and district heat from 
incinerating wood chips are considered as sources of energy 
carrier. However, changing the source of heat (e.g. from natural 
gas, incineration of municipal solid waste etc.) and electricity 
(from a different country) may affect the overall environmental 
performance of LBM fueled TT system. Production of LBM 
from biogas and its application as a fuel in commercial vehicles 
is a rapidly growing initiative in the UK [20]. For this reason, 
a sensitivity analysis is performed to understand the effect of 
changing electricity from SE to UK grid mix and district heat 
from incineration of wood chips to heat from combustion of 

natural gas which is a commonly used source of energy carrier 
for district heating in UK [21]. Also, the electricity consumed 
during LBM production and LBM service station is replaced 
with UK electricity grid mix for sensitivity analysis.  

2.5. Uncertainty analysis 

Inventory data associated with LBM production depends on 
the technology selected for upgradation and liquefaction. The 
tailpipe emissions of LBM fueled TTs are reported to change 
based on driving conditions (e.g. urban or highway driving), 
testing protocol selected (e.g. standard bag analysis, portable 
emissions monitoring system in exhaust) etc. For Diesel TT 
system too, certain exhaust emissions are reported as a range in 
literature. These variations in LCI data introduces uncertainty, 
thereby influencing the environmental performance of LBM 
TT and Diesel TT systems respectively. Uncertainty analysis is 
performed by varying key model parameters of two systems 
and the deviation of overall environmental performance from 
baseline is studied. The analysis was performed in SimaPro 
using Monte Carlo simulation with 1000 steps and 95% level 
of confidence. The modeling parameters varied for two systems 
is shown in Table 4.  

  Table 4. Modeling parameters varied for uncertainty analysis 

Life Cycle 
Stage 

Parameter 
Variation 

Notes  

 LBM-TT System  

LBM Plant 

 

 

 

 

 

Emissions 
from LBM 
use in TT 

Elec: 0.7-1.0 KWh 
Steam: 0-2.35MJ  
Methane Slip: 
0.00656-0.0131 kg 
(1 Nm3 clean gas) 
 
 
 
 
Emission Ranges 
(per ton-km): 
CH4: 0.0166-0.097g 
NOx: 0.026-0.046g 
CO2: 50-75g 
 

 Varied based on different 
upgrading and liquefaction 
technologies [4, 11].  

  Varied based on amine 
scrubbing (0.1%) & water 
scrubbing (2%) for 
upgrading [4].  
 

 Based on literature data 
       (CO2 emissions are   
        biogenic) [22]. 

Diesel TT System 

Emissions 
from diesel 
use in TT 

Emission Ranges 
(per ton-km): 
CO2: 57.5-62.5 g 
PM: 0.12-0.23 mg 
SO2 0.18-0.31 mg 

 Based on literature data on 
diesel emissions [22] 

3. Results and discussion 

3.1. Baseline comparison (LBM Vs Diesel in TT) 

The ten midpoint environmental impacts of LBM and Diesel 
fueled TT systems are shown in Figure 2.  As a result of system 
expansion, the environmental impacts LBM TT system are 
represented as [(impacts of LBM fueled TT) + (impacts of 
electricity from SE grid and district heat from incinerating 
wood chips) - (impacts for biogas utilized in cogeneration unit 
for heat and electricity at WWTP)].  
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Fig 2. Midpoint environmental impacts of LBM & Diesel TT systems 

 
The LBM TT system performs environmentally better than 

Diesel TT in seven out of ten impact categories measured. The   
FDP impact of LBM-TT is lower by 93%; GWP by 87%; ODP 
and AP by 74-78%; PMFP and POFP by 67-69%; and MEP by 
33%. On the other hand, the environmental impacts of Diesel 
TT system are 4% lower in FEP;13% in HTP and 93% in AETP 
impact categories respectively. Higher impacts of LBM TT in 
these three categories are attributed to the use of electricity 
drawn from hydro and nuclear energy intensive Swedish grid. 

3.2.  Contribution analysis LBM-TT system 

A contribution analysis is conducted to identify the extent 
at which the individual stages are contributing towards the 
overall environmental performance associated with life cycle 
of LBM TT system. The life cycle stages associated with the 
LBM-TT system are shown in Figure 3. The stages include: (a) 
biogas avoided at cogeneration unit of Umea WWTP; (b) use 
of alternate source of electricity (SE grid) and heat (wood chips 
incineration) because of the raw biogas displaced for LBM 
production; (c) the LBM production; (d) transport to service 
station; (e) storage at service station; and (d) use of LBM as a 
fuel in TT. 

The raw biogas does not contribute to any impact in LBM 
TT lifecycle as it is entering the LBM plant burden free. The 
LBM production stage contributes to 60-64% if the impact in 
AETP and FEP categories; 47% in GWP, AP and HTP; 40% in 
PMFP; 31% in ODP and MEP; 23% in POFP impact category 
respectively. The use of electricity and heat by Umea WWTP 
from alternate sources is the second major impact contributing 
stage. This stage contributes to 52% in ODP; 37-41% in HTP 
and MEP; 22-32% in POFP, AP, FEP, PMFP, AETP and 15-
20% in GWP and FDP impact categories. LBM transport and 
its storage at service station have minimal impact of less than 
10% in almost all categories except FDP and GWP where the 
respective stages make a combined contribution of 18 and 25% 
of the total impact. The notable contribution from the use stage 
is towards POFP impact (47%). Also, the use stage contributes 
to 21% of the impact in AP, MEP and PMFP categories and 
13% in GWP category. NOx emissions released when 
combusting LBM for TT operation is responsible for the higher 
contribution in POFP category. NOx is mainly a  smog forming 
pollutant [23]. The LCI input for NOx emissions is based on a 
study involving driving a truck on biomethane gas [24]. Further 

investigation is needed whether the same value applies for 
LBM fuel. 

 
Fig.3. Contribution analysis of LBM TT life cycle stages 

 
The contribution of LBM production stage and use of 

alternate source of electricity and heat can be attributed to 
electricity drawn from SE grid, which is largely comprised of 
nuclear and hydropower. Electricity from nuclear fuels causes 
high ODP, HTP and AETP impacts [25] whereas hydropower 
is responsible for high FEP impact [26]. 

The first stage of system expanded LBM TT system, i.e. the 
credit taken for biogas avoided at cogeneration unit of WWTP 
reduces the total environmental impact by 46-52% in nine out 
of ten impact categories except for AETP category, which only 
is reduced by 16%. Consequently, LBM TT system performs 
better than Diesel TT in seven out of ten impact categories and 
only marginally higher than the latter in FEP and HTP impacts. 
This suggests a fuel shift from diesel to LBM for application in 
TTs is environmentally a viable option.   

3.3. Sensitivity analysis- alternate electricity and heat source 

 The results of sensitivity analysis considering UK 
electricity and natural gas for district heating are reported in 
Figure 4.  

 
Fig 4. Midpoint environmental impacts of LBM TT-UK and Diesel TT systems  
 

When alternate electricity and heat source are considered, 
the LBM TT system exhibits a superior performance in only 
four impact categories. The ODP impact of LBM TT is 80% 
lower; FDP by 69%; GWP by 60% and POFP by 36% than 
Diesel TT system. The impacts in AP and PMFP are almost 
equivalent for both systems. The environmental impacts of 
Diesel TT system are 88% lower in AETP; 80% in FEP; 63% 
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in HTP and 31% in MEP categories respectively. The results of 
sensitivity analysis clearly indicate that the overall 
environmental performance of using LBM as a fuel in TTs 
greatly depends on alternate source of electricity and heat used 
by WWTP when biogas is avoided at cogeneration unit. 

3.4. Uncertainty analysis 

The results of uncertainty analysis are shown in Figure 5. 
 

 
Fig.5. Uncertainty analysis of LBM and Diesel TT Systems 

 
  The probability of LBM-TT system having lower 

environmental impact than Diesel TT system is 100% in GWP, 
FDP and AP categories, and close to 100% in PMFP, POFP and 
ODP categories. On the other hand, the probability of LBM TT 
system having higher impacts than Diesel TT is 100% in AETP 
category. The MEP impact of LBM TT is lower than Diesel TT 
75% of the time. The probability of Diesel TT system having a 
lower HTP impact than LBM TT is high whereas both have 
almost equal probability in FEP impact category. This indicates 
that optimizing energy consumption of LBM upgradation and 
liquefaction will have positive influence, i.e. contributing to the 
reduction of FEP impact but AETP and HTP remains high. 

Overall the study suggests that fuel shift from diesel to LBM 
improves the environmental performance of TT. However, the 
magnitude of environmental benefits of diverting biogas as a 
feedstock for transport fuel (instead of using it for cogeneration 
of heat and electricity) is highly dependent on alternate source 
of electricity and heat required for operation of WWTP. This is 
evident from sensitivity analysis results where changing the 
source of electricity from SE to UK grid (and heat from wood 
chips to natural gas) resulted in reduction of environmental 
performance of LBM TT system. 
the toxicity related impacts could be reduced in the future as 
nuclear power is anticipated to be phased out in Sweden by 
2040. Currently, 50 TWh of power in Sweden is nuclear and by 
2030 will be reduce to 20 TWh and zero by 2040 [27]. The 
results of this LCA are to be considered as screening level and 
need to be supported with a detailed full scale LCA in future.    
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