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A B S T R A C T

The objective of this paper was to analyze the behavior of environmental and performance variables in the
Lean Manufacturing versus Green Manufacturing context in a road freight transportation system. Thus, a sur-
vey analysis was carried out by applying a satisfaction questionnaire to evaluate the customers, workers and
managers perception concerning some environmental issues. It was verified the possibility for managers to
develop different sustainable strategies considering the type of commercial vehicle available in the company,
the vehicle age and the eco-driving behavior among drivers. Discrete Event Simulation was also applied to
investigate the behavior of typical scenarios of transport operations in the Supply Chain encompassing green-
house gas emissions and transport time of operation routes. In order to verify which factors most influenced
the emissions, an experimental project using simulation models was employed. Investigating the results, it
could be seen that the behavior of the transport structures cannot be generalized, as different scenarios had
different results on the performance of the Supply Chain when analyzing factors such as Types of delivery
fleet, Age of the fleet and Driving style. It was also identified that some simulations that present low emission
have greater transport time. Thus, the green consumer behavior will carry greater weight on manager's deci-
sions; this way, actions that meet the lean and green can be established in a way that both practices can add
value to eco-efficiency or greater sustainability to the Supply Chain.

© 2017.

1. Introduction

Data provided by the World Energy Outlook (2015) have demon-
strated a possible decoupling between economic expansion and green-
house gas (GHG) emissions at a global level for the second year in
a row (2014 and 2015). This seems to demonstrate that mitigation
measures internationally adopted have been working to reduce the
growth of those emissions. Therefore, that information may represent
a progress in terms of sustainability, as the carbon dioxide (CO2) is
the gas with the highest rate of emission compared to others such
as methane (CH4), nitrous oxide (N2O) and sulphur dioxide (SO2)
(Dekker et al., 2012).

Within this context, it is important to highlight that the transport
sector is primarily responsible for global emissions of CO2, accord-
ing to the report provided by the International Energy Agency (2015).
The report noticed that the transport sector was responsible for the
second largest amount of GHG emission in 2013, with a participa-
tion equal to 23% of total global emissions, just below the electric and
heat sector, which represent together 42% of the emissions. However,
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in the transport sector, at the same period, 75% of the emissions were
relative to the participation of the road transport.

Focusing on the road transportation sector, there is an intense con-
tribution to energy efficiency especially of the Supply Chain (SC) as
it is used for the feedstock movement and flow of the manufacturing
production (Saif and Elhedhli, 2016). In this respect, there is a rela-
tionship between the SC and the transport sector particularly in the
Lean Manufacturing (LM) due to the need to provide the appropri-
ate amount of material at the right time. Nevertheless, the LM con-
tributes significantly to the GHG emissions in the SC (Bergenwall et
al., 2012).

In view of this, researches have shown that LM versus Green Man-
ufacturing (GM) have been investigated to verify what are the advan-
tages and/or difficulties when using those techniques, and to evalu-
ate the correlation between them in the GHG emission scenario (Dües
et al., 2013). LM models may cause an increase in emissions in spe-
cific situations as they increase the frequency of transports. In con-
trast, the inventory practices managed by the supplier may minimize
those emissions in the SC (Ugarte et al., 2016). This way, modifica-
tions in the structure of logistics systems and SC can help reduce the
GHG emissions with no investments in new technology, but only with
changes in the existing operational structures.

Thus, the objective of this work was to analyze the behavior of
environmental and performance variables in the LM and GM context
in a road freight transportation system. The Discrete Event Simula
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tion (DES) was applied to investigate the behavior of typical scenarios
of SC, which covered the transport operations involving GHG emis-
sions. The information was related to a field research conducted by
means of a satisfaction questionnaire to evaluate the customers’ per-
ception with respect to environmental issues, and to verify the viabil-
ity of managers to create sustainable strategies with the help of infor-
mation obtained from the customers.

The work is structured as follows: Section 2 presents an overview
of some issues that are the basis and justifies the research purpose. sec-
tion 3 describes the system under consideration. section 4 presents the
materials and methods used in the work, such as the formulation and
application of the questionnaires, the experimental model proposed
and statistical design applied. Section 5 illustrates the main results and
the discussions pertinent to the theme. Finally, section 6 highlights the
conclusions and recommendations for future researches.

2. Review of lean versus green on supply chain management and
logistics

Lean Manufacturing can be characterized as a series of system-
atized operations focused on the disposal of waste in manufacturing
process. Some practices have been listed in the set that constitutes
the LM, such as Just in Time, Total Productive Maintenance and To-
tal Quality Management (Yang et al., 2011). Another definition em-
ployed for the LM describes it as a set of practices, which main objec-
tive is to reduce unnecessary activities and waste in the whole value
chain (Govindan et al., 2014).

Green Manufacturing can be defined as a practice of ecological di-
mensions in different planning levels in SC (Fahimnia et al., 2015). A
more specific definition (Domingo and Aguado, 2015) reports GM as
a manufacture of products with potential to aggregate long-term bene-
fits for the environment, while maintaining the quality of the product.

The SC operations that include the lean and green principles have
been the subject of many studies interested in the impacts of those lo-
gistics practices on the environment. Ugarte et al. (2016) have raised
two research hypotheses about what are the impacts on the GHG emis-
sions in an approach based on lean and green. The first case suggested
that it might have an increase of GHG emissions related to the increase
of transport frequency. The second one proposed that the inventory
management practices by the supplier could decrease the emissions
because of the increase of flexibility of the SC due to the supply and
demand uncertainties.

Fahimnia et al. (2015) present an exploratory analysis, which in-
vestigated some critical issues involving the discussion about lean ver-
sus green at a tactical level of planning. Results showed that although
some lean practices cause green results, especially with waste and lead
time reduction, not all lean practices at a tactical level are in line with
green results. Authors also highlighted that a strictly lean situation is
presented as a disadvantageous alternative in terms of sustainability if
it is employed in a non-flexible Supply Chains. Under environmental
aspects, it would be preferable a less lean situation in a more flexible
SC system.

Bergenwall et al. (2012) reported that sustainable development in-
volves the relation between LM and environmental performance, sug-
gesting that the exchanges between them may involve the construc-
tion of cumulative capabilities by means of sequential and simulta-
neous development. The research also discussed the need to evaluate
the LM topic considering a Triple Bottom Line (TBL) analysis, that
is, think about that issue from an economic, social and environmental

dimension. That suggests investigating which lean aspects meet the
green from a TBL analysis.

Miller et al. (2010) carried out a case study applying DES, demon-
strating a more significant positive impact when the lean and green
measures were applied concomitantly. Studies demonstrated that the
lean transcends the green. As an example, lean practices on stock re-
duction and on production rates reduce the energy consumption, or the
reduction in the number of suppliers make the Supply Chain more sus-
tainable, as it reduces the amount of transport. In those cases, the lean
measures adopted consequently brought green benefits.

While the LM practices focus on how to improve operations and
reduce waste under the customer's point of view, GM practices have a
perspective that may benefit the environment, the manufacturers and
the customers. Lean and green may provide competitive advantages
and profits in the SC when associated (Verrier et al., 2014). In both
practices, the logistics and transport operations are substantially af-
fected. They can be seen as object of study, capable of being struc-
turally modified to possible reductions of GHG emissions.

3. System description

This research considered the analysis of a typical system of SC em-
phasizing the respective logistics operations. According to Byrne et
al. (2010), SC structures have undergone changes and interventions
of techniques such as LM, among others, that have represented a re-
design of the traditional SC structures. In this regard, the authors high-
light the increase of the complexity level of that system and the focus
noticed in their transport operations. Rangel and Cordeiro (2015) also
used that system applying computational simulation to aid the decision
making referred to environmental and economic aspects. To this work,
that system was composed of three raw material suppliers, a manufac-
turer, two customers, which can be intermediate or final, and trucks
for the load transport.

According to Ballou (2004), this system can have different config-
urations typically used in road logistics, each with different emphasis,
which can be verified by the variation among the respective configu-
rations. In configuration 1, the emphasis consists of the speed on the
transport operations as one truck is used for each supplier to trans-
port products directly to the manufacturer. The same way, the speed of
delivery of finished products is prioritized, using trucks for each cus-
tomer to reduce Transport Time (TT), which corresponds to the period
between the loading of the vehicle in the suppliers’ plant and its un-
loading at the customers. Configuration 2 focuses on the minimization
of transport cost from both the supplier and the customer. That is why
it is only used one truck, which drives around each of the suppliers to
collect goods and transport them to the manufacturer; another one is
utilized to deliver the finished product in each of the customers in se-
quence (Fig. 1).

4. Materials and methods

The costumers' behavior on the environmental issues reflects their
way of thinking, directly influencing all society. Each person con-
tributes to GHG emissions in several ways, which has been leading to
climate changes. Knowing the perception of the customers about the
emissions reveals their level of awareness and contributes to provide
a macro view to the managers and researchers on how society sees
environmental problems, thus, contributing to the implementation of
mitigation policies (Alessandrini et al., 2012). In this context, the cus-
tomers’ behavior and needs may influence the logistics operations of
Supply Chain, and, consequently, affect the GHG emissions. Thus, it
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Fig. 1. Layouts typically used in transportation and logistics industries, according to Ballou (2004): configuration 1 - emphasis on lower TT, and configuration 2 - emphasis on lower
cost to the supplier or consumer.

was proposed to examine the behavior of the customers as a possible
analysis tool for decision making of managers, who try to make their
businesses competitive yet remaining sustainable.

4.1. Design and implementation of questionnaires

The application of questionnaires intended to investigate the envi-
ronmental perception of customers about GHG emissions in automo-
bile vehicles. A data collection was carried out to provide information
about that issue by applying a quantitative questionnaire containing
11 questions about environmental perception of the interviewees con-
cerning the emissions from road freight vehicles.

The theoretical survey included themes that contributed to compre-
hend the matter researched. The questionnaire was elaborated from is-
sues addressed in several articles related to environmental and sustain-
able questions. Among them, Richardson (2005), Rangel and Cordeiro
(2015) and Qian and Eglese (2016) can be cited.

The content of the questions corresponded to aspects that charac-
terize the level of awareness of customers by means of their actions,
intentions and perceptions. Closed-ended questions, closed-ended/
open-ended questions, dependent questions and multiple-choice ques-
tions were considered. The closed-ended questions on intentions and
perceptions were elaborated with alternatives in gradation, that is, with
the use of the scale of five points (Likert, 1932), according to Table 1.

During the field research, 136 people were interviewed in Cam-
pos dos Goytacazes, a medium-sized municipality (approximately
500,000 inhabitants) located in the countryside of Rio de Janeiro State.
The data collection was made between February and March 2016 in
five groups of people: Group I corresponds to ordinary people in-
terviewed downtown, characterizing a diversity of customers’ pro-
file in general population (N = 30); Group II is composed of univer-
sity students interviewed in one of the universities of the municipal-
ity, identifying the profile of academic awareness (N = 30); Group

Table 1
Likert scale adopted in the questionnaires.

Scale Content Issues

Questions regarding intention Questions regarding perception

−2 Certainly not Very low
−1 Probably not Low
0 Maybe yes, maybe no Regular
+1 Probably yes High
+2 Certainly yes Very high
N I do not know/I would prefer not to

give my opinion
I do not know/I would prefer not to
give my opinion

III consists of bus drivers interviewed in their work places and in bus
stops presenting the profile of public transport (N = 30); and, classi-
fying the profile of the freight transport sector, Groups IV (N = 30)
and V (N = 16); Group IV is composed of truck drivers that were in-
terviewed in fuel stations at several places in town, and Group V,
logistics professionals interviewed in freight transport companies. In
all cases, the interviewer was responsible to fill in the questionnaires.
Table 2 presents some information about gender, marital status, age
and education of the interviewees belonging to the five groups.

4.2. Experimental modeling

The computational models designed in this research followed the
methodology proposed by Banks et al. (2010), where the following
steps were applied: formulation and analysis of the problem; elabo-
ration of the conceptual model; elaboration of the simulation model;
verification and validation; experimentation and interpretation; and

Table 2
Characterizing the public interviewed.

Feature Options Groups - response rate (%)
Total
(=N)

I II III IV V

Gender Male 14.0 14.0 32.3 32.3 7.5 93
Female 39.5 39.5 – – 20.9 43

Marital
status

Not married 25.8 45.2 14.5 4.8 9.7 62

Married 19.7 2.8 25.4 38.0 14.1 71
Separated – – 100.0 – – 3

Age group under fifteen years
old

– – – – – –

15 ├ ┤ 19 45.5 54.5 – – – 11
20 ├ ┤24 23.7 52.6 7.9 5.3 10.5 38
25 ├ ┤29 22.7 18.2 9.1 13.6 36.4 22
30 ├ ┤39 16.7 – 50.0 25.0 8.3 24
40 ├ ┤49 13.0 – 8.7 69.6 8.7 23
50 ├ ┤59 8.3 – 66.7 25.0 – 12
60 ├ ┤69 40.0 – 60.0 – – 5
70 ├ ┤79 100.0 – – – – 1
≥80 years old – – – – – –

Education
level

IPE – – 75.0 25.0 – 8

CPE 7.1 – 71.4 21.4 – 14
PHS 13.3 – 6.7 80.0 – 15
CHS 29.7 – 35.1 24.3 10.8 37
HS 25.8 48.4 – 6.5 19.4 62

Notes: I-General public, II-University students. III-Bus drivers, IV-Truck drivers,
V-Logistics professionals, IPE-Incomplete Primary Education, CPE-Complete Primary
Education, PHS-Incomplete High School, CHS-Complete High School and HS-Higher
Education.
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statistical analysis of data. The verification and validation of the mod-
els followed the steps suggested by Sargent (2013).

The first step to construct the computational models consisted of
analyzing the structure of the system and the data needed to develop
models able to present reliable results and maintain the system behav-
ior. Thus, both the diversification of the vehicle capabilities and their
respective characteristics, distance variation between suppliers, man-
ufacture and customers, and the variation in loading times, were kept.
In this work, it was not considered neither the kind of load transported
nor the variations in speed during the vehicle routes. The models
were run the Ururau 1.0 software, a Free and Open Source Software
(FOSS) that uses the Java Simulation Library (JSL), an open-source
object-oriented library, proposed by Rossetti (2008). More informa-
tion about the software can be found at http://ururau.ucam-campos.br/
or in Peixoto et al. (2016).

The simulation models run in a Dell machine with ADM Athlon
™ 64 X2 Dual Core Processor 4200 + 2.20 GHz, Operational Win-
dows 7 Professional 64 bits System. The execution time of simulation
processed by the machine was of 12 s.

Figs. 2 and 3 illustrate the computational models used to repre-
sent the configurations proposed by Ballou (2004), seen in Fig. 1. The
parameter descriptions applied can be found in Appendix A. Module
E1, to the left, is responsible for the creation of the entities, in this
case, the freight vehicles. The modules beginning with letter F corre-
spond to the loading of material in the suppliers’ plant in order to de-
liver it to the manufacturer, and the loading of the finished products
in the manufacturer to be delivered to the customers; also correspond
to the unloading of materials in the manufacture and to the unload-
ing of the finished products in the customers. The modules beginning
with letter R represent the resources or work teams with workers or
machines used to loading and unloading of material or finished prod-
ucts. The modules that begin with letter C have the function of calcu-
lating the emissions originated from the transport operations. T1 and
T2 are responsible for counting the entities that run the system. The
X module operates as a decisor to direct the flow of vehicles in func-
tion of a specific condition satisfied. Finally, the J module works to
dislocate the vehicles from one place to the other; in this case, its em

Fig. 2. Computational model developed in the Ururau 1.0 software for configuration 1
(Ballou, 2004).

Fig. 3. Computational model developed in the Ururau 1.0 software for configuration 2
(Ballou, 2004).

ployment comes from a better adjustment to the layout of the screen
of the software.

4.3. Statistical design and analysis

The experiments were conducted in a complete randomized de-
sign with factorial structure 2k, where the proceedings were the com-
binations of the two levels and k factors (Montgomery, 2009). Their
combinations were evaluated according to the configurations 1 and 2,
proposed by Ballou (2004). The chosen factors were Types of deliv-
ery-fleet (A) to suppliers or customers, Ages of fleet (B), and Driving
style (C) because they are frequently associated with GHG emissions.
The levels for each of the factors were chosen as follows: In factor A,
levels represent size and weight limits for two types of fleet-vehicles
(small or large); factor B refers to two ages of fleet-vehicles (new or
old); and factor C are driving styles of drivers (standard or eco-dri-
ving). The experimental project was divided into two phases: 1) 16
simulations of scenarios with only one type of fleet (small or large);
and 2) 16 simulations with mixed fleet (small and large). Four repli-
cations were applied in those experiments, each one with 35 sample
elements, totalling 40 elements for each simulated scenario in simple
fleet and 140 elements in mixed fleet (Table 3).

The power and emission coefficients of the vehicles used in the
modeling of the scenarios were: 1) power of the small vehicle mo-
tor of 136 kW and to the large vehicle of 265 kW, according to the
instruction manual for the vehicles; 2) emission coefficients to new
fleet of 1.5 g/kW·h and to old fleet of 2.1 g/kW·h, according to the
Brazilian Program of Air Pollution Control from Automotive Vehicles
(PROCONVE, Brazil); 3) Eco driving style represented by the stan-
dard power of the vehicle motor and standard driving style (more ag-
gressive) with addition of 10% in the standard power of the vehicle
motor.

The data obtained from the response variables EM (kgCO) and TT
(h) were submitted to analysis of variance at the level of 99% of reli

Table 3
Simulated scenarios to the configurations 1 and 2 (Ballou, 2004) with simple and mixed
fleet.

Phases Features of the fleet Scenarios

Delivery-fleet (A)
Ages
(B)

Driving
style (C)

Configuration
1

Configuration
2

Single
Fleet

Supplier: Small
Customer: Small

New Eco 1 9

Standard 2 10
Old Eco 3 11

Standard 4 12
Supplier: Large
Customer: Large

New Eco 5 13

Standard 6 14
Old Eco 7 15

Standard 8 16
Mixed
Fleet

Supplier: Small
Customer: Large

New Eco 1 9

Standard 2 10
Old Eco 3 11

Standard 4 12
Supplier: Large
Customer: Small

New Eco 5 13

Standard 6 14
Old Eco 7 15

Standard 8 16

Notes: (A) power of the vehicles (Small: 136 kW and Large: 265 kW) used for delivery
to suppliers or customers; (B) emission coefficients (CO-g/kW.h) of fleet vehicles (new:
1.5 or old: 2.1); and (C) standard driving style referring to the power of motor (+ 10%)
and eco driving (without increases).
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ability, with prior verification of the presumptions of homoscedastic-
ity and normality of the errors by means of Cochran & Bartlet e Lilli-
fors tests (Montgomery, 2009), respectively. After the analyses, it was
verified that the EM variable presented data with homogeneity and
normality, while the TT variable obtained heterogeneous errors, dis-
tinguishing two groups that will be presented subsequently. The de-
scriptive analysis of the EM variable was carried out by means and
standard deviation, being the comparisons of means executed by the
Tukey Test (P ≤ 0,05). The statistical model adopted can be observed
in Equation (1).

where.

μ = constant;
αi = effect of the i-th level of factor A; i = 1, …, a;
βj = effect of the j-th level of factor B; j = 1, …, b;
δk = effect of the k-th level of factor C; k = 1, …, c;
(αβδ) = effect of the interaction between the i-th level of factor A, j-th
level of factor B, and k-th level of factor C;
eijkn = error associated to the i-th level of factor A, j-th level of factor
B, k-th level of factor C, and the n-th repetition n = 1 …, r;
For the errors, it is assumed that eijkn has adherence to the normal dis-
tribution (0, σ2).

5. Results and discussion

5.1. Questionnaire

According to the alternatives proposed, the mean results in relation
to the interviewees’ awareness about what are the responsible sources
for the GHG emissions are: vehicles, 85.29%; industries, 92.65%; an-
imals, 19.12%; agricultural activities, 19.85%; others, 1.47%; and in-
correct or do not know any response, 0.74%. The most cited items by
all groups were industries and vehicles, which demonstrates that, re-
gardless of the group studied, both are seen as the major sources of
pollution that cause the greenhouse gas emission (Table 4).

The interviewees' choice to shop online, which transport operations
to deliver emits lower GHG emissions, was related to the acquisition
cost. The objective was to see whether the interviewees were environ-
mentally sensitive and able to take decisions considering sustainabil-
ity. The purpose was to understand how the price variation of the prod-
uct would affect those interviewees’ decisions. Results showed that, in
case they knew they could choose for a transport that generated lower
emission, most of the interviewees would pick out the one that emit-
ted less pollution as long as it might not alter the original price of the
product (56.62%) (Table 5).

Table 4
Interviewees’ perception about the responsibles of the GHG emissions.

Group Response rate (%)

Vehicles Industries Animals Agriculture Others Undecided

I 93.33 96.67 20.00 16.67 0.00 0.00
II 90.00 90.00 16.67 30.00 3.33 0.00
III 73.33 90.00 16.67 13.33 0.00 3.33
IV 76.67 90.00 20.00 6.67 3.33 0.00
V 100.00 100.00 25.00 43.75 0.00 0.00
Mean 85.29 92.65 19.12 19.85 1.47 0.74

Note: Undecided refers to incorrect responses or do not know any of them.

Table 5
Preference for logistics operations with lower GHG emissions in relation to the cost.

Group Opinions - Response rate (%)

A B C D E Total

I 3.33 0.00 30.00 43.33 23.33 100.00
II 3.33 20.00 20.00 50.00 6.67 100.00
III 13.33 3.33 13.33 53.33 16.67 100.00
IV 3.33 6.67 16.67 63.33 10.00 100.00
V 0.00 12.50 0.00 87.50 0.00 100.00
Mean 5.15 8.09 17.65 56.62 12.50 100.00

Notes: Opinions of interviewees: A-No, even without price change, B-No, because of
the price change, C-Maybe yes, maybe no, D-Yes, provided they do not alter the price,
E-Yes, even with price increase.

The interviewees’ preferences for buying online, in which trans-
port of products emits lower GHG, was also related to delivery time.
Answers revealed that most of the interviewees of Groups II, III, IV
and V would choose the transport more environmentally appropriate
since it did not alter the initial delivery time of the product. In Group
I, the percentage of people that would wait longer for the product de-
livery exceeded the ones that would not, with percentages of 30% and
23.33%, respectively. In general, that analysis compared to the previ-
ous one (which main issue was the cost) proved greater flexibility of
the groups in waiting longer for delivery (Table 6).

The questionnaires presented people's awareness of the issue and
investigated their behavior on sustainable questions perceiving pref-
erences and priorities. That survey provided a view on the potential
influence of people's decisions in the functioning of the logistics sys-
tems, showing how each person contributes to GHG emissions in the
road freight transport. There are indications that people have knowl-
edge about GHG and its sources but they are not sensitive enough to
sustainable questions due to their personal preferences mainly related
to economic aspects. However, a deeper view could show that there
is a small number of people that would be able to choose a less ag-
gressive alternative to the environment, considering buying products
which emissions would be lower during transport even if it takes more
time or costs more. From this perspective, there is an opportunity to
make consumers consider their contribution for the emission reduction
at the time of buying. From lean versus green point of view, it is im-
portant to investigate the influence of those practices in the logistics
systems of road freight transport focusing on GHG emissions.

5.2. Simulated scenarios

The results relating to the EM and TT simulated for each of the
scenarios according to configurations 1 and 2 of Ballou (2004) are in

Table 6
Preference for logistics operations with lower GHG emissions in relation to the delivery
time.

Group Opinions - Response rate (%)

A B C D E Total

I 6.67 0.00 40.00 23.33 30.00 100.00
II 3.33 16.67 20.00 56.67 3.33 100.00
III 3.33 3.33 6.67 56.67 30.00 100.00
IV 6.67 0.00 23.33 63.33 6.67 100.00
V 0.00 6.25 18.75 43.75 31.25 100.00
Mean 4.41 5.15 22.06 49.26 19.12 100.00

Notes: Opinions of interviewees: A-No, even if the delivery time was kept; B-No,
because the delivery time would be longer; C- Maybe yes, maybe no; D-Yes, as long as
it did not alter the delivery time; E-Yes, even with the rise of the delivery time.

yijk = μ + αi + βj + δk + (αβδ)ijk + eijkn., (1)
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Table 7. It can be seen that the EM means are expressed in kgCO be-
cause of the ease in calculating them; however, it is possible to un-
derstand by analogy the emission behavior of the other gases. The TT
response variable refers to the mean time spent by the vehicle to drive
the route during the simulations and meet the deliveries.

Considering the single fleet in configuration 1, the scenarios from
1 to 4 represent the small vehicles; this is why they presented low-
est TT (59.80 h) that represented 34.80% of reduction in relation to
the scenarios from 5 to 8, which represented large vehicles. The EM
(kgCO) observed in the scenarios 1 (298.56 ± 0.08), 2 (328.42 ± 0.09),
3 (417.99 ± 0.12), and 4 (459.79 ± 0.13) were significantly different
according to the statistical analyses carried out (Tukey, P ≤ 0,01),
as shown in Fig. 4 (configuration 1). It is also checked in this fig-
ure that the eco-driving style reduced the EM between scenarios 1
and 2 as well as between scenarios 3 and 4. There

Table 7
Mean EM (Mean, kgCO) from fleet-vehicles and TT (Mean, h) obtained in scenarios
simulation to the configurations 1 and 2 (Ballou, 2004).

Phases Configuration 1 Configuration 2

SS
EM
(kgCO)

↓ EM
(%) TT (h)

↓ TT
(%) SS

EM
(kgCO)

↓ EM
(%) TT (h)

↓ TT
(%)

Single
Fleet

1 298.56 35.07 59.80 34.80 9 402.83 35.06 92.26 16.12

2 328.42 28.57 59.80 34.80 10 443.11 28.57 92.26 16.12
3 417.99 9.09 59.80 34.80 11 563.96 9.09 92.26 16.12
4 459.79 0.00 59.80 34.80 12 620.35 0.00 92.26 16.12
5 234.62 48.97 91.72 0.00 13 319.29 48.53 109.99 0.00
6 258.08 43.87 91.72 0.00 14 351.22 43.38 109.99 0.00
7 328.46 28.56 91.72 0.00 15 447.01 27.94 109.99 0.00
8 361.31 21.42 91.72 0.00 16 491.71 20.74 109.99 0.00

Mixed
Fleet

1 284.37 35.06 85.43 0.00 9 394.15 35.06 103.88 0.00

2 312.81 28.57 85.43 0.00 10 433.56 28.57 103.88 0.00
3 398.12 9.09 85.43 0.00 11 551.81 9.09 103.88 0.00
4 437.93 0.00 85.43 0.00 12 606.99 0.00 103.88 0.00
5 223.97 48.86 79.07 7.44 13 323.65 46.68 103.86 0.02
6 246.37 43.74 79.07 7.44 14 343.76 43.37 103.86 0.02
7 313.56 28.40 79.07 7.44 15 404.10 33.43 103.86 0.02
8 344.91 21.24 79.07 7.44 16 432.25 28.79 103.86 0.02

Notes: SS - simulated scenarios; EM - CO emissions (kgCO); ↓ EM - percentage
reduction of CO emissions; TT - transport time (h); ↓ TT (%) - percentage reduction of
TT.

fore, it is concluded by those four first simulations that the customer's
decision is relevant, that is, if the customer has urgency of delivery,
scenario 1 is the one that causes lower EM, a reduction of 35.07%,
when using simple fleet with small, new, eco-driving vehicles.

On the other hand, in case the customer does not have urgency, re-
garding the delivery, or agrees in receiving the product with greater
TT and lower EM, the scenarios from 5 to 8, with large vehicles,
assume relevance in decisions taken by the manager. The EM ob-
served in the scenarios 5 (234.62 ± 0.01), 6 (258.08 ± 0.01), 7
(328.46 ± 0.02), and 8 (361.31 ± 0.02) presented in Fig. 4 (configura-
tion 1) differ from new vehicles used in the scenarios 5 and 6, to old
vehicles used in scenarios 7 and 8. Among them, the eco-driving style
provided, again, significant mean differences (Tukey, P ≤ 0.01), and
the scenario 5 was able to reduce in almost 50% the EM.

The overall conclusion for the single fleet in configuration 1 is that
the logistics companies should adopt the eco-driving style as an indi-
cator of business sustainability, and that the customer should be edu-
cated in order that, whenever possible, he/she opts by deliveries with
low EM even if the TT is higher. The manager shall promote grad-
ual processes of depreciation of the costs of freight, planning its frac-
tional substitution over time in a way that most of the freight is al-
ways new. It is important that the small vehicles are only used in emer-
gency cases; therefore, they should constitute the smallest parcel of
the freight.

In the analysis of the single fleet in configuration 2, observed in
Table 7, the values of the scenarios 9, 10, 11, and 12 (small ve-
hicles) presented TT of 92.26 h, and the scenarios 13, 14, 15, and
16 (large vehicles) presented TT of 109.99 h, that is, an increase of
16.12%. In relation to the EM, the small vehicles presented higher val-
ues than the larger ones, according to the data obtained from the sce-
narios 9 (402.83 ± 0.01), 10 (443.11 ± 0.01), 11 (563.96 ± 0.01), and
12 (620.35 ± 0.02) corresponding to small vehicles, and to the scenar-
ios 13 (319.29 ± 0.06), 14 (351.22 ± 0.06), 15 (447.01 ± 0.08), and 16
(491.71 ± 0.09) for larger vehicles. The scenario with lower EM of
configuration 2 in single fleet also used new, large, eco-driving vehi-
cles; however, they presented higher TT (scenario 13).

In general, for single fleet in both configurations, when using
larger vehicles, the EM decreases due to the higher total load capacity
of each vehicle; however, the TT increases mostly because of the ne-
cessity of a higher time spent on loading in each step of the process.
On the other hand, when configurations are simulated applying small

Fig. 4. Simulation results and Tukey's test for configurations 1 and 2 (Ballou, 2004) using single fleet.
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vehicles, the TT decreases as many truck movements and loadings
may occur at the same time. Under those circumstances, the indi-
vidual load capacity is smaller, making the truck loading processes
faster. What we need to know is why those emissions were higher.
One probable answer could be the following: if the total of load driven
in the logistics process was fixed for all scenarios, the small vehicles,
when compared to the largest ones, would certainly have to repeat the
process more often in order to execute the task.

In the mixed fleet in configuration 1 (Table 7), the scenarios from
1 to 4 are delivery-fleet arrangements that use small vehicles for the
supply of raw material, and large vehicles for the delivery of products
for customers; scenarios from 5 to 8 have inverse arrangement. The
scenarios from 1 to 4 presented TT (85.43 h) with reduction of 7.44%
in relation to the scenarios from 5 to 8 (79.07 h), to which the deliv-
ery-fleet arrangements were inverted. The EM (kgCO) observed in the
scenarios 1 (284.37 ± 0.07), 2 (312.81 ± 0.08), 3 (398.12 ± 0.10), and
4 (437.93 ± 0.11) were significantly different according to the statisti-
cal analyses carried out (Tukey, P ≤ 0.01), according to Fig. 5 (config-
uration 1). It is noticed that both for old and new fleets, the eco-driving
style reduced the EM between scenarios 1 and 2, as well as between
scenarios 3 and 4. The EM observed in scenarios 5 (223.97 ± 0.01),
6 (246.37 ± 0.01), 7 (313.56 ± 0.01), and 8 (344.91 ± 0.01), demon-
strated in Fig. 5 (configuration 1), differ between new vehicles used in
scenarios 5 and 6 and old vehicles applied in scenarios 7 and 8, which,
in turn, differ between them (Tukey, P ≤ 0.01) regarding the eco-dri-
ving style. The scenario 5 was able to reduce in almost 50% the EM.

When the mixed fleet for configuration 1 was proposed, it was ex-
pected that the advantages observed in single fleet could be intensified
in at least one of the eight scenarios with mixed fleet. In fact, it hap-
pened with the TT for scenarios from 5 to 8, which used large vehicles,
and all the EM obtained (Table 8). Following this reasoning, the TT of
the scenarios from 5 to 8 reduced from 91.72 h to 79.07 h, that is, 13 h
less. Besides, the EM reduced up to 16.40 kgCO (scenario 8) when
the larger vehicle is substituted by the small one in the delivery of the
products to the customer. In brief, it was a synergetic interaction be-
tween freights. The mixed fleet was surpassed by the single fleet only
concerning the TT for scenarios from 1 to 4, which increased from
59.80 h to 85.43 h, an undesirable increase of 25.63 h; thus, an antag-
onistic interaction between the type of fleet.

In the mixed fleet and configuration 2 (Table 7), the scenarios
from 9 to 12 are delivery-fleet arrangements that use small vehi-
cles for the supply of raw material, and large vehicles for delivery
of products to customers; the scenarios from 13 to 16 have inverse
arrangements. There was not significant differences in the TT of sce-
narios from 9 to 12 (103.88 h) and in the inversion of the arrange-
ments proposed in the scenarios from 13 to 16 (103.86 h). How-
ever, the EM were higher when the scenarios from 9 to 12 were
used comparing to the EM of scenarios from 13 to 16. The EM ob-
served were 9 (394.15 ± 0.01), 10 (433.56 ± 0.01), 11 (551.81 ± 0.01),
12 (606.99 ± 0.01), 13 (323.65 ± 0.05), 14 (343.76 ± 0.05), 15
(404.10 ± 0.06), and 16 (432.25 ± 0.07). The scenario 13 presented the
lowest EM of the configuration 2 and mixed fleet (new vehicles with
eco-driving).

When comparing the single and the mix fleets in the configuration
2, the advantages were the reduction of approximately 7.5–60 kgCO
for scenarios from 9 to 16 except the 13, with a non-significant in-
crease of 4.36 kgCO (Table 8). The TT of scenarios from 9 to 12 in-
creased 11.62 h and the ones from 13 to 16 reduced 6.13 h; therefore,
the mix fleet was surpassed by the single fleet only in scenarios from
9 to 12, which used small vehicles to get the raw material and large
vehicles for deliveries of products to customers. It is highlighted that
the scenarios 4 (for configuration 1) and 12 (for configuration 2) were
used as references to calculate the percentage of reductions of the EM
in the other scenarios. And the percentage reductions of the TT were
based on the higher TT in relation to the smaller TT for both configu-
rations.

It was verified that, in results corresponding to the application of
single fleet in the configurations 1 and 2 (Ballou, 2004), the levels of
EM were first influenced by the type of fleet used, noting that the uti-
lization of larger vehicles reduce the emissions. The use of new ve-
hicles and the style of driving (eco-driving) also contributed to the
lowest EM in each fleet. TT presented two different groups of values,
which indicated, among the factors analyzed, that the change of the
type of fleet was a factor that affected the increase of TT when larger
vehicles were used. From those scenarios, it is possible the managers
to choose the most adequate option for transportation of products, be-
ing able to opt for more sustainable decisions (green), which present
the lowest EM and/or the fastest (lean), whose TT are lower (Fig. 4).

In the results regarding the use of mixed fleet in configurations 1
and 2 (Ballou, 2004), it was seen that the type of fleet applied did not

Fig. 5. Simulation results and Tukey's test for configurations 1 and 2 (Ballou, 2004) using mixed fleet.
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Table 8
Advantages of using mixed fleet in relation to single fleet for EM (Mean, kgCO) and TT
(Mean, h) obtained in scenarios simulation to the configurations 1 and 2 (Ballou, 2004).

Observed
variables Configuration 1 Configuration 2

SS
Single
Fleet

Mixed
Fleet Variation SS

Single
Fleet

Mixed
Fleet Variation

EM
(kgCO)

1 298.56 284.37 −14.19 9 402.83 394.15 −8.68

2 328.42 312.81 −15.61 10 443.11 433.56 −9.55
3 417.99 398.12 −19.87 11 563.96 551.81 −12.15
4 459.79 437.93 −21.86 12 620.35 606.99 −13.36
5 234.62 223.97 −10.65 13 319.29 323.65 4.36
6 258.08 246.37 −11.71 14 351.22 343.76 −7.46
7 328.46 313.56 −14.9 15 447.01 404.10 −42.91
8 361.31 344.91 −16.4 16 491.71 432.25 −59.46

TT (h) 1 59.80 85.43 25.63* 9 92.26 103.88 11.62*
2 59.80 85.43 25.63* 10 92.26 103.88 11.62*
3 59.80 85.43 25.63* 11 92.26 103.88 11.62*
4 59.80 85.43 25.63* 12 92.26 103.88 11.62*
5 91.72 79.07 −12.65 13 109.99 103.86 −6.13
6 91.72 79.07 −12.65 14 109.99 103.86 −6.13
7 91.72 79.07 −12.65 15 109.99 103.86 −6.13
8 91.72 79.07 −12.65 16 109.99 103.86 −6.13

Notes: * Scenarios with mixed fleet and inefficient TT.

influence directly in the TT of the scenarios. The lowest levels of EM
corresponded to the use of larger vehicles for the transportation of
raw material to the manufacturer and small vehicles for the delivery
of products to the customers. The inverse then caused the increase of
those EM, making more interesting, from both the lean and the green
approach, to prioritize logistics structures, which employ vehicles of
larger size for the supply of materials. Besides, it was clear that the
new vehicles are linked to the reduction of the emissions and the adop-
tion of an ecological driving style (Fig. 5).

The application of the Tukey's test demonstrated that, in each con-
figuration, the means that do not share the same letter are significantly
different by the referred test at the level of 99% of reliability. It was
checked that only scenarios 2 and 7 (Fig. 4) remained statistically the
same, demonstrating that, from the factors studied, different scenarios
may, at some point, generate the same levels of EM.

The decision about the Types of delivery-fleet to be used may be
influenced by customers due to the variation in relation to the number
of orders and the urgency to deliver the products. The decisions con-
cerning the Ages of fleet and Driving style are usually responsibility
of the managers and the companies. Therefore, there is the possibil-
ity of analyzing transport structures that approach the sustainable issue
involving both customers and mangers.

The absolute values found for the EM and the TT were not focused
in this work. The main issue here consisted of the analysis of the rel-
ative values by comparing each scenario and configuration. This way,
it is possible to conclude that the behavior of the configurations cannot
be generalized, and that they may or may not be advantageous accord-
ing to the criteria previously established to the variables involved. The
simulation results showed that different scenarios had different results
on the SC performance when factors such as Types of delivery-fleet,
Ages of fleet, and Driving style were analyzed.

Simão et al. (2016) consider logistics as one of the most adequate
sectors of the SC to apply sustainable strategies because it is possible
to reduce GHG emissions in that sphere. Based on this statement, the
emphasis given to the analyses on the transport operations is justified
in this work as they can provide large impacts in all the SC. It is high-
lighted the importance of thinking SC with a dynamic design able to

meet the numerous demands from the market, from competitors, from
customers, besides environmental requirements increasingly rigid. In
light of this context, it is important to pay attention to each of the parts
involved in the process, and search for ways of meeting their different
needs. One of the ways to reach that objective may be by means of
a closer relationship between managers and customers making them
partners of possible logistics strategies.

From the information gathered from customers by the question-
naire applied in this research, it was possible to understand that they
have different opinions about environmental issues and GHG emis-
sions. However, there are people who concern about taking decisions
considering sustainability. They consider the possibility of adapting
the way of buying products on the internet in order to contribute to
green logistics strategies. The impact on the reduction of GHG emis-
sions generated by those customers' decisions can be intensified if cus-
tomers are informed about this issue at the time of purchasing. More-
over, government education campaigns may contribute to aware peo-
ple and broaden sustainability culture. From a better understanding of
customers’ behavior, choices may be set to meet the LM and GM in
a way that both practices add value to the SC. Even most of the peo-
ple related in the questionnaire are sensitive to the price and deliv-
ery time, it is noted that the behavioral pattern observed has cultural,
social and economic aspects of the region where the interviews took
place. Therefore, according to the region, different results can be ob-
tained.

Johansson and Sundin (2014) report that despite the increasing at-
tention that has been paid to the LM and GM concepts as essential
tools for the business success, there are a few studies, which analyze
both concepts in an integrated way. The main question of this research
was to analyze the environmental and performance variables in the
LM and GM context with the objective of demonstrating that both
concepts may and should be seen from a larger perspective. Thus, it
was possible to demonstrate that an environmental strategy may cor-
respond to a profitable strategy that aggregates value to the product
and, under the competitive aspect, may bring benefits to the compa-
nies. In this respect, Dües et al. (2013) point that the LM serves as an
important agent for the GM, which, in turn, demands lower time and/
or money investments when additionally implemented to the LM ex-
istent. Nevertheless, the authors highlight that both practices require
further attention concerning investments when they are not intercon-
nected.

6. Concluding remarks

This research investigated environmental and performance vari-
ables in Lean Manufacturing and Green Manufacturing context in a
road freight transportation system. A questionnaire that showed the
customers’ behavior in relation to sustainable issues was applied. In
the investigation, it was seen the possibility to expand the relationship
between managers and customers to develop environmental strategies,
as there are customers willing to decide on the product acquisitions
even if it costs a little more time or money. It was verified using
an experimental project the most influent factors in the greenhouse
gas emissions, demonstrating that the Types of delivery-fleet, Ages of
fleet and Driving style may influence the emission levels and make
transport more or less sustainable. By means of the simulations run, it
was seen that, according to the criteria established, the relationship be-
tween Lean Manufacturing versus Green Manufacturing may or may
not be conflicting. As a result, it was realized that different logistics
environments can generate different results, and that, based on the
configurations analyzed, one cannot point a scenario or a configura-
tion as the best.
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By the simulations and customers’ opinions, it was possible to pro-
vide information, which may help managers take decisions in logistics
environments that take into consideration not only economic aspects
but also sustainable ones, which can aggregate value to the product. It
was shown that if the customer does not participate in the decisions,
there will be a tendency to increase the emissions as a consequence of
receiving the product in a lower time.

Therefore, a recommendation suggested in this work is the possi-
bility given to the companies to inform the customers about the emis-
sions that may be generated when choosing a specific transportation
for the product purchased. The companies can adopt a process to be
employed when finishing the sale in order to let customers know that
he/she can be contributing to the reduction of greenhouse gas emis-
sions when choosing a particular service of delivering the product.

Furthermore, a free and open source software was applied to run
the simulations. Despite being new, it has proven to be an efficient and
versatile software, presenting low cost, favouring small companies.
Nevertheless, other simulation softwares are able to carry out those
studies.

This work can also help further researches. We suggest that other
researchers carry out the same studies from real systems and in differ-
ent places, as the environmental consciousness may not be the same
as of the group studied in this paper. According to information of spe-
cific groups, managers can choose different sustainable practices for
each situation.

Another proposition from the comments on this paper is the pos-
sibility of creating an indicator relating the emissions of gases to the
load weight, reporting to the customer the amount of gas emissions
produced according to the delivery option of the product. This indica-
tor may then present a more accurate value of the emissions generated
from the mass of load transported.
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Appendix A. Ururau modules with description and configuration
data.

Table A1 Experiment parameters of configuration 1.

Module Name Description Configuration data
Create E1 Responsible for cre-

ation of the entities
T. arrivals: Constant (1 h)
T. prim. arrivals: 0.0 h
Max. arrivals: Infinity

Decision maker X Deviation of pattern
execution

Type: N-way-chance
Type: 2-way-by-chance

Loading F1 Executes a process Type: Expression
Value: 23000/6000

Loading F3 Executes a process Type: Expression
Value: 23000/6000

Loading F5 Executes a process Type: Expression
Value: 23000/6000

Loading F7 Executes a process Type: Expression
Value: 23000/6000

Loading F8 Executes a process Type: Expression
Value: 23000/6000

Unloading F2 Executes a process Type: Expression
Value: 23000/8000

Unloading F4 Executes a process Type: Expression
Value: 23000/8000

Unloading F6 Executes a process Type: Expression
Value: 23000/8000

Unloading F9 Executes a process Type: Expression
Value: 23000/8000

Unloading F10 Executes a process Type: Expression
Value: 23000/8000

Resource team
for loading

R1 Adds a resource Capacity: 1

Resource team
for loading

R3 Adds a resource Capacity: 1

Resource team
for loading

R5 Adds a resource Capacity: 1

Resource team
for loading

R7 Adds a resource Capacity: 1

Resource team
for loading

R8 Adds a resource Capacity: 1

Resource team
for unloading

R2 Adds a resource Capacity: 1

Resource team
for unloading

R4 Adds a resource Capacity: 1

Resource team
for unloading

R6 Adds a resource Capacity: 1

Resource team
for unloading

R9 Adds a resource Capacity: 1

Resource team
for unloading

R10 Adds a resource Capacity: 1

Emissions C1 Calculates the emis-
sions

Variable name: var1
Time (h): NORM(8,0.8)
Emission coefficient (g/
kW*h): 1.5
Power (kW): 136
Load (kg): 23000
Legal Combined Total Whole
Weight (kg): 23000

Emissions C2 Calculates the emis-
sions

Variable name: var1
Time (h): NORM(12,1.2)
Emission coefficient (g/
kW*h): 1.5
Power (kW): 136
Load (kg): 23000
Legal Combined Total Whole
Weight (kg): 23000

Emissions C3 Calculates the emis-
sions

Variable name: var1
Time (h): NORM(7,0.7)
Emission coefficient (g/
kW*h): 1.5
Power (kW): 136
Load (kg): 23000
Legal Combined Total Whole
Weight (kg): 23000

Emissions C4 Calculates the emis-
sions

Variable name: var1
Time (h): NORM(4,0.4)
Emission coefficient (g/
kW*h): 1.5
Power (kW): 136
Load (kg): 23000
Legal Combined Total Whole
Weight (kg): 23000

Emissions C5 Calculates the emis-
sions

Variable name: var1
Time (h): NORM(5,0.5)
Emission coefficient (g/
kW*h): 1.5
Power (kW): 136
Load (kg): 23000
Legal Combined Total Whole
Weight (kg): 23000

Accumulator T1 Counts the entities Type: Variable
Value: cont+1

Accumulator T2 Counts the entities Type: Variable
Value: cont1+1
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Table A2 Experiment parameters of configuration 2.

Module Name Description Configuration data
Create E1 Responsible for the

creation of the entities
T. arrivals: Constant (1 h)
T. prim. arrivals: 0.0 h
Max. arrivals: Infinity

Loading F1 Executes a process Type: Expression
Value: 20000/6000

Loading F2 Executes a process Type: Expression
Value: 25000/6000

Loading F3 Executes a process Type: Expression
Value: 11000/6000

Unloading F4 Executes a process Type: Expression
Value: 56000/8000

Loading F5 Executes a process Type: Expression
Value: 56000/6000

Unloading F6 Executes a process Type: Expression
Value: 30000/8000

Unloading F7 Executes a process Type: Expression
Value: 26000/8000

Resource team
for loading

R1 Adds a resource Capacity: 1

Resource team
for loading

R2 Adds a resource Capacity: 1

Resource team
for loading

R3 Adds a resource Capacity: 1

Resource team
for unloading

R4 Adds a resource Capacity: 1

Resource team
for loading

R5 Adds a resource Capacity: 1

Resource team
for unloading

R6 Adds a resource Capacity: 1

Resource team
for unloading

R7 Adds a resource Capacity: 1

Emissions C1 Calculates the emis-
sions

Variable name: var1
Time (h): NORM(9,0.9)
Emissions coefficient (g/
kW*h): 1.5
Power (kW): 265
Load (kg): 20000
Legal Combined Total Whole
Weight (kg): 56000

Emissions C2 Calculates the emis-
sions

Variable name: var1
Time (h): NORM(11,1.1)
Emissions coefficient (g/
kW*h): 1.5
Power (kW): 265
Load (kg): 45000
Legal Combined Total Whole
Weight (kg): 56000

Emissions C3 Calculates the emis-
sions

Variable name: var1
Time (h): NORM(7,0.7)
Emissions coefficient (g/
kW*h): 1.5
Power (kW): 265
Load (kg): 56000
Legal Combined Total Whole
Weight (kg): 56000

Emissions C4 Calculates the emis-
sions

Variable name: var1
Time (h): NORM(4,0.4)
Emissions coefficient (g/
kW*h): 1.5
Power (kW): 136
Load (kg): 56000
Legal Combined Total Whole
Weight (kg): 56000

Emissions C5 Calculates the emis-
sions

Variable name: var1
Time (h): NORM(5,0.5)
Emissions coefficient (g/
kW*h): 1.5
Power (kW): 265
Load (kg): 26000
Legal Combined Total Whole
Weight (kg): 56000

Accumulator T1 Counts the entities Type: Variable
Value: cont1+1

Accumulator T2 Counts the entities Type: Variable
Value: cont1+1
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