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Environmental Impact from an AGV System
Assessing GHG emissions from Kollmorgen’s products during operation and identifying re-

duction possibilities

OLINE HAGGREN
WERA NILSSON

Department of Technology Management and Economics

Chalmers University of Technology

Abstract

This thesis was conducted at Kollmorgen Automation AB to investigate the greenhouse gas
(GHG) emissions from their products during operation, find the most important factors
contributing to the emissions, and finally define possible improvement measures for reducing
them. Kollmorgen’s products are used in automated guided vehicle (AGV) systems at their

end-users’ applications.

The method for calculating the emissions was mainly the Greenhouse Gas Protocol (GHG
Protocol) which was used throughout the report. Various assumptions were used to calculate
GHG emissions from Kollmorgen’s products during operations since they are used worldwide.
Furthermore, three case studies were executed to investigate the emissions from their products
during operation and provide an understanding of AGV systems. Several interviews were
held at the case studies and with colleagues at Kollmorgen to identify factors affecting the
emissions and find possible improvement measures. Finally, two driving tests were performed

to assess the improvement measures’ impact on the GHG emissions and validate them.

The results demonstrate that Kollmorgen’s products had larger GHG emissions during op-
eration than expected given that their main product is a software. However, Kollmorgen’s
emissions were also found to only represent 5-10 % of the total AGV system, which indicated
the importance of considering AGV systems’ emissions. Several factors affecting the GHG
emissions were also identified along with improvement measures to reduce the emissions.
The results from the driving tests clearly indicated that the driving pattern of an AGV has a
significant impact on energy consumption and thereby the GHG emissions. However, one of

the factors with the highest impact on the GHG emissions was the energy mix which differs



between regions and is something Kollmorgen’s products can not influence.

The discussion covered the significance of assessing the environmental impact of Kollmorgen’s
products and AGV systems in general. The possible improvement measures were concretized
and the implementation of them would lead to an important reduction in GHG emissions.
Finally, the reliability of the results was discussed as well as providing suggestions for further

investigation.

Keywords: GHG emissions, COy, AGV systems, GHG Protocol, energy consumption, enerqgy

efficiency, environmental impact, climate impact, Kollmorgen
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1 Introduction

This master thesis evaluates the environmental impact of an automated guided vehicle (AGV)
system during operation and investigates which characteristics of the AGV system can be
altered to reduce the environmental impact. The thesis was conducted at Kollmorgen Au-
tomation AB during the spring term of 2023. This chapter presents the background and the

aim of the project, as well as the delimitations.

1.1 Background

This section describes what an AGV system is and gives a presentation of the company Koll-
morgen Automation AB, subsequently referred to as Kollmorgen. The section also describes
what Kollmorgen has done so far in their climate assessment. As well as this, a background
regarding the Greenhouse Gas Protocol (GHG Protocol) is presented, which is used as a
tool in this project for calculating the greenhouse gas (GHG) emissions from Kollmorgens

products during operations.

1.1.1 The AGV System

An AGYV is a mobile robot that runs autonomously and operates mostly in factories and
warehouses. However, AGVs can be applied and adapted to several areas of application [1].
Furthermore, an AGV system is a fleet of AGVs controlled and navigated by software and
navigation technologies. AGYV systems improve efficiency and safety compared to manual
forklifts. The benefits of using AGV systems are optimized vehicle routes, safety sensors,
and smooth start, stop, and driving functions. This is all controlled by smart algorithms in
the software which reduces the driving distance, energy consumption and wear on the vehicles
and surroundings, which also enables a longer lifetime compared to the use of manual trucks
[2]. Another benefit of the use of AGV systems is the increase in workplace safety [3]. The
most common types of vehicles used in AGV systems are shown in Figure[I] the systems vary

considerably in shape and size depending on their functions and application.



Figure 1: Several types of AGVs [4]

The typical AGV system operates by performing as many tasks in the shortest amount
of time possible to maximize performance. This is controlled by the software and typically
when the system receives an order, the closest AGV is ordered to execute it as fast as possible
[5]. The software controls the whole fleet of AGVs in the system and optimizes routes and
speeds for productivity. The AGVs have safety sensors and will stop for obstacles and people
and other AGVs. The time when an AGV stops for another AGV is called blocking time.
Since the AGVs are programmed to perform every task as fast as possible, some idle time
can occur when the AGVs are standing still and waiting for the next order. This is also
highly dependent on the number of orders. Furthermore, the AGVs are commonly charged
by contact-charging or manually changed batteries. This is also typically controlled by the
software to navigate the AGVs to the charging station as needed, which can be optimized
by using so-called opportunity charging. Different types of batteries can be used for the
AGVs but the most common are lead-acid or lithium-ion. Lithium-ion batteries are the most
energy-efficient and have a longer lifetime [6]. Many AGVs and other types of electrical
vehicles have a regenerative braking system which means that some of the energy used for

the braking is regenerated into the battery [7].



1.1.2 Kollmorgen Automation AB

Kollmorgen provides hardware and software solutions for both navigation and control of
AGVs and mobile robots. Kollmorgen sells these hardware and software solutions to their
partners who assemble them into a finished AGV system. Their partners in turn sell the AGV
systems to the end-users where they are used in warehouses and factories to increase efficiency
and agility [§]. However, they also provide their partners with value-adding business services
by supporting them with strategic guidance. This strategic guidance is related to how their
partners can become better at emerging into new markets and developing material handling
solutions. Kollmorgen mostly sells its products in the regions of Europe, North America,
China, and the rest of the Asia-Pacific. Kollmorgen Automation AB is part of Kollmorgen
Corporation and they are both subsidiaries of Regal Rexnord since 2023. Regal Rexnord is
a global manufacturer of machine components [9] and has a sustainability approach focused

on energy efficiency and sustainable production [10].

1.1.3 Kollmorgen’s Climate Assessments

Kollmorgen’s previous climate assessment was based on the GHG Protocol and they have
performed calculations concerning their organization, Kollmorgen Automation AB. The GHG
Protocol provides a global standardized framework to measure GHG emissions from the
private and public sectors [11]. It helps with measuring but also managing GHG emissions

by providing standards, guidance, tools, and training for both businesses and the government.

The GHG Protocol includes three different scopes, Scope 1 to 3, and is divided into upstream
and downstream activities from the reporting company. Upstream activities refer to suppliers
and downstream activities refer to end-users. Scope 1 represents the direct emissions from
the company, which includes company vehicles and facilities. Scope 2 represents the indirect
emissions from the company’s purchased energy, these can be either location- or market-
based. The location-based method is based on an average emission factor within a specific
geographical boundary and the market-based method is based on the specific emission factor
in direct correlation with the electricity supplier for the consumer [12]. The market-based
method, therefore, implies that the energy that is purchased might differ from the energy that
is generated where the company is located. The emission factor connected to the market-
based method is based on an agreement between the two parties involved in the sale and
purchase of the energy, which includes energy attributes about the origin of the energy [12].

When the origin of the energy is undetermined, default emission factors could be included in



the agreements, called the residual mix.

Scope 3 is divided into emissions from upstream respective downstream activities and repre-
sents all other indirect emissions. Upstream activities are for example all purchased goods,
business travels, transportation and distribution, etc., and downstream activities are process-
ing, use, and end-of-life treatment of sold products, franchises, and investments. The GHG
emissions included in the Protocol are CO,, CHy, No,O, HFCs, PFCs, and SF¢. However, this
report will only focus on CO, emissions. An overview of the different scopes and emissions

can be seen in Figure [2 below.
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Figure 2: GHG Protocol Scopes [13]

Kollmorgen’s climate assessments have so far accounted for their Scope 1, 2, and Scope
3 upstream activities. Kollmorgen’s Scope 1 has insignificant emissions since they do not
have any hardware production of their own or any company vehicles, however, they have
suppliers who produce the hardware products that Kollmorgen then sells. Their Scope 2
includes purchases of renewable electricity and district heating where they have calculated
their emissions based on local emission factors. The major part of Kollmorgen’s emissions
is located in the value chain, which is Scope 3, both upstream and downstream. The Scope
3 upstream activities previously assessed with significant emissions are purchased goods and

services, transportation and distribution, business travel, and employee commuting. For this

4



scope, they have calculated their emissions for every part except purchased goods and services
since there is currently no data available from their suppliers. GHG emissions allocated to
capital goods, fuel, and energy-related activities, waste generated in operation as well as leased
assets are regarded as insignificant. Kollmorgen has not fully assessed their emissions for
Scope 3 downstream yet, where the main factor is use of sold products. One of the aims of
this report is to investigate these emissions. This is necessary to complement Kollmorgen’s
previous climate assessment based on the GHG Protocol. Kollmorgen sells their products to
their partners, who assemble the AGV systems and sell them to the end users. This implies
that Kollmorgen’s Scope 3 use of sold products corresponds to the end-users Scope 2 due to

the product only consuming electricity during operation.

1.2 Purpose and Aim

The purpose of this master thesis was to investigate the climate impact of Kollmorgen’s prod-
ucts in the AGV system during operation and find possible improvement measures for the
software to reduce GHG emissions. Kollmorgen has not assessed the use of their sold prod-
ucts from an environmental perspective previously which is necessary to complement their
earlier assessment according to the GHG Protocol. Furthermore, the identification of possible
improvement measures is important since Kollmorgen wants to reduce their environmental
impact. A part of this is to identify the main factors that contribute to GHG emissions and
which factors can be altered by making changes in Kollmorgen’s software solutions to lower
the emissions. To answer this, three research questions were formulated and the thesis was

based on the following questions:

RQ1: How large are the GHG emissions from Kollmorgen’s products in an AGV

system during operation for a year?

RQ2: What are the main factors that affect the GHG emissions of the AGV system

during operation?

RQ3: How can Kollmorgen’s software solutions be improved to reduce GHG emissions

and prolong the lifetime of the AGV systems?

1.3 Delimitations

The assessment of the environmental impact was limited to climate impact and the GHG

calculations were done with regard to CO, emissions. This means that other types of en-



vironmental impacts were not investigated in the scope of this master thesis. Furthermore,
the main factor contributing to GHG emissions was the electricity use for the AGV systems
during operation. Therefore the calculations were based on the electricity used by Kollmor-
gen’s products. External factors like facility lighting, temperature, damage to goods, etc.
were not taken into consideration for the calculations of GHG emissions. As well as this,
various assumptions were made to calculate the GHG emissions from Kollmorgen’s products
during operation. The assumptions imply limitations which are explained throughout the
thesis. The identification of improvement measures was limited to only include factors that
Kollmorgen’s software solutions can affect. Thereby, factors like energy mix, battery type,

load weight, etc. were not accounted for.



2 Theory

This section provides a further explanation of the research questions as well as their relevance

and gives a wider perspective regarding the climate and society.

2.1 The Research Questions’ Different Scopes

The investigation for the first and second research questions, about calculating GHG emis-
sions and identifying factors affecting these, was only performed with regard to the product’s
use phase. The third research question about improvement measures covered a bigger scope
concerning factors and components that are affected by Kollmorgen’s software. The first
research question was answered with a quantitative method whilst the second and third re-
search question was answered with a qualitative method. This resulted in the whole report
using a combination of quantitative and qualitative methods to answer all the research ques-

tions.

The quantitative method used for answering the first research question was the calcula-
tion of climate impacts based on the GHG Protocol, which affects the result. The main
factors that affect the result when using the GHG Protocol are the choice of a location-based
or market-based method, and thereby also the emission factor. The result could also differ
if another method was used as guidance for the calculations, for example, the use of a life
cycle assessment (LCA). LCA is a method where you assess the product or service life cycle
whereas the GHG Protocol assesses an organization’s climate impact [I4]. However, they are
both methods that investigate the environmental impact and that are used for calculating

emissions.

Various assumptions also affected the results. Assumptions were needed to base the calcu-
lations on because Kollmorgen’s products are used all over the world by multiple end-users
and every application is customized. The number of sold products also varies between year
and region. The years investigated in this report are the same as in Kollmorgen’s previous
climate assessments, and the regions are where most of Kollmorgen’s partners are operating.
The emission factor for electricity varies between regions which is also a reason for analyzing

different regions when performing the calculations for the standard system.

The two other research questions were answered by mainly a qualitative method, based



on interviews with colleagues at Kollmorgen as well as case studies at various end-users.
However, some quantitative results for the third research question have been obtained by

measuring some of the possible improvements.

2.2 Relevance with Regard to Climate Impact

These research questions are relevant to climate change since it is important for companies to
report their climate impacts for both transparency and the possibility to find improvements
for minimizing their impact. The GHG emissions from the AGV systems are only a small
part of the total climate impact of society. However, it is still important that companies
report and try to reduce their emissions as much as possible. Climate change is an important
issue and it has both negative environmental as well as social consequences [15]. Some of
the environmental consequences are higher temperatures which cause droughts and wildfires.
Another consequence is the availability of freshwater since the increased temperature leads
to changes in rainfall patterns and increased droughts, which will reduce the quality of fresh-
water resources. Climate change also has a negative effect on biodiversity, since it is hard for
plants and animals to adapt to the changing environment. This will lead to changes in the
ecosystem and in turn, affect the ability to provide essential ecosystem services. Examples
of these services are climate regulation, provisioning of food, clean air and water, as well as
control of floods and erosion. These changes therefore pose both environmental as well as

social threats.

Some of the social consequences related to climate change concerns health issues. Because
of more extreme weather conditions, diseases connected to lower freshwater quality, decrease
in food production, etc. will increase. Regions will also be affected differently, where less
developed countries will have a harder time facing the impacts that come with climate change
because of poor infrastructure and economy. Climate change is expected to be responsible
for around 250 000 additional deaths per year between the years 2030 and 2050 [16]. This is
due to factors like malnutrition, malaria, diarrhea, and heat stress, all of which have a direct
relation to climate change. Because of all these factors stated above, every company needs
to try to minimize their emissions as much as possible, to try to delay the negative effects of
climate change. This is especially important for the people living in low-developed countries

since they are affected at a higher rate than developed countries.



2.3 Relevance with Regards to Social Aspects

Because of increased pressure to minimize GHG emissions around the world, many companies
want to achieve more sustainable production [17] and AGV systems could be a solution. This
is because of their increased efficiency compared to manual trucks as well as their higher
safety. The increased safety with AGV systems compared to manual trucks is partly because
they can operate without humans, which is one of the main reasons behind accidents. AGVs
have built-in safety sensors that prevent them from colliding with other vehicles, goods, or
people [§]. For manual forklifts, the human factor has a great impact, and accidents, in some
form, are unavoidable. Another reason for the increased safety is that the AGV systems
can perform tasks that are not suited for human workers, for example handling hazardous
substances, handling heavy loads, and extreme temperatures. In the United States, accidents
related to manual forklifts account for around 10 % of the injuries that occur in warehouses
and factories [18]. The main reason behind this is the lack of training and safety measures
for the truck drivers and around 70 % of these accidents could be removed with proper
training. However, by replacing manual trucks with AGV systems, these numbers could
be reduced significantly. This is important both from a social as well as an ethical aspect
since the introduction of AGV systems could increase the safety of the workers and minimize
accidents. This is positive from a work environment perspective. The manual forklifts also
need fair working conditions since they are operated by humans but since the AGV systems
can be operated without humans, this factor does not need to be taken into consideration

when implementing an AGV system.

Another aspect of this is that it is argued whether people’s jobs will be replaced by AGVs and
affect social welfare by reducing job opportunities. This can be an issue in many different
sectors and historically, job opportunities in for example manufacturing, production, and
agriculture have decreased significantly with the implementation of automation. However,
others argue that AGVs, and automation overall, do not necessarily mean that jobs are
replaced but instead create new types of jobs. Examples of new types of job opportunities
are management, programming, as well as supervision of the AGV system [19]. This implies
that the reduction of job opportunities might not be the case, instead, it could mean that
the displacement of jobs reduces the heavier manual labour for the operators. This can be
seen as a positive aspect since work injuries, as mentioned above, are high in these types of
environments. A challenge with the displacement of jobs is the need for people with other

types of knowledge and skills. This could mean that some people might have a harder time



obtaining a job which would have a negative social impact. Nevertheless, the implementation
of AGV systems and automation overall are increasing and because of this, it is important

to analyze their sustainability.
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3 Specification of Kollmorgen’s Products

This section presents Kollmorgen’s core hardware and software components that are used
today, and these components were also used when calculating the GHG emissions for Koll-

morgen’s products.

3.1 Components for the Software

The components needed to run the software system are servers for the system manager
and one or several operator interfaces to display the system [20]. The system manager
and operator interface is further explained below. The servers and operator interfaces are
not delivered by Kollmorgen but are needed for the software, so in order to calculate the
environmental impact of the software, the energy consumption for these components needed
to be investigated. A graphical illustration of the server and operator interface can be seen
in Figure [3] and the power consumption for the components for the software can be seen in
Table Il

(a) Server for the system manager [4] (b) Operator interface [4]

Figure 3: Components for the software

3.1.1 System Manager

The system manager is Kollmorgen’s software solution package and is used for transport
flow control, traffic management, and fleet management for the AGV systems [4]. A server
is needed for the system manager, either virtual or physical. According to [21] there were

approximately 55,6 % physical servers in 2019 and the rest were virtual servers. The energy

11



consumption for a typical physical server is assumed to be 218 W [22]. However, the energy
consumption for a virtual server is lower than for a physical server and according to [23] it is

51,7 % more efficient, from a power usage perspective, compared to a physical server.

3.1.2 Operator Interface

Operator interfaces are used to display and monitor the AGV systems digitally on screens
[24]. Ordinary computers with screens are used for this and one application can have one
or several operator interfaces. These are also used to get an overview of the system at the
specific location and be able to detect errors in the system. The standard operator interface
that will be assumed is a 177 LED monitor with an average power consumption of 18 W per
hour [27].

3.1.3 Power Consumption

In this section, a specification is shown in Table [[Jregarding the maximum power consumption
for the different components for the software. The power consumption were used in the

calculations for the GHG emissions.

Table 1: Power Consumption for the Components for the Software

Component Power Output [W]
Operator interface 18
Physical Server 218
Virtual Server 105

3.2 Hardware Components

Kollmorgen provides four types of hardware components which are a vehicle controller, a
navigation sensor, two drives, and an human-machine interface (HMI) display [20]. The
vehicle controller and some type of navigation sensor are sold together with their software
solutions to Kollmorgen’s partners, whilst their partners sometimes have a different supplier
for drives and HMI display when assembling the AGV system. A graphical illustration of the
four hardware components can be seen in Figure 4 and the power consumption for each one

of the hardware components can be seen in Table

12



(c) Drive [24] (d) HMI Display [4]

Figure 4: Hardware components

3.2.1 Vehicle Controller

The vehicle controller is the product that manages the steering and navigation of an AGV
[28]. This means that it is the product that receives the signals from the system manager
and navigates the AGV accordingly. Kollmorgen’s latest vehicle controller, CVC700, was
used when performing the climate assessment. This vehicle controller is based on a standard
technology that allows it to be used for any navigation technology. It can also be used for

any type of vehicle and wheel configurations. The vehicle controller can be seen in Figure [a]

3.2.2 Navigation Sensor

Kollmorgen has various types of navigation sensors. However, the navigation sensor LS2000
is Kollmorgen’s latest navigation sensor that is used for detecting and analyzing the sur-
roundings, which is done by laser scanning [24]. This is the type of navigation sensor that

was used for the climate assessment. The navigation sensor can be seen in Figure [4b]

13



3.2.3 Drives

The drives provide current for the electric motors in the truck, there are two drives where
one is for steering and the other one is for driving the vehicle [24]. The energy consumption
in a technical specification of a drive is the maximum power output possible for the drive to
deliver to the motor, i.e. not what the drive consumes itself. The drives energy consumption
depends instead on its efficiency and power output. The drives that were used for the climate
assessment are ACD4805-W4 (175A) for driving and ACD4805-W4 (70A) for steering. The
ACD drive can be seen in Figure [dd

3.2.4 HMI Display

The HMI display that was used for calculations was OPT100, which is a small instrument
panel display that is placed on the AGV. It could also be suited for other electrical vehicles
[24]. The function of this display is to show the status of the AGV system, and display
warnings, errors, and diagnostic information. It can also be used to change the settings for

the vehicle as well as operating modes. The HMI Display can be seen in Figure [4d]

3.2.5 Power Consumption

In this section, a specification is shown in Table [2| regarding Kollmorgen’s different hard-
ware component’s maximum power consumption. The power consumption was used in the

calculations for the GHG emissions.

Table 2: Power Consumption for the Hardware Components

Component Product name Power Output Unit

Vehicle controller  CVC700 6 [W]

Navigation sensor 1L.S2000 10 [W]

Drive (steering)  ACD4805-W4 (70A) 3800 [W] (2 min rating)
Drive (driving) ACD4805-W4 (175A) 9 600 [W] (2 min rating)
HMI Display OPT100 7 [W]

14



4 Method

In this section, a presentation of the methodology will be done. The main steps of this master
thesis are literature studies and interviews with colleagues from Kollmorgen, case studies at
various end-users, calculations of the GHG emissions, as well as identification of improvement
measures. Relevant flowcharts with system boundaries are also presented in this section, as

well as a driving test for validation of some identified improvement measures.

4.1 Literature Studies and Interviews

The work process began with literature studies, as well as interviews with colleagues from
different departments and roles at Kollmorgen to get a better understanding of the product
and company overall. Thereafter, factors and components that affect the electricity use and
thereby the environmental impact of the AGV system during operation were identified. This
was done by analyzing various items of literature as well as gathering information from the
interviews. Even external factors that Kollmorgen’s software solutions or the AGVs can not
affect directly, but are connected to the AGV systems, were considered. For example facility

lighting in the warehouse [25].

4.2 Flowcharts and System Boundaries

This section shows flowcharts for the life cycle of an AGV system in total and Kollmorgen’s
hardware components as well as an illustration of the use phase in detail. The flowcharts
over the life cycles both have a system boundary around the use phase to illustrate that this
is the main focus. The flowcharts are general and are used to illustrate an overview of the

life cycles. It includes the main flows that are relevant to this thesis.

4.2.1 Life cycle of Kollmorgen’s Hardware

The first flowchart illustrates the life cycle of Kollmorgen’s hardware components, which is
represented in Figure 5l It begins with Raw material extraction where Energy, in the form of
fuels, is an inflow that is needed for the extraction. The outflow is GHG emissions which is
created in the process. The materials extracted are then used for Manufacturing and produc-
tion where they are used for the production of the components. These steps require energy

and the manufacturing and production release GHG emissions, represented as an outflow.
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The resulting product is then used in the next step, the Use-phase, where the hardware
components operate in an AGV system. This step is also illustrated with a system boundary
over the Use-phase since this part was analyzed for research question 1, namely calculating
the GHG emissions. The inflow for the Use-phase is only Electricity since the hardware
components consume electricity when in operation. The last step of the life cycle is the End
of life-stage, which occurs when the components are worn out and cannot be used anymore.
The AGV systems, and thereby Kollmorgen’s hardware, are used all over the world which
means that the waste handling can differ a lot. Waste handling normally consists of recycling,

incineration, or landfill [26].

Energy —+ Raw material — GHG emissions

extraction

Manufacturing

and production| GHG emissions

Energy —

Electricity ——  Use-phase

End of life

Figure 5: Flowchart over the life cycle of Kollmorgen’s hardware

4.2.2 Flowchart of the Use-Phase

Connected to the previous flowchart over Kollmorgen’s hardware life cycle, a more detailed
illustration of only the use phase is shown in Figure [6] below. It illustrates which of Kollmor-
gen’s hardware components as well as which components for the software are used during
the use phase. All of these components, both the hardware components as well as the com-
ponents for the software require energy in the form of electricity, and therefore is Electricity
shown as an inflow to the use phase. As mentioned before, electricity is the main factor

to consider when calculating the climate impact. This is because the amount and type of
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electricity will define how much GHG emissions that are emitted during the use phase. This
flowchart is connected to the first research question, which is regarding calculations of the

GHG emissions from Kollmorgen’s products during operation.

Before the use phase, Kollmorgen’s products need to be manufactured, which is illustrated
by the inflow of Kollmorgen’s manufactured products. The outflow from the use phase is

Kollmorgen’s waste products for when the products are damaged or worn out.

Kollmorgen’s manufactured products

Use-phase
Hardware components Components for software
Vehicle Navigation
Server
controller sensor
Electricity —»
. Operator
i HMI Displa
M play interface

l

Kollmorgen’s waste products

Figure 6: Flowchart over the use-phase

4.2.3 Life cycle of an AGV System

The third flowchart can be seen in Figure [7] and represents the whole life cycle of an AGV
system. It follows a similar life cycle as for Kollmorgen’s hardware components, which is
shown in Figure [5| above, and includes almost the same steps. However, in this flowchart,
the Raw material extraction and the Manufacturing and production include all materials and
components from various suppliers that are used in an AGV system, not just Kollmorgen’s.
Another difference in this flowchart is that it includes a box covering Kollmorgen’s software
representing the process of creating Kollmorgen’s software solutions which is an inflow to

the Manufacturing and production. During this step, the components are assembled into a
finished AGV system.
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The finished AGV system then operates in the next step, which is the Use-phase. This
step also differs from the first flowchart since the inflow Spare parts and the outflow Dam-
aged parts are included since some parts are exchanged during the AGVs’ life cycle. These
flows are important for the third research question of this report regarding how Kollmorgen’s
software solutions can be improved to reduce GHG emissions and prolong the lifetime of the
AGYV systems. By identifying which factors Kollmorgen’s software solutions can affect to
accomplish this, the number of spare parts and damaged parts could be reduced as well as a

decrease in electricity use.

Raw material
extraction

Energy —» ————— GHG emissions

Kollmorgen’s Energy Manufacturing

— GHG emissions
Energy — software and production

Spare parts —— !
! Use-phase [ Damaged parts
Electricity ——|

End of life

Figure 7: Flowchart over an AGV system’s lifecycle

4.3 Case Studies

After finishing the literature studies and interviews, three case studies were performed to
study the respective end users’” AGV systems during operation. The case studies included a
study visit to the end-user’s facilities and interviews with people who work with the AGV sys-
tems. This was done both for the identification of what factors affect electricity consumption
and for understanding what factors Kollmorgen’s software solutions could affect to minimize

the electricity use and thereby also the GHG emissions. Furthermore, this was also done to
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be able to calculate the GHG emissions for Kollmorgens’s products during operation, for the
specific system. To be able to calculate the GHG emissions the electricity use for Kollmor-
gen’s products was calculated. This was then set in comparison to the total AGV system to
be able to get a better understanding of how much emissions are allocated to Kollmorgen’s

products in relation to the total system.

The three case studies were performed in Sweden and the location-based emission factor
for Sweden was therefore used. The emission factor for Sweden has been 10 grams of COq
per kWh in the last decade [29] and therefore this factor was used for the calculations. The
location-based emission factor was used due to availability and for comparability between the

three case studies.

4.3.1 Case Study 1: DB Schenker

The first case study was at DB Schenker in Boras. DB Schenker provides logistic solutions
and supply chain management, and transports goods and packages all over the world [30].
The location in Boras is one of their biggest warehouses in Sweden and the AGVs are used
to transport parcels in boxes from one point to another based on orders. Their 6 AGVs have
been operating since 2021. Some of the AGVs at DB Schenker can be seen in Figure

Figure 8: AGVs at DB Schenker
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They had a hybrid system of both manual and automatic trucks in the warehouse. The
trucks were in operation 20 h a day in total but actively running 8 of these hours, and every
weekday of the year [31]. They had lead-acid batteries for the trucks with a capacity of 375
Ah and 24 V and the charger had a capacity of 60 A and 24 V. They had two batteries for
every truck, where one was used in the truck all day while the other one was charging and
then changed manually after every day. The batteries were fully charged after 6-7 h. The
questions that were asked during the case study, as well as the answers to these questions can
be found in [Appendix A]l The questions were regarding the AGVs’ operating hours, driving

and charging patterns, lifetime, load, etc.

According to [31], the main difference between AGVs and manual trucks is visibly more
wear on the manual trucks after a short period. The manual trucks also had a shorter life
expectancy than the AGVs, only 5 years instead of 10. As well as this, the batteries for the
manual trucks were changed three times a day instead of one and the AGVs were almost

twice as productive, 0.6 AGVs per 1 manual truck.

4.3.2 Case Study 2: Borealis

The second case study was done at Borealis in Stenungsund. Borealis produce polyolefins,
base chemicals, and fertilizers [32], however, at Stenungsund they only produce polythene.
They had 14 AGVs in their warehouse and they had been running since around the year
2000 [33], a picture of one of the AGVs at Borealis can be seen in Figure[d] The AGVs had a
speed of 1.1 m/s and transports a load of about 1.1 tonnes where the type of load was packed
polyethylene. The AGVs were running every day of the year and around 9 to 24 hours a day.
They had NiCd batteries and the trucks used opportunity charging when the batteries were
below 70 %, and they also had one spare battery for each AGV. The batteries had a capacity
of 104 Ah/5h with 24 V, and the charger had a capacity of 100 A and 48 V.

In the warehouse, where the AGVs are operating there were no personnel except some persons
who monitor the system and are available if something needs to be fixed manually. There
were also no manual trucks inside the warehouse where the AGVs are running. The AGVs
were using reflector navigation to navigate through the warehouse and the AGVs were using
Kollmorgen’s vehicle controller, navigation sensor as well as their HMI display. However,
they were not using Kollmorgen’s drives. Moreover, they had three operator interfaces and

one physical server that was used only for the AGV system.
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Figure 9: An AGV at Borealis

For this case study, the same questions as for the previous case study were asked and the

answers to these questions can be found in

4.3.3 Case Study 3: Toyota Material Handling

The third case study was done at Toyota Material Handling in Mjolby. They produce trucks
and other types of equipment for material handling [34]. They had different types of AGV
systems in their factory, whereas two types of AGV systems were using Kollmorgen’s prod-
ucts, 10 stackers and 5 tow trucks [35]. These can be seen in Figures and They were
using Kollmorgen’s vehicle controller and their navigation sensor, but not their HMI display
or drives. The most common parts that were being replaced for the AGV systems were the
scanner glass for the safety scanners. This is due to the dusty environment where they were

operating, the safety scanners need to be cleaned, and because of this scratching occurs.

Toyota had both AGVs and manual trucks in their factory, where the tow trucks were oper-
ating over a large part of the factory and therefore running together with the manual trucks.
However, the stackers operated in a closed area with no manual trucks. The stackers were

operating 12-24 h a day every day of the year and tow trucks 18 h a day on weekdays. The
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stackers had a speed of 1.8 m/s and transported a load of 600 kg whereas the tow trucks had
a speed of 1.2 m/s and a load of up to 5 000 kg. The current version of stackers had been
running since 2022 and the tow trucks since 2016 but were replaced in March 2023.

(a) Stackers [36] (b) Tow trucks [37]

Figure 10: AGV types at Toyota

The main difference according to [35] between manual trucks and AGV systems was safety,
they had close to zero safety issues with the AGV systems but incidents with the manual
trucks happen occasionally. Another difference was regarding the wear, the AGVs had much
less outer damage compared to the manual trucks. The lifetime was also different: manual
forklifts were normally rented for 5 years at a time and the AGV systems were normally rented
for 3 years because of the fast development in this field. Lastly, there was a big difference
regarding the cost, when using AGV systems the personnel costs decrease considerably and
therefore from an economic perspective it was cheaper to have AGV systems even though

the investment costs were significantly higher.

4.4 Assumptions for Calculating GHG Emissions

The most important questions in order to calculate the GHG emissions for Kollmorgen’s

products, and thereby answer research question one, are to find out how many AGV systems
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they are using, how long time the systems are operating, how often they operate in a year,
which types and how many of Kollmorgen’s products they are using as well as their lifetime.
However, since Kollmorgen sells their products to various end-users, the answer to these
factors can differ and therefore a standard system was assumed for the calculations. The
standard system represents a modeled AGV system with assumptions regarding the number
of Kollmorgen’s products, operator interfaces and servers. These assumptions were developed

together with colleagues at Kollmorgen as well as interviews with end-users.

The years analyzed were 2019 to 2022 and the investigated regions were Europe, North
America, China, and Asia-Pacific. Furthermore, each AGV was assumed to operate 20 hours
a day and was actively running 8 hours per day. The standard system was assumed to op-
erate every working day per year which corresponds to around 253 days per year. These
assumptions are shown in Table [3] and were based on the case studies as well as interviews
with colleges at Kollmorgen. Further assumptions were regarding the power output. The
maximum power output can be seen in Tables [I] and [2| but this is rarely used since the
AGVs drive at a low speed and acceleration. A more realistic estimate is 50% for the vehicle
controller, navigation sensor, and HMI Display. For the drives, however, the power output
seen in Table [2] is the maximum power output to the electric motor from the drives. A more
realistic assumption for the operating power of the motor is 25 % of the maximum power [3§].
Moreover, the drives have an efficiency of 97.5 % where the operating power for the drives
then can be seen in Table [3| [38] [39]. The operator interface was assumed to operate at max-
imum power, however, the servers were assumed to have a capacity of 50% since they rarely
operate at full capacity. These assumptions were verified with colleagues at Kollmorgen and

are shown in Table Bl
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Table 3: Assumptions for operating time and power for each component

Operating time [h] Operating power [W]

Vehicle controller 20 3

Navigation sensor 20 )

Drive (steering) 8 23.8
Drive (driving) 8 60
HMI Display 20 3.5
Operator interface 20 18
Physical Server 24 109
Virtual Server 24 53

Another assumption was regarding the number of Kollmorgen’s hardware components in an
AGYV system. The number of components was calculated in relation to the amount of sold
vehicle controllers in the specific year and region, since Kollmorgen always sells one vehicle
controller per AGV. The number of hardware components was based on sales statistics from
Kollmorgen which also includes spare parts. However, due to secrecy reasons, the sales
statistics are not presented in this report. Explanation and pictures of the components can
be seen in Section[3] The standard system was assumed to have one server, and the server used
was assumed to be a hybrid based on the share of physical and virtual servers, also presented
in Section [3] This was done since the power consumption differs between physical and virtual
servers and therefore it is important to include both for the standard system. It is always
one system manager per AGV system since it is handling the total system which usually
requires one server, hence the assumption. It was also assumed that the standard system
has two operator interfaces per system. The number of operator interfaces can vary between
end-users and the assumption of two per system is based on interviews with colleagues at

Kollmorgen. All these assumptions are assumed to be the same for every year and region.

The calculations of emissions for the standard system have been performed with regard to
the location-based method according to the GHG Protocol. This method was chosen since
entire regions have been investigated and no specific data from end-users were available. The
emission factors are different for the regions, and the regions investigated are as mentioned
before, Europe, North America, China, and Asia-Pacific excluding China. China is separated
from Asia-Pacific because a lot of Kollmorgen’s partners are located in China and therefore

a majority of the sales from Kollmorgen to Asia-Pacific are allocated to China. Therefore
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to get a more accurate value for the emission factors, China is investigated separately from
the other countries in Asia-Pacific. When calculating the emission factor for Asia-Pacific an
average value regarding the countries Australia, Japan, South Korea, Vietnam, and Taiwan is
used since these are the other countries in Asia-Pacific that Kollmorgen’s partners are located
in. Furthermore, since the years investigated are 2019-2022, an assumption was made that
the emission factors are the same for these years and the numbers used are obtained for the
year 2020. The emission factors for the different regions are presented in Table {4 below [40]
[41].

Table 4: Emission factors

Emission factors

Region g CO2/kWh
Furope 239
North America 322
China 550
Asia-Pacific 517

4.5 Calculation of GHG Emissions

In this section, the calculations for both the case studies and the standard system will be
presented. It will specify which parameters that have been investigated and the calculations
performed. The GHG Protocol’s Scope 2 Guidance [12] and Scope 8 Calculation Guidance

[42] were used when calculating the emissions.

4.5.1 Case Studies

For each case study, the GHG emissions for only Kollmorgen’s products at the specific location
were calculated as well as the GHG emissions for the total AGV system, and per AGV. The
factors needed to calculate the GHG emissions for Kollmorgen’s products were which types of
hardware components that were used in the specific system, the number of operator interfaces
and servers, operating hours, and the number of AGV systems. This can be seen in the section

for each case study and which components from Kollmorgen that are used are compiled in
Table Bl
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Table 5: Number of Kollmorgen’s components for each case study

DB Schenker Borealis Toyota

Vehicle controller
Navigation sensor
Drive (steering)
Drive (driving)
HMI Display
Operator interface

Physical server

O W Rk O O
S =W R OO =
N O Ot O O O =

Virtual server

For calculating the energy consumption for each of Kollmorgen’s components, ¢, the energy
consumed per day was calculated by multiplying operating power, P;, with operating hours,
toperating,i- 1his was then summarized over all components, m, and multiplied with the num-
ber of AGVs, naqv, and operating days per year, Noperating, t0 get the energy consumption
for Kollmorgen’s products during a year at each case study, according to Equation [T The
same calculations are performed for the software components which can be seen in Equation
. However, for these calculations 7, ftwere Tepresents the number of software components,
k represents the total number of components and j represents each of Kollmorgen’s software
products. The energy consumption for the components and software for a year was then mul-

tiplied with the emission factor, £ for the location of the case study according to Equation

Bl

Ecomponents = Z P’L : toperating,i *MNAGV * Noperating [kWh/year] (1>
=1
k
Esoftware - Z P] : toperating,j * Nsoftware * Noperating [kWh/year] (2)
j=1
GHG emissions = Ef : (Ecomponents + Esoftwm“e) [kgCOQ/year] (3)

For the calculations for the total AGV system for each case study the factors needed were
the battery’s capacity, the charger’s capacity, and charging time and frequency. To calculate
the energy consumption the charger’s capacity, Peparger, Was multiplied by charging time,

teharging, and charger efficiency, 7. Then with how often the AGV was charged, ncharging,
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and how many AGVs in the system, nag,, see Equation @] The energy consumption for the
software was then added to get the total energy consumption for the AGV system, which

was then multiplied with the emission factor according to Equation 5

EAGV = Pcharger : Zfcha?"ging * 1 Neharging TAGYV [k’Wh/y@CLT’] (4)

GHG emissions = Et - (Eagv + Esoftware) [kgC O, /year] (5)

The total AGV system’s energy consumption was calculated to get an indication of the total

AGYV system’s energy consumption and relate that to Kollmorgen’s products for validation.

4.5.2 Standard System

For the standard system, the energy consumption, F, was calculated for each of Kollmorgen’s
products, ¢, for each year, y, and region, r. This is based on their operating power, P,perating,is
number of units per AGV, nypitsiyr, and their operating time, toperqting,i, see Equation @
Poperatingi and toperating,i are shown in Table . This is summarized for all of Kollmorgen’s
products per year and region where m is the total number of components. The summarized
energy consumption is per AGV and it is then multiplied by the total number of AGVs in the
standard system, nagy as well as the assumed number of operating days per year, noperating,

see Equation [7]

The same calculations were performed for calculating the energy consumption for the soft-
ware, however, for these calculations, k represents the total number of components and j
represents each of Kollmorgen’s software products. This is then multiplied by the number of
software components, N fiware, according to Equation . The total energy consumption from
Kollmorgen’s products was calculated by adding the energy consumption for the components
with the software, see Equation [9] This value was then multiplied by the emissions factors
for each region and the expected lifetime for the AGV system, see Equation [I0] The last
step was done for every region since the emission factor, as well as the sales statistics differ

between regions.
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Ez',y,r = Poperating,z’ * Nunits,i toperating,i [k;Wh/umt/regzon] (6)
Ecomponents,y, Z iy, - AGV * Noperating [k:Wh/year/region] (7)
i=1
k
software y,r Z E * Nsoftware * Toperating [/{;Wh/year/region] (8)
7=1
Etotal = Ecomponents,y,r + Esoftware,y,r [k:Wh/year/region] (9)
GHG emissionsy, = Ef, - Eaiyr - Lt [kgC Oy /year/region] (10)

4.6 Validation of Improvement Measures

After the literature studies, interviews, and case studies, several possible improvement mea-
sures were identified. To test some of the improvement measures, two driving tests were
executed from the available conditions and carried out in a testing facility at Kollmorgen.
Some of the identified improvement measures were not possible to test and also more evident
than others, but two tests were made to validate and further analyze the results. The first
driving test was executed to examine how the speed of the AGV affects energy consumption.
The other was carried out to test how blockings affect energy consumption. Both driving
tests included acceleration and deceleration for each case. The AGV that was used was a
relatively small AGV with the dimensions 70x105x60 cm and a battery voltage of 24V. The
current that was measured was from the two drives, one for driving and one for steering. This
AGYV had a regenerative braking system which means, as mentioned before, that some of the
energy used when braking is regenerated in the AGV’s battery. In this case, the estimate is
that 60% of the energy used for the braking is regenerated in the AGV’s battery, based on
[7] as well as confirmed with colleagues at Kollmorgen. This means that 40% of the energy
used when braking results in heat losses which is taken into account in the calculations for

the driving tests.

In the first driving test the AGV was driving at full speed, 0.7 m/s in this case, following
a path, then it drove the same path at 50% of the full speed, 0.35 m/s. This was tested to
examine if the energy consumption of the AGV would be lower with a lower speed. This was
measured by examining the torque current [dA] output, it was then visualized in a diagram

where the average torque current could be calculated for the AGV when driving at both full

28



speed and half speed.

In the second driving test, the AGV was running in a path with zero blockings and then the
same path with several blockings, where the AGV had to stop and accelerate again after every
blocking. This was tested to examine if the energy consumption would increase with increased
blockings. Several attempts were measured, including one blocking, three blockings, and six
blockings. The torque current [dA] was measured and visualized in a diagram where the

average current could be calculated for both the AGV driving with and without blockings.

The paths for the two tests can be seen in Figure [I1], where the first test was executed on
the left path and the second test on the right path. The red dots in the left path represents
the start and stop of the AGV. In the right path, the red dots also includes the amounts
of blockings, in this case, six number of blockings. The length of each test was around 15

meters. The stars visualized in the figure down below represent the navigation points of the
AGV.
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Figure 11: Visualisation of the paths
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5 Results

In this section, the results from the research questions investigated are presented. It includes
the results from the literature studies and interviews, the case studies, calculations for the
standard system, possible improvement measures from an environmental perspective and

lastly, the results from the driving tests.

5.1 GHG Emissions

In this section, the results from the calculations for both the case studies and from Koll-
morgen’s products are presented regarding the GHG emissions. The results present both the
energy consumption and GHG emissions in the form of CO, from respective case studies as

well as for Kollmorgen’s products globally for the investigated years.

5.1.1 Case studies

The results from the case studies will be presented in this section. Three case studies have
been done, one at DB Schenker in Boras, one at Borealis in Stenungsund, and one at Toyota
Material Handling in Mjolby. The results show the energy consumption and GHG emissions
for both only Kollmorgen products in the specific case study as well as from the total AGV
system. It also shows the energy consumption and GHG emissions for one AGV, both with

respect to Kollmorgen’s products as well as the total AGV system.

DB Schenker

The results for the first case study at DB Schenker can be seen below in Table[6] The energy
consumption for Kollmorgen’s products and the total AGV system can be seen in Table
The results for the GHG emissions for Kollmorgen’s products and the total AGV system can
be seen in Table[6b] As can be interpreted from these results, Kollmorgen’s products stands

for approximately 9.3 % of the emissions from the total AGV system.
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Table 6: Results for DB Schenker

(a) Energy consumption (b) GHG emissions
Energy consumption [MWh/year| GHG emissions [tonne CO,/year]
Kollmorgen’s products 1.1 Kollmorgen’s products 0.011
Kollmorgen’s products per AGV  0.18 Kollmorgen’s products per AGV  0.0018
Total AGV system 12 Total AGV system 0.12
One AGV 1.9 One AGV 0.019

Borealis

The results from the second case study at Borealis are presented in Table []] The energy
consumption and GHG emission are presented both solely for Kollmorgen’s products as well
as for the total AGV system. For this case study, it can be seen that Kollmorgen’s products
stands for approximately 5.6 % of the emissions for the total AGV system.

Table 7: Results for Borealis

(a) Energy consumption (b) GHG emissions
Energy consumption [MWh/year| GHG emissions [tonne CO, /year]
Kollmorgen’s products 2.8 Kollmorgen’s products 0.028
Kollmorgen’s products per AGV 0.2 Kollmorgen’s products per AGV  0.002
Total AGV system 50 Total AGV system 0.5
One AGV 3.6 One AGV 0.036

Toyota Material Handling

The results from the third case study at Toyota Material Handling can be seen in Table
The energy consumption and the GHG emissions include the combined consumption and
emissions for both the stackers and the tow trucks. Kollmorgen’s products corresponds to 8

% of the emissions from the total AGV system in this case study.
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Table 8: Results for Toyota Material Handling

(a) Energy consumption (b) GHG emissions
Energy consumption [MWh/year| GHG emissions [tonne CO,/year]
Kollmorgen’s products 2.6 Kollmorgen’s products 0.026
Kollmorgen’s products per AGV  0.17 Kollmorgen’s products per AGV  0.0017
Total AGV system 32 Total AGV system 0.32
One AGV 2.1 One AGV 0.021

5.1.2 GHG Emissions from Kollmorgen’s Products

In this section, the results from the calculations based on the standard system are presented.
The answers to Equations [6] - [L0] presented in Section [4] can be seen in Table [9 below. The
tables present the energy consumption in MWh per component in the standard system for
every investigated year as well as the total energy consumption for Kollmorgen’s products
per year. The results depend on the sales statistics from every year and region. The number
of sold hardware components is in relation to the number of sold vehicle controllers, men-
tioned earlier, while the number of sold software components depends on the number of AGV

systems.

Table 9: Energy Consumption [MWh/year]

Component 2019 2020 2021 2022

Vehicle controller 40 42 45 55
Navigation sensor 64 62 76 74
Drive (steering) 63 62 67 57
Drive (driving) 140 110 71 89
HMI Display 20 18 14 16
Operator interface 76 81 76 85

System manager/server 210 230 210 240

Total [MWh/year| 610 600 560 610

The energy consumption for each year was then used to calculate the GHG emissions in the
form of COy according to Equation [0, This is presented both per year and for the whole
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lifetime which is assumed to be 10 years on average. The results are presented in Table
The calculations of these results have been according to the GHG Protocol and the result
are used to represent Kollmorgen’s Use of sold products in the GHG Protocol as well as

answering research question 1.

Table 10: GHG Emissions [tonne CO,]

2019 2020 2021 2022

Total per year 240 250 210 250
Total per lifetime 2400 2500 2100 2500

5.2 Identified Factors Affecting the GHG Emissions

The results gathered from the literature studies and interviews are presented in Table It
is divided into three parts, with one column representing the external factors that affect the
GHG emissions. Another column represents the factors that the software affects and lastly,

a column represents components that the software affects.

Table 11: Identified components and factors

External factors affecting Factors impacted by the Components affected by the

GHG emissions software software
Energy mix Acceleration Battery
Room temperature Routes Electric motor
Facility lighting Speed Drives
Battery type Charging time Vehicle controller
Charger type Lifetime Wheels
Battery capacity Battery lifetime Wheel bearings

Load weight
Truck weight
Motor type

Hardware energy efficiency
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As can be seen above the Ezxternal factors affecting GHG emissions are external factors
affecting the emission from the total AGV system. These are factors that can not be affected
by Kollmorgen’s products but are relevant to consider since it implicates the Use of sold
products for Kollmorgen, and thereby the scope of this report. These factors can instead
be affected by Kollmorgen’s end-users to some extent. The Energy miz has a direct impact
on the GHG emissions since this determines the emission factor. The GHG emissions can
decrease by having a high share of renewable energy in the energy mix. Room temperature
and Facility lighting are external factors in the warehouse or facility the AGV system is
operating. Both factors consume electricity and thereby generate GHG emissions, but are
not necessarily needed for the AGVs since they do not need the same working conditions as
humans. For example, facility lightning in warehouses represents 17 % of the total electricity
consumed in the US, which makes it an important area to investigate in order to reduce the
overall energy consumption [25]. Furthermore, all factors linked to the AGVs’ batteries, like
Battery type, Charger type, and Battery capacity can be optimized and utilized to minimize
the energy consumption for each AGV. Both the Load weight and Truck weight affect the
emissions in the way that more electricity is required to transport more weight. Lastly, Motor
type and general Hardware energy efficiency are factors important to optimize in order to

decrease energy consumption.

Following this, the Factors impacted by the software are factors that Kollmorgen’s software
can affect to minimize the GHG emissions. The system manager has the possibility to
optimize the fleet in order to decrease Acceleration, shorten the Routes and lower the Speed
to minimize energy consumption and thereby lower the GHG emissions accordingly. The
software can also manage the Charging time by optimizing the charging with regards to the
specific battery type which can prolong the Battery lifetime. Providing these measures even
the Lifetime of the AGV can be prolonged which indirectly affects the emissions due to less

need for new production of AGVs.

In he last column Components affected by the software are indirect impacts from the software
on hardware components. For example, if the software decides to make the AGV system
drive more smoothly with fewer stops, it can decrease the wear on the wheels which prolongs

its lifetime. This applies to all components in the table.
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5.3 Identified Improvement Measures

Based on the case studies, the identified improvement measures that Kollmorgen’s software
solutions can achieve are presented in the bullet list below, along with a short explanation of

the specific improvement measure.

e Improved route planning - This implies optimization of both distance and time when
the AGV is in use. More specifically, minimizing the distance traveled for each AGV

for the executed task, as well as minimizing the required time for each task.

e Blocking time reduction - The energy consumption could be reduced by minimizing
the blocking time. Kollmorgen’s software solutions could be used to optimize the route
planning of the AGV systems in order to minimize the number of unnecessary stops for
the AGVs and be able to reroute the AGVs to avoid obstacles.

e Idle time reduction - By minimizing the idle time for the AGV system the energy
consumption could reduce. The software could be customized to track and monitor the
idle time and adjust the scheduling and the routes for the AGVs to reduce the idle time

as much as possible.

e Minimize empty driving - Empty driving refers to when an AGV is driving without
load, these drives do not produce any value, and minimizing them will also reduce energy
consumption. Kollmorgen’s software could for example monitor the empty driving of
the AGVs and adjust the scheduling of the AGVs in order to always choose the shortest
distance and the AGV that is closest to the task that should be performed.

e Speed management - By adapting the speed for the AGV during operation it could
minimize the energy consumption. Kollmorgen’s software solutions could be customized
to select the most energy-efficient speed based on the task that is being performed, as
well as which type of AGV that is being used. By doing this the speed will always be

adapted to be as energy efficient as possible.

e Optimized battery charging - Since the energy consumption of the total AGV system
is in direct correlation with its battery, the energy consumption could be reduced by
optimizing the battery charging. By implementing opportunity charging of the AGVs
without manual interference, Kollmorgen’s software solutions could be customized to
optimize the charging of the battery by analyzing the battery level and charging pat-
terns based on the battery type. The battery could thereby be charged in a way that

35



reduces the wear on the battery and thereby increase the battery life.

e Switch off the AGV when not in operation - Another way of reducing the energy
consumption is to turn off the AGV completely when it is not needed if possible. Some
applications have "peak hours” when all AGVs are running actively, but the rest of
the time includes more idle periods due to fewer orders. For these applications, it
could be possible to switch off some of the AGVs during these periods to reduce energy

consumption.

The time the AGV is actively driving is the the main cause of higher energy consumption.
This implicates that the first improvement measure, Improved route planning, is the most
important one to optimize since this also covers several of the other improvement measures.
To optimize the route planning to only drive the AGVs when necessary and shorten the
distances, as well as driving in an energy-efficient way will have a great impact on the energy

consumption. This, as well as the other improvement measures, is discussed in Section [6.4]

5.4 Results from the Driving Tests

Two driving tests were made in order to validate some of the identified improvement measures,
namely Speed management and Blocking time reduction. The paths were previously presented
in Figure [11], where the first test was executed in the left path, and the second test in the
right path in the figure. A velocity curve illustrating the acceleration and deceleration for the
AGYV in the tests can be seen in Figure When calculating the results for the driving tests
the absolute value for the steering was used in order to calculate the total current demand
for steering. The same goes for the driving, but with regards to the regenerative braking
system. 40 % of the energy needed for braking was included in order to calculate the total

current demand, and the rest is regenerated back into the battery.
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5.4.1 Speed Management

The results from the first test of letting the AGV drive the same path at full speed and 50
% of full speed can be seen in Figure and [14, The graphs illustrate the power output
from each drive in the AGV, the blue curve represents driving and the orange represents
steering. The negative output in the graphs represents the deceleration of the AGV which
also consumes current. This was included in the results by using the absolute value and with
regard to the regenerative braking system, as previously explained. As can be seen in the
graphs, both cases look quite similar but it is also evident that it takes more power to drive
the AGV at full speed than half the speed.
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Figure 13: Full speed
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Figure 14: 50% of full speed

The average current for driving at full speed was 195 dA and for 50 % of full speed, the average
was 181 dA. This included both driving and steering. However, when taking the time for
the AGV to drive the same distance at different speeds to calculate the consumption, the
results were different. It took 24 s for the AGV to run the path at full speed and 48 s at
half-full speed, which indicated a total consumption of 1.30 dAh and 2.41 dAh respectively
for the same path. The hypothesis was that it would require less energy to drive at a lower
speed but that was not the case. This is due to the average power for the second case was
not sufficiently lower to compensate for the longer amount of time needed. The results from
the first test are compiled in Table [12| below.

Table 12: Results for Test 1

Average current [dA] Total consumption [dAh] Time [s]

Full speed 195.42 1.30 24
50 % of full speed 180.67 2.41 48

5.4.2 Blocking Time Reduction

The results from the second test, namely assessing how the number of blockings affects
energy consumption, are presented in Table [13| below. The speed was 0.7 m/s in this test.
From the table, it is evident that the average current drawn decreases when the amount of
blockings increases. However, the total power consumption is increasing when the number of

blockings increases. Since the distance is the same, it shows that when the time to drive the
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path is taken into consideration the total consumption is higher when the number of blockings

increases. This is mostly because of the longer time it takes for the AGV to complete the path

when the number of blockings is increasing but also due to the need for several accelerations.

Table 13: Results for Test 2

Blockings  Average current [dA] Total consumption [dAh] Time [s]

0 blockings 188.90 1.31 25
1 blocking 188.53 1.47 28
3 blockings 167.64 1.63 35
6 blockings 158.21 2.07 47

The test was, as stated above, carried out for various numbers of blockings. The result for
zero blockings and six blockings are presented in Figures 15| and The figures for all tested
blockings can be seen in Appendix The figure representing zero blockings is used as a

reference and is shown for comparison.

0 Blockings
400
300
200

100

[dA]

-100

-200

-300

00:00
00:01
00:01
00:02
00:03
00:03
00:04
00:05
00:05
00:06
00:07
00:07
00:08
00:09
00:09
00:10
00:11
00:11
00:12
00:13
00:13
00:14
00:15
00:15
00:16
00:17
00:17
00:18
00:19
00:19
00:20
00:21
00:21
00:22
00:23
00:23
00:24
00:25

@

Driving Steering

Figure 15: Results for 0 blockings
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6 Discussion

In this section, a discussion regarding the results is presented, concerning case studies, iden-
tified factors contributing to GHG emissions, improvement measures, and driving tests. Fur-
thermore, an analysis of the reliability of the results is presented with regard to the assump-

tions when calculating the GHG emissions and the driving tests.

6.1 Case Studies

The case study was mostly performed in order to get a better understanding of AGV systems
in general, to analyze different applications, and to find improvement measures. The results
from the case studies regarding that Kollmorgen’s share of emissions in the total AGV system
was about 5-10 % was an interesting finding to put the emissions in perspective. This
shows that the emissions from Kollmorgen’s products were a small share of the total system.
Moreover, the case studies were valuable in order to make reasonable assumptions for the
standard system and validate these results by comparing them with the results from the
case studies. To only compare the results for the case studies with each other is not of
interest since the applications were different from each other regarding the number of AGVs,
operating hours, battery type, load, etc. This is the reason why the results regarding energy
consumption and GHG emissions also differ. Nonetheless, analyzing different applications was
important for the holistic understanding and for the research question regarding improvement

measures. As well as providing adequate assumptions regarding the standard system.

Another finding from the case studies was regarding the use of manual trucks compared to
AGYV systems. From both a production and environmental perspective it was found that the
AGYV systems are more effective and can reduce both costs and the environmental footprint.
This finding is also supported by other literature [19]. Both DB Schenker and Toyota Material
Handling utilized a hybrid system of both manual and automatic trucks, and one main
difference found was the wear on the vehicles. The manual vehicles had visibly more wear
than the AGVs. It was also found that the manual trucks are running longer distances for
the same orders as the AGVs due to the human factor, and they were also charged more
often. Another big difference between these two systems was the expected lifetime. The
expected lifetime for the AGV systems is about two times longer than for the manual trucks.
In addition to this, the AGV systems at DB Schenker were also almost twice as productive.

This is beneficial from both an economic perspective and from an environmental point of
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view since longer life expectancy implies reduced impacts from manufacturing and end-of-life
treatments. Moreover, it also reduces both energy consumption and GHG emissions for the
whole lifetime of the trucks. At Toyota Material Handling, however, the AGVs were leased
for 3 years and then replaced but they also have an established after-market for the AGVs.

Aside from the environmental benefits, one of the other main factors is safety. This was
mentioned in all case studies and as well found in the literature studies which made it evident
that AGVs are significantly safer. When manual trucks are used there are occasional accidents
happening due to the human factor. However, this is not the case for the AGVs because of

their safety sensors.

6.2 GHG Emissions from Kollmorgen’s Products

The GHG emissions from Kollmorgen’s products during the use phase were calculated based
on a standard system assumed for every application where their products are used globally.
The calculations of Kollmorgen’s Use of sold products were performed according to the GHG
Protocol. Even though their main product is their software and some hardware products
with low power consumption, it was clearly seen in the result that their GHG emissions have
a contributing impact. This is highly dependent on the extent their products are used. The
differences between emissions for each region are mostly dependent on the emission factor
which differs from the regions. Other differences between the years and regions depend on

the sales statistics of Kollmorgen’s products.

6.3 Main Factors Affecting the GHG Emissions

Several factors affecting the GHG emissions from the AGV system have been identified, to
answer research question 2. These have been based on both the literature studies, interviews
with colleagues at Kollmorgen, as well as analyses from the case studies. These have been
investigated further to get a better understanding of which improvement measures could be
made to minimize the energy consumption of the AGV system, and thereby the GHG emis-

sions.

From the results, it is evident that some of the factors that have the high impact on GHG
emissions are not factors that Kollmorgen’s software solutions can affect. One of the factors
that has been identified to have considerably high impact on GHG emissions is the energy

mix. This is because the emission factor is taken into account when calculating the GHG
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emissions, which depends on the energy mix. The energy mix is the reason why the emis-
sion factor is much higher for China and Asia-Pacific than for Europe, due to the share of

renewable energy. This is not a factor that Kollmorgen’s software solutions can affect.

Following this, there are several other identified factors that have an impact on the total GHG
emissions from the AGV system during operation, but that Kollmorgen’s products can not
affect. For instance the surroundings like facility lighting which is not necessary for AGVs,
the energy-efficiency of other hardware components, as well as the weight of the truck and
the load, etc.

However, the factors seen in Table 11| that the software can affect mostly depend on driving
pattern, charging schedule, etc., which is more thoroughly described in the section Improve-
ment measures below. It was found during this thesis that the driving pattern of the AGVs
has a high impact on the energy consumption and therefore the improvement measure Im-
proved Route Planning is one of the most important measures to consider. Changing these
factors will also in turn reduce the wear on hardware components and prolong the overall
lifetime. This is important to optimize to further reduce the overall GHG emissions during

operation.

6.4 Improvement Measures

Various factors that Kollmorgen’s software solutions can influence have been identified. One
of the most important improvement measures is Improved route planning since this covers
several of the other improvement measures, where the most affected are Blocking time reduc-
tion, Idle time reduction, and Minimize empty driving. The improvement measure Improved
route planning implies optimization of both distance and the driving time for the AGVs.
Kollmorgen’s software could be optimized to always choose the shortest route in order to
minimize both distances traveled for the AGV as well as the time it takes to execute the
specific task. This can also be seen in other literature where it was found that the distance
traveled for an AGV is one of the main factors affecting energy consumption [I7], which

highlights the importance of optimized route planning.

Another affected improvement measure is Blocking time reduction. This means trying to
reduce the number of blockings to minimize the time it takes for the AGV to execute the
specific task as well as minimize the amounts of accelerations and decelerations. A driving

test regarding this was performed, to further analyze how the blocking time affects the energy
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consumption. This test showed that an increased number of blockings led to increased total
consumption since it took longer for the AGV to complete the same path compared to no
blockings. The AGV also had to accelerate and decelerate after each blocking which has an
effect on the amount of energy needed. To be able to minimize the number of blockings, an
analysis of the system and the routes that the AGVs take could be done. Kollmorgen’s soft-
ware solutions could be optimized to be able to identify new routes for the AGVs in order to
avoid each other and therefore reduce the blocking time and make the system more efficient.
By making the system more efficient this could also lead to reduced operating time for the
AGVs which in turn reduces the energy consumption and therefore also the environmental

impact, more specifically the GHG emissions.

The next measure, Idle time reduction, means trying to minimize the amount of time that
the AGV is turned on but is not required for any tasks. By minimizing the idle time for the
AGVs, the system would be more efficient and require less energy. Kollmorgen’s software
could be modified in order to minimize the amount of idle time for the AGVs. This could be
done by monitoring the amount of idle time for the AGVs and then regulating the scheduling
and routes to minimize the idling. Another solution to reduce idle time is to charge or turn
the AGV off during idle periods. When optimizing the system to reduce idle time, it is a
possibility that even fewer AGVs would be needed in the system depending on the appli-
cation, which will reduce the overall environmental impact. Furthermore, the improvement
measure Minimize empty drive means reducing the amount of time the AGV drives without
a load. By minimizing the amount of empty drive, the system will be more efficient, both
regarding energy as well as time. This could also be regulated by the software in the same
way as for the improvement measure Idle time reduction. The empty drive of the AGVs
could be monitored in the same way as the idle time to adjust the scheduling based on this
factor. All of these three factors, which have a direct correlation with the first improve-
ment measure Improved route planning, are factors that are not of significance for the system
and do not produce any value. However, they are somewhat unavoidable for the system to

function but minimizing these factors as much as possible will make the system more efficient.

Another factor that Kollmorgen’s products could influence is Speed management. This im-
provement measure has also been validated by a test. This test showed that the average
current for the AGV traveling at a lower speed was lower than for the AGV traveling at a

higher speed. However, as mentioned before, when the time it takes to travel the same path
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was included the result differed. This means that it is not always better to travel at a lower
speed, therefore it is important to find an optimum regarding speed and time per task that
the AGV is supposed to finish. According to [17], the speed is another main factor affecting
the energy consumption, which enhances the importance of finding an optimum speed based
on the task being performed. Speed management could also enable the possibility to reduce
the number of blockings caused by AGVs. This is something that Kollmorgen’s software

solutions possible could control and therefore regulate depending on the most efficient speed.

Another identified improvement measure is Optimized battery charging. This implies con-
trolling the charging of the AGV so that the AGV charges in the most efficient way based on
the type of battery and the age of the battery. This can be done by opportunity and contact
charging which means that the AGV can be charged when it is convenient without human
involvement. This can also decrease idle time by charging the AGV during these times. By
optimizing the battery charging the lifetime of the battery could be increased which is posi-

tive from an environmental point of view.

The last improvement measure identified is Switch off the AGV when not in operation. This
measure implies turning off the AGV when it is not needed. Based on the case studies as
well as interviews with colleagues at Kollmorgen, it has been noticed that the AGVs rarely
are turned off completely. From an environmental point of view, it is unnecessary to have
the AGVs active all the time, even though they are not needed. In many of the warehouses
where the AGVs are used, they have "peak hours” which means that they have periods of
time when all of the AGVs are running actively. However, when these peak hours are over,
many of the AGVs are in idle time due to fewer orders. By turning off the AGVs that are
not required during these idle periods, energy could be saved which in order would reduce

the total energy consumption.

6.5 Driving Tests

The two different tests were performed in order to validate and assess two of the improvement
measures identified. Of all the improvement measures identified, only two were tested due
to the prerequisites available. The test was performed with one small AGV to test the
hypotheses generally. The test was performed by measuring the torque current from both
drives since this was the parameter available to measure and this is linear with the energy

consumption.
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In the first test where Speed management was tested, the hypothesis was that the energy
consumption would decrease accordingly to the speed. However, this was found not to be the
case. From what could be seen in the results, the peaks of current were lower when driving at
50 % of full speed but since this test took twice as long to perform, the energy consumption
was significantly higher. What can be interpreted from this is that it is not necessarily less
energy-consuming for the AGV to drive at a lower speed. This result is probably due to the
low driving speed of the AGV, if the speed were higher factors like air resistance will matter
and then the results could differ. This applies generally since all AGVs typically drive at low
speeds. However, when analyzing this result it is important to consider that the AGV tested
was of an older model, which could affect the energy-efficiency. Moreover, many AGVs are
larger than the AGV tested which can also affect the energy needed for acceleration and the
air resistance which impacts the energy consumption. However, it could be possible to find
an optimum of which speed has the least energy consumption and still be able to perform

tasks on time. More tests are needed to validate this.

The hypothesis of the second test, Blocking time reduction, was that more blockings would
be more energy-consuming and the result was found to be consistent. An increasing number
of blockings was found to have a significant impact on energy consumption. This is due to
the increased acceleration and deceleration needed for every stop together with the longer
time needed for the AGV to complete the same path. From the results, it could be seen that
the peaks are higher for the test with six blockings but since the AGV was decelerating for
every stop, and due to energy recovering from braking, the average current was lower. When
taking the time for the AGV to complete the path into consideration, the energy consumption

increased.

The overall conclusion from these tests is that the operating time is of high significance for
the energy consumption. Because of the low speed an AGV has, the operating power was
not of as significant difference which could be seen in the first test and therefore has less
impact. The overall hypothesis was that instead of driving at full speed with a lot of stops, it
would be less energy-consuming to run the AGVs at a lower speed with fewer stops. This was
derived from the fact that many AGV systems are operating with the focus of performing
each task as fast as possible without regard to the number of stops. However, it was thought
that driving at a lower speed, and thereby taking longer time for the AGV to finish a task but
with fewer stops, could reduce energy consumption. With the premise that it was suitable

for the application. However, since it was more energy-consuming to drive at 50 % of full
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speed it is better to focus on avoiding blockings. It could also be seen that it requires more
energy for driving at 50 % of full speed than with full speed and six blockings. The AGV was
running the same path in both tests, and up to six blockings could be an accurate assumption
on that distance for an AGV in operation at an end-user. However, more tests are needed
for different speeds and blockings since an optimum can probably be found regarding its
energy consumption. Performing tests with different types of AGVs, and more recent models
of AGVs that probably are more energy-efficient, are also needed to further investigate the

impact on energy needed for acceleration, etc.

6.6 Reliability of the Result

The assumptions made in this report have a large impact on the result. Assumptions have
been made both for the case studies and for the standard system. Also, a validation of the
results was made by comparing the results from the case studies and the results from the
standard system. A discussion of the reliability of the driving tests is also presented in this

section.

6.6.1 Case Studies

The assumptions regarding which types of Kollmorgen’s hardware products were used for
the calculations are based on the assumed standard system. As well as this, each of the
components’ operating power was also based on the same assumptions as for the standard
system. However, all other factors used in the calculations of the energy consumption and the
GHG emissions were based on the information gathered from the visits and the interviews
held with people at the specific end-users. Because most of the information used for the
calculations was based on facts gathered from the specific companies analyzed, the reliability
of the case study results is assumed to be quite high. Therefore, the case study calculations

are used to validate the standard system calculations.

Another factor to keep in mind when analyzing the result from the case studies is the emission
factor. It was based on the Swedish average energy mix, given that the location for the case
studies was in Sweden, which affect the result. Sweden has a high share of renewable energy
which generated low emissions from the case studies. However, this does not mean that the
emissions are negligible and they would differ if for example the market-based method was

used, which would also affect the use of emission factor.
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6.6.2 GHG Emissions from Kollmorgen’s Products

When calculating the GHG emissions based on the standard system, in order to answer
research question one, various assumptions were made. The main factor that affects the
result for research question one is thus the use of a standard system. Since Kollmorgen sells
their products to many different end-users around the world a standard system was needed

to be able to obtain a result.

Another assumption was about how many of Kollmorgens products are used generally since
the number of products used per system can vary depending on the end-user. However,
since one vehicle controller is always sold together with Kollmorgen’s software solutions, an
estimation of the number of the other hardware products from Kollmorgen was made, based
on the sales statistics. The number of components used for the software, operator interfaces

and servers, was also assumed since this varies depending on the application.

As well as this, the operating time of the AGV system also varies between applications.
However, based on the case studies as well as interviews with colleagues at Kollmorgen,
estimations regarding the operating time were done. This impacts the result and is not
accurate for every type of AGV system but required to be able to calculate the GHG emissions

from Kollmorgen’s products.

All assumptions made were not possible to investigate more thoroughly due to time con-
straints and available information, and altering the assumptions would most probably influ-
ence the result. Even though, the result is considered to be of quite high reliability because

of the assumptions being justified and confirmed to the extent possible.

Another main factor affecting the result is the use of the GHG Protocol. The results could
have differed if another method was used to calculate the result, for example a LCA. The
methods have similarities since both assess the environmental impact, but the GHG Protocol
are more focused on organizations’ emissions [I4]. The result is still considered to be reliable
due to the GHG Protocol being a well-known framework. Moreover, the use of the location-
based method in the GHG Protocol affect the result. This method has similarities with an
attributional LCA, since it is based on an average emission factor. If instead, the market-
based method was used, the emission factors would differ. However, this method was not
possible to use because of the lack of data from end-users. Therefore, the results for the

emissions of Kollmorgen’s products are considered to be reliable.
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6.6.3 Driving Tests

The results from the driving tests are influenced by the type and speed of the AGV used,
and the testing path. The type of AGV used was a small, older type of AGV, only used
for performing tests, with low speed. Hence, the results might have differed if another type,
size, or speed of AGV was used, as well as the type of hardware components in the AGV and
the use of a regenerative braking system. This would in turn impact air resistance, friction,
acceleration, and deceleration. The testing facility was also in a confined environment without
interference from obstacles and humans. Another factor that might have affected the result
was the measurement value available, namely torque current. Thereby not the exact energy
consumption, however, it was sufficient enough to suggest the energy consumption. The AGV
used also had an older version of Kollmorgen’s software, which is another factor that could
have affected the result. Therefore, it is important to take this into account when analyzing
the result. The values gathered from these driving tests are therefore not applicable to every
type of AGV system. However, they give an indication of how the blocking time and the

speed affect the total energy consumption.
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7 Conclusion

An overall understanding from this thesis is that estimating the GHG emissions from AGV
systems is complex since they can be used in various applications and have different sizes and
functions. This makes it hard to make an exact estimate of all AGV systems and currently, it
is difficult to access data from Kollmorgen’s end-users. The software in the AGV systems is
another parameter that is hard to assess and make accurate assumptions about, since it does
not have as obvious energy consumption as hardware components. Regardless of this, the
case studies and driving tests performed have been valuable and important to enable valid

assumptions about the advanced AGV systems.

However, a conclusion from this thesis is that the environmental impact in the form of GHG
emissions from the AGV systems is to be considered. Kollmorgen’s products stand for a
smaller amount of the total emissions from the AGV system but given that their main product
is a software, the results were higher than expected. Since no assessment regarding this has
been made previously, this thesis has been valuable for understanding the environmental
impact of AGVs. This enables the possibility to also decrease their environmental impact for

a more sustainable application.

Several factors have been identified in order to achieve lower GHG emissions, where the
one with the most impact is not possible for Kollmorgen’s software solutions to impact. As
previously discussed, the biggest factor is the energy mix where changing to renewable energy
will significantly reduce the emissions. With that said, several other improvement measures
were identified that Kollmorgen’s software actually can affect. Furthermore, the driving
tests clearly indicated that the driving pattern of an AGV directly correlates with energy
consumption. This emphasizes the importance of further investigation and implementation
of improvement measures to progress towards more sustainable products. Regarding the
factors Kollmorgen can not affect, they still have the opportunity to influence their partners

and end-users to make sustainable choices regarding products and electricity suppliers.

To conclude, this thesis has underlined the AGV systems’ environmental impact and sug-
gestions for improvement measures for reducing their emissions. The findings highlight the
importance of implementing sustainable approaches and Kollmorgen has the potential of

leading the way in this area.
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8 Further Investigations

There are many aspects related to this thesis that would be valuable and of interest to further
investigate. One of these aspects is related to the difference between manual trucks and AGV
systems. In this thesis, only a qualitative assessment regarding this was made with regard
to safety and lifetime, etc. However, this could be further investigated by assessing the
environmental difference quantitatively. This is an interesting aspect since many companies

are changing from manual trucks to AGVs.

Furthermore, only two driving tests regarding the identified improvement measures were made
in this thesis. To further broaden this, validation tests of the other improvement measures
would be of interest to assess. To validate this further with a quantitative approach could be
of higher credibility. Moreover, to execute validation tests with other types of AGVs to get a
better understanding of the different factors’ impact. As well as this, it would be interesting
to assess the driving tests more thoroughly. By for example testing different speeds in order

to find an optimum speed for the AGVs regarding energy efficiency.

The overall climate assessment was based on a standard system, which comes with limitations.
To achieve a more precise result a further investigation would be to gather more data from
end-users if possible. Then the assessment could be expanded to include the market-based
method in order to get an even more complete assessment in accordance with the GHG
Protocol. Accessing data from end-users could also be used for evaluating the whole AGV
system’s environmental impact at every specific application. This could be done by using life
cycle assessment, to get an understanding of which state in the life cycle that has the most
impact. By finding this, changes could be made to lower the environmental burden for the

total AGV system. This also applies generally to all of Kollmorgen’s products.

Finally, another investigation that could be made to broaden this matter is to include more
environmental aspects, since in this thesis, the evaluation only included the GHG emission
CO,. However, there are many more environmental aspects that could be of interest to assess.

For example, the use of resources, land contamination, and air pollution.
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Appendix

A Case study: DB Schenker

Questions Answers
How many AGVs are in the warehouse? 6 AGVs
How many hours are the AGVs in operation? 20 h

How many of these hours are they active running? 8h

How many days/year are the AGVs in operation? Weekdays

What speed and acceleration do the AGVs have?

What lifetime to the AGVs have?

At least 10 years

What type of load to the AGVs have? Packages
What is the weight of the load? 600 kg

What type of batteries do the AGVs have? Lead-acid
How many batteries are used per AGV? 2

What is the capacity of the batteries? 375 Ah, 24V

How often and how long time are the batteries charged?

Every other day for 24 h
Fully charged after 7 h

What type of hardware products from Kollmorgen
are used in the AGV?

Vehicle controller
Navigation sensor
HMI Display

How many operator interfaces are used?

3

How many virtual servers are used for the AGVs?

4

Where is the electricity that is used in the warehouse from?

Boras Energi och Miljo

How often and what type of spare parts are replaced for the

AGVs?

No data due to new system




B Case study: Borealis

Questions Answers
How many AGVs are in the warehouse? 14 AGVs
How many hours are the AGVs in operation? 9-24 h
How many of these hours are they active running? At least 9h
How many days/year are the AGVs in operation?  Every day
How long distance are the AGVs running? -

What speed and acceleration do the AGVs have? 1,1 m/s
What lifetime do the AGVs have? 20-25 years

What type of load to the AGVs have?

Polyethylene plastic in octagonal packages

What is the weight of the loads?

1,1 tonnes

What type of batteries do the AGVs have?

Nickel-cadmium

How many batteries are used per AGV?

1

What is the capacity of the batteries?

520 Ah/5h

How often and how long time are the batteries
charged?

Every 1h and 45min and each charge takes
around 10 minutes

What type of hardware products from Kollmorgen
are used in the AGV?

Vehicle controller
Navigation sensor
HMI Display

How many operator interfaces are used?

3

How many servers are used for the AGVs?

1 physical

Where is the electricity that is used in the
warehouse from?

Average Swedish energy mix

How often and what type of spare parts are
replaced for the AGVs?

Wheels and side bumpers
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C Case study: Toyota Material Handling

Questions

Answers

How many AGVs are in the warehouse?

Stackers: 10, Tow trucks: 5

How many hours are the AGVs in operation?

Stackers: 24 h, Tow trucks: 17.5 h

How many of these hours are they active running?

Stackers: 12h, Tow trucks: 17.5h

How many days/year are the AGVs in operation?

Stackers: 365 days, Tow trucks: 253 days

How long distance are the AGVs running?

Stackers: 50 km per week
Tow trucks: 50 km per week

What speed and acceleration do the AGVs have?

Stackers: 1.8 m/s, Tow trucks: 1.2 m/s

What lifetime do the AGVs have?

Stackers: Leased for 3 years
Tow trucks: 7 years

What type of load to the AGVs have?

Stackers: EUR standard pallets
Tow trucks: 2-5 wagons with EUR pallets

What is the weight of the loads?

Stackers: 600 kg, Tow trucks: 5000 kg

What type of batteries do the AGVs have?

Lithium-ion

How many batteries are used per AGV?

Stackers: 1, Tow trucks: 1

What is the capacity of the batteries?

Stackers: 250 Ah, Tow trucks: 300 Ah

How often and how long time are the
batteries charged?

Stackers: 3 times/day for 20 minutes
Tow trucks: During lunch breaks and nights

What type of hardware products from
Kollmorgen are used in the AGV?

Vehicle controller
Navigation sensor

How many operator interfaces are used?

5

How many servers are used for the AGVs?

2 virtual

Where is the electricity that is used in the
warehouse from?

Average Swedish energy mix

How often and what type of spare parts
are replaced for the AGVs?

The scanner glass for the safety scanners
Tires - not so common
Electrical parts - if needed
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In this appendix, all graphs from the different tests for Blocking time reductions is presented.

Figure 17: 0 Blockings

1 Blocking

400

300

200

100

[vp]

-100

-200

-300

8¢:00
LT:00
9¢:00
S¢:00
S¢:00
¥¢:00
€¢:00
00
00
T¢:00
0¢:00
6T:00
6T:00
8T:00
LT:00
91:00
9T:00
ST:00
¥1:00
€T:00
€7:00
¢T:00
1700
0T:00
0T:00
60:00
80:00
£0:00
£0:00
90:00
S0:00
¥0:00
¥0:00
€0:00
¢0:00
10:00
10:00
00:00

[s]

—— Steering

Driving

Figure 18: 1 Blocking
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