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Chapter | 1

Introduction

As the demand of energy has intensi�ed along with the digitization, the industrial
sector (currently accounting for 25.35% [1] of the total European energy consump-
tion, ranks second place in the most energy consuming economy sectors, faces
responsibility to reduce energy consumption and increase ef�ciency. The man-
ufacturing sector energy consumption powers machinery, compressors as well as
ventilation, heating and air conditioning, to mention the most common equipment.

In a typical manufacturing setting, the operation ef�ciency and planning of the
manufacturing activities involve criteria related to economic metrics such as ma-
terial costs, labour costs and capacity adjusted to market demands. Thus, the
decisions related to energy consumption have not been considered a priority when
establishing a manufacturing strategy [2].

Nevertheless, as the global trends in consumer behaviour become more sustainable-
oriented, [3], the taxation on carbon emissions continues to rise and the sustainable
manufacturing paradigm gains more and more attention. In this new context, pro-
viding environmental information data becomes a competitive-advantage strategy
in an increasingly environmentally-conscious marketplace [4].

With the technological development and communication technologies, the infor-
mation about products and their production can be compiled into ICT systems,
such as con�guration systems, which connect the consumer to the production ca-
pabilities.

Thus, the product structure carrying speci�c information, enables consumers to
have an impact on the product con�guration, enabling an active choice over the
components, order acquisition, procurement, operations, etc. [5].

As the AAU manufacturing context is based on an Assemble-To-Order (ATO) strat-
egy, it permits the use of product con�gurators to bind the business processes with
product related data in various order processing stages, from the speci�cation pro-
cessand order inquiry to order completionduring which the con�gured product is
sent to production.

1



2 Chapter 1. Introduction

1.1 Product Environmental Information

Providing environmental information is a competitive advantage strategy which
companies can make use of to differentiate from competition, in an increasingly
environmentally-conscious marketplace [4].

When assessing environmental performance of a product, the stages that a product
undergoes are identi�ed and assessed, spanning from " cradle� to � gate" (material
extraction and pre-processing), "gate� to � gate" (a delimited stage) to "cradle�
to � grave" (from material extraction all the way to end-of-life), as seen in Figure
??.

At �rst sight, the accountability of GHG emissions for a product might seem like a
trivial task. Nevertheless, there are many steps involved in product-life-cycle GHG
accounting, as the product goes through stages of pre-processing(raw-materials),
production, distribution and storage, production, useand eventually end-of-life.

Figure 1.1: The AAU product variants life-cycle stages

In a complete life-cycle study, the inputs and outputs from each stage and the
distribution ("transfer gates") between are quanti�ed and mapped against a set of
criteria (emissions, material resource, etc.) with their effects assessed to de�ne the
impacts of a product on different categories (i.e. Global Warming, Ocean Acidi�-
cation, O-zone depletion etc.).

The project focus is to investigate and characterize the embodied carbon footprint
of the AAU product variants, with an interest in quantifying the emissions related
to the assembly activities, at the AAU Smart Production lab (delimited life-cycle
stage).
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1.1.1 The Product Emissions data through the Value chain

As depicted in Figure 1.2, the GHG emissions aggregates across the value chain,
as a product passes through each stage. In order to account for the GHG emis-
sions embodied in a product, the data needs to be collected and transmitted from
supplier-to-supplier across the entire value chain. The data collection and trans-
ferability across the value chain presents a high degree of complexity and multiple
challenges as the information is either not available or dif�cult to account for [4]
[6].

Figure 1.2: The aggregation of environmental impacts aggregated across the value chain Feng et al.
[7]

The current methods for accounting and transferring GHG data of a product span
from estimations to high-accuracy inventories come with an accuracy trade-off,
which is due to (1) the lack of data from suppliers and sub-suppliers, (2) the pro-
hibitively time consuming process and (3) the economic efforts required to collect
the activity data from supplier to supplier.

Therefore the GHG data embodied in a product is non existent or usually estimated
based on the industry-average data secondary-data and is rarely supplier-speci�c
primary data [6].

1.1.2 Greenhouse Gas (GHG) Accounting

The GHG Protocol [8] categorizes the various emissions from the activities of an
organisation into three main categories:

• Scope 1 including the direct 'emissions from sources owned or directly
controlled by the organisation'
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• Scope 2 - referred to as energy indirect GHG, are de�ned as "emissions from
the consumption of purchased electricity, steam or other sources of energy generated
upstream from the organisation"

• Scope 3 - referred to as other indirect GHG, de�ned as "emissions that are
a consequence of the operations of an organisation, but are not directly owned or
controlled by an organisation", including employee commuting, business travel,
third-party distribution and logistics, production of purchased goods, emissions from
use of sold products, etc

1.1.3 The Partial Carbon Footprint of a Product - Partial CFP

The partial carbon footprint (CFP) (ISO 14067:2018, 3.1.1.2) refers to the aggregated
GHG emissions of a selected process or a group of processes in a product system,
although only based on the selected stages of processes within the life cycle using
a single impact category - climate change [9]. The impact category of concern for
the project objective is Climate Change, as follows:

Impact category Indicator Unit LCIA method

Climate change
Radiative forcing as
Global Warming Potential
(GWP100)

kgCO2e
Baseline model of
100 years of the IPCC
(based on IPCC 2013)

This provides an option to account for the activity data for processes within a life
cycle stage, in a separate and modular manner. In the current case, the focus is on
the assembly operations of products, as a sub-division of manufacturing stages.

According to European Commission PEFCR guidelines [10], the GHG emissions
accounting and reporting of a product needs to follow the partially aggregated
principle throughout the value chain, as depicted in Figure 1.3. The raw data
from the unit processes datasetwhich a product needs to undergo throughout its life
cycle is aggregated with other aggregated process datasets, from supplier tiers and
sub-tiers.
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Figure 1.3: Current approaches to GHG accouting and aggregation of unit process dataset and an
aggregated process dataset (taken as excerpt from the PECER guideance v6.3.2) [10]

1.2 The Motivation for the project

The rationale of embodying GHG inventory data into a product by technological
means, is believed to improve both the collection of carbon emission data at the
source of generation and support the transmission across the value chain. Thus
throughout a product life cycle, the activity data and location-based emission fac-
tors could "follow" the product throughout the value chain, contributing to a more
accurate and transparent GHG product data, as well as eventual risks of a com-
pany's supply chain.

The motivation of the project is to employ technological means to characterize the
energy consumption pro�les of manufacturing operations involved in producing
or assembling various product variants. Along with this, partial carbon footprints
(as explained in Section 1.1.3) are to be automatically generated based on product
con�guration.

This is envisioned to be achieved by developing a proof-of-concept to (1) monitor
and quantify the energy used for the assembly processes, (2) calculate and aggre-
gate the electrical energy emission data (kgCO2e/kWh) for the assembly processes,
(3) ascertain the embodied emission data for the assembled product variants and
(4) create a product con�gurator which shows an estimate of the embodied emis-
sion data for various product variants.

The empirical study is formulated as a case-study carried out on the FESTO as-
sembly line, part of the AAU smart production lab facility.
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1.3 AAU Assembly line at Smart Production Lab

The assembly line at AAU Smart Production Lab is a collection of process modules
which perform an activity on a product. Currently used for educational purposes,
the line assembles unusable (dummy) phones consisting of a bottom and upper
housing part, a Printed Circuit Board (PCB) and fuses, as depicted in Figure 1.4.

Figure 1.5 shows the modular assembly line which comprises of workstations as
independent and modular entities with line topology networking and controlling
capabilities, responsible for routing the products using conveyor belts as well as
powering and controlling various process modules, such as:

• Station 1 - Feeding process module: a unit dispenser which dispenses the
back cover of the product

• Station 2 - Drilling process module: a drill unit which drills wholes into the
back cover of the product

• Station 3 - Pick&place process module: a 6-axis robot with several sequential
processes which assembles the PCB and fuse components onto the cover of
the product

• Station 4 - Quality insurance process module: a vision system performing
positioning and aligning checks

• Station 5 - Feeding process module: a unit dispenser which dispenses the top
cover of the product

• Station 6 - currently without process modules, capable of routing the product
using conveyors

• Station 7 - currently without process modules, allowing manual post-assembly
activities

Figure 1.4: Carrier module with the assembled product (phone replica)
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Figure 1.5: AAU Smart Production Lab

1.4 Initial Problem Formulation

In the quest of providing product environmental information data as a competitive-
advantage strategy, the focus of this project is to create a proof-of-concept formu-
lated as a product con�guration system, which would connect the customer to the
product variants and production capabilities. The solution aspires to automate the
computation of product emission data, for which the amount of energy consumed
in each assembly activity is converted and aggregated to the equivalent emissions
(CO2 � eq.).

As initial problems that could act as foundations for the analysis and the concept
development phase, are formulated as such:

• How could the conceptualized solutions take basis in the AAU assembly
line and translate the product-related manufacturing activities into product
carbon footprint?

• Which methods are adequate for collecting the energy consumption data as-
sociated with the manufacturing activities at AAU assembly line?

• Which technological means could be used for energy consumption data col-
lection?

• How could the environmental information about products and the associ-
ated manufacturing activities be compiled into ICT systems, such as product
con�guration systems?
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Background , Research & A naly -
sis

The current Chapter presents the investigation required to identify the equivalent
carbon emissions associated with the studied product variants. The investigation
has several areas of focus such as providing insight into the energy consumption
related to AAU assembly activities, potential methods for energy monitoring, as
well as the order processing which product con�guration systems aspire to substi-
tute. The overall objective of the analysis is to establish critical requirements for
the conceptualized solutions presented in Chapter 4, taking basis in the initially
formulated problem in Section 1.4.

To give an easier understanding of the chapter, the following overview comprised
of the sections containing the the analysis information are brie�y described:

• Section 2.1.1 presents the sources of emissions associated with the manufac-
turing activities, as main contributors to formulate the partial carbon foot-
print of the AAU assembly processes. Additionally, the the studied product
variants are presented and the embodied carbon emissions are estimated us-
ing life-cycle inventories from relevant emission databases.

• Section 2.2 provides an insight into the methods for measurements for quanti-
fying electric and pneumatic energy in industrial settings. Once the methods
are established, the technology capable of quantifying the types of energy
consumption are assessed and favorable choices are presented.

• Section 2.3 introduces a classi�cation of product con�guration systems and
presents the analysis of the enterprise ICT system, which serve for the so-
lutions ease of integration. Additionally, the section also describes the sim-
ulated order processing at the AAU assembly line, estimated and adapted
from relevant literature study.

• Section 2.4 facilitates the analysis overview formulated in a summary, con-
taining the key re�ective points and the functional requirements, which are
to serve as a foundation for the conceptualized solutions.

9
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2.1 Analysis of the current Assembly Line

Since the AAU assembly line is the facility where the product is assembled, it
makes the scope of the �rst analysis phase, for which several objectives are the
focus of the investigation:

• Identify the source of emissions at the AAU assembly line and the energy
consumption sources of manufacturing equipment associated with the as-
sembling activities, presented in Sections 2.1.1 and 2.1.2.

• Investigate the assembly line process �ow and de�ne the points of consump-
tion within the system boundary for which the consumption data is to be
collected. The analysis phase, in Section 2.1.3.

• De�ne the product variants and estimate the product components embodied
carbon emissions until the AAU assembly line, using life-cycle inventories
from emission databases. The impact assessment and results are presented
in Section 2.1.4

• Clarify the Global Warming Potential and emission factors which are in-
tended to be used in computing the emissions resulted from the assembling
activities. The clari�cation can be consulted in Section 2.1.5

2.1.1 Carbon Footprint Tracking in Industrial Activities

To quantify the embodied partial carbon footprint of the product variants, it is
necessary to identify the source of emissions which typically arise in industrial ac-
tivities. According to Greenhouse Gas Protocol reporting standard [4], the direct
emissions could be obtained from direct monitoring of the emissions released to
atmosphere (e.g. emissions from incinerator, fugitive refrigerant, etc.) and the in-
direct emissions from the activity data for which emissions occur at the generation
point (i.e. emissions from purchased electricity).

A quantitative approach of relevant metrics for a process/activity that results in
greenhouse gas emissions could include:

• Energy (e.g., Joules of energy consumed)
• Mass (e.g., Kilograms of a material used)
• Volume (e.g., Geometrical dimensions of product or amount of chemicals

used)
• Distance (e.g., Meters/kilometers travelled)
• Time (e.g., Operation hours)

As the manufacturing activities involved in assembling the product variant do not
have direct emissions associated with the manufacturing equipment, the scope of
the analysis is oriented towards the indirect emissions, consequentially resulted
from the energy consumption, as energy used by a machinery to perform a func-
tion (physical activity).
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2.1.2 AAU Assembly Activities and the Contributing Sources of CO2

Figure 2.1: Energy generation and distribution,
taken as excerpt from [2]

As identi�ed by previous investiga-
tion, the carbon emissions are re-
lated to the energy consumed from
the power grid, as the sources of
energy production (i.e. power sta-
tions) which are fossil fuel based,
release carbon emissions into atmo-
sphere. This is represented in the
Figure 2.1. As a consequence, the
indirect emissionsmust be accounted
for each activity that consume the
electric energy in order to formulate
the emission inventory for a prod-
uct.

Collecting environmental emission data
at the AAU assembly line is therefore

related to both the amount of energy used and the sources of energy supply. The
energy sources and the point of consumption of each manufacturing activity at the
AAU assembly line represent the focus of the current section. These are analyzed
in order to characterize the energy intensity for each assembly activity and ulti-
mately formulate the emissions required for each product con�guration.

The sources of consumption which contribute to indirect emissions , are identi-
�ed to be:

• Electric energy consumed to power the manufacturing equipment

• Compressed air energy consumed by the manufacturing equipment and
powered by a compressor system. This energy is ultimately converted to
electrical energy used by the compressed air system.

In a energy audit scenario, the energy related to the facility area (illumination,
ventilation, etc.) would be allocated as overhead energy consumption, neverthe-
less this represents a delimitation of the project scope - of formulating the partial
carbon footprint related solely to manufacturing activities, as stated in the delimi-
tation section 3.3.

Similarly, the energy consumed by the branch and manual workstations, are ne-
glected in the current investigation, as the related activities are not directly con-
tributing to the assembly of the product variants (as stated in the project delimita-
tions Section 3.3).
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Once the sources of consumption are identi�ed, the AAU assembly line is analyzed
as an effort to systematically structure the sequence of operations involved in the
assembly of the product variants. Along with this, the manufacturing equipment
(resources) along with the type of energy consumed is tabulated, in Table 2.1.

Task / Activity
Start

time [s]
Completion

time [s]
Resource Energy source

Station 1 (S1)
Feeder bottom

housing

IN transport 0 8 Conveyor M1 Electrical
Dispense bottom housing 8 6 Dispenser BH + stopper Compressed Air
OUT transport 14 3 Conveyor M1 Electrical

Station 2 (S2)
Drilling

IN transport 17 8 Conveyor M2 Electrical
Drilling process 25 10 Drilling machine + stopper Electrical + Air
OUT transport 35 3 Conveyor M2 Electrical

Station 3 (S3)
Robot cell

Cell_in transport
(conveyor1)

38 10 Conveyor M3 Electrical

Cell_in transport
(conveyor 2+bypass)

48 3 Conveyor M4 + bypass Electrical + Air

RFID_STOP 51 1 Conveyor M4 + stopper Electrical + Air
Cell_in bypass transport
(conveyor 3)

52 9 Conveyor M5 Electrical

RFID_STOP 61 1 Conveyor M5 + stopper Electrical + Air
Pick&place bottom cover 62 8 Robot Electrical + Air
Vision_orientation 70 9 Vision System + Robot Electrical + Air
Tool change for PCB 79 8 Robot Electrical
PCB pick&place 87 13 Robot Electrical + Air
Tool change for fuses 100 8 Robot Electrical
Pick&place_fuse 1 108 11 Robot Electrical + Air
Pick&place_fuse 2 119 8 Robot Electrical + Air
Tool change for b. cover 127 8 Robot Electrical
Pick&place bottom cover 135 11 Robot Electrical + Air
OUT transport 146 6 Conveyor M5 Electrical

Station 4 (S4)
Quality control

IN transport 152 8 Conveyor M6 Electrical
Quality control 160 2 Vision Q + stopper Electrical + Air
OUT transport 162 3 Conveyor M6 Electrical

Station 5 (S5)
Feeder top

housing

IN transport 165 8 Conveyor M7 Electrical
Top dispenser process 173 4 Dispenser TH + stopper Compressed Air
OUT transport 177 3 Conveyor M7 Electrical

Table 2.1: The AAU assembly activities for full product variant, required resources and energy
sources
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2.1.3 The System Boundary: AAU Assembly Line Process overview and
Flow

As presented in the activity diagram, shown in Figure 2.2, the operations are per-
fomed in an sequential manner and are dependent on the con�guration of the
product, meaning that for a con�guration of the product with less components
(i.e. without the fuses), the number of operations would decrease. As the objective
is to de�ne the points of consumption for the system boundary, each assembly
activity is investigated.

The points of consumption were established to be:

• The station control and networking devices such as PLC, HMI panel
• The electric actuators for driving the conveyors
• The electric actuators of the process modules ( e.g. drilling machine, robot)
• The pneumatic actuators of the process modules, the stoppers and the robot

vacuuming for grippers used in pick&place operations

Once the assembly activities points of consumption were identi�ed, the investiga-
tion leads to the product components-related information and their partial carbon
footprint, embodied during the product life-cycle. This investigation is presented
next, in Section 2.1.4.
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Figure 2.2: The AAU assembly CFP system boundary
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2.1.4 AAU phone replica (PVM) and its partial Carbon Footprint (CFP)

The current section presents the analysis study done in order to de�ne the concep-
tualized framework requirements of quantifying the embodied carbon footprint of
the product variants, assembled on the AAU assembly line.

The de�nition of a productvariant is de�ned by the combination of the compo-
nents and their options/features, con�gured. Figure 2.3a depicts the Product Vari-
ant Master (PVM), used as a method for visualizing the Bill of Materials (BOM)
as aggregation of modules, the "part-of" component dependency and the available
properties/features.

(a) (b)

Figure 2.3: (a) The AAU phone replica Product Variant Master (b) The product components

The product comprises of two housing parts, each available in three different
colours, a Printed Circuit Board (PCB) and two fuses, having a slot-modular ar-
chitecture, meaning that each component has its own interface type for assembly.
As shown in the Figure 2.3a, the bottom housing represents the main interface
for product, as both the PCB and the top housing are mounted onto the bottom
housing slots, thus creating a sequential dependency for assembly. Furthermore
the PCB provides an interface itself for the fuses.

The AAU assembly line is capable of simulating drilling holes on the left and right
side of the bottom housing part. As the holes do not constitute a component in the
product variation, the drilling process is correlated with the fuse placement (left
and right position), such that, if a fuse is con�gured for the left side, a left hole will
be mapped in the con�guration. This re�ects a more realistic scenario of a product
con�guration based on its components, correlated with the manufacturing activ-
ities. The AAU phone replica can be seen in Figure ?? and the combinations of
product variants is shown in Table 2.2.
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i Component Combinations Options

1 Bottom housing 2 Polycarbonate, Aluminium
2 PCB 2 with PCB, without PCB
3 Fuse 3 no fuse, fuse left, fuse right
4 Top housing 2 Polycarbonate, Aluminium

Total: Õ4
1 ni : 24

Table 2.2: Product variants combinations and options

As the project scope revolves around quantifying the partial carbon footprint of
a selected stage in the product life-cycle, the focus is solely oriented towards the
manufacturing processes at the AAU assembly line, and does not account for con-
ducting an entire product life-cycle assessment, as described in the project delimi-
tation, Section 3.3.

However, the motivation to replicate a product con�gurator behaviour of comput-
ing variations of the carbon footprint, an estimation of the amount of aggregated
emission data embodied in the studied product, is preferred. This urges an estima-
tion of previously accumulated emission data embodied into the components and
their features/properties from the pre-processing stage of the product life-cycle.
To obtain an estimation of the aggregated emission data, a life-cycle impact as-
sessment was conducted, for the impact category of interest Climate change. The
following subsection presents the analyses studied performed and relevant consid-
erations.

Life-cycle Impact Assessment of product components

Goal and Scope de�nition In order to study the impacts of various processes
which the components underwent throughout the life-cycle, it is important to es-
tablish the goal, scope, functional unit and reference �ow for the product system.
The goal of the study is to estimate the embodied emission data for various com-
ponents, part of the AAU phone replica (the product).

The scope is to document an estimate of the environmental performance of various
con�gurations of the studied product. To achieve this, relevant Life-cycle Inventory
data sets are used to provide an inventory of emission data that could be correlated
to the processes which a component underwent throughout the product life-cycle.
The system boundary separately de�ned for each component follows a cradle-to-
gate approach, meaning that the investigation includes the life-cycle stages from
raw materials processing and manufacturing, investigating all GHG emissions un-
til the point where the component arrives at the "gate" of the processing facility.
The functional unit represents one piece of each component having various charac-
teristics (material, geometry, weight). The reference �ow is per con�gured product,
having one of each component assembled.
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Life Cycle Inventory (LCI) Analysis To simulate a real-case scenario and pro-
vide product environmental data in the conceptualized product con�gurator, the
emission data aggregated before the AAU assembly facility, are estimated from
published literature relevant to the speci�c component (secondary data).

To achieve this, the AAU replica phone components properties are changed from
just colours to simulated materials, as expressed in Table 2.2. For this, a mar-
ket study was conducted to estimate which materials could be associated with a
mobile phone components and their properties, the components were analyzed in
order to obtain the geometry and weight as these are the necessary inputs for the
impact assessment study.

Firstly, all material and energy �ows from raw material extraction until production
processing were gathered and the CO2-eq. was computed using emission factors
from Ecoinvent database.

The bottom and top housing As the bottom and the top housing present simi-
larities both in geometry, functionality and materials, it was decided that the es-
timation the carbon footprint embodied into the components are nearly identical,
thus they are both represented as reference products in the life-cycle study. The
functional unit chosen was per single component, weighing 65,5 [gr.] for the bot-
tom housing and 53,4 [gr.] for the top housing. The functional unit covers the
production processes involved in bringing the raw material into the product form,
used in assembling processes at AAU.

This includes the aggregated emission data for the processes from raw material
extraction until delivery at the location of pre-processing facility. The embodied
equivalent emission data (kgCO2 � eq.) computed during the impact assessment
stage are shown in Table 2.6.

• Polycarbonate: To simulated the processing stage, which brings the plas-
tics into the current geometry, the embodied emission data for the injection
molding process was added, as shown in Table 2.3.

• Aluminium: The production of aluminium is highly energy intensive, as
many processes are required to bring the raw materials (alumina, bauxite
and other additives) into cast ingots. The data sets chosen to represent this
include material and energy related to the alloy production and casting, scrap
and primary metal input, preheating, induction melting, alloying, degassing,
water use and ingot casting. Additionally, the data sets includes waste treat-
ment and onsite wastewater treatment. To bring the material into �nal shape
(housing geometry), a milling process is added to the simulation model, as
shown in Table 2.3.
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Component
Amount
[gram]

Chosen I/O data set Included activities Data set reference

Bottom and top
housing

- Polycarbonate
Bottom: 65,5

Top: 54,8

Polycarbonate {RER}| production | Conseq, U
Production by interfacial polycondesation
out of phosgene and bisphenol A

Source: 26418_8bb9d304-77dc-4f1e-946a-
2ec945312e9c_e0d6f217-d1e3-4d5d-8b8a-b13c846d4ad6.spold
UUID: 8bb9d304-77dc-4f1e-946a-2ec945312e9c

Injection moulding {RER}| processing | Conseq, U
1 kg of this process equals 0.994 kg
of injection moulded plastics

Source: 22044_a013b683-6fff-4d61-8545-e20bdff7702a_
68d6dfcf-2089-4586-9bbf-ad75591105cf.spold
UUID: a013b683-6fff-4d61-8545-e20bdff7702a

Bottom and top
housing

- Aluminium

Aluminium alloy, metal matrix composite {RoW}|
aluminium alloy production, Metallic Matrix Composite |
Conseq, U

Production of aluminium slab is used as
the main aluminium bearing input (75-80%).
Scrap aluminium used as input up to 20-15%

Source: 28696_23b3d10d-2e49-4796-813b-3649e634b9d6_
9c78fb2b-13ba-46ab-8e5c-7996d9526938.spold
UUID: 23b3d10d-2e49-4796-813b-3649e634b9d6

Aluminium removed by milling, average {RER}|
aluminium milling, average | Conseq, U

Reference for milling an average assumption
0.23kg of material removed per kg of �nal product

Source: 18454_548701ce-00c8-435c-9118-6850cc59cb49_
76736f35-6812-4b73-967d-010efeda851f.spold
UUID: 548701ce-00c8-435c-9118-6850cc59cb49

Table 2.3: Chosen LCI data set to represent the AAU Bottom and top housing components

The Printed Circuit Board (PCB) Following a similar cradle-to-gate approach,
the emission data until the �nished product was estimated using a simulation
model in SimaPro software, using the Ecoinvent 3 database [11]. For the system
model, a LCI data set was chosen from the electronics unit processes which repre-
sents the production of a 6-layer FR-4 printed wiring board prepared for surface
mounting of components.

The functional unit chosen was per single component, with a surface area of 5.83E3

[mm2] ( 106 mm x 55 mm). The functional unit covers the materials and energy
�ows as inputs and output from raw materials, infrastructure, energy consump-
tion, emissions to air and water and waste. The data set is represented in Table 2.4
and the results from the impact assessment are tabulated in Table 2.6.

Component
Dimensions

[mm]
Chosen I/O data set Included activities Data set reference

Printed circuit board
(PCB)

106 x 55
Printed wiring board, for surface mounting,
Pb free surface {GLO}| production | Conseq, U

"Substrate preparation, imaging, exposure,
etching, sandwiching, activation and accelaration
steps as well as copper plating, cleaning,
oxidi�cation, dry vacuum lamination,
micro etching, surface �nishing."

Source: 26529_cd42b0da-9a2f-45dc-a99a-2f87-
af540739_65cf8186-2a0d-4271-b7ee-62c9f5d5100c.spold
UUID: cd42b0da-9a2f-45dc-a99a-2f87af540739

Table 2.4: Chosen LCI data set to represent the AAU PCB replica

Fuse 1 and 2 To simulate similar characteristics to a mobile phone, the fuse com-
ponents are modeled as passive electronic components using a life-cycle inventory
(LCI) data set, as tabulated in Table 2.5. The chosen data set represents the produc-
tion of unweighted mean value of connectors, capacitors, inductors and resistors.

This represents an estimated value of a mix of electronic components, present in the
mobile phones. For a functional unit of one piece, weighing 1.4 grams, the product
model will show an estimation of the materials and energy �ows as inputs and
output from raw materials, infrastructure, energy consumption, emissions to air,
water and waste.

Component
Amount
[gram]

Chosen I/O data set Included activities Data set reference

Fuse 1,4
Electronic component, passive,
unspeci�ed {GLO}| production | Conseq, U

Production of 1 kg of passive electronic component,
for all those cases, where no information is given
about the passive component type.
It is an unweighted mean value of: connectors,
capacitors, inductors and resistors data sets

Source: 21164_fc34a769-486a-4179-8162-c93ae0e206c2_
4e252b55-fb08-4447-8391-d09e8bbb0238.spold
UUID: fc34a769-486a-4179-8162-c93ae0e206c2

Table 2.5: Chosen LCI data set to represent the AAU fuse component
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Impact Assessment To ensure a consistent evaluation of the embodied emissions
for the product components, the product systems had a consistent functional unit
of one phone replica consisting of one of each component and a reference �ow
of the amount of material and energy required to accomplish the functional unit.
The impact assessment study was created containing the collection of the unit pro-
cesses with material and energy �ows from the chosen data sets, computed using
emission factors from Ecoinvent 3 database as described in Tables 2.3, 2.4 and 2.5.

Using the ILCD 2011 Midpoint V1.03method1 would provide the characterisation
factors for impact assessment as recommended by European Commission, Joint
Research Centre [12]. As the current project study is focused on quantifying the
equivalent kgCO2 emissions, the impact category of interest is Climate change, with
a IPCC 2007 Global Warming Potentials for various greenhouse gasses over a time
horizon of 100 years, as previously introduced in Section 1.1.3 and described in
more detail in Section 2.1.5.

Table 2.6 presents the estimated embodied emission data based for various product
components.

Component Property Characteristics kg CO_2 eq. Method
Impact

category

Top housing Polycarbonate 54,8 gr. 0,48
ILCD 2011 Midpoint+ V1.10 /
EC-JRC Global, equal weighting

Climate change

Bottom housing Polycarbonate 65,5 gr. 0,59
ILCD 2011 Midpoint+ V1.10 /
EC-JRC Global, equal weighting

Climate change

Top housing Aluminium 54,8 gr. 1,08
ILCD 2011 Midpoint+ V1.10 /
EC-JRC Global, equal weighting

Climate change

Bottom housing Aluminium 65,5 gr. 1,32
ILCD 2011 Midpoint+ V1.10 /
EC-JRC Global, equal weighting

Climate change

Printed circuit
board (PCB)

Standard multilayer
Pb free surface

106 mm x 55 mm 2,18
ILCD 2011 Midpoint+ V1.10 /
EC-JRC Global, equal weighting

Climate change

Fuse
Electronic component
(passive)

1,4 gr. 0,083
ILCD 2011 Midpoint+ V1.10 /
EC-JRC Global, equal weighting

Climate change

Table 2.6: The impact assessment results for various components

Thus, these Figures will become an integrated part of the product con�gurator to
emulate the embodied emission data correlated with the technical product infor-
mation (e.g. Bill of Materials). These values will be aggregated with the emissions
resulted from the AAU assembly activities, as presented in the next Section 2.1.1.

2.1.5 Global Warming Potential (GWP) and Emission factors

The Greenhouse Gasses2 have different warming effects on earth and are therefore
characterized by their ability to absorb energy ( called radiative ef�ciency) and their
ability to remain in the atmosphere ( "lifetime" ). In order to enable comparisons of
their impacts, they are compiled into factors - the Global Warming Potentials (GWP).

1An LCIA method is LCIA method is a collection of impact categories that aims to have a broad
coverage of environmental issues

2(GHG is an umbrella term for de�ning groups of gasses such as CO2, CH4, N2O, CFCs, HFCs,
HCFCs, PFCs, SF6)
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The Intergovernmental Panel on Climate Change(IPCC) issues scienti�c reports for
global references which allow common unit of measure. The most common used
by the industry and policymakers is the 100-year time horizon GWP. Thus, for the
current project scope, the GWP values for 100-year time horizon will be used. The
GWP factors extracted from the IPCC 5th assessment report can be consulted in the
appendix A.1.

The GHG emissions factorsrepresent that GHG emissions per unit of activity/process
(e.g. per kWh). The activity data is multiplied with an emission factor. This results
in the GHG emission data based on the activity intensity, and are calculated using
the following formula:

kgCO2e= ActivityData [kWh] � EmissionFactor [kgCO2e/ kWh]

� GWP [kgCO2e/ kgGHG]
(2.1)

The emission factors are estimates of the amount of GHG emissions used in a
particular industry, or product category, derived nationally based on the emission
intensity of geographic regions (e.g. a region could supply energy from a power
plant by burning fossil fuel or other regions based on wind energy or other renew-
able energy sources). This results in different emission intensities.

The data accuracy is minimized if the emission factors are used from emission
factors data sets, as these typically represent industry average data, which is usu-
ally the case of a typical Life-cycle Inventories, used in LCA studies. As for the
current project scope, the ambitions are to make use of the emission factors pro-
vided as data-as-a-service, via Application Programming Interface (APIs). This
enables a more precise (based on geographical region) and up-to-date information.

The Energy Data Service, provides APIs which contain data sets as (nearly) up-
dated history for the CO2 emission factors from electricity consumed in Denmark
(g/KWh). As an additional service, a 8-hours prognosis is made available with
a resolution data of 5 minutes, and a updated frequency of 15 minutes [13]. The
forecast relays on the combined gCO2e/kWh for each each power plant in Den-
mark, being updated based on the daily power plant production schedules.

Functional Requirements Therefore, the carbon footprint for the AAU assembly
activities will be computed using the up-to-date and regional electricity emission
factors data sets, provided by the Energy Data Service [13]. It is believed that this
would enable a more up-to-date estimation of emissions intensity characterization
of the AAU assembly processes. The entire list of functional requirements can be
consulted at the end of the analysis Chapter, in Section 2.4.1.
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2.2 Industrial Power and Energy metering in Manufactur-
ing

Manufacturing facilities operations imply the consumption of signi�cant amount
of electrical energy being primarily used to power motors, various machine tools
and compressors. As the preliminary analysis has shown (Section 2.1.2, the AAU
assembly line consumption sources are theelectric energy- as direct source to power
the electrical actuators and compressed air energy- consumed by the pneumatic actu-
ators. The compressed air energy ultimately is converted to electrical energy used
by the compressed air system.

In order to ensure adequate methods and technology means to quantify the amount
of power consumed by the AAU assembly processes, an assessment was performed
to establish the methods of measurement for electric energy - Section 2.2.1and com-
pressed air energy - Section 2.2.3.

Once the methods for measurement were assessed, the analysis leads to the tech-
nology assessment step. To quantify the amount of power consumed, different
energy sensing equipment is necessary for conducting the assessment. Section
2.2.2 and Section 2.2.4 introduces the technology choice analysis of the industrial
sensing equipment and presents considerations in form of advantages and disad-
vantages.

2.2.1 Methods of Measurement – Electric Energy

Active, Reactive and Apparent Power Studying the transmission of electrical en-
ergy and the behaviour of AC industrial equipment often encapsulates the terms of
active, reactiveand apparent power, which apply to steady-state alternating current
circuits, in which voltages and currents are sinusoidal [14].

The analysis begins with the concept of active powerwhich is the energy trans-
ferred to a resistive load such as transformers, motors and is dissipated to produce
useful work. For purely resistive loads the principles of Ohms Law applies, which
states that the current drawn is equal to the voltage divided by their resistance
and that the power is the product of the current and voltage that �ows through a
system terminals, measured in Watts [14]. This is depicted in the Figure 2.4
However industrial equipment such as drills, refrigerators, arc welders are devices
that create internal magnetic �elds where certain amount of energy is taken in and
then released back into the supply. The power term used for this types of loads is
which distinguishes from active power due to its oscillating between negative and
positive values, as seen in Figure 2.5.
Reactivepower is a measure of no useful work, and represents the energy that oscil-
late back and forth to a load from the supply showing negative values when going
back to the supply mains. The reactive power is measured in Volt-Ampere-Reactive
(VAR). This is a typical behaviour for industrial equipment having inductive com-
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Figure 2.4: "Voltage and current phase relationships in a resistive load"taken as an excerpt from [15]

Figure 2.5: "Voltage and current phase relationships in a partially reactive load"taken as an excerpt from
[15]

ponents such as motors or capacitive components (e.g. arc welders) [14]. The
positive value for power denotes the energy �owing towards the inductive load
and the negative is the energy �owing back to the supply. Studying the loads that
absorb both the active and reactive power leads to the de�nition of the third term,
apparentpower.

In an AC circuit, apparentpower is the measure of the active and the reactive power.
In order to simplify the oscillating negative-positive behaviour of signal amplitude
(peak-to-peak, peak), the Root-Mean-Square (RMS) can be computed, to obtain the
averaged power delivered and used in a system, given by the following equation
2.2.

Apparent power= URMS � IRMS (2.2)

Apparentpower can be more practically determined over a time averaged value of
cycles, by instantaneous measurements of single phase AC electricity, namely Root-
Mean-Square (RMS). This is achieved by computing the product of the Root-Mean-
Square (RMS) Voltage and the Root-Mean-Square (RMS) Voltage values, measured
in units of Volt-Ampere (VA).
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A voltage RMS value is computed as the square-root of the mean square of the
instantaneous voltage values measured and averaged over a cycle. Similarly, the
current RMS value is computed using the instantaneous curent values. The discrete
time equation 2.3 for calculating voltage and current RMS values is:

URMS =

s
å N � 1

n= 0 u2(n)
N

and IRMS =

s
å N � 1

n= 0 i2(n)
N

(2.3)

Where,

• u(n) - sampled instance of the instantaneous voltage u(t)
• i(n) - sampled instance of the instantaneous current i(t)
• N - number of samples

As nominal value of the voltage in all public low-voltage networks in Europe is
delivered at a relatively stable and constant value of 230V (+10% -6% in the EU)
[16], it is possible to approximate apparent power without making a voltage mea-
surements and only measure the current of single phase AC equipment. This
simpli�ed approach will give an approximation of the power consumed and does
not re�ect an accurate result. However for the current objective, it was agreed with
the project stakeholders that only measuring current of single phase AC and con-
sidering a constant voltage of 230 V, would give the desired estimation of power
consumption.

Thus, for proof-of-concept the energy consumed by the manufacturing equipment
at AAU will be approximated sensing only single phase AC current using a �xed
value of 230 Volts to approximate the power.

Once the measurements to be recorded are established, the analysis leads to the
part for investigating which technology is capable of sensing electrical power sup-
ply, required by the manufacturing equipment. In the next section, the various
sensors commonly used in industrial applications are investigated, based on liter-
ature studies.

2.2.2 Choice of Technology for Electrical Energy Sensing equipment

To quantify the amount of power consumed, different sensing equipment is neces-
sary for conducting the collection of data. The current section introduces a short
description to the possible sensing equipment and presents considerations in form
of advantages and disadvantages.

As literature has shown [17] to quantify the power consumption in industrial set-
tings involves measurements of both the voltage and current. However for the cur-
rent objective, it was agreed with the project stakeholders that measuring current
only and considering a constant voltage of 230 V, would give the desired estimation
of power consumption. In industrial settings the most frequently used equipment
for current sensing is performed using shunt resistors, hall-effect, and induction [17].
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The desired criteria for the choice of technology is related to:

• The capability of sensing sing-phase AC current with a rate input current
from 0 to 16 Ampere.

• The capability of interfacing with a micro-controller for rapid prototyping
such as Arduino, ESP, Raspberry Pi.

• The ease of operation as it is desired that the sensor can be easy and fast
to mount at terminal equipment, without the need to interrupt the power or
make modi�cations to the equipment

• The cost of technology as the budget pose constraints to the purchase of
sensing equipment. As the project objective is a proof-of-concept, the approx-
imations and lower costs are rather favorable in a accuracy-cost trade-off.

Figure 2.6: Shunt
resistor sensor,
taken from [18]

Shunt resistors The principle of operation of shunt resistive
sensors is intrusive, where the sensing unit comprising a resistor
is mounted in the path of the current �ow, creating a voltage
drop. For a known resistance, the measured voltage drop is used
to calculate the current, following the Ohm's law (I = V/R).

Considerations The advantages of using such sensor are ac-
knowledged in low-power electronics as otherwise used in high
power equipment, the resistor would generate a prohibited
power loss. An important disadvantage is that if a shunt re-
sistor is used in high power applications and dissipation in the

resistor is desired to be kept low, the voltage drop is small, which additionally
requires ampli�cation, inducing a higher cost and size of sensing equipment [17].
As a consequence, the shunt resistors are not suitable to quantify the power con-
sumption at the AAU assembly line.

Figure 2.7: Hall-
effect sensor, taken
from [19]

Hall-effect sensors The hall-effect sensors components are
typically a magnetic core, a semiconductor hall element (chip)
and a signal conditioner which, for a given current �ow in a
conductor (cable) that passes through the magnetic core, a mag-
netic �ux is created. The hall element captures the magnetic
�ux and generates a potential difference (voltage) proportional
to the �ux density of the magnetic �eld [17].

Considerations Since the voltage induced in the hall element
is small, it requires ampli�cation, which increases the cost of
equipment. The hall-effect sensors are sensitive to the electri-
cal environment and location, as the magnetic hall-effect device
could capture noise by nearby currents. Moreover the voltage
level signi�cantly temperature-dependent, which requires par-
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ticular excitation approaches in signal-conditioning [20]. These factors in�uence
both the ease of operation and costs, which makes the hall-effect sensors an unde-
sirable choice.

Figure 2.8: Current
transformer sensor,
taken from [21]

Inductive sensors Inductive sensors such as current trans-
formers are the most frequently used in current sensing applica-
tions because the direct proportionality between the output volt-
age and the primary current and because of the ability to “step
down” / reduce the current levels. This is achieved by the sets of
coils (turn of windings) which captures the current in�ow pass-
ing the conductor (cable) and induces a current proportional to
the number of windings, thus achieving a predetermined ratio
[17] [20].

Considerations As the current is reduce internally by the
windings, the output levels can be directly captured by the the
ADC and micro-controllers, without the need for additional con-
ditioning equipment. Due to this principle of operation, both the

cost and ease of operation are minimized. Additionally, for a split-core type, the
sensing unit can be easily installed (clamped on a cable) in an non intrusive way,
without interrupting the power or making modi�cations to the terminal equip-
ment. These characteristics makes the current transformers (CT) sensors a favor-
able choice for the project objectives [17].

The chosen technology together with the product model is shown in Table 2.7,
and the model speci�cations can be consulted in the product data sheets [22].

Chosen technology Product model Characteristics
Interfacing with
microcontroller

Ease of operation Cost of technology

AC current transformer
(CT) sensor

SCT-013-000
Input rate: 0-100A
Output: 0-50mA

Standard three-core:
3.5mm audio plug

Non-intrusive.
Clamp-on, easy mount

Reduced cost.
No need for additional
signal conditioning equipment.

Table 2.7: Chosen technology to capture the single-phase AC current
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2.2.3 Methods of Measurement – Compressed Air System

In manufacturing operations which use pneumatic systems, the compressed air
used by the pneumatic actuators to produce useful work is typically supplied
through a complex network of pipes, �lters and regulators air-dryers and air ves-
sels as expressed in Figure 2.9a.

(a) (b)

Figure 2.9: (a) "A typical compressed air system"taken from [23] (b) "Setting of air power meter in a
factory" taken from [23]

In manufacturing facilities, compressed air systems are decentralized, meaning
that the compressor system is usually separated from the point of consumption
and the air is supplied to the terminal equipment through a network of pipes.

Therefore, a energy audit could be done at various points of the compressed air
system, depending on the desired results. As Figure 2.9b depicts, the investigation
points for quantifying energy consumption of compressed air including:

• At compressor point at the output pipe of compressor, typically used for
anomaly detection including air leakages and contamination.

• At the main supply pipe, used for monitoring the total consumption of com-
pressed air in a manufacturing facility

• At various points in the pipe network, to investigate air energy distribution
at different locations (pipe leak detection)

• At device level, to quantify the energy consumption of a pneumatic actuator
when engaged to do useful work.

For the current project scope, it was agreed with the project stakeholders that both
the expenses for investment and prohibited time used in assessment, limits the
parts of the energy audit to an estimation scenario. The estimation implies that a
�ow sensor is applied to the application equipment (process module) to quantify
the the pneumatic power delivered at the device level. From that point, the electric
energy supplied to the compressor is estimated using literature studies, for which
the transmission losses and ef�ciency of the system are estimated and accounted
for.
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The estimation processes is described in the following section including the anal-
ysis of the energy �ow in the pneumatic system at the AAU Smart Production lab
facility. The pneumatic power of consumed air �ow consists of two parts:

• The pneumatic transmission power which represents the �ow of the energy
required to push the air �ow through the system from upstream (compressor)
to downstream (application equipment) [24].

• The pneumatic expansion power which represents the �ow of the energy
applied to yield mechanical useful work, under atmospheric conditions [24].

The measurement of pneumatic power can be done by measuring pressure, tem-
peratureand �ow rate of air. For this three different types of sensors are required,
namely a �ow rate sensor, pressure sensor and temperature sensor. The measured
values can be compiled to calculate air power of �owing air expressed in Watts,
similar to the unit used to express electric power [24] [23].

P = Pt + Pe = ps � qv � [ln
ps

pa
+

k
k � 1

(
T � Ta

Ta
� ln

T
Ta

)] (2.4)

where,

• Pt - The pneumatic transmission power
• Pe - The pneumatic expansion power
• ps - The system supplied pressure
• pa - The atmospheric pressure
• qv - The volumetric �ow rate at standard conditions
• k - Speci�c heat ratio, for air k = 1, 4
• T - Supplied air temperature
• Ta - Atmospheric temperature

This shows that pneumatic power is temperature dependent and with a higher tem-
perature, a higher power is achieved. Nevertheless, air temperature is conditioned
by air dryers and coolers to eliminate the condensation of water, which damages
the pipes and application equipment. Because of this, the temperature output from
compressor will return to atmospheric temperature when the air reaches the ap-
plication equipment, as it �ows through the dryer, vessel and pipe network [23]
[24]. Thus, the transmission power due to temperature is lost during transmission.
Therefore, temperature can be neglected in the calculation of pneumatic power
[25]. When the air temperature and atmosphere temperature are the same, the the
pneumatic power can be obtained from the �uid power using a simpli�ed equa-
tion:

P[W] = ps[Pa] � qv[m3/ s] (2.5)
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Power losses Common methods for analyzing the in compressed air system im-
ply four parts: production, clean, distributionand consumptionof air. In each stage,
the pneumatic power is affected by system losses. The losses present in such sys-
tem are related to the irreversible thermodynamic processes [24]:

• The mechanical irreversible process, cause by internal friction (between com-
pressor motor internal components) and external friction (between pipe walls
and air �ow).

• The thermal irreversible process, caused by the heat dissipation between the
compressed air and surroundings, typically occurring after compression, be-
tween after-cooler and dryer .

Compressed Air system ef�ciency As literature suggests, a comprehensive as-
sessment of the system ef�ciency implies measuring the differences in power at
each component and calculating the component ef�ciency. Once each component
ef�ciency is found, the total system ef�ciency can be computed as the product of
ef�ciencies of all components at each power distribution stage [25]. The ef�ciency
at each stage of the power distribution in a compressed air system can be computed
by the ratio of the power output and the power input:

h =
Pout

Pin
� 100% (2.6)

Air production The compressed air energy supplied to the application equip-
ment is provided by the compressor's electric motor which transforms the elec-
trical energy into pneumatic power, transmitted as �ow of compressed air. The
ef�ciency of the compressor in�uences the amount of electrical power consumed
and is computed as the ratio between the electrical power supplied and the of
pneumatic power output.

Figure 2.10: "Some typical compressor features",
extracted from [25]

Due to the equipment limitations to
measure the pneumatic power out-
put, it was agreed with the project
stakeholders that the compressor ef-
�ciency is estimated based on liter-
ature studies. As shown in Fig-
ure 2.10, several characteristics of
typical compressors available on the
market are tabulated. The ef-
�ciency of compressor types vary
from 39.6 % to 73.1 %, depend-
ing on the motor power and capac-
ity.

The AAU compressor was identi�ed to be a screw type, manufactured by Atlas
Copco. The compressor model is AQ22VSD [26] with a rated capacity ranging
between 17.1 - 64.5 [l/s] supplying 8 [bar] of pressure. Thus a rated ef�ciency is



2.2. Industrial Power and Energy metering in Manufacturing 29

assumed to behcp = 52, 7%, based on literature suggestion [25] correlated with the
capacity of the compressor at AAU:

Air cleaning and �ltering Considering that motor in�uence only a part of the
overall ef�ciency of the system, the air cleaning and distribution also account for
computing the total consumption. Thus, the power consumption used by the dryer
is added to the power consumption of the compressor. This is done by computing
the coef�cient Kdy, as suggested in [25]:

Kdy =
1

hcp � (Psupply/ Pout) + 1
(2.7)

where Psupply is the dryer electrical power supply and Pout is the output pneumatic
power computed using equation 2.5. However, due to the equipment limitations to
measure the pneumatic power at the dryer output, it was agreed with the project
stakeholders that the dryer ef�ciency is estimated to be Kdy = 0, 96 based on the
suggestion in [25], correlated with the applicable compressor power.

Figure 2.11: "Kdy of some refrigeration dryer", ex-
tracted from [25]

Moreover, the power loss in the �lter-
ing stage, is computed due to the pres-
sure loss at the �lter. At AAU, the
�lter is integrated in the air dryer -
model FD70, having a pressure drop
Dpf l = 0, 22[bar] at full �ow (70 l/s),
given by the manufacturer in the prod-
uct catalog [27]. According to the same

literature study [25], the power transfer ef�ciency of the �lter ( h f l ) is computed as:

h f l =
Pout

Pin
� 100%=

ln(( Pin � DPf l )/ Patm)
ln(Pin / Patm)

� 100% (2.8)

where DPf l represents the power of the pressure loss at full �ow. For a inlet pres-
sure of 8 bar, the power transfer ef�ciency of the �lter h f l rounds 98%. This Figure
can be validated by the above mentioned literature study, as the authors claim that
the computational ef�ciency of the �lter in the market ranges between 95% and
99%[25].

To obtain the overall system ef�ciency ( hovr) at the cleaning and �ltering, the overall
stage ef�ciency is computed as the product of the dryer coef�cient Kdy and energy
transfer ef�ciency of the �lter ( h f l ), such as:

hovr = h f l � Kdy (2.9)

Thus, the ef�ciency for the air transmission in cleaning and �ltering stage is com-
puted to be the product of the dryer coef�cient and the �lter ef�ciency rounding
hovr = 94%, as shown in Table 2.8.
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Air distribution As literature suggests [25], in the pipeline distribution, there are
two factors that cause power loss: the pressure lossand air leakage. Pressure losses
occur at the joints of the piping system and in the internal friction of the pipes.
Leaks occur in piping connections, hose �ttings, valves and are typically inves-
tigated by quantifying the �ow of air and pressure drop at various locations, as
discussed at the beginning of this section. This presents a limitation of the project
scope, due to the prohibitively time consuming activities and expenses in equip-
ment involved. Therefore, the losses in the pipeline network were agreed with the
project stakeholders to be estimated based on literature studies.

The common allowable amount of air leakage in industrial facilities are recom-
mended to be less than 5%, however, in reality, literature suggests that the pro-
portion is as high as 10% - 40% [25]. As the system is regularly maintained and
inspected by specialized technicians, it is safe to assume that the power losses in
the pipe network distribution at AAU are not higher than 10%, thus an ef�ciency
of the transmission power ht is estimated to be at about 90%.

Based on the above analysis, the ef�ciencies of the stages until the point of con-
sumption are summarized and tabulated in Table 2.8, using the assumptions de-
tails, adapted based on the literature suggestion [25].

Stage
Ef�ciency
notation

Ef�ciency
[ % ]

Assumption details

Production hcp 52,7 For screw type with a capacity between 17.1 - 64.5 [l/s]
Cleaning & �ltering hovr 94 dryer: Kdy = 0, 96 | �lter: h f l = 95%
Transmission ht 90 pressure loss and air leaks: 10%
Total htot 45 Computed as the product of each stage ef�ciency

Table 2.8: Assummed compressed air system ef�ciency at AAU

Table 2.8 summarises the estimated ef�ciencies of the entire pneumatic system at
AAU. This is done in order to compute the kgCO2 � eq. of the amount of electric en-
ergy consumed by the pneumatic system when engaged in assembling the product
variants, as stated in Section 2.1.2. Once the amount of power used at the device
level is known ( Pdevice), the power consumption at the compressor side could be es-
tablished by computing the required power Prequired which the compressor system
uses:

Prequired=
Pdevice

htot
� 100% (2.10)

The consumption point at terminal equipment (process module) is to be measured
using appropriate sensing equipment in order to characterize 3 the amount of en-
ergy required for each assembly activity associated with a product component. In
order to ensure that appropriate equipment is used, various sensing equipment are
analyzed and presented in the following section.

3The energy consumption results can be consulted in Section 4.1.3
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2.2.4 Choice of technology for Pneumatic Energy Sensing

To quantify the pneumatic power, it is necessary to collect the pneumatic energy
required to perform the various assembly activities at the AAU assembly line. The
current section presents the various technologies capable of sensing the pneumatic
energy of compressed air and presents considerations in form of advantages and
disadvantages. At the end of the section, the most suitable technology is chosen.

As discussed in Section 2.2.3, the air power is proportional to �ow rate and that
even though pneumatic power is temperature dependent, the air temperature is
conditioned by the air dryers and coolers in a compressed air system, to eliminate
the condensation of water which could potentially harm the pipes and application
equipment.

Therefore the temperature sensing equipment could be avoided and assuming that
leaks are minimized at the terminal equipment, the pressure is assumed constant,
at the line operating value of 6 [bar]. It is therefore desired that the sensing equip-
ment is capable of sensing the �ow rate at the terminal equipment. This facilitates
an easier management of air energy used in manufacturing operations with a min-
imized equipment investment. The desired criteria for the choice of technology is
related to:

• The capability of sensing air �ow rate at a operating pressure of 6 [bar] and
preferably with a �ow connector �tting of 6 [mm].

• The capability of interfacing with a micro-controller for rapid prototyping
such as Arduino, ESP, Raspberry Pi.

• The ease of operation as it is desired that the sensor can be easy and fast to
mount at terminal equipment

• The cost of technology as the budget pose constraints to the purchase of
sensing equipment. As the project objective is a proof-of-concept, the approx-
imations and lower costs are rather favorable in a accuracy-cost trade-off.

The �ow is de�ned as the amount of particles that passes through a certain point
during a unit of time [28]. There are numerous technologies measuring �ow rate
of �uids, however only the pilot tube and thermal mass �owmeasurements are the
most common [29].

Pilot tube and Anemometer The principle of operation of a pilot tube sensing
technology is based on the insertion of the sensing unit into the duct/pipe/hose,
where the �uid is to pass through. Once inserted, the pilot tube points directly
into the �uid �ow and measures the pressure difference between the total pressure
and static pressure [28], as depicted in Figure. The pressure difference is sensed by
an anemometer or other sensitive pressure gauge device and together are used to
calculate the air velocity at the measurement point as depicted in Figure [30].
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Figure 2.12: Principle of operation of pilot tube
taken as excerpt from [28]

Considerations As the pilot tube is
an intrusive sensing unit, other tech-
nologies are preferred to accommodate
the desired criteria for ease of opera-
tion. Thus, the principle of operation
of thermal mass �ow technology are in-
vestigated and presented next.

Thermal mass �ow The principle of
operation of thermal mass �ow tech-
nology is based on the measured
amount of heat applied to the heating
element [32]. The heating element sup-
plies heat which is dissipated in the

�owing �uid and, with increased �ow velocity, more heat is lost. To compensate
for the lost heat, current is increased to keep the temperature difference constant.
The amount of current supplied is proportional to the mass �ow [32].

Figure 2.13: Principle of operation of a thermal
mass �ow taken as excerpt from [31]

Considerations The main advantage
which the thermal mass �ow meter
has over the pilot tube technology
is that the measurement is pressure-
independent, thus no additional equip-
ment is required. The measured
values are therefore directly repre-
sented in volume per unit time such
as cm3/ secondor liter/ secondat stan-
dard conditions [29]. This makes the
thermal mass �ow technology a fa-
vorable choice for the project objec-
tive.

The chosen technology together with the product model is shown in Table 2.9,
and the model speci�cations can be consulted in the product data sheets [33].

Chosen technology Product model Characteristics
Interfacing with
microcontroller

Ease of operation Cost of technology

Thermal mass �ow
sensor for gasses

SFM4100
Operating pressure range: 0-6 [bar]
Output liters/min at standard conditions
Flow connector �tting: 6 [mm]

Digital output (I2C)

Non-intrussive.
Pressure independent.
Internally lineralized and
temperature compensated.

Reduced cost.
No need for additional
signal conditioning equipment.

Table 2.9: Chosen technology to capture the pneumatic power at the terminal equipment
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2.2.5 Data collection and Acquisition

As Driscoll et al. claim in the research paper "Industrial power and energy metering
- a state-of-the-art review"[17], there are many researchers that sought to integrate
electricity consumption within operational ef�ciency practices, nevertheless choos-
ing the adequate metering device presents various challenges which regard both
the physical domain (meter location, number of installed meters, proximity to elec-
tromagnetic disturbances from adjacent equipment) but also challenges related to
cost-performance and needed functionality. As expected, the power meter survey
conducted by the above mentioned authors shows that among the needed func-
tionality, the cost of a power meter varies with the three main instrument speci�-
cations, which in an industrial setting would de�ne the choice of power metering
technology, such as:

• Sampling rate: referred to as the number of samples taken per unit of time,
commonly for power metering reported in samples/cycle. Devices capable of
sampling high rates (up to 750 KHz) are used in highly detailed equipment
behaviour investigations such as transient events (occurring at a fraction of a
second). Device with lower sampling rates capabilities, provide insights into
equipment minimum, average and maximum power values[17].

As the current project scope is to collect and correlate manufacturing equip-
ment energy consumption data and is least concerned with detecting anoma-
lies in complex transient events, the chosen technology criteria focuses on
a lower sampling rate, though high enough to capture the power electricity
mains cycle in Denmark, which alternates at about 50 Hz ±1 % for 99.5 % of
the year, as speci�ed by EN 50160 standard [34].

In signal processing, the rule of thumb for techniques of sampling is given
by the famous Nyquist formula, which states that in order to avoid under-
sampling (inability to represent true analog continuous values as digital dis-
crete representations), the sampling rate should be at least greater than twice
the frequency of the measured system.

• Functional requirement: Therefore, as the power electricity mains alternate
at about 50 Hz, the capability for the chosen measuring device should at least
be 100 Hz sampling rate criteria.

• Accuracy: expressed as the ability of the device to report values close to the
true value. Accuracy characteristics are classi�ed related to the produced
errors and are due to to gain - signal magnitude dependent (e.g. percentage
of the reading, such as ±0.1%) andoffset- independent of signal magnitude
(e.g. ±1.0 millivolt (mV)).

This aspect is related to the granularity of the measurement, such as, if the ac-
curacy of the measured output value (e.g. micro Watts) is so small that would
not produce a signi�cant difference in the desired target (e.g. kgCO2e), the
accuracy parameter would be safe to be neglected.
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• Resolution: regarded as the change in measurement that the device can de-
tect. In order for the analog continuous form of the measured signal (e.g.
Volts or Ampere) to be processed by a microprocessor, the signal needs to be
digitized (brought to a discrete/binary form). This is typically done by an
ADC device (analog-to-digital converter), which has a resolution, typically
expressed in bits. To determine the resolution of a device in regards with the
measurand (e.g. Voltage), the digital value is computed (e.g. 28 = 256) and
considering the microprocessor signal reference (e.g. 5 [V]) the resolution
becomes 5256= 19, 53milivolts(mV) per ADC count. Therefore, the smallest
change detected varies with the number of bits, as computed in Table 2.10.

Put in the context of granularity of the measurement, such as, if the resolu-
tion error of the measured output value is so small that would not produce
signi�cant differences in the desired target (e.g. kgCO2e / kWh), the trade-of
of choosing a system with reasonably low resolution is considered advanta-
geous, over a high price range.

V_ref [V] 5 5 5 5
Resolution [Bit] 8 10 12 16
Digital value 256 1024 4096 65536
V_out per
ADC count [V]

19,53 4,88 1,22 0,07629

Table 2.10: Resolution of a system in terms of voltage

As the project is intended to serve as proof-of-concept, the rapid prototyping plays
an important factor. Thus, a micro-controller having ADC embedded is desired.
The rapid prototyping micro-controllers are available having various resolutions,
ranging from 8-bit ADC to 32-bit. It was therefore decided that a ESP32-WROOM-
32 having an 12-bit ADC integrated [35] would only produce an error reading
of 0.0122 [V]. Thus, this would serve as foundation for the prototype solution
presented in Section 4.1, presented in Concept Development chapter.
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2.3 Product con�gurators in Enterprise ICT Systems

Literature de�nes a product con�gurator as . . . software modules with logic capabilities
to create, maintain, and use electronic product models that allow complete de�nition of all
possible product options and variation combinations, with a minimum of data entries”[36].
Several authors [37] [38], have classi�ed the various types of product con�guration
systems, based on various approaches, such as:

• Rule-based con�gurator systems are which rely on a set of rules expressed
in terms of conditionals with prede�ned sets of consequences such as "if
this then that". The various con�gurations being formulated in a forward-
chaining manner such as, at each step, the system examines the set of rules
until the right expression is found to be true, triggering the consequence (then
clause). This type of logic can be used to carry the domain knowledge, compo-
nents and their properties and generate information in form of automatically
computing the solution related to a speci�c con�guration [37].

• Model-based con�gurator systems, characterized by the three representation
types:logic-based, resource-based and constraint-basedapproaches. [37] Thelogic-
basedallow complex concepts to be generated in terms of classi�cation (intro-
ducing a new concept into the already created concepts and classify which
class it belongs) and recognition (determining which class a speci�c concept
it belongs to). The resource-based systems, employ a technical entity to be
characterized by the resources it supplies, uses and consumes. The former,
uses a set of properties interrelated to components and a set of connection
ports to generate con�gurations based on the prede�ned constraint sets.

• Case-basedcon�gurator systems, which rely on reasoning about how previ-
ous solutions have previously been solved. The vital information to produce
the cases, is a based on historical data (e.g. con�gurations of products, sold
to earlier customers) [38]. This type of con�gurator system makes use of
customer requirements to �nd the previous con�gured solutions that could
accomplish those requirements.

In the AAU assembly setting, where the possible con�gurations of product vari-
ants are directly linked to the manufacturing resources and their capabilities to
perform an operation, the rule-based con�gurator systems could provide the ad-
equate environment for mapping the components and their properties to the do-
main knowledge of the manufacturing capability - available resources and possible
routing. Therefore rule-based based on "if - then" conditional statements is chosen
as an approach to develop the product con�gurator as proof-of-concept.

Organisations have used con�guration systems in product sales for calculation of
price, work out product speci�cations, in order processing to reduce the processing
time, manufacturing speci�cation or delivery time, but also as business strategy to
increase customer satisfaction through improved dialogue with the customers [5].
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As literature suggests, a favorable scenario for organisations that implement con-
�gurator systems are the principles of mass customization, for which a product is
built in a module-based architecture and con�guration systems are used to bind
the business/enterprise processes to the technical product variations offered. For
the current project, the technical product variations studied is described in Section
2.1.4.

Besides the functionality of creating technical product variations in an automated
manner, product con�gurator systems are often integrated within enterprise sys-
tems (e.g. PLM, ERP) for management of resources (e.g. bill of materials, drawings,
etc) and order processing, conducted in connection with the manufacturing capa-
bilities (production planning and execution).

Thus, in order to formulate the functional requirements for the concept develop-
ment, the following sections present the analysis of the existent ICT enterprise sys-
tems at AAU used for producing/assembling the product variants (Section 2.3.1).
Additionally, the order processing (Section 2.3.2) is assumed from literature stud-
ies, as an effort to simulate an AS IS scenario at the AAU facility. Although aware
of the high uncertainty and limitations imposed by generalizing case-based re-
search, the effort aspire to provide a basis when actual order processing is existent
in enterprises.

2.3.1 Analysis of Enterprise ICT systems at AAU

As the AAU assembly line is a platform used for education and testing purposes,
the processes and systems involved in producing/assembling the product variants
are fully automated and make use of only the Manufacturing Execution System
(MES), which permits a combination of an management of resources and orches-
tration of manufacturing equipment via routing information.

Other enterprise systems such as Enterprise Resource Planing (ERP) are nonex-
istent. Furthermore the order processing is nonexistent, thus a case-study from the
literature is analyzed in order to simulate the order processing at the AAU assem-
bly line.

The assembly line operations are orchestrated by the Manufacturing Execution
System (MES), which plays a similar role to an ERP (without an inventory), having
stored information about the manufacturing equipment and product components.
The AAU MES system allows a user to choose between already con�gured product
variants for which the sequence of operations is hard-coded. Along with this, or-
ders are managed in a FIFO (�rst in �rst out) manner or by planning. The MES also
manages the allocated resources (process modules) for a particular order, based on
work-plans. The work-plans are hard-coded relationships between the parts in the
Bill of Materials and a particular resource, performing an assembly activity.
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The system has been studied in order to simulate similar entities, in order to fa-
cilitate a easier integration4 of the future product con�gurator. The term Resources
encompass all equipment which interacts physically with the product and per-
forms an assembly activity.

Each assembly activity (process), should be assigned to the correct resource, ca-
pable of executing an activity. Similar to the MES, when each assembly activity is
assigned to a resource, the production work-plan is created. The topology of the
assembly line is de�ned in the MES as a step sequence, carrying a step number,
being assigned to a particular workstation IP address. Thus, the conceptualized
solutions should accommodate this behaviour.

The literature [38] presents a framework including core elements which a prod-
uct con�gurator should provide. The �rst element is the database or integration
with Product Data Management (PDM) or Enterprise Resource Planning (ERP)
systems, which serves the purpose of storing/retrieving the information desired
to be used in the con�guration process. The second element regards the con-
�guration logic which de�nes the set of constraints related to how the product
components/features can be combined.

Additionally, the user interface plays an important role, as this element allows
a customer to navigate and make use of both the con�guration logic and the
database, in an visual way. Lastly, the generation of documentation (reports, quota-
tion letters, drawings) automatizes the administrative paper work, reducing order
processing activities and the costs associated with it. Thus, the development of the
project takes basis in four core elements, such as:

• Database - developed for storing and retrieval of data related to:

– User registration and authentication - User information used for access-
ing the system resources, storing user choices and assign con�gurations
and orders to particular users.

– Product models - Information related to product portfolio such as com-
ponents, their properties and part/material identi�cation.

– Manufacturing resources - Information related to workstation IP ad-
dressing, the resources ID and program number (Op No.), operating
time and energy consumption data.

– Business processes - Records of order information, registration and
schedule time for planned orders.

• Con�guration logic - containing a set of rules for how the product modules
(components sharing an interconnection interface) can be combined;

4The solution integration into the MES environment exceeds the scope of the current project,
as stated in the delimitation section, however the it is desired that the product con�gurator would
simulate the MES behaviour and entries to facilitate the ease of future integration. (i.e. work-plan
operations should be assigned to the correct component)
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• User interface - allowing the user to navigate and make use of both the
con�guration logic and the database, in an visual manner;

• Automatic report generation - the product con�gurator are capable of auto-
matically generating a report or quotation letter, including a clear description
of the product information (i.e. bill of materials), the estimated associated
with the products within an order inquiry. For the current project scope, the
quotation letter will be substituted by the equivalent carbon footprint estima-
tion, generated by the product con�gured.

2.3.2 Analysis of simulated Order Processing at the AAU Assembly Line

As literature suggests [39], the important functionality of a product con�gurator is
substituting and eliminating the routines of order processing in an enterprise. This
is typically achieved by automatic data transfer ( price and quotation, order and
product information etc.) to the relevant entities in an enterprise (sales, production
etc). Additionally, the product con�guration systems are capable of automatically
generating a report or quotation letter, including a clear description of the product
information (i.e. bill of materials), the prices associated with the products within
an order inquiry.

As explained in the previous section, the order processing is non-existent at the
AAU assembly line, however a case-study from the literature is analyzed as an
effort to simulate the order processing and estimate the lead time required from
con�guration until the order completion, formulated as AS IS scenario. Although
aware of the high uncertainty and limitations imposed by generalizing case-based
research, the effort aspire to provide a basis when actual order processing is exis-
tent in enterprises.

In a common scenario, a customer expresses the needs to the sales department,
which in turn uses internal enterprise knowledge (e.g. available materials, capa-
bilities to produce product features, etc.) to make a con�guration of a product that
satis�es the customer needs. In the literature [40] the �rst order processing phase
is referred to as calculation(although generally referred to as speci�cation process).
As a second processing phase, if satis�ed with the offer, the customer can place
an order inquiry which needs to be managed again internally by the sales and pro-
duction department, in order to ensure a setting planfor producing the order. As
a third processing phase (order ful�llment), the customer places an order for which
the procurement ensures the availability of parts in the con�gured Bill of Materials,
(shopping list) and sends the order to production where the order is engaged into
execution.

The activities involved in the order processing phases are inspired from a literature
case study presented in [40], which introduces the lead time �gures involved in the
production of heat exchangers in an engineering and design company. Although
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in this research the case study is represented by a ETO (Engineer-to-Order)5 com-
pany and the AAU assembly line is represented by ATO (Assemble-to-Order) 6, the
case was the closest case study, applied to a small and medium enterprise (SME),
similar to what the AAU assembly line would replicate. Therefore the engineering
phase lead time accounted in the literature case study is neglected in the current
study and only the order quotation activities ( calculation, setting planand shopping
list) are adapted to a close estimation for the current scenario. The �gures are
tabulated in the Table 2.11.

Order processing
phases

Activities
Assumed
human

resourses

Estimated time
(Man-hours)

Speci�cation process

Initiates discussions with the customer
about product components availability
and production capability.
Generate the required product speci�cations,
based on mutually agreed con�guration
with the customer
.

1 sales
representative

1

Order inquiry

Response to customer order and clari�es the
solution with the customer.
Checks and ensures error free speci�cations
and formulates the setting plan,
containing order entries for production
.

1 sales
representative

1

Order ful�llment

Response to order placement, ensures the
availability of parts (BOM) for con�guration
and sends the order to production for execution.
Prepares the relevant con�guration content
for the report (quotation letter) and compiles
all the product and order related information.

1 sales
representative

1,5

Estimated lead time 3,5

Table 2.11: Estimated lead time for order processing at AAU

These processes are substituted by the product con�guration systems which gen-
erate the enterprise knowledge for a particular product variant chosen by the cus-
tomer. The order containing technical information about the product is further
sent to the production in an automated manner. In the AAU assembly factory
context, this feature could be implemented by automatically sending the product,
order and work-plan information to the Manufacturing Execution System (MES),
responsible for executing a production order. Even though the solution integra-
tion into the current AAU assembly line enterprise system exceeds the scope of
the project, it is desired that the product con�guration system is conceptualized to
ease the integration in the current ICT system at AAU, as previously described in
Section 2.3.1.

As it is impossible to obtain accurate �gures for order processing at AAU, the

5Engineer to Order refers to the customer co-design of product/service, followed by customized
made-to-order

6Assemble-to-Order refers to assembling of products from standardized components



40 Chapter 2. Background, Research & Analysis

lead time �gures adapted from the case-study estimation aspire to provide an AS
IS scenario simulating an actual order processing existent in small and medium
(SME) enterprises. As the project is formulated as a proof-of-concept, the esti-
mated lead time �gures are not feasible to be used as targets for achievement, as
this would require that actual times would be recorded after having implemented
the solution, in order to allow a comparison between AS IS and TO BE scenarios.
The estimated lead time �gures are however used to provide an insight into the
�nancial projections, described in Chapter 5.
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2.4 Analysis Summary and Re�ection

The �ndings resulted from the analysis phases presented in the current chapter are
to support the clari�cation of the project scope, formulate the functional require-
ments and facilitate the progress for the concept development. As described at
the beginning of the chapter, the analysis objectives sought to provide insight into
the energy consumption associated with the AAU assembly activities, investigate
potential methods for quantifying the energy consumption and formulate a order
processing scenario which the product con�guration systems aspire to substitute.

As identi�ed in the preliminary investigation (Section 2.1.1), the carbon emissions
present at the AAU assembly line are indirect emissions, meaning that the carbon
emissions are related to the energy consumed from the power grid, as a conse-
quence of the sources of energy production (i.e. power stations) founded on fossil
fuels and renewables 7. As the source of production release carbon emissions into
atmosphere emission factors are used in connection with the manufacturing activ-
ities to convert the energy used into equivalent mass of carbon dioxide kgCO2e.

Thus, the carbon footprint embodied in a product due to the manufacturing pro-
cesses energy consumption (Joules or kWh) vary to high extend across countries
and regions, depending on the generation mix. During the investigation of vari-
ous emission factors datasets, it was concluded that the emission factors could be
queried/extracted from a country-speci�c updated API provided by Energi Data
Service. As presented in Section 2.1.5, it is believed that this would provide more
accurate an up-to-date estimation of emissions intensity characterization for the
AAU assembly processes.

Collecting environmental emission data at the AAU assembly line is therefore re-
lated to both the amount of energy used and the sources of energy supply. The
sources of consumption which contribute to indirect emissions , are identi�ed to
be:

• Electric energy consumed to power the manufacturing equipment

• Compressed air energy consumed by the manufacturing equipment and
powered by a compressor system. This energy ultimately is converted to
electrical energy used by the compressed air system.

During the analysis phase presented in Section 2.1.2, the operations along with the
manufacturing equipment (resources) involved in assembling the product variants
were systematically categorized by their energy sources with respect to each work-
station. The time required for each activity was also recorded as preliminary step
to map the time distribution for each assembly process. From the analysis, the
workstation points of consumption were established to be:

7renewables refer to clean or green energy systems such has hydro, nuclear, geothermal, solar or
wind
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• The station control, networking and auxiliary devices such as PLC, HMI
panel

• The electric actuators for driving the conveyors
• The electric actuators of the process modules ( e.g. drilling machine, robot)
• The pneumatic actuators of the process modules, the stoppers and the robot

vacuuming for grippers used in pick&place operations

Thus these types of energy are considered the main contributors to formulate the
partial carbon footprint of the AAU assembly processes. The analysis led to the
next step, during which it was investigated how the sources of consumption could
be quanti�ed. For electric energy, the method of measurement chosen was single-
phase AC current, using a �xed value of 230 Volts to approximate the power. For
the compressed air energy, the air �ow at the terminal equipment, assuming a
constant pressure of 6 bar. However, the system losses in the pipe network and
system components are accounted for, yielding a total system ef�ciency of 45%.
This ef�ciency is to be used in the computation of actual power demand, at the
compressor side, as elaborated in Section 2.2.3.The choice of technology capable of
quantifying the types of electrical and pneumatic energy are described in Sections
2.2.2 and 2.2.4 respectively.

2.4.1 Functional Requirements speci�cation

To facilitate the concept development phase, the functional requirements resulted
from the analysis are identi�ed to be:

• Related to sensing and data acquisition equipment

1. Sing-phase AC current with a rate input current from 0 to 16 Ampere.

2. Operating pressure range: 0-6 [bar]

3. Flow connector �tting: 6 [mm]

4. Connect to a microcontroller / microprocessor for rapid prototyping
such as Arduino, ESP, Raspberry Pi

5. Supply voltage: 3.3 or 5 V

6. Sampling rate: min. 100 Hz sampling rate

• Related to the partial carbon footprint:

1. Energy consumed - Both the electric energy and compressed air energy
(with estimated system ef�ciency (as tabulated in Table 2.8)

2. Emission factor - the carbon footprint for the the AAU assembly ac-
tivities will be computed using the up-to-date and regional emission
factors datasets provided by the Energi Data Service, as explained in
Section 2.1.1.

3. Calculate and aggregate the energy emission data (kgCO2e/kWh) for
the assembly processes.



2.4. Analysis Summary and Re�ection 43

• Related to the product con�gurator:

1. Con�guration logic to characterize and compute the embodied emission
data for the assembled product variants.

2. A database system to enter, store or delete product related information
as well as the associated manufacturing equipment and routing.

3. Order processing capabilities information related to the products con-
�gured containing the bill of materials and the manufacturing equip-
ment involved.

4. Authentication system for users (organisations) to uniquely address the
con�gurator functionality and store any data speci�c to user choices.

5. A user interface that provides visual navigation for users to access the
functionality of registration and login, con�guration and order process-
ing.

6. Automatic report generation - the product con�gurator are capable of
automatically generating a report, including a clear description of the
product information (i.e. bill of materials) and the equivalent carbon
footprint estimation generated by the product con�gured.

• Related to software for web development:

1. Flexibility for various screen sizes - The capability of a page to render
the interface content for different screen sizes and devices is important
factor in modern web development [41]. Following the trend for web
development for �exibility, the application interface components should
support adaptive interface components according to the screen size to
enable the user to interact with the application from any device.
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Problem Formulation

3.1 Problem Background and Motivation

In the quest of providing product environmental information data as a competitive-
advantage strategy, product con�guration systems proves a potential for connect-
ing a customer to the available product variants and production capabilities, while
automating the computation of product emission data. As AAU assembly line in-
volves several assembly activities, the amount of energy consumed in each activity
is to be quanti�ed, converted into equivalent emission data ( gCO2e) and aggre-
gated in order to provide environmental information for various product con�gu-
rations.

As agreed with the project stakeholders, the motivation for the project is to employ
technology means to characterize the energy consumption pro�les of manufactur-
ing operations involved in assembling various product variants. Along with this,
partial carbon footprints (as explained in Section 1.1.3) are to be automatically gen-
erated based on product con�guration. For this, the impact category of concerned
is Climate change, as previously described in Section 1.1.3.

3.2 Problem De�nition

3.2.1 Purpose and Scope

The purpose of the project is to employ technology to (1) characterize the energy
consumption and equivalent partial carbon footprint of the manufacturing opera-
tions involved in assembling the AAU product variant and (2) develop a product
con�gurator (proof-of-concept) which structures the enterprise knowledge reposi-
tory and enables automatic product selection transfer from customer to manufac-
turing.

45
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3.2.2 Problem Statement

As the project scope is to characterize the energy pro�le for manufacturing activ-
ities and develop a product con�gurator, it is desired to classify and address the
topics of focus, which are the underlying basis for the conceptualized solutions:

1. Develop and propose a technical solution formulated as a proof-of-concept to
monitor, log and quantify the energy used for the assembly processes, related
to two main areas:

• Electric energy consumed to power the manufacturing equipment

• Compressed air energy consumed by the manufacturing equipment

2. Develop and propose a product con�gurator formulated as a proof-of-concept,
that automates the following functions:

• Product con�guration based on possible product variant combinations

• Dynamic generation of a Bill of Materials showing an estimation of the
carbon footprint for the con�gured AAU product variants

• Dynamic generation of assembly operations involved in the con�gura-
tion containing operation time and energy consumed

• Order processing containing speci�cations related to order execution or
planning with date and time, quantity of products ordered and the total
equivalent emissions for the order entry

• Automatic report generation containing the assembly processes involved
in the con�guration, operation times and energy consumed as well as
the total equivalent emissions for the order entry

The study is to be carried out on the FESTO assembly line, part of AAU production
lab facility.

3.2.3 Functional Requirements

To facilitate the concept development phase, the functional requirements resulted
from the analysis are identi�ed to be:

• Related to sensing equipment

– Sing-phase AC current with a rate input current from 0 to 16 Ampere.

– Operating Pressure Range: 0-6 [bar]

– Flow connector �tting: 6 [mm]

– Connect to a microcontroller / microprocessor for rapid prototyping
such as Arduino, ESP, Raspberry Pi

– Supply voltage: 3.3 or 5 V

– Sampling rate: min. 100 Hz sampling rate
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• Related to the partial carbon footprint:

1. Energy consumed - Both the electric energy and compressed air energy
(with estimated system ef�ciency (as tabulated in table 2.8)

2. Emission factor - the carbon footprint for the AAU assembly activities
will be computed using the up-to-date and regional emission factors
datasets provided by the Energi Data Service, as explained in Section
2.1.1.

3. Calculate and aggregate the energy emission data (kgCO2e/kWh) for
the assembly processes.

• Related to the product con�gurator:

1. Con�guration logic to characterize and compute the embodied emission
data for the assembled product variants.

2. A database system to enter, store or delete product related information
as well as the associated manufacturing equipment and routing.

3. Order processing capabilities information related to the products con-
�gured containing the bill of materials and the manufacturing equip-
ment involved.

4. Authentication system for users (organisations) to uniquely address the
con�gurator functionality and store any data speci�c to user choices.

5. A user interface that provides visual navigation for users to access the
functionality of registration and login, con�guration and order process-
ing.

6. Automatic report generation - the product con�gurator are capable of
automatically generating a report, including a clear description of the
product information (i.e. bill of materials) and the equivalent carbon
footprint estimation generated by the product con�gured.

• Related to software for web development:

1. Flexibility for various screen sizes - The capability of a page to render
the interface content for different screen sizes and devices is important
factor in modern web development [41]. Following the trend for web
development for �exibility, the application interface components should
support adaptive interface components according to the screen size to
enable the user to interact with the application from any device.

3.3 Delimitations

There are several topics that exceed the scope of the investigation within the system
to be conceptualized, such as:
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• As the project scope revolves around quantifying the partial carbon foot-
print of a selected stage in the product life-cycle, the focus is solely oriented
towards the manufacturing processes at AAU assembly line, and does not
account for entire product life-cycle. However an estimation will be formu-
lated from the relevant literature studies to formulate the embodied product
life-cycle.

– The life-cycle stages ofuseand end of lifeare excluded from the study, as
these criteria are sensitive to the patterns of usage and disposal/recycling
of components. Thus, no data could be collected from these stages.

• Emissions related to facility consumption (illumination, ventilation, etc.) ex-
ceed the investigation focus and are suggested as a future framework, in
order to obtain a more detailed consumption pro�le allocated per unit pro-
duced.

• Excluded from energy audit are the workstations T-module(used for re-routing)
and Repair (manual) station(used for repairs). This is because the energy
consumed for the activities related to these stations are related to failures /
discarded products and are therefore not part of the product con�gured.

• System protocols - the current study focuses on laying the foundation for
the system architecture and is therefore not investigate the protocols used for
communicating with other platforms, databases or industrial equipment, and
would limit the investigation of the module inter-connectivity to an abstract
level.

• System integration and implementation - The current scope only serves as a
foundation for the concept development phase, thus both the software and
sensing prototypes developed are not to be integrated within the manufac-
turing line environment (MES).

• Response times - As the solution is to serve as a proof-of-concept, the loading
time is not a factor for development and the software solution is not to be
developed for rapid response.

• Hierarchical authentication - The functionality to create hierarchical authen-
tication roles for users exceeds the scope of the current project, nevertheless
the functionality of entering data in the system by an administrator is exem-
pli�ed.

• Data security - As the solution is to serve as a proof-of-concept, no measures
to data security are to be developed.
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Concept Development

As a response to the analysis performed and described in Chapter 2, the current
chapter describes how the functional requirements and objectives are transformed
into the conceptualized solution.

The concept development comprises of several objectives which the proposed so-
lutions need to satisfy, as stated in the Problem Statement 3.2.2 and are categorized
as follows:

1. Develop and propose a technical solution formulated as a proof-of-concept to
monitor, log and quantify the energy used for the assembly processes, related
to electricand compressed airenergy, consumed to power the manufacturing
equipment.

2. Develop a proof-of-concept formulated as a product con�guration system,
which would connect the customer to the product variants and production
capabilities. The solution aspires to automate the computation of product
emission data, for which the amount of energy consumed in each assem-
bly activity is converted and aggregated to the equivalent carbon emissions
(CO2 � eq.).

To facilitate a clear overview of the current chapter, the following sections provide
an insight into the development progress through various sections:

• Section 4.1 presents the prototypes developed to monitor, log and quantify
the energy used for the assembly processes and provides insights into the
empirical process as well as the contextualized energy intensity pro�les.

• Section 4.2 describes the system architecture comprising three solution do-
mains, representative for web-based client-server applications and provides
insights into the each of the three-tier layers.

• Section 4.3 elaborates on the functional elements for the proposed proof-of-
concept and includes descriptions of their functionality, system interfaces and
back-end con�guration logic.

49
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4.1 Energy Monitoring at the AAU Assembly Line

In order to develop technical solutions formulated as a proof-of-concept to capture
and quantify the energy used for the assembly processes, the following con�gura-
tion was chosen:

• A split-core CT transformer (SCT-013-000) was chosen to capture the AC
current clipped onto either the live or neutral wire of the equipment.

• A mass �ow meter for gases (SFM4100) was chosen to capture the �ow rate
of compressed air at the device level, for an operating pressure of 6 [bar].

• A microprocessor ESP-WROOM-32 was chosen as a microprocessor environ-
ment to read and convert analog to digital values with an integrated 12bit
ADC.

Figure 4.1: ESP-WROOM-32 microprocessor with pin con�guration [42]

(a) (b)

Figure 4.2: (a) SCT-013-000 split-core CT transformer [22](b) SFM4100 series digital thermal mass
�ow sensor for gases [33]
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4.1.1 Power Metering with a CT transformer

As previously discussed in the analysis Section 2.2.2, the current measured using
a current transformer, is reduced (from primary to secondary) by the number of
windings (turns) in the core and the resulting secondary current is converted into a
voltage by a burden resistor. The resulted voltage is measured by the analog input
of the micro-controller.

Following a documented process for interfacing the CT sensor to a micro-controller,
the output signal from the SCT-013-000 sensor needs to be limited to the ADC ref-
erence voltage, which is the microprocessor analog input (5 Volts). To condition the
signal, the sensor output voltage is converted with the help of a burden resistor.
For a range between 0 and 10 Ampere, the burden resistor required is computed
and chosen to be 330 Ohm, as shown in Table 4.1.

Name Value Unit Explanation

CT transformer coil 2000 Turns of winding
Max primary current RMS 10 A Max current to be measured
Output voltage reference 5 V Micro-controller DC Voltage
Primary peak-current 14,14 A RMS current * sqrt(2)
Secondary peak-current 0,007071 A Primary I peak / nr. of turns
Burden resistance 353,5 Ohm (Output voltage/2) / Secondary peak-current
Chosen burden resistance 330 Ohm

Table 4.1: Calculation of the burden resistor

As the voltage oscillates from positive to negative with respect to ground and the
microprocessor requires a positive voltage, a voltage divider is used in form of two
resistors R1 and R2, each 10 kOhm. In this way the voltage signal will always stay
positive as it would oscillate above and below 2.5 V, as seen in Figure 4.3. Addi-
tionally, a capacitor of 10mF is recommended to smooth the voltage pulsation and
reduce eventual noise in the circuit [43]. These values are agreed with specialized
staff at AAU, in order to ensure the validity of the prototype.

Figure 4.3: Interfacing the CT sensor with the micro-controller, taken as excerpt from [44]
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