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ABSTRACT

To assess cost, time investment, energy consumption and carbon emission of
manufacturing on a per-piece basis, a bottom-up approach for aggregating a real-time
product footprint is proposed. This method allows the evaluation of the environmental
impact of a batch or even single product using monitoring or simulation data. To analyze
the infrastructure, the production plant is decomposed into modules that are in relation to
each other via inputs and outputs. Distinguishing between modules for production,
logistics, energy system, buildings and auxiliary systems, the different approaches for
distributing resource consumption between the products are presented. Special attention
is paid to typical scenarios that occur in production plants and problems that may arise
from them. For example, the incorporation of standby-, setup- and ramp-up times, the
energy consumption of the administration and the allocation of different products and
by-products manufactured at a machine are taken into account.
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INTRODUCTION

Industrial production accounts for 26% of the energy consumption of Europe [1],
with an estimated potential for reduction of 30% to 65% [2]. A commonly used
benchmark to identify the environmental impact of products is to assess the Carbon
Footprint of Products (CFP) on a one-year-basis. A variety of case studies concerning
life-cycle assessment including carbon footprints has been published in literature for all
different kinds of products and services, such as refrigerators [3], domestic water heating
devices [4], urban transport systems [5] or even scientific publications [6]. The
footprint-procedure is important for raising awareness and providing decision making
guidelines on the customer side as well as within the company. [7] showed that awareness
of the management is one of the factors significantly affecting the CFP in companies.
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However, surveys of currently available standardizations and tools have brought up some
issues concerning the reliability of results due to the lack of transparency of different
methods [8], standardization [9] and reliable data [10].

The usual top-down approaches for calculating footprints are even less suited to
support sustainable plant operation, because they lack the temporal and spatial resolution
necessary to base resilient statements upon them. [11] concludes, that one aggregated
indicator is essential for communication but failing to provide the required detail to
undertake a meaningful assessment of the energy use within the production system. In
recent years several publications have introduced methodologies to integrate energy
efficiency into production planning, such as [12, 13]. In order to meet the demand of
these approaches, footprints need to include both, aggregated and decomposed figures.
While the static aggregate may remain roughly the same over time, the contributions to it
may change significantly. Integrating these features could transition carbon footprints
from being a static analysis tool to a continuous process assessment and steering measure.
[14] meets this demand by providing a method for assessing a time-resolved footprint of
the supplied energy. [15] attempts to integrate a higher resolution into product footprints
by means of simulation. However, [16] stresses the industry’s need for real-time data and
knowledge-embedded processes leading to significant Key Performance Indicators (KPI)
of energy efficiency. A CFP of adequate temporal and spatial resolution could serve this
purpose as well as be a means of communication to stakeholders.

In order to address these issues, a bottom-up approach for aggregating a product
footprint during the production phase (see Figure 1) of the product life-cycle is proposed.
This method allows for real-time evaluation of a batch or even single product using
monitoring and/or simulation data. The definition of a significant footprint sets product
success factors in context with its ecological impact. In particular, energy, costs, carbon
emission and time will be captured and visualized for the whole transformation process a
product undergoes within the plant. Each part of the plant contributes to the product’s
energy, cost or time consumption, as well as carbon emission, which accumulate the
product footprint. The energy used by production machines, auxiliary infrastructure,
logistics and the building is aggregated from the entry of raw materials to the departure of
finished goods. The integral footprint of all products produced in a year exactly matches
the yearly carbon footprint of the plant. Therefore comparability with conventional
studies is achieved.
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Figure 1. Different stages in the life-cycle of a product

From a bottom-up approach different challenges arise. For example, incorporation of
standby-, setup- and ramp-up times, energy consumption of the administration and
allocation of different products and by-products manufactured at the same machine are
some of the problems. The necessity to calculate mean values and distribute them among
different products demands for a method to assess the degree of which each product is
responsible for the generated footprint.
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In the next section the methods are presented in detail. First the necessary definitions
are made and the boundaries for application of the methods are discussed. The
decomposition of the system, as well as the modelling approach using ‘“cubes”, is
described and the specific calculations for assessing the product footprint are shown. To
further clarify the methods a showcase is presented. Finally, the conclusions are drawn.

METHODS

A product footprint is defined in order to assess the impact of product manufacturing
on the environment and to set the product success factors in context with its ecological
impact. The considered expenditures are energy, cost, carbon emission and time. In
general for defining a footprint, investments are aggregated over the entire life-cycle of a
product, from the “cradle” to the “grave”. The life-cycle can be divided into four phases
during a product’s lifetime, starting from the acquisition of resource materials,
continuing with the manufacturing process and product usage and finally ending with its
disposal and recycling. The classification of the different kinds of footprints is shown in
Figure 2. The product life-cycle footprint is the total footprint during the lifetime of the
product. It can be classified by the four components of the footprint and by the phase in
the product life-cycle. According to ISO 14067, the carbon emission footprint during the
life-cycle of the product is equivalent to the CFP as defined in the standard.

time
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Figure 2. Classification of product footprints

In this research, the product footprint during the production phase of a product’s
life-cycle is the main focus. This footprint can be called product manufacturing footprint
and is a partial footprint using the gate-to-gate approach. This allows for a detailed
assessment of the manufacturing processes and a reliable calculation of the footprint
aggregated during production. In order to achieve the necessary level of detail, a
bottom-up approach is used. Each process in a production plant is determined and
modelled in a hierarchical way. On the process level, balances regarding footprint
calculations are implemented. The result is a framework which integrates the connections
between individual processes and captures the complexity of the entire production plant.
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This allows attributing the product footprint, from gate to gate, separately to each
manufactured product.

Application

The product footprint application area is focused on the manufacturing phase of a
product’s life-cycle, however it could be extended outside this limit and increase its level
of detail when appropriate information is available. When widening the scope of the
application, principles and conditions defined in this paper shall be respectively applied
to all parameters and systems considered. Furthermore the proposed product footprint
aggregation method can be utilized in existing industrial facilities as well as in virtual
environments, such as that of a planning and simulation system of a future plant.

Gate-to-gate approach

In assessing the environmental impact of a product throughout its entire life-cycle
(product life-cycle footprint), analyzing the production phase is only a part of it, although
a very important one because of its high energy input and related CO, emissions in
general.

An inclusion of the entire product life-cycle would require qualified assumptions
about raw materials, transport, usage, disposal and other life-cycle phases, therefore an
arduous task when considering that these stages are affected by day-to-day fluctuations,
being beyond the scope of this paper.

For this reason, the focus lies on a gate-to-gate analysis of the production phase inside
a considered production facility and the development of a method for a more detailed
calculation of the product manufacturing footprint. This footprint can later be extended
by incorporating other life-cycle phases in order to obtain a life-cycle footprint. On the
other hand, if only the overall life-cycle footprint was reported, it would not be possible
to extract individual manufacturing shares since information is lost during aggregation,
explaining why it is not always the best idea to only focus on overall product life-cycle
footprint considerations.

A gate-to-gate product manufacturing footprint is useful among other things for
product-related comparison between different production scenarios or optimization
strategies. For example, when calculating the difference between life-cycle footprints of
two production scenarios, footprint shares outside the production process are not relevant
because they cancel each other out in the subtraction (assuming the same conditions).
This allows making relative comparisons of production strategies based on the
product-related environmental impact or to use the manufacturing footprint as possible
target function for optimization of operational management strategies.

However, one must be careful when trying to compare absolute values of the product
manufacturing footprint to other (non-manufacturing) footprint values, especially if they
are based on other calculation methods, because they may include different stages of the
life-cycle. It is still possible to use the manufacturing footprint for such a comparison, but
it has to be extended by making the same assumptions about transport, use, disposal, etc.
and adding respective shares to the footprint in order to ensure a fair result.

Static and dynamic footprint

There are two parts that affect the overall product footprint, the dynamic and the static
footprint. The dynamic footprint consists of the cost, energy demand and the emission of
CO; equivalent during the product’s time inside the manufacturing plant and is calculated
from the consumption of energy (for production process and indoor climate conditions),
media, materials and discards, as well as the energy required for transportation. In
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contrast, the static carbon footprint is the cost, embedded energy demand and emission of
CO; equivalent needed for supplying the means of production. It is calculated from the
materials and components in the building constructions, Heating, Ventilation, Air
Conditioning (HVAC) systems and the manufacturing machines. After the initial
investment the static footprint is a fixed value until future additions to the facility are
made. However, values for cost, energy and CO, depreciate over the planned service time
of installed machinery or the building systems and constructions, therefore parallel
methods for controlling and adding the static footprint portion to respective products
have to be implemented.

If reliable data is available, the static product footprint can be taken into
consideration. This requires a carbon and energy footprint value of the production
machines for the operational period during which the general product footprint
calculation is performed. The machinery static footprint would then be calculated on an
hourly rate. The static footprint of building elements could also be considered on such a
basis.

Taking the above into consideration, at this stage the documented method will
address footprint calculations only in terms of dynamic carbon footprint.

System boundary

The system boundary determines the investigation area and defines which systems,
processes, facilities, etc. are to be included within the product footprint study. It sets clear
limits between the analyzed system and the surrounding environment as well as the
conditions according to which interactions occur. As already mentioned, the goal is to
aggregate a consistent footprint of the production phase during the product’s life-cycle
and therefore the system boundary is defined following a gate-to-gate approach. All
material, energy and resource flows that enter or exit the system must be considered.

Decisions shall be made regarding which units of the provided infrastructure are to be
included in the analysis and to which level of detail these units shall be studied. The
selection of cut-off criteria used for the system boundary establishment, shall be
identified, clearly stated and explained. In case the system boundary refers to a partial
procedure and omits processes, facilities and sub-systems that in general interact with
each other, the reasons and criteria of such a practice must be explained.

Time boundary

In principle, the time boundaries can be set arbitrarily. One advantage of a real-time
footprint aggregation is the independence of a fixed time frame. The footprint for all
products, by-products and waste can be calculated for the chosen period. This requires
the knowledge of the initial footprint values at the beginning of the observation period.
For recurring analysis, these values are known. If this is not the case, the starting point of
the analysis has to be set to an earlier time to incorporate the entire stay of the product of
interest inside the plant.

For recurring analysis of the product footprint, a fixed time frame helps with
consistent results, as this issue arises out of the need to calculate mean values. To sustain
a satisfying level of comparability, some compromise has to be made. Considering a
single day as a timeframe, it becomes obvious that differences between weekends and
weekdays exist. Comparing the footprint of a product manufactured on a weekday would
most likely yield higher values due to administration and other energy consumers only
present on a workday. The impact of these differences depends on the individual case.

As a compromise between comparability and short time periods, the time span of a
week is proposed as a standard time boundary, starting on Monday 00:00 and ending on
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Sunday 24:00 local time. Longer time periods in the form of multitudes of one week can
be used trouble-free. Shorter periods may lead to fluctuating results. For future references
the standard time period of one week is applied. If a different time period is used in
application a thorough justification is required.

It has to be mentioned, that the time period of one week is not exempt from
comparability problems explained above. For example holidays can lower the amount of
productive days of a week and distort the results. Therefore, the impact of these effects on
the individual case has to be studied.

Decomposition of the system

The Life-Cycle Inventory analysis (LCI) as defined by the 1SO 14067 standard is the
process of compiling and quantifying the inputs and outputs for a product throughout its
life-cycle. Part of the LCI is the data collection, quantification and allocation of flows. In
the scope of the presented method, the LCI can be interpreted as the deconstruction of the
facilities inside the system boundary into modules that are in relation to each other via
inputs and outputs. These modules are referred to as “cubes”. The entire system is then
constructed using cubes, identifying the material, energy and information flows between
them. Figure 3 shows an example of a plant represented by cubes. Inside the system
boundary, the plant is divided into two thermal zones (green). Inside the thermal zones
are production equipment (blue), transport and storage facilities (purple), energy systems
(red) and administration (grey). The arrows represent the input/output relations between
the cubes.

Through all of the cubes in the example, the product that follows the value flow is
either directly or indirectly affected.
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Figure 3. Example of cubes’ relations within a plant

Cubes

The generic term “Cube” describes an encapsulated part of the observed overall
system. This is part of a methodical approach (as found in [17]) to address the high
system complexity and heterogeneity by dividing the overall system from an energetic
point of view into well-defined manageable modules (see Figure 3), which then allow a
focused system analysis independent of the surrounding environment. Cube instances are
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connected via their interfaces, therefore mapping the topology of the system under
consideration. Cubes themselves can in turn be composed of other cubes (composite
cube), thereby enabling hierarchical structuring of the overall system. For example, a
composite cube may consist of a machine cube with local input queue (logistics cube),
and itself be located within a thermal zone cube. The internal details of the composite
cube are in many cases not relevant to the outside, so it is sufficient to represent the
composite cube as a black box on a higher level, thereby hiding unnecessary model
complexity and gaining clarity. In the same way, composite cubes also allow iterative
model development with subsequent refinement of specific sections depending on the
necessary level of detail without influencing the surrounding cube models.

Concerning the product footprint, energy, time, cost and CO, shares are either
accumulated and directly assigned to the product value stream currently inside the cube,
or, if this is not possible, handed to the cube in the hierarchy above where calculations for
footprint values, which cannot directly be attributed to individual products, are made.
Integrating different viewpoints and areas of engineering (machinery, energy system,
building, and logistics) in a single system description makes it necessary to establish a
general specification of the cube properties and interfaces.

A detailed documentation about cubes, explaining all their aspects and characteristics,
can be found in [17] and the documentation of Balanced Manufacturing [18].

Interfaces

Cubes consolidate all information and resource flows (energy, materials, etc.) within
clearly defined system boundaries, described as inputs and outputs. This approach not
only promotes transparency during simultaneous analysis of energy and material flows,
but the obtained modularity also increases flexibility for adaptation to specific
environmental conditions. Cubes have uniformly and consistently defined interfaces,
through which they interact with each other by exchanging energy, material and
information flow, see Figure 4. The material flow incorporates the immediate value
stream (e.g. workpiece, baking goods) and is described via discrete entities. All necessary
energy flows (electrical, thermal, etc.) are represented as continuous variables together
with their respective CO; and cost rates and are quantified inside the cube boundaries
using balance equations. Information flows provide operating states and monitoring
values for the higher-level control as well as control actions for the cube module.

= Production plan
= Operation mode
= Control signal

= ete.

= Energy demand
= Operational state
" etc.

Control action
Measured data

Material flow Material flow

Lo Parameten: Hooo

* Dimensions

= Power characteristics = Work piece, goods, etc.
= Efficiency = Discrete entities

= etc.

= Work piece, goods, etc.
= Discrete entities

= Waste energy

= Recovered energy,

= Produced energy

= CO,, cost conversion
factors

= Supplied energy
(electrical, thermal, etc.)

= CO,, cost conversion
factors

Energy flow
Energy flow

Figure 4. Generic cube interfaces with energy, material and information flows
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Continuous and discrete flows

The direct value stream is modelled via discrete entities. This is important for the
traceability of individual products within the system boundaries and for assigning them
product-related characteristics like the product footprint. Entities have a unique identity
and store product-specific information in the form of attributes.

Continuous energy flows bearing energy, cost and CO, emission footprints have to be
aggregated in order to add their impact to a product’s footprint. This is done via CO, and
cost density flows that go alongside with every energy flow. To get, for example, the total
gram-CO; of an energy flow during a given time period one must multiply the energy
flow and the CO, density flow and integrate the result over that time period. At the
departure of the product the total CO, value is added to the products CO, footprint.

Data collection and quality

The quality of the product footprint quantification results relies heavily on the quality
of the data used for the study. The bottom-up approach investigating value flows between
cubes sets the requirement of detailed data aggregation. This is achieved through physical
monitoring of the flows or via calculations that derive from detailed simulation models
serving as virtual representations of the cubes and their interfaces. The optimum
correlation of the two data acquisition paths will provide a solid database for the footprint
calculations.

In accordance with the 1ISO 14067 standard, collected data, whether measured,
calculated or estimated, are utilized to quantify the inputs and outputs of a unit process,
hence a cube. Cube-specific data should be collected on site for individual processes that
are included in the analyzed system. It is also possible to use literature data, estimates or
other representative data according to the ISO standard. These non-site-specific data
should be obtained and used carefully, always with documentation of the sources,
assumptions and calculation methods.

Important aspects that should always be considered in order to preserve the quality of
the whole process are the following:

Age of data;

Data precision and completeness;
Representativeness and consistency;
Uncertainty of the information.

Footprint calculation

There are three key phases during the manufacturing process and all products,
by-products, raw materials and waste must always be located at one of the three during
their stay within the system boundary. The three phases are production, transport and
storage. Parameters, qualities and details about the key phases are provided in the
following sections, as well as the method for calculating the footprint for energy systems
and building functions.

Allocation

Allocation is the distribution of the footprint to different products and waste in a
shared unit process. 1ISO 14067 determines that whenever possible allocation should be
avoided by dividing the process in question or by expanding the system. If this is not
possible the shares of burden should be distributed reflecting physical relationships
between the products. Only if such physical relationships cannot be established, other
factors, such as economic indicators may be used. However, there is an ongoing debate
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within the life-cycle assessment community about adequacy of subdivision, system
expansion and allocation. It has been concluded that in most cases allocation cannot be
entirely avoided by subdivision and system expansion [19], but can be problematic since
it does not consider in how far the change in amount of co-products affects the output of
the process [20]. Concerning allocation the pros and cons of physical vs. economic
allocation have been the subject of an extensive discussion, which was conveniently
summarized by [21]. [22] concludes that wherever physical causalities between
functional units exist, allocation should be based on these causal relationships, however,
that in some cases socio-economic demands are the driving force behind
multiple-functions systems and therefore economic indicators best reflect the changes in
the unit processes. [23] agrees that physical or functional causality should be the first
principle applied in order to ensure fair allocation, followed by enviro-economic
parameters.

Taking the discussed considerations into account and adjusting them for the proposed
bottom-up approach, we suggest the following procedure for handling of co-products. As
a general approach, the need for allocation should be avoided by splitting a cube into
more detailed ones (subdivision). Furthermore, since the scope of the proposed method
not only lies in reporting of a meaningful product footprint but also steering of the
productions energy demand, we encourage not to limit the scope only to one product
system but consider the entire available sphere of influence i.e. the whole company with
all products. This system expansion ensures that all environmental burdens of
co-products within the company are attributed to the correct products. Furthermore, it
significantly limits the number of allocation problems, the remaining of which shall be
discussed below.

Concerning the proposed allocation methods principles of causality and fairness were
applied as well as considerations of feasibility. To differentiate the amount of footprint a
product receives weight attributes are used. The suggested weighing factors try to reflect
the causality of what causes the expenditures, which in some cases have been identified
as physical or functional in other cases as economical. Feasibility considerations take into
account, that the proposed method is designed for real-time evaluation of a batch or even
single product i.e. analysis must be fairly swift to conduct. This limits the possibility to
take factors outside the company into account to a certain extent. E.g. system expansion
or elaborate allocation methods for waste leaving the system as analyzed by [24] or [25]
are not feasible on a day-to-day basis. Therefore, more easily accessible factors must be
found while still maintaining a certain amount of fairness of distribution. Based on these
considerations three weights are defined.

Area weights. Area weights are used for assessing the cost of space in the production
facility. For example, heating or lighting costs scale with the size of a production hall.
Therefore the more room a product uses during transport or storage, respectively the
bigger a production machine needs to be to work the product, the higher the footprint
share of that product. Area weights reflect that the space requirements of production
processes determine the size of the production facility and therefore the required
resources to operate the space.

Market value weights. For the evaluation of the cost of work of different products the
market value weight is defined. The market value of a product is the price that can be
achieved by selling it on the free market. This weight is useful for differentiating main
products from side products or waste. Other possible weights like product mass do not
achieve a similar categorization and can lead to waste with high footprint shares in
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respect to the actual product. The assessment of the worth of semi-products can be
difficult; the value gain in regards to the resource materials can be a valid indicator.
Market values therefore represent a maybe not entirely truthful but feasible indicator.

Added value weights. The added value weight describes the value a product has
gained during the entire stay inside the production plant. It is needed for assessing the
contribution of a product to the general expenses of the plant. Examples are the
administration of the company or research and development costs. This weight reflects
that the economic benefit generated by a product is the cause of these processes.

Production

The first key phase addressed is the production phase. A product is considered in the
production phase when it enters a production cube until it exits it again. During the
production, necessary energy flows for the working process are aggregated and added
upon exit to a product’s footprint. The outputs of a production cube can carry a footprint
only if they have a market value and are either sold or used later on. This applies likewise
to material and energy flows. The share of footprint on output is assigned via market
value weights. If no product is being worked in the production cube, the machine is either
off, in standby or in setup or ramp-up state. If the machine is off no energy is being used
and no footprint is aggregated. In standby the machine is using energy which has to be
considered. Setup and ramp-up times are occurring when a machine is preparing to work
the next batch of products.

Waste. Waste with no resale value cannot carry any footprint. For waste with
disposal cost, the market value can be negative. Therefore additional footprint necessary
for the transport, treatment and disposal has to be considered.

The production discard is incorporated at the location it is measured in the real
system, creating a junction in the value flow. The allocation of the footprint is equivalent
to that of waste.

Standby times. Footprint values for standby times during the production process are
aggregated and handed to the next cube higher in the hierarchy; the thermal zone or
building cube.

Setup and ramp-up times. The footprint resulting from setup and ramp-up times is
caused by the products that are going to be produced next on that machine. Therefore the
footprint is aggregated and stored until the batch of products is produced and then added.
If allocation is necessary the market value weights is used. If at the end of the period
under review a footprint is not assigned to a product, it is distributed between all
products, again using the market value as weights.

Transport

The second key phase is the transport phase. Transport describes the transfer of one or
more products from one place to another. The aggregation of the footprint due to the
energy investment for the transport is equal to the procedure of the production. If
different products are transported at the same time, the previously presented allocation
method using market value weights applies.

However a special case occurs when considering the treatment of transport cubes.
Since the aim of transport is to transfer products from one place to another, it is possible
that borders of thermal zones are being crossed. This poses a problem because the cube
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concept is strictly hierarchical and one cube cannot be contained in two thermal zones. To
be consistent with the approach, it is therefore necessary, to describe and model the
transport to the border of the thermal zone in one cube and the transport in the next
thermal zone in another cube. If the transport system in question is rather flexible (e.g.
a forklift) the number of transport cubes necessary for the description can be
unreasonably large. It is advisable to use constraints to reduce the number of possible
paths and reduce the system complexity.

Storage

The third key phase is storage. Here the treatment of the footprint is similar to the
transport cubes but simplified due to the absence of the ability of the products to move.
The storage can have an energy demand (e.g. an automated storage system) that has to be
aggregated to the stored products. Otherwise the storage cube only represents the time
delay between a product entering and exiting the cube due to it being stored.

Energy systems

Energy systems are handled with an approach similar to the method for treating the
production cubes. The difference is that the products never get in direct contact with the
energy system. Therefore the footprint entering the energy system through the drawn
energy is not added to any product directly, but rather forwarded with the usable energy
output. Ultimately, this output energy flow will either lead into a production or thermal
zone cube, where the footprint is added to the product. For example in case of a
compressor, the footprint of the input electricity is forwarded to the output compressed
air. This air is connected to a machine used for a work process where the footprint of the
compressed air is added to the product.

Thermal zones and building

The effect of the building HVAC and lighting systems on products is addressed
throughout the three key phases of the manufacturing process. The evaluation of HVAC
and lighting effect on a product’s footprint value occurs through the actual required area,
based on area weights, for a product in each of the three key phases.

Area weights are used for assessing the cost of space in the production facility,
needed for heating, cooling, air conditioning and lighting. During the stay inside the
system boundary a product is either in production, storage or transport. The production
area is defined as the area a machine occupies. The storage area is the area that a product
uses when in storage. Different types of storage methods need to be assessed in regards to
the space they are using. For example rack storage, silos and tanks need to be compared.
Finally, the transport area is the space needed for transporting a product. The assessment
of transport technologies like cranes, forklifts, trucks or conveyor belts is grounded on
the area reserved for products to be transported.

The product footprint is evenly distributed to the products using these area weights.
The value of an area is a characteristic of a product and it may change through different
production steps. For mixed storage (e.g. shelves, silos and pallets) unit conversion
factors must be considered between the different types. In case footprint from HVAC and
lighting in a thermal zone occurs, but no product is present, the footprint value is
forwarded to the next highest cube in the hierarchy (e.g. building) and distributed using
area weights.

The building cube does not have energy demand by itself and only functions as
collector of footprint otherwise not assignable. This footprint can stem from thermal
zones without products in them (see above), the administration or auxiliary system cubes
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(see below). The footprint of the building is distributed to all the products inside the
building using the added value weight. In case the building itself is empty at some point
during the examined time period the footprint is aggregated and stored until the end of the
time period. It is then retroactively distributed to all products that have been in the system
during the analysis period.

Administration and auxiliary systems

Further attention must be given to the footprint created by services and systems not
directly linked to the manufacturing process. In this category energy and resources
consumed by auxiliary systems, administrative services or similar processes are taken
into account. Examples can be desktop computers, servers, printer, kitchens, research
labs and many more. In respect to ISO 14067 it is required to justify decisions of
disregarding energy consumers hence CO, and costs impacts. The footprint generated
from administration and auxiliary systems is forwarded to the highest hierarchy level and
there it is distributed using added value weights.

RESULTS AND DISCUSSION

To demonstrate the presented methods, the procedure of analyzing the production
plant and conducting the footprint calculation is applied to a case study. The production
plant under consideration consists of a building with an oven for annealing metal parts.
Two different products, called A and B, can be treated using the machine. However, for
switching products a setup has to be performed. After the annealing process the products
are examined and defective parts are discarded as waste. The remaining products are
moved by a conveyor belt to a storage room. In a third room equipment for heating and
cooling is located. A gas heater is used for heating the oven and the storage room. For
reaching high temperatures the oven is additionally heated electrically. A compression
chiller is cooling the production hall.

The facility operates seven days a week, therefore the choice of time boundaries is
more flexible. For simplicity sake the time boundary is chosen to be one day. The system
boundary is the building. The task is to calculate the product carbon footprint for the
products produced in the facility during the time period for a given scenario.

To analyze the system, a cube model is derived from the system description, as seen
in Figure 5. The plant consists of a building cube, which contains three thermal zone
cubes. The annealing oven and conveyor belt are shown in the first thermal zone, the
storage room in the third. The energy system cubes are situated in the second thermal
zone. Additionally to the already mentioned system, an electric network cube is needed
for distributing electric power. Three providers are sources for feeding inputs to the
system, from top to bottom: natural gas (energy flow), electric energy (energy flow) and
raw materials (material flow). The sinks called Customer and Waste receive entities after
leaving the system. The belt cube does not require energy. This is a simplification
justifiably by its low energy demand.

The initial footprint values of raw materials coming from the provider are zero since
we are only interested in the partial footprint produced by the production facility. The
footprint densities of the energy flows at the system boundary (providers) are supplied by
the local energy provider.

In the next step the weights are determined. The area weights, denoted by wy, x ¢, have
to be defined for both products A and B (index X) and for all the cubes they can enter
(index C), six in total. The waste does not require a weight to be defined since it exists only
at the departure of the machine and then leaves the system immediately.
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Figure 5. Example plant for product manufacturing carbon footprint analysis. The interfaces “17”,
“27,“3” and “4” correspond to the energy flow footprints shown in Table 1

Table 1. Product footprint calculation; all values in [g CO,]

Event Time Energy flow footprint All Batch type A Batch type B
1 2 3 4 P1 P2 P3 Waste
t0 00:00 0 0 0 0
t1 00:35 0 0 4,160 5859 10,019
t2 01:02 52 542 3,428 4,520 7,949 594
t3 04:32 305 843 25,508 35,261 61,918 0
t4 0435 4 12 346 505 332 535
t5 08:05 300 843 25221 35418 35,418 26,364 0
t6 0808 5 60 324 504 504 324 65
t7 09:15 106 1,345 7,014 11,246 9,130 9,130 1,451
t8 13:25 486 4,014 17,895 41,414 20,707 20,707 22,395 0
t9 13:28 0 0 162 492 246 246 162
t10  14:03 4 0 1,882 5,744 2,065 2,065 3,500
11 23:59 0 0 55,707 98,400 154,108
Tend 57,655 57,655 58,874
Sum 1,263 7,658 141,647 239,364 187,975 117,026 84,932
Total 389,932 389,932

The area weight for the products while being worked at (i.e. in the oven) is the base area
of the machine, 10 m? in this example, and identical for both products. The area weight
while on the conveyor belt depends on how much space the products occupy while being
transported. In this example product A and B occupy 3 m?each. In the storage room the area
weight depends on the space required for storing a product. It is possible to stack product A
up to four times, while this is not possible for the smaller product B. Therefore the area
weight while in storage of product A is only 0.5 m?.

The market value weights wy,, x have to be established in a similar way. The market
value weight is used for the footprint allocation at a machine or logistics cube, thus the
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market value has to be determined for the product after being worked on. The market value
for the smaller product B turns out to be considerably higher due to a more intricate design
of the piece. In this scenario the market value weight of product B is EUR 3,000, three times
that of product A. Since neither of the products gains value from transport or storage, the
market value weights are identical for all three cubes the products visit. The market value
weight of the waste is zero since it cannot be sold and does not produce significant cost for
disposal.

The added value weight w,, x assesses the added value of a product through its
production in the system. In the example both product A and B receive the same treatment
in the oven, thus the added value weight is the same. Again, because the waste does not stay
in the system, no added value weight needs to be defined for it.

For the calculation of the product footprint the necessary data has to be compiled,
both for the energy flows and the material flow. Regarding the material flow, it has to be
known when a product enters or exits a cube. For the continuous flows the power
trajectories over time for energy flows for cubes in direct contact with the products have
to be available, as well as the associated CO, densities. The data can be obtained from a
monitoring system or calculated (e.g. via a simulation model as shown in [17]).

Product footprint calculation

The calculation of the product manufacturing carbon footprint is shown by
progressing through the considered time period of one day, from start to finish. The
production plan of the day consists of one batch of two products of type A and another
batch containing one product of type B. When an event occurs, i.e. something that affects
the footprint calculation changes (e.g. entity entering or leaving, weight changing) the
time period between the last event and the current one has to be evaluated.

Table 1 shows the results of the calculation. At the far left the name of the event and
the respective timestamp is shown. The next columns represent the aggregated footprint
of energy flows fgr between the previous event and the current one with the number of
the energy flow correlating to the interfaces marked in Figure 5. The blue colour indicates
the input flows of the oven, respectively green for the energy demand of the thermal
zones. Eq. (1) shows the calculation of the energy flow footprints, where P is the energy
flow in W and pcq,, is the corresponding carbon footprint density in g CO,/J:

t

furi = j P(O)pcoz(t)dt )

ti—1

For the evaluation of the equation the trajectories of energy flows and densities of the
cubes in direct contact with the product are necessary. In the example these cubes are the
oven (with two inputs), thermal zone 1 and thermal zone 3 (each one input). Although
belt, storage and building are in contact with products as well they do not have energy
flow inputs or outputs and are therefore disregarded. This leaves four energy flow
trajectories and their footprint densities, as shown in Figure 6 and Figure 7 respectively.
The densities for the heat of the oven and thermal zone 3 are identical and only listed
once.

The right side of Table 1 shows where the footprint is aggregated onto. The column
All contains footprint that cannot be attributed to entities immediately and is therefore
stored to be attributed at the end of the calculation, indicated by the red text colour. The
next columns contain the footprint aggregated to specific products and a column for
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footprint to be stored and distributed to a certain batch. Finally a column for the waste

footprint is reserved.
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Figure 6. Energy flows relevant for footprint calculation of the given scenario
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Figure 7. Carbon footprint densities of the energy flows of Figure 6

The rows of Table 1 show the events. To clarify further, the events are discussed in

detail. For brevity, repeated calculations are not shown.

t0.

tl.

t2.

At the start of the day no products are inside the plant and the oven is off. The only
energy demand stems from heating of thermal zone 3 and cooling of thermal zone 1.

The first event is the oven being turned on and entering setup to produce a batch of two
products of type A. Since no product was in either of the thermal zones, the footprint
aggregated up until now (from thermal zones, i.e. interfaces 3 and 4) is forwarded to the
higher hierarchy level, i.e. the building. Since no products were in the building either
and it is the highest level in the hierarchy, the footprint is aggregated and stored.
Therefore the footprint contribution of the building at event t1, FPay ¢4, IS shown in

eqg. (2):
FPyie = f3u + fau 2)

After the setup is completed the first product of type A, called P1, enters the oven. The
treatment of heating and cooling footprint aggregated up until now stays the same. The
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t3.

t4.

t5.

t6.

t7.

t8.

footprint of the machine for setup (from electrical and thermal energy, i.e. interfaces 1
and 2) is aggregated and stored for adding it at the end of the day to the two products of
the batch:

FP BAt2 = f 1,2 T f 2,12 (3)

The next event is that product P1 and waste leave the oven, product P1 enters the
conveyor belt, and the waste leaves the system. At this point the footprint of the oven for
producing the first product is aggregated and added to product P1 and the waste using
the market value weights. Since the market value weight of the waste is zero in this
scenario, the entire footprint is assigned to P1. At the same time another product of type
A, called P2, enters the oven. The cooling demand of thermal zone 1 is added to the
footprint of product P1 since it was the only product in that zone. The heating demand of
thermal zone 3 is forwarded to the building and there assigned to product P1. Eq. (4)
shows the calculation of the footprint of product P1:

Wmv,A

FPpi3 = (firs + f213) W + f313 + faws 4)

mv,A + WmV,W

The next time interval ends when P1 exits the conveyor, exits thermal zone 1 and enters
thermal zone 3 and the storage. During that time period two products were in thermal
zone 1, thus the footprint for cooling needs to be distributed using the area weights of
oven (containing P1) and belt (holding P2). The footprint distributed by the building is
added to both products using the added value weights of product P1 and P2. With them
being identical, they both get equal shares:

War A Belt Wav,A
FPpits = f3a + fara > (5)
War, A,Belt + War,A,0ven Wav,A
War,A,0ven Wav.A
FPPZ,t4 = f1,t4 + fz,t4 + f3,t4 + f4,t4 > (6)
War A, Belt + War A,Oven Wav,A

When product P2 and its waste exit the oven, the next time period ends. Product P2
enters the conveyor, the waste leaves the building. The oven enters setup for producing
a batch of one product type B. Since product P1 was in storage the footprint for heating
thermal zone 3 is aggregated to that product and not forwarded to the building, resulting
in the building not distributing any footprint. The footprint for cooling thermal zone 1 is
added to product P2.

Product P2 exits the conveyor and enters the storage room. Product P2 was in thermal
zone 1, the footprint for cooling is again added to it. The footprint for heating thermal
zone 3 is added to product P1.

When setup is finished, a product of type B, called P3, enters the oven. The footprint
accumulated during setup is stored for later adding it to the product of the second batch.
In the previous time period no product was located in thermal zone 1, therefore the
footprint is forwarded to the building where it is distributed to products P1 and P2 using
added value weights. Thermal zone 3 now has two products and the footprint is added to
them using area weights.

When P3 is finished, it exits the oven and enters the conveyor. No waste is produced.
The oven enters standby. During the time period the footprint of thermal zone 1 was not
forwarded but directly added to P3.
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t9. Product P3 exits the conveyor and enters storage in thermal zone 3. The standby power
consumption of the oven during this time period is forwarded to the next hierarchy level
(thermal zone 1) and there added to P3.

t10.The last event of the day is the oven being turned off and the three products being
removed from storage and leaving the system. Since no product was in thermal zone 1,
the footprint is forwarded and assigned by the building using added value weights.
Thermal zone 3 distributes the footprint for heating to all products inside using area
weights for storage.

t11.The examination time period ends. In the last segment no products were located inside
the system. Like in the beginning, all footprint is forwarded to the building and stored.
At the very end, the stored footprint is distributed. The footprint stored by the building

is distributed using added value weights between products P1, P2 and P3. The footprint

stored from the first setup is added to products P1 and P2. The footprint stored because of

setup for batch two is added to product P3. Eq. (7) illustrates the final calculation of the

footprint for P1:

t11
WaV,A
FPoy = ) FPoy+ (FPans + FPang + FPan) gt 4
Frs) Wav,A Wav,B (7)

Wav,A
+ FPpa T n
av,A

In the end, all footprints passing through the system boundary with the energy flows
are assigned to a product, no footprint is lost, as seen in the last row of Table 1. It also
shows the importance of a bottom up approach: The footprint received by the three
products is significantly different. Compared to a traditional top-down approach P1
receives 45% more footprint, mainly due to the high cost of cooling while being alone in
the facility. This shows that the presented method achieves a high spacial and temporal
resolution of the footprint per product.

In this example only the footprint generated inside the system was of interest. To gain
a lifecycle footprint, other facilities necessary for production need to be investigated as
well as estimates for the footprint accumulation during the other lifecycle phases need to
be done, thereby expanding the results of the partial footprint.

CONCLUSIONS

The presented method for aggregating a product footprint is designed to fairly
distribute the expenditures of a production plant to the manufactured products. Although
care has been taken at intercepting special problems, not all possible constellations
appearing at a plant can be easily addressed. The first obvious risk is the choice and
assertion of weights for allocation. Even though the total amount of footprint is
conserved, the distribution can vary heavily. Therefore the attribution of weights to
different products has to be done carefully to avoid errors. Secondly, thermal energy
stored in workpieces can have an influence on the surrounding thermal zone, resulting in
additional thermal loads. It can be argued that these loads do carry a footprint since the
product is responsible for higher or lower heating or cooling in that zone. However, due
to the high complexity of the calculation and in most cases insignificant influence, the
effect is being neglected.

In conclusion, a generic method for aggregating a time, cost, energy and carbon
emission product footprint (more specifically the dynamic product manufacturing
footprint) has been presented. Special attention has been provided for typical scenarios
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that occur in production plants, independent of sector of industry. The presented method
can help in providing detailed feedback about the ecologic and economic impact of a
manufacturing plant. This can be used for comparing different production strategies and
further to optimize the plant operation.
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