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Abstract

The continuous development of innovative technologies should improve the resources efficiency and pollution reduction
awareness. Sometimes, innovative technologies can improve the environmental aspects from one hand increasing other aspects for
the other. For this reason, Life Cycle Assessment can guide the development of these innovative technologies in the right direction,
taking into account all the environmental aspects during the whole lifecycle.

Designers and engineers should consider many indicators during the prototype phase of new products. For this reason, a Decision
Support Toolbox has been implemented. In this paper, the results of the test phase, using a real industrial case.
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1. Introduction

The continuous development of innovative technologies should improve the resources efficiency and pollution
reduction awareness. Sometimes, innovative technologies can improve the environmental aspects from one hand
increasing other aspects for the other. For this reason, this paper wants to implement a methodological tool to include
the environmental aspects into the decision making process at early phases of product development (design phase and
prototype implementation).

For this reason, this paper wants to implement a methodological tool to include the environmental aspects into the
decision making process at early phases of product development (design phase and prototype implementation).

The ELICIT project, funded by the European Commission, aims to apply the magnetic cooling technology to the
domestic refrigeration market, in order to reduce the overall environmental impact in terms of energy and resources
consumption. Under this goal, a multi objective analysis has been required studying the optimal magnetic machine
and comparing it with the conventional gas-compressor refrigerator. The multi-objective analysis takes into account
the standard indicators, like performance, technical requirements and economic costs, and the environmental indicators
like, energy and resources consumption or CO2 emissions.

When a new technology is going to be developed, the engineers should include some questions regarding
technological aspects, like: “is the magnetic refrigeration an innovative technology, which can replace the conventional
refrigeration?” but they also includes questions regarding the effectiveness efficiency of the new product: could the
new refrigerator reduce the overall impacts in terms of resources depletion, energy consumption and CO2 emission?

This paper wants to present a Decision Support Toolbox development under the ELICIT project. The main
methodology and implementation has already been presented in [1], during the 13th Global Conference on Sustainable
Manufacturing. At this stage of the research the final interface and results are presented.

The first section wants to summarized the four steps of the Toolbox implementation and its concept, describing the
motivation and the goals of the DST. Many details of the methodology may be found in [1].

The second section describes the case study elaborated in order to adapt the methodology. in this paper the magnetic
refrigerator is presented. In particular, a briefly introduction on scientific methodology and on the product is presented.
After the four steps toolbox procedure is applied to the case under analysis.

Finally, the results of the environmental assessment are reported for both the first goal defining the optimal machine
and the second goal comparing it with the conventional refrigerator.

2. Decision Support Toolbox definition

The Decision Support Toolbox (DST) aims to help designers and engineers to include the environmental indicators
into the decision making at the prototype phase. Thanks to this Toolbox the lifecycle information of the product, like
materials extraction and transportation, production process, assembly phase, usage phase and end of life. The
environmental evaluation allow to compare different components or products not only considering performances,
economic costs. The DST is able to compare different alternatives proposed by engineers at the prototype stage,
finding the optimal solution. A second goal of the toolbox is to compare the innovative optimal product with a
conventional machine, in order to understand if the environmental aspects have been improved with the prototype.

The DST conceptualization has been described and detailed in Luglietti et al., 2016, using the IDEF diagram as the
following: (1) functional group analysis, (1) on-site data acquisition, (I11) environmental and economic assessment,
(V) data elaboration.

The IDEF scheme reported in Fig. 1 describes all the steps included into the DST for developing a multi-criteria
framework. The Toolbox has been conceptualized in [1], considering a first part where the product is described (with
the functional groups analysis and on-site data acquisition), and a second part where the real analysis is conducted
(with the economic and environmental assessment and the data elaboration).
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Fig. 1: Decision Support Toolbox process description with IDEF Diagram [1]

The DST interface has been developed taking into account the lifecycle phases. Fig 2 shows the interface idea,
where, for each step of the lifecycle, the components and the relative alternatives are analyzed. In addition, specific
boxes allow a selection of parameters, which can be responsible of results variation, for example the country of
production and usage, where the electricity mix may change, or the country of recycling, where different legislation
may cause changes in the recycling activities.
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Fig. 2: Decision Support Toolbox interface definition.

The DST interface has been designed to be used for the first goal, comparing different alternatives of each
components, and for the second goal, comparing the innovative machine with a conventional one.

3. Case study application

The Decision Support Toolbox has been applied at the refrigeration industry, and it wants to evaluate the innovative
technology based on the magnetic cooling system that could replace the conventional domestic refrigeration. The
Toolbox elaborates the information from the environmental and the economic point of view. For this report, the
analysis has been presented only from the environmental perspective due to privacy policy of economic results.

In [1] the first two steps of the DST procedure have already been described. This paper wants to report the
assessment results (focusing only on the environmental impacts) and the data elaboration.

The Toolbox environmental assessment has been supported by the Life Cycle Assessment methodology and the
economic assessment by the Life Cycle Costing methodology. The focus of this paper is to understand how the LCA
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can be used by the designer in an innovative toolbox to support the decision making process, in the case of refrigeration
households.

LCA is an international methodology standardized by I1SO 14040 [2] and 14044 [3], which evaluates the
environmental impacts of a product (good or service) during the whole lifecycle. The reason why this methodology
has been chosen is the comprehensive evaluation of a product. Many times, the innovative prototype can reduce the
impact in a stage of the lifecycle to increase it in some other stages. In this case, the toolbox shall be able to understand
if the prototype can improve the overall environmental impact of the refrigeration sector, considering not only the
usage phase in terms of energy consumption, but also the production system and the materials selection.

The 1SO 14040 and 14044 define respectively the principles and guidelines to implement a full Life Cycle
Assessment, describing a specific framework with four iterative phases.

1.  Goal and Scope definition: identifies the objectives of the LCA, where it is possible to specify: purposes of

the study, system definition (including the boundaries) and functional unit.

2.  Life Cycle Inventory (LCI): includes data collection and calculation procedures description. In this phase,

the incoming and outbound flows of the system described in the previous phase are quantified.

3. Life Cycle Impact Assessment: the environmental impact evaluation, where impact categories are defined.

For each impact category, an indicator shall be chosen.
4.  Life Cycle Interpretation: the last part of the LCA, where the results are analyzed with a critical review and
a sensitivity analysis may be done.

In Luglietti et al., 2016, the two main goals of the DST were well discussed. The first level of the analysis aims to
evaluate the ideal machine comparing different alternatives in term of materials and production process for the
components from the environmental perspective. Instead, the second level aims to compare the ideal machine came
out from the first one with the conventional refrigerator. In the next session, the two different products will be
described and detailed. Thanks to the Toolbox, the practitioners are able to understand in which steps of the lifecycle
the new prototype shall be improved, comparing to the conventional one.

A preliminary application of the toolbox were already described in [1]. The differences of this paper are the
evolution of some hypothesis of the first two phases (the functional group analysis and the on-site data acquisition),
and has been added the presentation of the third phase, which is the environmental assessment for both goals and the
data elaboration with the results interpretation.

3.1. Phase 1: Case Study Description and Functional group analysis

A product’s functional group analysis has been used to describe the different components of the domestic
refrigerator and how magnetic cooling can be different (e.g. see [4], [5], [6], [7]). Thanks to these schemes, it was
possible to set up the main structure of the system under analysis, and provide environmental details of each
component and option and not only of the whole system.

A domestic refrigerator can be described as composed by two main components [8]:

. the complete refrigeration system defined as “conversion device”, which is composed by the cooling
engine and the heat exchangers;
. the insulated cold-box defined as the “passive system”.

This subdivision is a difference from the previous article, were only the following groups identification were done.
The importance to define a conversion device and a passive system is to understand the changes of the magnetic
system with the conventional one.

The functional group analysis of conventional domestic refrigerator identified four mains groups: i) cabinet, ii)
door, iii) cooling system, iv) thermostat. The cabinet and the doors are the central structure of the fridge, aiming to
hold food and giving to the product a bearing structure and they are the main component of the “passive system”. The
temperature controller, of which the thermostat is main component, is the only element responsible for the correct
management of the internal refrigerator temperature and drives the cooling system. The temperature controller and
the cooling system define the “conversion device”, which is the set of elements that are physically responsible for
reaching the correct level of cold inside the cabinet. In the case under examination, the conversion device, based on
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magnetic refrigeration principles, is composed by the electric motor, the permanent magnet assembly, the pump, the
heat exchangers, the regenerators and the fluid management system [1].

About the magnetic refrigerator, the changes are limited to the cooling system. In fact, one of the main target of
the ELICIT project is to minimize the changes to production technologies up to limit costs.

Once defined the refrigerators functional groups and components, the functional unit, as first requirements of an
LCA or a LCC, is defined as the household refrigerator with a working time of 24 hours d-1, and an average lifetime
of 10 years; all the sub-components have been analyzed with the same lifespan and no-maintenance was considered.
Because the conversion device is still a prototype phase, it is assumed that it has the same lifespan of the conventional
refrigerator.

3.2. Phase 2: On site data acquisition

In the second step of Decision Support Simulation Toolbox, a comprehensive on-site data acquisition has been
done. During this phase, all the information related to materials, production process and alternatives, specially referred
to the conversion device, have been collected and elaborated (Table 1). The passive system of the magnetic refrigerator
has been supposed to be equal to the conventional one, and for this reason, any different alternative has been analyzed.
The same approach has been used by [9], to evaluate the Life Cycle Assessment for the comparison of a magnetic and
a conventional refrigerator. About the conventional refrigerator there are not alternatives, because the product is
already on the market and well-known.

Table 1: Conversion device alternatives of magnetic refrigerator.

Functional Group Alternatives
PUMP Option 1: Gear Pump
Option 2: CR Pump
HEAT EXCHANGER Option 1: Natural convection

Option 2: Forced Convection

REGENERATORS Option 1: Lanthanum with Silicate and Cobalt alloy
Option 2: Lanthanum with Manganese alloy and a final hydrogenation.
Option 3: Lanthanum with Cerium and Manganese alloy, Cobalt and a final hydrogenation.
Option 4: Manganese alloy and Phosphor without REEs

PERMANENT MAGNET  Option 1: Neodymium alloy.
Option 2: Neodymium and Cerium alloy.

VALVING SYSTEM Only 1 option
ELECTRIC ENGINE Not included

3.3. Phase 3: Environmental Assessment

Luglietti et al., 2016 ended the analysis at the second phase of the procedure. In this paper, the environmental
assessment is described and presented. As already said the methodology used to support the assessment is the LCA,
where the environmental impacts are calculated throughout the whole lifecycle. the evaluation has been done used the
SimaPro software, which is one of the most important software used to implement a LCA. Thanks to the information
gathered and elaborated used Ecoinvent 3.1 and other scientific sources (i.e. [10] to study the REEs extraction).

The DST includes different indicators (endpoint or middle point) that users can choose. In particular, the analysis
has been done considering the endpoint indicator Recipe, developed by Pré Consulting, or a list of middle point
indicator, using the CML methodology (abiotic depletion, global warming, ozone layer depletion, human toxicity,
eco-toxicity, photochemical oxidation, acidification, and eutrophication).

3.4. Decision Support Toolbox Interface

In Luglietti 2016, the interface has been described using Fig. 2. The DST interface includes separate boxes for the
life cycle steps: the materials and resources production, the production processes, and the usage phase. At this level
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of the analysis, the end of life as not been included into the evaluation, due to the unknown information about the
recyclability of the magnetic cooling system components. In addition, the interface has specific boxes to select the
parameters, like country production and usage, and to select the indicator. In the last part of the toolbox there is a box
which includes the results for the ideal configuration. All the results are also reported and presented in graphs.

In the Fig 3, 4, 5 examples of DST interface are presented. Fig. 1 is the interface of the Magnetic cooling system,
where the red boxes represent the choices that the user can do (parameters, indicators and configuration), and the big
boxes represent the lifecycle phases with the components alternatives. Fig. 4 is the interface of heat exchanger, where
the screenshot allows to see also the graph with the results. In the next section, the results of the components will be
presented and discussed. Finally Fig. 5 is the interface of the pump evaluation. Both, the heat exchanger and pump
interface includes the lifecycle phase from material extraction and production to usage phase, due to electricity
consumption used by these components. This is the difference within the magnetic cooling system interface, where
the usage phase is not included.
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Fig. 4: Heat exchanger interface.
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Fig. 5: Pump interface.
4. Results and Discussion

This section wants to present the results of the two goals of the toolbox, in order to highlight the importance of
using such as toolbox to support the product development process. Thanks to the toolbox the engineer could analyzed
the options in terms of production process and materials from the environmental point of view.

The first goal of the analysis aims to compare the alternatives of the magnetic cooling system components. In
particular, as explained before, the three components analyzed are: the pump, the heat exchanger, and the magnetic
system that includes the permanent magnets the regenerators, the valving system and the electric engine (not included
in the evaluation, due to lack of data).

The results are reported using the ReCiPe indicator, which provide a full overview of the three main categories
(Resources Depletion, Human Health and Ecosystem Depletion). ReCiPe uses eighteen midpoint indicators, but also
calculates three much more uncertain endpoint indicators. The motivation to select the endpoint indicators is that the
large number of midpoint indicators are very difficult to interpret. The final indicator at the endpoint level is intended
to facilitate easier interpretation, and it has a more understandable meaning.

Fig. 6 is an example of toolbox results in the case of magnetic cooling system, and it reports the results for the
alternatives of the permanent magnet and the regenerators throughout the lifecycle under analysis.

REGENERATORS PERMANENT MAGNET
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Fig. 6: Example of Toolbox results in the case of magnetic cooling system.
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Fig 7 shows the total impacts throughout the life cycle (material extraction and production process) of the magnetic
cooling system components, considering the optimal solution defined with Fig 6. In the specific case, the option three,
with lanthanum, cerium and manganese alloy, cobalt and a final hydrogenation has been chosen as best option of
regenerators, instead, the permanent magnet with cerium is the one preferred for the permanent magnet. Fig. 7 wants
to present the importance of production process in the final configuration. In fact, considering the regenerators,
because the mold is complex, the impacts of the production process are higher that the impacts caused by the material
extraction and transformation. In the case of permanent magnet is the opposite.

Final configuration results

14.000

2.000

REGENERATORS F MNENT MAGNET VALVING SYSTEM ELECTRIC ENGINE

m MATERIALS ANL

ESOURCES PRODUCTION B PRODUCTION PROCESSES

Fig. 7: Toolbox results of the optimal solution of magnetic cooling system.

The ideal machine is composed by the following: option 3 of regenerators, option 2 of permanent magnet, and
option 1 for pump and heat exchanger. This machine has been compared with the conventional refrigerator, and the
results are reported in Table 2.

Table 2: Results of second goal of the DST

Impact category  Unit  Cabinet Door  Control unit  Cooling System  Electricity consumption

Conventional mPt 6.059 2.369 920 11.551 46.003
Magnetic mPt 6.059  2.369 1.840 16.059 44.445

5. Conclusions

The paper described the first application of an innovative Decision Support Toolbox, where the engineers and
designers could includes the environmental aspects directly at the early prototype development phase. Thanks to this
DST the continuous improvements on the materials shall follow the results (for example prefer the REEs instead of
Manganese alloy). This could be a real benefit , which allow the developer to avoid wrong paths. As it can be seen
from the work, different Toolboxes were developed for each of the main components constituting a magnetic
refrigerator. However, the background logic is the same, following the LCA and LCC standards. This way, each actor
can have a dedicated, and user-friendly, DST supporting designers during the development of innovative components
with a real time comparison of economic and environmental indexes and diagrams. The final assessment of the second
goal, discover a higher impacts of the magnetic system than the conventional one. The engineers should improve the
cooling system if they wants to achieve a prototype with lower impacts.
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