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1. EXECUTIVE SUMMARY (3 pages max. all points)
1.1. Description of the deliverable content and purpose
The increasing awareness of the importance of sustainability and the potential environmental impact
associated with products and services has sparked the innovation of methods to better understand,
measure and reduce this impact. The leading tool for achieving this is life cycle assessment (LCA), a
method standardized by the International Organization for Standardization (ISO) 14040-44 standards (ISO
14040:20061, ISO 14044:20062).
LCA is an internationally recognized approach, which evaluates the potential environmental and human
health impact associated with products and services throughout their life cycle, from raw materials
extraction and including transportation, production, use, and end-of-life treatment. Among other uses, LCA
is used to identify opportunities to improve the environmental performance of products at various stages
along their life cycle, inform decision-making, and support marketing and communication.
To start building this foundational knowledge, the polymer electrolyte membrane (PEM) fuel cell micro
combined heat and power (micro-CHP) systems investigated in the FluidCELL project were assessed by
means of a LCA. The general objective is to perform a LCA, which evaluates the environmental burdens
of the FluidCELL developed technology system over its whole life cycle (“cradle to grave”), and to
investigate several scenarios of improvement of the system.
This deliverable D9.3 presents the LCA methodology and how it is applied to PEM fuel cell system
environmental assessment. It shows the detailed LCA results of the FluidCELL developed PEM fuel cell
system with various settings (calculated based on modelling and simulation data).
1.2. Brief description of the state of the art and the innovation brought
Goal and scope
The aim of the present study is to evaluate the environmental profile of the FluidCELL system and to
investigate improvement scenarios, based on the LCA methodology. The functional unit is defined as
“Provide 2 German or Italian typical dwellings with useful heat and electricity over one year, in an off-grid
situation”.
The LCA performed for this project covers the entire life cycle of the considered system from the extraction
and processing of all raw materials through the end-of-life of all product components (i.e., from “cradle to
grave”). In this LCA, the IMPACT 2002+ LCIA method is considered and endpoint (damage-oriented)
indicators are presented.
LCA results
Environmental profile of the FluidCELL system
The LCA of the FluidCELL system shows that the most important contributor to the impacts is the
bioethanol production and delivery for the five environmental indicators considered. The impacts of
bioethanol production and delivery stage are driven by the bioethanol production part, the delivery
corresponding to 1 to 20% of this life cycle stage impacts depending on the indicator considered. The
ISO 2006a. 14040: Environmental management – life cycle assessment – principles and framework. International
Organization for Standardization, Geneva, Switzerland.
2 ISO 2006b. 14044: Environmental management – life cycle assessment – requirements and guidelines.
International Organization for Standardization, Geneva, Switzerland.
1
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bioethanol production impacts are driven by the rye bioethanol part and the rye grain cultivation: fertilizers
and pesticides production, on field emissions due to fertilizers application, agricultural machinery diesel
consumption, energy and water for irrigation, land occupied by the crop.
The remaining impacts are related to the equipment production, maintenance and end-of-life but the
maintenance is the most important. The impact of the equipment is mainly due to the rare metals used:
platinum and ruthenium used in the fuel cell electrode, platinum used in the catalyst of the fuel processor
and palladium used for the fuel processor membrane. The other important contributors to the equipment
impacts are the heavy metallic pieces (large pieces from the balance-of-plant as e.g., housing).

120%
m-CHP and heat pump production

100%

m-CHP manufacturing

80%

m-CHP delivery

60%

bioethanol production and delivery

40%

m-CHP and heat pump use
20%
m-CHP and heat pump EOL

Italy

Water withdrawal

Human health

Ecosystem quality

Resources

Climate change

Water withdrawal

Human health

Ecosystem quality

Resources

-20%

Climate change

0%
Net impacts

Germany

Figure 1. Climate change, resources consumption, impacts on ecosystem quality and human
health and freshwater withdrawal related to the production of heat and electricity to fulfil the needs
of 2 Italian or German dwellings over one year. Negative values correspond to an environmental
credit and are due to the recycling of some materials in the end-of-life (EOL) stage. Indeed, the
recycling provides secondary material on the market that will enable to avoid primary material use.
When working on improving the environmental performances of the system, the first action to consider
consists therefore of increasing the efficiency of the entire system at the maximum, in order to decrease
the amount of bioethanol consumed for the same quantity of energy produced.
Key leads for the optimisation of the environmental performances of the FluidCELL system
Based on the results of this LCA and the different sensitivity analyses performed, some levers can be
identified to lower the environmental impacts:
• All actions that can increase the global efficiency should be explored, since bioethanol remain the
main contributor to the global impacts of the system.
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o

•

•

•
•

As shown with the sensitivity analyses on fuel cell area and fuel processor membrane area,
depending on the type of pieces of the equipment that are changed/increased, the effect
can be positive or negative.
o Trying to maintain a better efficiency on a longer timeframe is a good way to reduce the
environmental impacts.
Encourage the use of low impacting bioethanol.
o To minimise the bioethanol impacts, the crop used to produce it should have a high yield,
a low agrochemical input, should not require irrigation and finally not be related to
deforestation (not tested in the present study but deforestation is known to increase the
impacts in an important manner).
o Second generation bioethanol are an interesting option to explore. However, the increasing
needs in biomass products will transform today’s biomass wastes into tomorrow’s biomass
products and their allocated impacts will therefore increase in the future.
o A potential production on site of bioethanol made from biomass wastes available on site
could be explored. It is however unclear the yields that could be obtained for a small scale
on-site production and if it would be competitive with large scale production. Also, it is
unclear if the biomass available on-site would cover the needs to produce bioethanol
required for the two off-grid dwellings studied.
Decrease the impacts related to bioethanol delivery
o Try to find a close bioethanol production place to reduce the delivery distance is also a good
track to decrease the environmental impacts.
o Ensure to choose the right bioethanol dilution depending on the delivery distance from
bioethanol production plant to the off-grid dwellings.
For the additional heat and electricity needed to fulfil the dwellings needs, having a heat pump is
an interesting option but exploring wood pellet stove could be interesting too.
Decrease the impacts of infrastructures (m-CHP and heat pump production, maintenance and endof-life):
o Given the high contribution of the platinum, palladium and ruthenium to the overall impacts,
ensure recycling of these metals at the end-of-life. If possible reduce the mass of these
elements should be tested, but always by maintaining the efficiency of the system.
o Try to lighten the heavy metallic pieces and ensure that the micro-CHP is easily
dismountable at the end-of-life to be able to recycle as much as possible the different
pieces.

1.3. Deviation from objectives
No deviation
1.4. If relevant: corrective actions
Not applicable
1.5. If relevant: Intellectual property rights
Not applicable
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2. Introduction
2.1. Context and background
The increasing awareness of the importance of sustainability and the potential environmental impact
associated with products and services has sparked the innovation of methods to better understand,
measure and reduce this impact. The leading tool for achieving this is life cycle assessment (LCA), a
method standardized by the International Organization for Standardization (ISO) 14040-44 standards (ISO
14040:2006, ISO 14044:2006).
A leading tool for assessing environmental performance is life cycle assessment (LCA), a method defined
by the International Organization for Standardization (ISO) 14040-14044 standards (ISO 2006a; ISO
2006b). LCA is an internationally-recognized approach that evaluates the relative potential environmental
and human health impacts of products and services throughout their life cycle, beginning with raw material
extraction and including all aspects of transportation, manufacturing, use, and end-of-life treatment. It is
important to note that LCA does not exactly quantify the real impacts of a product or service due to data
availability and modelling challenges. However, it allows to estimate and understand the potential
environmental impacts which a system might cause over its typical life cycle, by quantifying (within the
current scientific limitations) the likely emissions produced, and resources consumed. Hence,
environmental impacts calculated through LCA should not be interpreted as absolute, but rather relative
values within the framework of the study. Ultimately, this is not a limitation of the methodology, since LCA
is generally used to compare different systems performing the same function, where it’s the relative
differences in environmental impacts which are key for identifying the solution which performs best.
Among other uses, LCA can identify opportunities to improve the environmental performance of products,
inform decision-making, and support marketing, communication, and educational efforts. The importance
of the life cycle view in sustainability decision-making is sufficiently strong that over the past several
decades it has become the principal approach to evaluate a broad range of environmental problems,
identify social risks and to help make decisions within the complex arena of socio-environmental
sustainability.
To start building this foundational knowledge, the PEM fuel cell micro-CHP systems investigated in the
FluidCELL project were assessed by means of a LCA. The general objective is to perform a LCA that
evaluates the environmental burdens of the FluidCELL developed technology system over its whole life
cycle (“cradle to grave”), and to investigate various improvement scenarios.
This deliverable D9.3 presents the LCA methodology and how it is applied to PEM fuel cell system
environmental assessment. It shows the detailed LCA results of the FluidCELL developed PEM fuel cell
system with various settings (calculated based on modelling and simulation data).
The present report is a public version of the internal report written during the FluidCELL project. Some
elements were taken out of the project internal report due to confidentiality issues.
2.2. Life cycle assessment approach
An LCA comprise four phases, as shown in Figure 2:
a) Goal and scope definition: defining the purposes of the study, determining the boundaries of the
system life cycle in question and identifying important assumptions that will be made;
b) Inventory analysis: compiling a complete record of the important material and energy flows
throughout the life-cycle, in addition to releases of pollutants and other environmental aspects
being studied;
______________________________________________________________________________________________________________
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c) Impact assessment: using the inventory compiled in the prior stage to create a clear and concise
picture of environmental impacts among a limited set of understandable impact categories; and
d) Interpretation: identifying the meaning of the results of the inventory and impact assessment
relative to the goals of the study.
LCA is best practiced as an iterative process, where the findings at each stage influence changes and
improvements in the others to arrive at a study design that is of adequate quality to meet the defined goals.
The principles, framework, requirements and guidelines to perform an LCA are described by the
international standards ISO 14040 series (ISO 2006).

Figure 2. Life cycle assessment methodology.
3. Goal and scope definition
3.1. Reasons for carrying out the study
The first aim of the present study is to evaluate and understand the environmental profile of the new
technology developed in the FluidCELL project (called FluidCELL developed technology in this report).
Then, several sensitivity analyses were performed in order to assess various scenarios or environmental
impact improvement.
3.2. Intended audience
The current report is intended for public disclosure.
3.3. Function and functional unit
The functional unit quantifies the performance of a product system and is used as a reference unit for
which the LCA study is performed and the results are presented. It is therefore critical that this parameter
is clearly defined and measurable.
______________________________________________________________________________________________________________
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The purpose (or function) of the products studied is to provide energy (heat and electricity) from a PEM
fuel cell micro-CHP to dwellings. The micro-CHP systems studied in the FluidCELL project are 5 kW
electricity systems as defined in D2.2 deliverable.
The countries selected for the study are Germany and Italy to show the variation that can be obtained in
countries having different climatic conditions. Even if the annual consumption of heat per dwelling varies
in these two countries, the size of the micro-CHP assessed (5 kW electricity) enables to cover in the two
cases the needs of 2 off-grid dwellings.
The functional unit is therefore defined as:
Provide 2 typical Italian or German dwellings with useful heat and electricity produced in a 5 kWe PEM
fuel cell micro-CHP over one year, in an off-grid situation
The reference flow for this study is therefore one 5 kW PEM fuel cell micro-CHP system.
The consumptions of electricity and heat for a typical dwelling in two countries considered are reported in
Table 1.
Table 1. Electricity and heat consumption per dwelling and year for the off-grid dwellings
considered in the model (POLIMI data).

Germany
Italy

Per dwelling
kWh electricity
kWh heat
5’643
15’222
5’643
11’982

For 2 dwellings
kWh electricity kWh heat
11’285
30’443
11’285
23’963

There are, of course, variations among a country, mainly for heat consumption that is influenced by the
climate, the type of isolation of the house, etc. but also for electricity consumption as the dwelling size can
vary from a region to another. But to consider scenarios at the country level seemed a good compromise
between a European level and a small region level.
The 5 kW PEM fuel cell micro-CHP system covers the entire needs of the fixed number of German or
Italian dwellings. Indeed, the number of dwellings has been calculated considering the higher needs over
the year: heat needs in winter and the highest monthly electricity needs over the year. This is required
because the dwellings concerned are off-grid and no energy can be taken from the average grid to
complete the needs. The system is therefore overestimated for certain periods of the year. The electricity
and heat needs are also higher because of the off-grid situation: no mutualisation, no public service as
e.g., street lighting, etc. The high energy consumption per dwelling is also explained due to the building
size: a two-dwellings building as considered in the study has more energy consumption due to less
mutualisation than would have a 10-dwellings building (e.g., more heat required for heating, no scale
effect).
Note that for the functional unit, the FC-Hy Guide3 gives another recommendation. Indeed, if heat and
electricity are produced by the fuel cell system, it is recommended to use as functional unit the amount of
heat and electricity produced in MJ exergy. Here, as the use is defined (heat and electricity for a dwelling)
Masoni and Zamagni, 2011. Guidance document for performing LCA on fuel cells. Deliverable D3.3 – Final guidance
document, WP 3 – Preparation and consultation of the guidance document. Document available on
http://www.fch.europa.eu/sites/default/files/project_results_and_deliverables/Final%20guidance%20document%20
%28ID%202849495%29.pdf
3
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and as the systems are all designed to provide heat usable for this usage in dwellings, it has been judged
that it was not necessary to give a different weight to heat and electricity transforming them into exergy.
3.4. System boundaries
The setting of system boundaries identifies the stages, processes and flows considered in the LCA and
should include:
• All activities relevant to achieve the present LCA study objectives and therefore necessary to carry
out the studied function; and
• All the processes and flows that significantly contribute to the potential environmental impacts.
3.4.1. FluidCELL PEM fuel cell micro-CHP systems
The LCA performed for this project covers the entire life cycle of the PEM fuel cell micro-CHP system from
the extraction and processing of all raw materials through the end-of-life of all product components (i.e.,
from “cradle to grave”). The following life cycle stages are considered:
• Micro-CHP production and delivery: for each of the main components (fuel cell and stack, fuel
processor and balance-of-plant)
o Raw materials production
o Raw materials delivery
o Manufacturing
o Micro-CHP delivery (or distribution): includes the transport of the system to the use place
• Bioethanol production and delivery (including crop cultivation and transformation into bioethanol
useable by the system)
• Micro-CHP use
o Operation: bioethanol reforming into hydrogen, hydrogen use in fuel cell and heat and
electricity production
o Maintenance: replacement pieces production and replaced pieces end-of-life treatment
• Micro-CHP end-of-life: dismantling of the micro-CHP and treatment of the pieces (recycling,
incineration or landfilling)
A simplified diagram presenting the system boundaries is shown in Figure 3.
The system boundaries do not include the following potential contributions:
• In Micro-CHP production and delivery:
o Packaging of the different raw material for their delivery
o Production of the bioethanol container or reservoir
o Manufacturing infrastructure (buildings and machinery) or employees activity (commuting,
cafeterias, etc.)
o Packaging or protection of the final product during the distribution
• In Micro-CHP use
o Transports required for maintenance, except for the catalyst reactivation
• Others:
o No overheads considered (no R&D, marketing or administrative impacts)

______________________________________________________________________________________________________________
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Figure 3. System boundaries for the PEM fuel cell micro-CHP system assessment.
3.5. Allocation rules: system expansion at the end-of-life
The so-called circular footprint formula (CFF), developed by the European Commission4, is used in this
study.
The circular footprint formula takes into account the state of the market for recovered material and
balances accordingly the credit in part to the user of the recycled material and in part to the provider of the
recyclable material. It considers the different market situations, depending on the type of material. It gives
the possibility to quantify and display – by system expansion and substitution – the benefit of using
secondary material as well as collecting waste material for recycling.
Figure 4 presents the circular footprint formula with its three distinct components: material (production and
recycling), energy (recovery) and disposal, which add-up to the total impacts of a given material. Table 2
details the notation used in the formula.
The two parameters in the formula are:
A: Allocation factor of burdens and credits between supplier and user of recycled materials. This is
a key parameter that enables a refined tuning between 100/0 and 0/100.
If A is large (e.g., 0.8), the credits are mostly given to the system that uses recycled (secondary)
material. It represents a situation with a high offer of recyclable materials and a low demand.
Conversely, a small A (e.g., 0.2) will mostly give credits to the system providing recyclable material
for use in the next system. It represents a market situation where there is a low offer of recyclable
materials and a high demand.
4

JRC-IES. 2017. Product Environmental Footprint Category Rules Guidance. Version 6.2, June 2017. European
Commission-Joint Research Centre - Institute for Environment and Sustainability.
______________________________________________________________________________________________________________
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B: Allocation factor of burdens and credits between supplier and user of energy recovery
processes. Currently set to 0 by default, so full impacts and credits are allocated to the system
generating the waste. This implies that the use of electricity and heat from MSWI plants is “free of
charge”. This could be changed if it was decided for policy reasons.
These factors are material- and application-specific.

Figure 4. Circular Footprint Formula

This formula includes the production and the end-of-life. This is inherent to the system expansion
approach, affecting upstream and downstream as well. It is a kind of mix between a cut-off and the system
expansion approaches.
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Table 2. Notation used in the Circular Footprint Formula.
A
B
QSin
QSout
QP
R1
R2

R3
Erecycled
ErecyclingEoL
Ev
Ev*
EER
ESE,heat
ESE,elec
ED
XER, elec
XER,heat
LHV

Description of the formula elements
Allocation factor of burdens and credits between supplier and user of recycled
materials. (0.2 for all metals recycled is used in the current study)
Allocation factor of energy recovery processes: it applies both to burdens and credits.
Quality of the secondary material used as input
Quality of the recycled material outgoing the system at the point of substitution.
Quality of the primary material, i.e. quality of the virgin material.
Proportion of secondary material in the input (all input materials are assumed to be
100% primary in the current study)
Proportion of the material in the product that will be recycled (or reused) in a
subsequent system. R2 shall therefore take into account the inefficiencies in the
collection and recycling (or reuse) processes. R2 shall be measured at the output of
the recycling plant. (R2 is either 100% for elements specified as recycled or 0% for the
others, see section 4)
Proportion of the material in the product that is used for energy recovery at EoL.(the
average European incineration rate (VS landfilling) of 0.45 (Eurostat 2012) is
considered in the current study)
Specific emissions and resources consumed arising from the recycling process of the
recycled (reused) material, including collection, sorting and transportation process.
Specific emissions and resources consumed arising from the recycling process at EoL,
including collection, sorting and transportation process.
Specific emissions and resources consumed arising from the acquisition and preprocessing of virgin material.
Specific emissions and resources consumed arising from the acquisition and preprocessing of virgin material assumed to be substituted by recyclable materials.
Specific emissions and resources consumed arising from the energy recovery process
(e.g., incineration with energy recovery, landfill with energy recovery, …).
Specific emissions and resources consumed that would have arisen from the specific
substituted energy source, heat and electricity respectively.
Specific emissions and resources consumed arising from disposal of waste material at
the EoL of the analysed product, without energy recovery.
Efficiency of the energy recovery process for heat and electricity respectively (the
average data for Europe recommended by the PEF guidance is considered, i.e., 31%
energy recovered as heat and 10% as electricity)
Lower Heating Value of the material in the product that is used for energy recovery.

3.6. Life cycle impact assessment
The life cycle impact assessment (LCIA) provides the basis for analysing the potential contributions of
resource extractions and emissions in a LCI to a number of potential impacts. The impacts are calculated
using characterization factors recommended in internationally-recognized impact assessment methods.
According to ISO 14044, LCI flows of materials, energy and emissions into and out of each product system
are classified into impact categories by the type of impact their use or release has on the environment.
Then, they are characterized into their contribution to an indicator representing the impact category. The
category indicator can be located at any intermediate position between the life cycle inventory results and
the resulting damage (where the environmental effect occurs) in the cause-and-effect chain. The damage
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represents changes in environmental quality and a category indicator is a quantifiable representation of
this change.
In this screening LCA, the IMPACT 2002+ LCIA method5 is considered and endpoint (damage-oriented)
indicators are presented. This method proposes a feasible implementation of combined midpoint and
damage-oriented approach. It was originally developed at the Swiss Federal Institute of Technology of
Lausanne (EPFL), Switzerland. Subsequently, QUANTIS made some updates to the original IMPACT
2002+ methodology version 2.1. This adapted version is referred to as “IMPACT 2002+ version Q2.2
(adapted by QUANTIS)”6.
The five endpoint indicators used for the reference assessment are describer hereafter.
Table 3. Impact 2002+ endpoint indicators description.
Indicator
Climate
change

Resources

Ecosystem
quality

Human
health

Water
withdrawal

Definition
This indicator measures the potential impact on climate change from greenhouse gas emissions
associated with a product, process or organization. It takes into account the midpoint category
“global warming". The impact metric is expressed in kg CO2-eq.
This indicator measures the potential impact on resource depletion from resource use (e.g. fossil
fuels and minerals) associated with a product, process or organization. It takes into account nonrenewable energy and mineral extraction. These factors are simply the sum of the endpoint
categories non-renewable energy consumption and mineral extraction. The impact metric is
expressed in MJ ("measures the amount of energy extracted plus the amount needed to extract
the resource itself").
This indicator measures the potential impact on ecosystems (biodiversity, species and their
inhabitant) caused by emissions or resource use associated with a product, process or
organization. It takes into account aquatic ecotoxicity, terrestrial ecotoxicity, terrestrial acidification
& nutrification, aquatic eutrophication, aquatic acidification, water turbined and land occupation. It
characterizes the fraction of species disappeared on a given surface (m 2) surface during a certain
amount of time (years). The impact metric is expressed in PDF.m².y (“potentially disappeared
fraction of species over m2 and years”).
This indicator measures the potential impact on human health caused by emissions associated
with a product, process or organization. It takes into account human toxicity (carcinogenic and
non-carcinogenic), respiratory inorganics, ionizing radiation, ozone layer depletion and respiratory
organics. It characterizes disease severity, accounting for both mortality (years of life lost due to
premature death) and morbidity. The impact metric is expressed in DALY (“disability-adjusted life
years”).
This indicator measures the amount of water withdrawal associated with a product, process or
organization. It takes into account water (whether it is evaporated, consumed or released again
downstream) excluding turbined water (i.e., water flowing through hydropower generation). It
considers drinking water, irrigation water and water for and in industrialized processes (including
cooling water), fresh water and sea water. This indicator is actually based and expressed on
volumes (m3) of water withdrawal.

The IMPACT 2002+ framework links all types of life cycle inventory results via several midpoint categories
to five damage categories (human health, ecosystem quality, climate change, resources, and water
withdrawal). The main difference between IMPACT 2002+ v2.1 and IMPACT 2002+ vQ2.2 (adapted by
QUANTIS) are (i) climate change characterization factors are adapted with global warming potentials for
a 100 years time horizon, (ii) water withdrawal, water consumption and water turbined are added as the
midpoint categories, (iii) aquatic acidification, aquatic eutrophication and water turbined are brought to the
damage category ecosystem quality, and (iv) normalization factors are updated.

5

Jolliet, O., Margni, M., Charles, R., Humbert, S., Payet, J., Rebitzer, G., Rosenbaum, R. 2003. Impact 2002+: A
new life cycle impact assessment methodology. Int J Life Cycle Assess 8(6):324-330
6 Humbert S, Margni M, Jolliet O (2010). IMPACT 2002+ User guide: draft for version 2.2. Quantis, Lausanne,
Switzerland. Available at www.impactmodeling.org
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Figure 5. IMPACT 2002+ vQ2.2 midpoint and endpoint categories (dashed lines indicate links
between midpoint and endpoint indicators currently not existing, but in development).
IMPACT 2002+ uses the most current science with regard to global warming and offers the greatest
consistency with data that might be presented elsewhere. The exclusion of biogenic carbon dioxide and
monoxide, as well as a reduced emission factor for biogenic methane, avoids a misleading combination of
short cycle carbon emissions (absorbed and released by vegetation) with carbon emissions from fossil
fuels, previously stored underground permanently. Detailed information about the IMPACT 2002+ vQ2.2
method and indicators are available from the User Guide.
For indicators relating to human health, only the health impacts occurring from the release of substances
into the outdoor environment and the exposure to humans from that environment are considered; direct
exposure through indoor air or dust is excluded. An indoor exposure assessment is beyond the current
capabilities of life cycle science due to a lack of information on the release of chemicals from building
materials and the lack of an established method for incorporating exposures within the indoor environment
into a life cycle impact assessment. However, recent developments are moving toward making this feasible
(Hellweg et al. 2009).
No normalization of the results is carried out except for results presented on a relative basis (%) compared
to the reference for each system. No weighting of the damage categories is done; they are presented
individually and not as a single score. As stated by ISO, there is no objective method by which to achieve
this.

______________________________________________________________________________________________________________
Public

15

D9.3
Detailed environmental LCA
Public report

Proj. Ref.: FluidCELL-621196
Doc. Ref.: FluidCELL-WP9-D93DLR-DetailedLCA-Public-QUANTIS20072018-v11.doc
Date:
20/07/2018
Page Nº:
16 of 42

Life cycle impact assessment results present potential and not actual environmental impacts. They are
relative expressions, which are not intended to predict the final impact or risk on the natural media or
whether standards or safety margins are exceeded. Additionally, these categories do not cover all the
environmental impacts associated with human activities. Impacts such as noise, odors, electromagnetic
fields and others are not included in the present assessment. The methodological developments regarding
such impacts are not sufficient to allow for their consideration within life cycle assessment. Other impacts,
such as potential benefits or adverse effects on biodiversity, are also only partly covered by current impact
categories.
4. Life cycle inventory
4.1. Main sources
ISO 14040 describes the life cycle inventory (LCI) as an inventory of input/output data that relates to the
functional unit of the system being studied.
The foreground processes are based on data collected from project partners and literature. The foreground
data are described in detail in this section. The LCI data describing background processes (e.g., electricity
generation or steel production) are in large part from the ecoinvent database (version 3.3), a particularly
robust and complete database, both in terms of technological and environmental coverage7. It surpasses
other commercial databases, from quantitative (number of included processes) and qualitative (quality of
the validation processes, data completeness, transparency, etc.) perspectives. This database can be used
in ISO-compatible LCAs and it is internationally recognized by experts in the LCA field.
The quality of LCA results is dependent on the quality of data used in the study. The following chapter
details the data collected and used for the modelling.
4.2. System production
For the FluidCELL system assessment, specific data have been collected from the project partners and
have been completed with literature data when missing. The bioethanol production and micro-CHP
operation stage are adapted to the FluidCELL system efficiency.
4.2.1. Fuel cell and stack
Data for the FluidCELL system has been collected from CEA for the types and amounts of materials. The
lifetimes are based on the expert judgement for HYGEAR, TUE and POLIMI. The end-of-life is based on
assumption, except for the MEAs that can be incinerated to recover the platinum based on CEA
information.

7

ecoinvent, 2016. ecoinvent database v 3.3. Available at www.ecoinvent.org
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Table 4. PEM fuel cell and stack components materials, lifetimes and end-of-life description for the
FluidCELL 5 kW micro-CHP system. Incinerated / landfilled means that the component is partly
incinerated with energy recovery (see section 4.7 for more details).
Sub-component

Stack

Fuel cell cell

Electrode

Gas diffusion layer
Membrane
Bipolar plates
Gasket (sub-gasket/MEA)
Endplates
Buss plates
Manifolds
Fittings

Material

Mass

Nafion
Carbon
Ruthenium
Platinum
Carbon paper
Teflon
Carbon powder
Nafion sheet
Stainless steel
Polymer
Polymer
Copper
Stainless steel
Stainless steel

18.5 g
26.4 g
5.28 g
21.1 g
269 g
42.2 g
216 g
240 g
7.98 kg
840 g
3 kg
1.5 kg
2 kg
2 kg

Lifetime
(hours)

End-of-life
Incinerated and Pt
recovered

43’800
Incinerated / landfilled
Incinerated / landfilled
Incinerated / landfilled
Incinerated / landfilled
43’800

Recycled

4.2.2. Fuel processor
The materials and amounts for the fuel processor for the FluidCELL developed technology are based on
data collected from TUE, TECNALIA and UNISA.
The fuel processor is constituted by a global structure, a catalyst, a membrane and a membrane support.
These elements correspond to components specifically developed in the framework of FluidCELL by
project partners. Several catalysts, membranes and membrane supports have been developed during the
project and the configuration studied here corresponds to the best configuration determined by testings:
• Catalyst from UNISA: SiO2 77.4%, CeO 20%, NiO 2% and Pt 0.6%
• Membrane from TECNALIA: Pd-Ag membrane
• Membrane support used by TECNALIA: porous alumina
Data on the composition and mass of the components have been collected from TUE and TECNALIA and
UNISA. The lifetimes are extrapolation from the tests run during the project and given by TECNALIA,
UNISA, HYGEAR, TUE and POLIMI. The end-of-life treatments correspond to assumptions elaborated in
collaboration with the project partners.
Table 5. Fuel processor components materials, lifetimes and end-of-life description for the
FluidCELL 5 kW micro-CHP system. Incinerated / landfilled means that the component is partly
incinerated with energy recovery (see section 4.7 for more details).
Component

Material

Reactor

Stainless steel
CeO2
SiO2
Platinum
NiO
Palladium
Silver

50 kg
0.82 kg
3.17 kg
24.6 g
82 g
20 g
7g

Porous alumina

708 g

Catalyst

Membrane
Membrane
support

Mass

Lifetime
(hours)
87’600
43’800
17’520
17’520

End-of-life
Recycled
Catalyst assumed to be incinerated to
recover the Pt and Ni, remaining CeO2
and SiO2 slags are landfilled
Membrane support are assumed to be
incinerated to recover the Pd and Ag,
remaining alumina slag is landfilled
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For the catalyst, the energy consumption for its production is considered based on literature. According to
Schreiber et al 2012, 0.064 kWh electricity and 2.27 MJ heat from natural gas are needed to produce
4.537 kg of BSCF perovskite powder. Same energy consumption per kg of catalyst is considered, i.e., for
the 4.1 kg of catalyst in the fuel processor: 0.058 kWh electricity and 2.05 MJ heat from natural gas.
4.2.3. Balance-of-plant
The materials and amounts for the different pieces of the balance-of-plant are based on ICI Caldaie data
for a 30 kWe system scaled-down to a 5 kWe system. The total lifetime of the system is assumed to be 10
years, i.e., 87’600 hours. Some components have a shorter lifetime according to the project partners
expertise. Regarding the end-of-life, it is assumed the components are dismantled and then some pieces
are incinerated or landfilled (depending on the typical fate in the countries considered) or recycled (mainly
for metallic pieces).
Table 6. Balance-of-plant components materials, lifetimes and end-of-life description for a standard
and a FluidCELL 5 kW micro-CHP system. Incinerated / landfilled means that the component is
partly incinerated with energy recovery (see section 4.7 for more details).
Component
Housing / container

Voltage converter

Blower

Wiring
Piping
Fittings
Valves
Insulator
Pumps
Compressors
Nuts and bolts
Electronics

Mass
(kg)
25
108
3
17
17
0.8
25

Lifetime
(hours)

End-of-life

87’600

Incinerated / landfilled
Recycled

87’600

Recycled

Oil

0.2

52’560

Copper
Copper
Plastic
Stainless steel
Rubber
Stainless steel
Stainless steel
Aluminium
Plastic
Copper
Alumina fiber
Stainless steel
Copper
Plastic
Stainless steel
Copper
Stainless steel
Silicon
Copper
Plastic

7
12
13
20
0.8
7
0.5
2.5
0.2
2.5
5
0.7
0.7
0.2
0.7
0.7
0.8
0.02
0.2
0.2

Material
Plastic
Steel
Steel
Copper
Aluminium
Plastic
Steel

87’600
87’600
87’600

Incinerated / landfilled
Recycled
Hazardous waste
incineration
Recycled
Recycled
Incinerated / landfilled
Recycled
Incinerated / landfilled
Recycled
Recycled

87’600
87’600
52’560

Incinerated / landfilled
Recycled
Recycled
Recycled
Incinerated / landfilled

52’560

Recycled

87’600

Recycled
Landfilled
Recycled
Incinerated / landfilled

87’600
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4.2.4. Heat pump
The needs in heat for the scenario considered cannot be entirely covered by the PEM fuel cell micro-CHP.
In this case, a part of the electricity generated by the PEM fuel cell micro-CHP is used to run a heat pump
that will bring the heat required to the dwellings.
The heat pump production is modelled using the generic dataset available in the ecoinvent v3.3 database
and adapting it (excluding the electricity input and splitting it into the production, end-of-life and operation
(refrigerant gas leakage and replacement)). The production is included in the production stage while the
operation in the use stage and its end-of-life in the end-of-life stage. The end-of-life of the heat pump has
been adapted to follow the same rules as the elements from the micro-CHP system, i.e., dismantling and
metallic pieces recycled while plastic parts are incinerated or landfilled.
4.3. Micro-CHP manufacturing
The manufacturing energy and solvents consumption is embedded in the production stage of the different
elements constituting the micro-CHP system.
Energy consumption
No detailed data was available for components manufacturing and assembly: only manufacturing energy
consumption was found in literature for a solid-oxide fuel cell micro-CHP system (Staffel 20128) and partly
on primary data from ICI Caldaie supplier. Staffel 2012 data is used for fuel processor and balance-ofplant manufacturing: it is considered the differences between SO and PEM fuel cells are not too important.
However, for fuel cell and stack manufacturing, the data from Staffel were not usable as SO fuel cell are
produced at high temperature and would overestimate the impacts for a PEM fuel cell. Therefore, data
from a supplier from ICI Caldaie is considered for stack. No data was available for PEM fuel cell and it is
therefore assumed the manufacturing energy consumption is the same for PEM fuel cell and for stack.
The data from ICI Caldaie supplier and from Staffel study are for a 1 kW system. It is assumed that the
manufacturing energy consumed is proportional to the power of the stack and therefore the energy
consumed is multiplied by 5 to obtain an estimate for the 5 kW system studied. Finally, it is considered
80% the energy provided is electricity and 20% natural gas according to project partners expertise.
Finally, the following manufacturing energy consumptions are considered:
• PEM fuel cell and stack: 350 kWh
• Fuel processor: 98 kWh (same energy consumption is assumed for all types of fuel processors)
• Balance-of-plant: 120 kWh
Fuel cell solvents consumption
There is a solvent and water consumption to produce the fuel cells: 336 kg of alcoholic solvent (isopropanol
is considered) and 768 kg of deionised water are used. It is then assumed that the isopropanol is treated
in a hazardous waste incinerator located at 100 km from the factory and the water is treated at the
wastewater treatment plant.
4.4. Micro-CHP delivery
All micro-CHP components are assumed to be delivered over 500 km by truck from the factory place up
to the use place.

8

Staffel 2012. Energy and carbon payback times for solid oxide fuel cell based domestic CHP. Int J Hydrogen Energy,
Vol 37 (3).
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4.5. Bioethanol production and delivery
The crop cultivation and the processing into bioethanol, as well as the bioethanol distribution until the
micro-CHP are considered. They are all assessed based on generic database processes. The bioethanol
considered is produced from rye (50%) and sugar beet (50%) based on expert judgement. Bioethanol from
other crops is tested in sensitivity analyses (see sections 4.9 and 5.2).
The amount of bioethanol used is defined by the micro-CHP system efficiency and the time the micro-CHP
system is running during the year.
The efficiencies of the systems studied are presented in .
Table 7. The system is assumed to be running 8’736 hours per year. Based on the efficiency, system
power and use duration, it is possible to determine the bioethanol input.
Table 7. Efficiencies for FluidCELL 5 kW PEM fuel cell micro-CHP systems studied.

According to D8.2, the optimal ethanol dilution for the use in the PEM micro-CHP systems is with a W/EtOH
ratio of 3.4, i.e., on a molar basis 23% ethanol and 77% water and in mass basis 46% ethanol and 54%
water. This mix can be obtained either diluting high purity bioethanol with water or stopping the distillation
before reaching a high purity. In the case of use of bioethanol at a lower concentration, it enables to reduce
the impacts related to its production (energy consumption for the concentration increase) but it means that
a more important mass is transported from the plant up to the place of use for the same amount of pure
bioethanol. On the other hand, using high purity bioethanol will require more energy to produce the
bioethanol but then less mass has to be transported up from the plant to the place of use, and the addition
water can be recirculated.
Because it is possible to dilute the bioethanol at the use place and to recirculate water, it is possible to
have a bioethanol with a concentration ranging from 46% to 99% as input in the micro-CHP.
Bioethanol datasets (production of 95% bioethanol from rye and sugar beet) from ecoinvent v3.3 ((Ethanol,
without water, in 95% solution state, from fermentation {RER}| ethanol production from rye | Alloc Rec, U
and Ethanol, without water, in 95% solution state, from fermentation {CH}| ethanol production from sugar
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beet molasses | Alloc Rec, U) are considered and the energy consumption for the fermentation and
distillation are adapted according to Kvaalen et al.9 and ecoinvent report n°1710. Detailed calculations are
provided in the sensitivity analysis.
The electricity consumption for 95% rye ethanol according to ecoinvent report n° 17 on bioenergy, per kg
95% bioethanol is:
- 0.079 kWh electricity for pre-treatment and saccharification, 0.058 kWh for fermentation and
distillation (considering 98.1% allocation to ethanol per ecoinvent report)
- 0.72 MJ heat from natural gas for pre-treatment and saccharification, 2.94 MJ for fermentation and
distillation (considering 98.1% allocation to ethanol per ecoinvent report)
And for 95% sugar beet ethanol, per kg bioethanol produced:
- 0.18 kWh electricity for fermentation and distillation (considering 83% allocation to ethanol per
ecoinvent report)
- 3.7 MJ heat from natural gas for fermentation and distillation (considering 83% allocation to ethanol
per ecoinvent report)
Based on this ecoinvent report, the fraction of electricity for fermentation is 87% and 13% for distillation,
and heat is entirely used for distillation for maize bioethanol. The same distribution of energy consumption
for rye and sugar beets is considered, leading to an electricity consumption for fermentation of respectively
0.05 and 0.15 kWh/kg 95% bioethanol from rye and from sugar beets.
Then the distillation heat is replaced by the data taken from Kvaalen et al:
40% ethanol: 3.75 MJ/kg 40% ethanol (per kg pure ethanol, extrapolated)
50% ethanol: 3.8 to 4.4 MJ/kg 50% ethanol (per kg pure ethanol)
70% ethanol: 4.1 to 4.6 MJ/kg 70% ethanol (per kg pure ethanol)
95% ethanol: 6.5 to 9.0 MJ/kg 70% ethanol (per kg pure ethanol)
99.7% ethanol is based on 95% ethanol with an additional energy consumption for dewatering
from ecoinvent (0.009151 kWh and 1.0153 MJ per kg ethanol 99.7%)
The lowest value of these ranges is considered for distillation heat (indeed, the values correspond to lab
scale, the most efficient is therefore assumed for industrial scale) and no more electricity is included for
the distillation. The same allocation factor of 98.1% for ethanol for rye and 83% for sugar beet is
considered, leading e.g., to 4.02 MJ heat from natural gas for 1 kg 70% bioethanol from rye and 3.4 MJ
heat/kg 70% bioethanol from sugar beets.
Calculations on various bioethanol purity and delivery distances are done in a sensitivity analysis (see
section 4.9 and 5.2) and show that the best case for a delivery from 400 to 1300 km is with bioethanol at
95%. Therefore, this concentration is the one considered in the baseline scenarios.
The bioethanol is assumed to be delivered over 500 km from the production plant to the point of use. The
location of the bioethanol production plant and of the off-grid dwellings being unknown, this assumption is
taken for the baseline scenarios.

9

Kvaalen E, Wankat P.C, McKenzie B.A, Alcohol distrillation: basic principles, equipment, performance relationships,
and safety. Purdue University, Cooperative Extension Service, West Lafayette, India. Downloaded on:
https://www.extension.purdue.edu/extmedia/ae/ae-117.html
10
Jungbluth, N., Chudacoff, M., Dauriat, A., Dinkel, F., Doka, G., Faist Emmenegger, M., Gnansounou, E., Kljun,
N., Schleiss, K., Spielmann, M., Stettler, C., Sutter, J. 2007: Life Cycle Inventories of Bioenergy. ecoinvent report
No. 17, Swiss Centre for Life Cycle Inventories, Dübendorf, CH
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Table 8. Bioethanol production data summary.

Electricity consumption for pre-treatment and
saccharification (kWh/kg pure bioethanol)
Heat consumption for pre-treatment and
saccharification (MJ/kg pure bioethanol)
Electricity consumption for fermentation (kWh/kg pure
bioethanol)
Heat consumption for fermentation MJ/kg pure
bioethanol)
Heat consumption for distillation
MJ for 40% bioethanol / kg pure bioethanol
MJ for 50% bioethanol / kg pure bioethanol
MJ for 70% bioethanol / kg pure bioethanol
MJ for 95% bioethanol / kg pure bioethanol
Heat and electricity consumed for dewatering of 95%
bioethanol into 99.7%
kWh electricity / kg pure bioethanol
MJ heat / kg pure bioethanol
Default delivery distance (for base scenario, in km)

Rye
bioethanol

Sugar beet
bioethanol

Base
scenario
bioethanol
(50% rye –
50% sugar
beet)

0.077

0

0.039

0.71

0

0.35

0.05

0.13

0.045

2.51

2.67

2.59

3.68
3.73
4.02
6.38

3.11
3.15
3.40
5.40

3.40
3.44
3.71
5.84

0.009
1.01
500

4.6. Micro-CHP use
The micro-CHP use stage is separated into reforming emissions, replacement pieces, catalyst reactivation
and heat pump gas leakages.
4.6.1. Reforming emissions
The operation corresponds in terms of impacts to the direct emissions related to bioethanol reforming.
These data are based on D8.2 (Table 4). The direct emissions related to 1 kg of bioethanol input are
presented in Table 9.
Table 9. Direct emissions to air related to 1 kg bioethanol reforming and hydrogen production.
Carbon dioxide biogenic (kg)
Nitrogen(kg)
Oxygen (kg)
Water (kg)

Reforming emissions to air
1.895
3.448
0.338
0.694

4.6.2. System maintenance
The maintenance impacts correspond to the PEM fuel cell micro-CHP replacement pieces, the catalyst
reactivation and the heat pump refrigerant gas leakages replacement.
PEM fuel cell micro-CHP replacement pieces
The lifetimes of the micro-CHP components are detailed in section 4.2. The longer lifetime is 87’600 hours
and the shorter 17’520 hours (fuel processor membrane and membrane support). Therefore, to achieve a
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total lifetime of 87’600 hours, it is necessary to have 5 fuel processor membranes. One of them being
already included in the production stage, 4 replacements of the processor membranes is required. The
maintenance stage considers the production of the replacement pieces and materials and the end-of-life
treatment of the old pieces or materials replaced. This means that in the production stage, a complete new
micro-CHP system is provided (but only one time each piece, independently of its lifetime) and in the endof-life stage, one complete micro-CHP system is dismantled and treated (but not the pieces replaced). All
activities in relation to the replacement pieces are in this maintenance stage.
Table 10 summarizes the replacement pieces considered. The materials and end-of-life treatment detailed
in section 4.2 are applicable for the replacement pieces.
Table 10. Replacement pieces for the FluidCELL system. The number of replacements does not
include the piece constituting the micro-CHP system at the beginning.
Piece replaced
Stack (including fuel cell)
Membrane (fuel processor)
Membrane support (fuel processor)
Catalyst (fuel processor)
Pump (balance-of-plant)
Compressor (balance-of-plant)
Blower (balance-of-plant)

Number of replacements
over the entire lifetime of
the system (87’600 hours)
1
4.0
4.0
1.0
0.67
0.67
0.67

4.6.3. Catalyst reactivation
Catalyst used in the fuel processor of the FluidCELL system can be reactivated. There are 3 partial
regenerations during the 5 years lifetime of the catalyst. For this reactivation, the catalyst has to be taken
out of the system and transported to a lab where it can be regenerated under a vapor stream (5 m 3/h
steam stream during 8 hours for 1000 kg catalyst).
The reactivation for the 4.1 kg catalyst is therefore modelled as:
- Transport from the use place to the reseller by car: 100 km distance assumed, with an allocation
to 4 places visited, i.e., 25 km for the catalyst reactivation
- Transport from the reseller place to the lab by van/small truck: 200 km distance, mass allocation
(average truck filling rate)
- Steam consumption for the reactivation: 0.097 kg (0.59 kg/m3 steam)
- Transport from lab to reseller and from reseller to use place: same as in the other way
4.6.4. Heat pump gas leakages
The refrigerant gas circulating in the heat pump leaks slowly and the lost amount has to be regularly
replaced. The losses are assumed to be 100% emitted to air. Data from the ecoinvent dataset are
considered.
4.7. Micro-CHP end-of-life
The end-of-life for the micro-CHP system includes a transport to a dismantling place, a dismantling, then
depending on the material, the pieces are either incinerated or landfilled (the main of these activities in the
country considered is chosen) or recycled. It is assumed the metals are recycled, while the other materials
are incinerated or landfilled. The fate of the various elements is as defined in section 4.2. It is assumed
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the dismantling place is at a distance of 500 km from the use place, the incinerator or the landfill are
assumed to be at 30 km from the dismantling place and the recycling facilities at 100 km from the
dismantling place.
The dismantling is build based on data from the ecoinvent database: for shredding of electric and electronic
equipment, 0.066 kWh/kg material is required. The same energy consumption is considered here as a
proxy for the dismantling operations. The same proxy is done regarding the dismantling plant.
For the scenarios considered in this analysis, the average fate for the wastes that are not recycled is the
following: 45% incineration and 55% landfilling according to Eurostat 201211.
Incineration is incineration with energy recovery, what means a part of the energy from incinerated
materials is recovered as useful heat (assumed 31%) and as electricity (assumed 10%).
For the materials that are recycled, the impacts and benefits are allocated to the generator of the recycled
waste or to the user of secondary material depending on the market. The allocation applied (factor A, see
section 3.5) is determined as 0.2 for all metals used in the current study according to the PEF guidance
document12.
Regarding the heat pump, the default end-of-life as modelled in the background database ecoinvent is
considered, without applying the same dismantling and treatment rules as for the micro-CHP system.
4.8. Calculation tool
SimaPro 8.4 software, developed by PRé Consultants (www.pre.nl) was used to assist the LCA modelling
and link the reference flows with the LCI database and link the LCI flows to the relevant characterization
factors. The final LCI results were calculated combining foreground data (intermediate products and
elementary flows) with generic datasets providing cradle-to-gate background elementary flows to create a
complete inventory of the PEM fuel cell micro-CHP systems and the other compared systems.
4.9. Sensitivity analyses: analysis of different scenarios to improve the environmental
performances of the FluidCELL system
The first evaluation of the environmental impacts of the FluidCELL system (See D9.1 – Screening
environmental LCA) allowed to identify the main contributors to the environmental impacts and the key
parameters that influence the results.
Based on those results and first conclusions, different scenarios were defined, with the objective of
analysing the influence of varying some key parameters on the environmental impacts. Several scenarios
were selected and clearly defined in collaboration with the partners in order to understand the potential
improvement of the environmental performances when varying some of the parameters. Those scenarios
are described in the section below, and the results are presented in section 5.2.
4.9.1. Bioethanol production from various crops
Since the bioethanol production is the main contributor for all the indicators, the first sensitivity analysis is
performed on the type of bioethanol used as an input. the environmental impacts of bioethanol produced
11

http://ec.europa.eu/eurostat/tgm/refreshTableAction.do?tab=table&plugin=1&pcode=tsdpc240&language=en
JRC-IES. 2017. Product Environmental Footprint Category Rules Guidance. Version 6.2, June 2017. European
Commission-Joint Research Centre - Institute for Environment and Sustainability.
12
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from different crops are compared. The following bioethanol 95% purity alternatives are assessed and
compared:
- bioethanol mix used in the current study (50% rye, 50% sugar beet): based on ecoinvent v3.3 with
the energy consumption for the distillation adapted according to Kvaalen et al. (see section 4.5).
- rye: based on ecoinvent v3.3 with the energy consumption for the distillation adapted according to
Kvaalen et al. (see section 4.5).
- sugar beet: based on ecoinvent v3.3 with the energy consumption for the distillation adapted
according to Kvaalen et al. (see section 4.5).
- sugar beet molasses: based on ecoinvent v3.3 (Ethanol, without water, in 95% solution state, from
fermentation {CH}| ethanol production from sugar beet molasses | Alloc Rec, U)
- grass: based on ecoinvent v3.3 (Ethanol, without water, in 95% solution state, from fermentation
{CH}| ethanol production from grass | Alloc Rec, U)
- potatoes: based on ecoinvent v3.3 (Ethanol, without water, in 95% solution state, from fermentation
{CH}| ethanol production from potatoes | Alloc Rec, U)
- whey: based on ecoinvent v3.3 (Ethanol, without water, in 95% solution state, from fermentation
{CH}| ethanol production from whey | Alloc Rec, U)
- wood: based on ecoinvent v3.3 (Ethanol, without water, in 95% solution state, from fermentation
{CH}| ethanol production from wood | Alloc Rec, U)
- maize: based on ecoinvent v3.3 (Ethanol, without water, in 95% solution state, from fermentation
{RoW}| ethanol production from maize | Alloc Rec, U)
4.9.2. Bioethanol purity and delivery distances
As described in section 4.5, the purity of the bioethanol influences the energy consumption for its
production. As the micro-CHP plant uses bioethanol at 46% in water (molar ratio 3.4), the impact of
production of bioethanol at purity level ranging from 40% to 99.7% has been assessed. The purity of the
bioethanol used will also influence the delivery of the bioethanol: the more it is diluted, the higher is the
mass to be transported. This sensitivity analysis shows which purity level is to prefer depending on the
delivery distance, with distance ranging from 100 km to 2500 km.
4.9.3. Efficiency over time
The efficiency of the system evolves over the time due to the components degradation over time, especially
to the fuel cell decay. This sensitivity analysis aims at showing the influence of the system efficiency over
time on its environmental impacts.
The efficiency of the system at hour 0, after 12’000 hours of use, 24’000 hours (baseline) and 48’000 hours
is shown in this sensitivity analysis.
Only the efficiency of the system varies from a scenario to the other. The simulation data provided by
POLIMI are detailed in the Table 11.
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Table 11. System efficiency and bioethanol input calculation at different times.

4.9.4. Fuel cell area
The fuel cell area is a key element that influences the efficiency of the system: a larger fuel cell area means
a better efficiency during a longer time. This sensitivity analysis shows the influence of increasing the fuel
cell area without changing any other element of the system. This sensitivity analysis is done at time 0 and
24’000 hours. The objective is to see whether the more impacting fuel cell (larger area means more
materials, among others platinum and ruthenium that are quite impacting metals) surpasses the benefits
related to the better yield. The input data are provided by POLIMI and showed in Table 12.
Baseline fuel cell scenario:
- Nominal current density of 0.3 A/cm2
- 120 cells, 220 cm2 each, i.e., 2.64 m2 in total
Sensitivity scenario (fuel cell area increased):
- Decreased nominal current: 0.2 A/cm2
- 170 cells, i.e., 3.74 m2 in total
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Table 12. System efficiency and bioethanol input calculation with fuel cell area increased and
nominal current decreased and at two different times.

4.9.5. Fuel processor membrane area
The fuel processor membrane area is another key element that influences the efficiency of the system: a
larger membrane area is related to a better yield. However, a larger membrane area means a higher
environmental impact, especially due to the rare metals it is made of (palladium) that are quite impacting
materials. This sensitivity analysis shows the influence of doubling the fuel processor membrane without
changing any other element of the system. This sensitivity analysis is done at time 0 and 24’000 hours.
The input data are again provided by POLIMI and showed in Table 13.
Baseline fuel processor membrane scenario:
- Pd-Ag membrane area is 0.2686 m2 (ceramic supported membrane, 5 µm thick)
Sensitivity scenario (fuel processor membrane area increased):
- Doubled membrane area: 0.5372 m2
- Fuel cell: keep the same nominal current with 115 cells (2.53 m2)
- Reactor pressure lowered at 6 bars, no sweep steam needed at permeate side
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Table 13. System efficiency and bioethanol input calculation with fuel processor membrane area
doubled and at two different times.

5. Results and interpretation
This section presents first the main results corresponding to the impacts related to the production of
electricity and heat for 2 Italian or German dwellings. Results for the various IMPACT 2002+ indicators are
discussed. In a second part, the results obtained for the sensitivity analyses are presented.
5.1. Environmental impacts of the FluidCELL system
Figure 6 presents the impacts related to the FluidCELL system for all the indicators assessed in the study.
•

The impacts are mainly related to the bioethanol production (85% to 99% of the total impacts
depending on the indicator and country considered).

•

The bioethanol considered is made from rye at 50% and from sugar beets at 50%. The fraction of
bioethanol from rye has a higher contribution to the overall bioethanol impact (61 to 94% depending
on the indicator considered) compared to the sugar beet bioethanol fraction due to the higher
impacts of the rye cultivation. The rye cultivation contribution to the bioethanol from rye ranges
from 74% for resources up to 99% for the ecosystem quality, the remaining being due to the heat,
the chemical and the electricity used for the ethanol production.
o The rye cultivation impacts are mainly due to the production of fertilizers and the direct
emissions when fertilizers are applied on fields, to the diesel use for the agricultural
machinery and to the irrigation. The production of fertilizers requires a lot of energy, i.e.,
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fossil fuel consumption (impacting resources) and combustion (emissions of particulate
matter affecting human health and CO2 influencing climate change) and electricity (high
amounts of water withdrawal for power plants cooling). The use of diesel for agricultural
machinery influences resources, climate change and human health related to the use and
combustion of the diesel. Regarding the irrigation, its impacts are related to the energy
consumed for pumping, but also for freshwater withdrawal to the water used for the irrigation
itself. Regarding the emissions related to the fertilizers application on field, there are
emissions of dinitrogen monoxide and carbon dioxide to air related to N-fertilizers use that
influence climate change and emissions of ammonia to air influencing human health (mainly
through the respiratory effects of ammonia), but also emissions of phosphorus influencing
ecosystem quality (freshwater eutrophication). But regarding ecosystem quality, nearly all
the impacts are related to the important occupation of land by an intensive cultivation that
represents a high decrease in biodiversity compared to the original biotope.
Sugar beet cultivation is less impacting (higher yields and less fertilizers per kg product).
The sugar beet cultivation ranges from 36 to 96% of the bioethanol impact depending on
the indicator considered. The contributors to the sugar beet impacts or to the bioethanol
production are very similar for sugar beet and for rye.
The delivery of the bioethanol accounts for 1% (for freshwater withdrawal) to 20% (for
resources) of the bioethanol production and delivery depending on the indicator considered.

120%
m-CHP and heat pump production

100%

m-CHP manufacturing

80%

m-CHP delivery

60%

bioethanol production and delivery

40%

m-CHP and heat pump use
20%
m-CHP and heat pump EOL

Italy

Water withdrawal

Human health

Ecosystem quality

Resources

Climate change

Water withdrawal

Human health

Ecosystem quality

Resources

-20%

Climate change

0%
Net impacts

Germany

Figure 6. Environmental impacts of the FluidCELL system per functional unit (the production of
heat and electricity to fulfil the needs of 2 Italian or German dwellings over one year) with relative
contributions of the different life cycle stages to the total net impacts. Negative values correspond
to an environmental credit and are due to the recycling of some materials in the end-of-life (EOL)
stage. Indeed, the recycling provides secondary material on the market that will enable to avoid
primary material use.
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•

The micro-CHP and heat pump use represents the second contributor to the impacts. More
details for this life cycle stage are presented in Figure 7. This life cycle stage includes the
production and end-of-life of the replacement pieces, the fuel processor catalyst reactivation and
the heat pump refrigerant gas leakage (emissions to air and production of replacement fluid).
o The high impact for the production of the replacement pieces is due mainly to the metals
as palladium and platinum used for the fuel cell electrode, the fuel processor membrane
and catalyst. The electricity consumption to produce the replacement membranes as well
as the isopropanol considered as solvent for the fuel cell production are also important
contributors for the resources indicators.
o It has to be noted that the lifetime of the membrane and membrane support considered for
the study is 2 years while the exact lifetime could be longer (no enough perspective to have
a clear idea of the lifetime). If the lifetime was of e.g., 5 years (i.e., same as the catalyst
lifetime), the contribution of the additional membrane and membrane support would be four
times lower (only one additional piece instead of 4 in the baseline scenario).
o The water withdrawal related to the micro-CHP production is explained by the electricity
consumed for the extraction, refining and manufacturing of the different elements. The
water withdrawal behind this electricity consumption is due to the large amount of cooling
water used in power plants, especially in nuclear power plants.
o The production and end-of-life of the replacement pieces for the balance-of-plant (blower,
compressor and pump) are very small contributors. The catalyst reactivation is also very
small.
o Finally, the emissions and replacement of the refrigerant gas from the heat pump is
negligible for all indicator but of high importance for the climate change: 34% of the use
stage impacts. The refrigerant gas considered, HFC 134a, is indeed a greenhouse gas
(1301 kg CO2-eq/kg HFC 134a emitted to air).

•

The impacts for CHP production, manufacturing, delivery and end-of-life are very low compared to
the other life cycle stages. However, as the project is focused on infrastructure development and
improvement, a detailed analysis is presented below to understand clearly the environmental
impacts of the production, maintenance and end-of-life of the infrastructure.

•

It has to be noted that the contributions of the micro-CHP and heat pump production, use and endof-life are slightly higher regarding human health than for the other indicators.
o This higher contribution is due to the emissions of substances affecting human health in the
production of various metals used in the different components, both for the production but
also for the maintenance. These emissions occur partly around mining sites (emissions
from tailings to water, e.g., arsenic) and partly during the metals refining and manufacturing
(emissions of sulphur dioxide in the refining of platinum and palladium and particulate
matter emissions from fossil fuels combustion for energy or electricity generation). Platinum
and palladium are particularly impacting on the human health due to these emissions at
mines and during refining. The heavy metallic pieces of the balance-of-plant are also
contributing to the human health impacts.
o For the micro-CHP and heat pump end-of-life, the benefits are obtained through the metals
recycling that avoids the production of primary metals that would have induced the toxic
emissions described above.
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Figure 7. Environmental impacts of the m-CHP and heat pump use with relative contributions of
the different life cycle stages to the total net impacts. FP stands for fuel processor. Heat pump
refrigerant gas corresponds to the emissions (leakages) of gas and to the production and delivery
of replacement gas. The additional pieces are in fact the replacement pieces: some pieces need to
be changed one or several times on the 10 years overall lifetime of the system.
Focus on the FluidCELL m-CHP and heat pump production and end-of-life
The main contributors to the mCHP and heat pump production and end-of-life are detailed in Figure 8.
•

•

The main contributors to the impacts of m-CHP and heat pump production are the fuel
processor and the balance-of-plant production, which represent a higher impact than the stack
production.
o Regarding the impacts of the stack production, the fuel cell production represents a
contribution of 92 to 97% depending on the indicator assessed.
o The heat pump production has a very low contribution.
For the end-of-life, it is important to note that the “negative impacts” represent environmental
benefits. These benefits are due to the recycling that enables to generate secondary materials that
will avoid other users to consume primary materials, more impacting.
o The higher benefits come from the fuel processor thanks to the recovery of the noble metals
in the catalyst and the membrane.
o The balance of plant represents also a benefit through the recycling of the metallic pieces
(housing in steel, copper and aluminium in several pieces, etc.).
o Regarding the stack, it also corresponds to a benefit, thanks to the recovery of the platinum
and ruthenium from the fuel cell.
o Regarding the heat pump, its end-of-life does not represent a benefit regarding the climate
change: the incineration of the plastic parts and the treatment and emissions of the
refrigerant gas (greenhouse gas) are more impacting than the benefits related to the
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recycling of the metallic elements. For the other indicators, it becomes a benefit because
the refrigerant gas emissions have less influence on these indicators, as well as the plastic
incineration. The benefits are due to the recycling of the metallic pieces, but also to the
energy recovery from incineration of plastic parts.
•

The impacts and benefits related to metallic pieces production are high for all indicators assessed.
Regarding climate change, the impacts are due to the fossil fuels burned to produce the energy
required for the extraction but above all for the refining and forming of these pieces. For the
resources, the use of these fuels explains also the impacts. Considering ecosystem quality, the
impacts are mostly related to the emissions of polluting substances, mainly metallic elements,
linked to mining activities and to disposal treatments. For human health, the impacts are related to
the energy used for mining, refining and forming (fossil fuels burned emit particulate matter) and to
the emissions of polluting substances at mines (emissions from tailings). Finally, regarding the
water withdrawal is due to the electricity consumed in the supply chain of metals (refining and
manufacturing) and is related to the cooling water used in power plant.

•

As specified above, the contribution of infrastructure production and end-of-life to the human health
impacts is a bit higher than for the other indicators. The impacts related to the emissions of toxic
substances related to the metallic pieces, especially the rare metals extraction and refining is
250%
proportionally higher than the emissions we could have for the other life cycle stages.
200%
150%

Heat pump EOL
m-CHP EOL - BoP

100%

m-CHP EOL - Fuel processor
m-CHP EOL - Stack

50%

Heat pump prod
m-CHP prod - BoP
Water withdrawal

Human health

Ecosystem quality

Resources

Climate change

Water withdrawal

Human health

Ecosystem quality

-100%

Resources

-50%

Climate change

0%

m-CHP prod - Fuel processor
m-CHP prod - Stack
Net impacts

Italy
Germany
-150%
Figure 8. Environmental impacts related to the m-CHP and heat pump production and end-of-life
relative contributions of the different life cycle stages to the total net impacts.

Based on this assessment of the FluidCELL system, it is clear that all actions that can influence the
bioethanol supply can be important drivers to reduce the environmental impacts:
• Explore less impacting bioethanol
• Reduce the delivery distance for bioethanol
• Actions that could increase the efficiency and therefore decrease the bioethanol consumption
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Next to these improvements related to the bioethanol, trying to lighten the heavy metallic pieces and
ensure that the micro-CHP is easily dismountable to be able to recycle as much as possible the different
pieces are important actions too.

5.2. Sensitivity analyses: environmental impacts of different scenarios to improve the
environmental performances of the FluidCELL system
As explained in section 4.9, several scenarios were selected and clearly defined in collaboration with the
partners in order to understand the potential improvement of the environmental performances when
varying some of the parameters. The environmental impacts of those scenarios and therefore their
potential of improvement of the environmental impacts of the FluidCELL system are presented in the
section below.
5.2.1. Bioethanol production from various crops
Figure 9 shows the results for the sensitivity analysis on bioethanol production.

Figure 9. Comparison of the production of bioethanol made from various crops. The mix of rye and
sugar beet bioethanol (50-50%) is set at 100% for all indicators. It is the bioethanol used in the
modelling for all PEM fuel cell micro-CHP. The bottom part of each bar corresponds to the crop
cultivation impacts while the upper part of the bar corresponds to the bioethanol production itself.
There are important variations in the impacts for the bioethanol production. The fermentation and
distillation process can contribute from 1% to 91% of the total bioethanol impacts. The crop cultivation
impacts are influenced by the yield, the fertilizers and pesticides used, the energy for drying the crop when
needed, the intensity of agricultural machinery use (diesel combustion), and also the allocation between
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the crop and potential co-products. For wood, the impacts of “cultivation” are related to the extraction,
transport and transformation of wood, and to the use of forest land.
Regarding the impacts on ecosystem quality, they are generally driven by heavy metals uptake and
emissions. Indeed, metals have a very long life (they do not degrade) and have therefore an impact on the
long-term, making them of important influence on this indicator. The much higher impacts for potatoes for
ecosystem quality are due to zinc emissions during the cultivation of potatoes. Rye has the second highest
impacts for ecosystem quality, but this is due to the land occupied by rye cultivation and therefore not
linked to the emissions of metals. On the other hand, the sugar and sugar beet molasses have a very low
impact on ecosystem quality due to the fact the uptake heavy metals from the soil during the beet growth.
However, the release of these heavy metals later in the life cycle is not considered and therefore this effect
should not be considered as an advantage.
It appears that the bioethanol made from grass, whey or wood is the most interesting when considering all
the indicators assessed. The sugar beet and sugar beet molasses perform also quite good. However, they
correspond for the sugar to a biomass source directly in competition with food production, what is
debatable.
Maize, rye and potatoes bioethanol are the more impacting regarding all the indicators and they also are
directly competing with food and fodder use making them less good alternatives.
This sensitivity analysis shows the importance of the choice of a second-generation bioethanol for the
reduction of the environmental impacts.
5.2.2. Bioethanol purity and delivery distances
Figure 10 shows the impacts on climate change for the production and distribution of bioethanol at different
concentrations over different delivery distances.
Up to 325 km, the best bioethanol concentration in terms of climate change is the 70% bioethanol, then
from 325 km to 1380 km, the bioethanol at a 95% concentration becomes the most interesting and from
1380 km delivery, the 99.7% bioethanol is to be preferred.
The bioethanol delivery distance being most probably in the range from 325 km to 1380 km, the bioethanol
concentration to prefer is the 95%. This is the concentration that has been considered for the baseline
scenario calculations.
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Figure 10. Impacts on climate change related to the production and delivery of the equivalent of 1
MJ bioethanol over different distances.
This analysis has been done for the other indicators and the thresholds are a bit different depending on
the indicator considered (see Table 14). For a delivery distance of 500 km, the bioethanol concentration
resulting in the lower impacts is the 95% for climate change and resources, 99.7% for ecosystem quality
and human health and 70% for water withdrawal. The bioethanol 40% is the best solution in case of onsite production. The bioethanol 50% and 70% are suitable for local to regional supply. 95% or 99.7%
bioethanol correspond to the best choice in case of supply at country level. For water withdrawal, the
ranges are a bit different and the lower concentrations up to 70% are more interesting: the 95%bioethanol
begins to be interesting at 2600 km only, i.e., very long delivery distance and the bioethanol 99.7% is the
best option from 12’000 km that does not correspond to a realistic delivery distance.
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Table 14. Type of bioethanol having the lowest impacts for the 5 indicators assessed and different
delivery distances.
Delivery
distance
(km)
0
100
200
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1700
2000
2100
2200
2300
2400
2500
2600
12000

Climate
change

Resources

Ecosystem
quality

Bioethanol 40%

Bioethanol 40%

Bioethanol 40%

Bioethanol 70%

Bioethanol 70%

Bioethanol 95%

Human health

Water withdrawal

Bioethanol 40%
Bioethanol 70%

Bioethanol 40%
Bioethanol 50%

Bioethanol 95%

Bioethanol 95%
Bioethanol 95%
Bioethanol 70%
Bioethanol
99.7%

Bioethanol
99.7%

Bioethanol
99.7%

Bioethanol
99.7%
Bioethanol 95%
Bioethanol 99.7%

This sensitivity analysis shows that depending on the distance to the bioethanol production plant, the
bioethanol concentration leading to the lower impacts is different. With the most probable distance, the
bioethanol at 95% seems to be a good compromise.
5.2.3. Efficiency over time
Figure 11 presents the scores obtained for the FluidCELL system at different times. The efficiencies at
time 0 being the highest, it results in lower impacts. The impacts increase with the lifetime of the system
and with the efficiency decrease of the system (stack decay).
The scores obtained after about 5 years of use (48’000 hours) are about 20% higher than the scores at
time 0. The same trend is observed in Italy and Germany.
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Figure 11. Sensitivity analyses on the efficiency of the FluidCELL system over time.
This analysis shows how the efficiency influences the environmental impacts. Trying to maintain a better
efficiency on a longer timeframe would be a good way to reduce the environmental impacts.
5.2.1. Fuel cell area
The evolution of the FluidCELL system results (Italian market) with an increase of the fuel cell area are
presented in Figure 12. Independently of the lifetime of the system (0 hours or 24’000 hours), the scores
obtained with a fuel cell area 1.5 times larger than in the baseline scenario enable to reduce the impacts.
This is valid for all the indicators assessed in the study. The reduction is very small 1 to 4% making this
action not so significant. However, it shows that the decrease in terms of bioethanol consumption is higher
than the increase in terms of fuel cell production, maintenance and end-of-life impacts. This means that
increasing more the fuel cell area could lead to better results if the efficiency increases faster than the fuel
cell area.
It has to be noted that combining this action with the use of bioethanol of second generation does not lead
to the same conclusions. Indeed, with a lower contribution of the bioethanol with the base design, the
reduction in terms of bioethanol consumption would not compensate the increase in terms of infrastructure
impacts (fuel cell amount increase), leading to higher impacts for the scenario with the larger fuel cell area
than for the baseline design.
For this reason and because the reduction is quite small with the original bioethanol, one has to be very
careful and check the implication of slight changes in the system design on the environment. It would be
interesting to assess other design variations if some of them are expected to have a higher influence on
the system efficiency.
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Figure 12. Sensitivity analysis on the increase of the fuel cell area for the FluidCELL system. Scores
presented are for the Italian market. The base design at time 24’000 hours is set at 100% for each
indicator.
The improvement of the efficiency related to an increase of the fuel cell area is a good track to work on
environmental impacts reduction.
5.2.2. Fuel processor membrane area
Figure 13 shows the evolution of the impacts related to an increase of the fuel processor membrane area
for the Italian market and for two different lifetimes of the system (0 and 24’000 hours).
As for the fuel cell area, the increase of the fuel processor membrane area improves the efficiency of the
system, leading to lower bioethanol consumption for the 24’000 hours scenario. For the 0 hours scenario,
the bioethanol consumption in baseline design and design with doubled membrane area is very close
according to the simulation data provided by POLIMI.
For the scenario at the time 0, as there is no bioethanol consumption reduction and because of the
equipment impact increase (fuel processor membrane area increase means more materials to produce,
replace, and dispose at the end-of-life), the impacts are slightly higher with the new design than in the
baseline design. After 24’000 hours of use, the results show that the reduction of the amount of bioethanol
consumed is compensated by the increase of the infrastructure impacts, leading to higher scores for the
new design compared to the baseline design. This is especially true for human health, for which the fuel
processor membrane is a more important contributor.
To choose designs enabling to increase the efficiency is therefore an interesting option as shown in the
previous sensitivity analysis but acting on the fuel processor membrane area does not sufficiently improve
the system efficiency.
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Figure 13. Sensitivity analysis on the increase of the fuel processor membrane area for the
FluidCELL system. Scores presented are for the Italian market. The base design at time 24’000
hours is set at 100% for each indicator.
5.3. Study limitations
The LCA results presented here are limited to the objectives, goal and scope defined beforehand. This
study is based on available primary data combined with generic data from a preliminary literature research,
existing commercial databases or best estimates. There are, therefore, some important limitations to the
outcomes of this study.
•

Unlike environmental risk assessment conducted in a regulatory context, which uses a
conservative approach, LCA seeks to provide the best possible estimate. In other words, the LCIA
tries to represent the most probable case in that the models (of transport and fate of contaminants
in the environment and of toxic effects on biological receptors) do not attempt to maximize exposure
and environmental damage, the worst-case scenario approach.
• This study is an attributional LCA study, not a consequential LCA. In short, it focuses only the
environmentally relevant flows to and from the systems studied, and not on any marginal
perturbations of those flows as a result of changes in the life cycle.
• LCIA methodologies such as IMPACT 2002+ do not and cannot characterize the wide array of
emissions released to soil, air and water from processes. However, it does characterize the most
well-known pollutants and in doing such, provides the best estimate to evaluate environmental
impact.
• Micro-CHP production, maintenance and end-of-life
o No losses are considered in the PEM fuel cell micro-CHP systems production
o The infrastructure necessary in the dwellings for the water heating and radiant system
(water accumulation, radiator or floor heating system) are not included in the study. It is
assumed it would be similar for all the scenarios assessed.
• Bioethanol production and delivery
o No impact related to deforestation due to the cultivation of the crop used for bioethanol is
included in this study. Indeed, crops are assumed to be cultivated in a European country
without deforestation. If deforestation was caused by the crop cultivation, the impacts would
be strongly affected. For this reason, the results of this study are not useable if bioethanol
was imported from a region where deforestation occurs.
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Bioethanol from biomass wastes or from less valuable biomass (e.g., wood, grass) has
been assessed in this LCA and appears are more environmentally friendly than bioethanol
produced from food crops. It has to be noted that the biomass wastes can be demanded
for various uses and therefore it is possible that in the future the pressure on agricultural
wastes will be high, making them not being wastes anymore but products. This would result
in a higher allocation of the impacts to this fraction of biomass, leading to higher
environmental impacts.

When this study is communicated to stakeholders, the magnitude and nature of the limitations should be
communicated at the same time.
6. Recommendations for the improvement of the environmental performances of the FluidCELL
system
Based on the results of this LCA and the different sensitivity analyses performed, some levers can be
identified to lower the environmental impacts:
• All actions that can increase the global efficiency should be explored, since bioethanol remain the
main contributor to the global impacts of the system.
o As shown with the sensitivity analyses on fuel cell area and fuel processor membrane area,
depending on the type of pieces of the equipment that are changed/increased, the effect
can be positive or negative.
o Trying to maintain a better efficiency on a longer timeframe is a good way to reduce the
environmental impacts.
• Encourage the use of low impacting bioethanol.
o To minimise the bioethanol impacts, the crop used to produce it should have a high yield,
a low agrochemical input, should not require irrigation and finally not be related to
deforestation (not tested in the present study but deforestation is known to increase the
impacts in an important manner).
o Second generation bioethanol are an interesting option to explore. However, the increasing
needs in biomass products will transform today’s biomass wastes into tomorrow’s biomass
products and their allocated impacts will therefore increase in the future.
o A potential production on site of bioethanol made from biomass wastes available on site
could be explored. It is however unclear the yields that could be obtained for a small scale
on-site production and if it would be competitive with large scale production. Also, it is
unclear if the biomass available on-site would cover the needs to produce bioethanol
required for the two off-grid dwellings studied.
• Decrease the impacts related to bioethanol delivery
o Try to find a close bioethanol production place to reduce the delivery distance is also a good
track to decrease the environmental impacts.
o Ensure to choose the right bioethanol dilution depending on the delivery distance from
bioethanol production plant to the off-grid dwellings.
• For the additional heat and electricity needed to fulfil the dwellings needs, having a heat pump is
an interesting option but exploring wood pellet stove could be interesting too.
• Decrease the impacts of infrastructures (m-CHP and heat pump production, maintenance and endof-life):
o Given the high contribution of the platinum, palladium and ruthenium to the overall impacts,
ensure recycling of these metals at the end-of-life. If possible reduce the mass of these
elements should be tested, but always by maintaining the efficiency of the system.
o Try to lighten the heavy metallic pieces and ensure that the micro-CHP is easily
dismountable at the end-of-life to be able to recycle as much as possible the different
pieces.
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7. Conclusion
The results of this study show that FluidCELL main impacts are related to the bioethanol production, mainly
due to the rye cultivation impacts. The equipment production, maintenance and end-of-life are lower
contributors to the overall impacts.
It is possible to improve the FluidCELL environmental scores by changing the bioethanol fuel considered:
using second generation fuel (e.g., wood or grass) can reduce a lot the overall impacts. A potential next
step for this study would be to assess the feasibility and impacts of an on-site production of bioethanol.
This would avoid the transport from the bioethanol place to the use place and would enable to use the
local biomass wastes available. However, it would be a lower scale production, potentially leading to higher
impacts (no scale effect, maybe lower technology applicable) and it would maybe represent a too high
price.
Then, acting on the efficiency of the system through an increase of the fuel cell area can reduce also a bit
the impacts, with the baseline bioethanol considered (50% from rye, 50% from sugar beet). On the
contrary, increasing the fuel processor membrane area does not appear as an interesting way of increasing
the system efficiency from the environmental point of view. Other alternatives to improve the efficiency
could be explored in the future to reduce more the FluidCELL scores. To this exploration about the increase
of system efficiency, eco-design of different pieces could be investigated, to improve the final impact of
the system: e.g., ensuring the recyclability of the different pieces, lightening the elements that could be
lightened, choosing less impacting material or work on the lifetime of the pieces.
To conclude, there are 3 main key learnings of this study. First of all, the electric and thermal efficiencies
of the systems are crucial parameters. Secondly, the composition of the micro-CHP systems has not a
direct influence on the impacts: the production, maintenance and end-of-life of the system do not contribute
a lot to the overall impacts; but only an indirect influence as they influence the system efficiency. Finally,
the type of bioethanol used influences a lot the environmental impacts. The choice of sourcing of the
bioethanol is therefore of importance in terms of environmental impacts.
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8. ANNEXES
8.1. Acronyms and abbreviations
ATR MR

Autothermal reforming with membrane reformer

BoP

Balance-of-plant

CHP

Combined heat and power

EOL

End-of-life

FC

Fuel cell

FCH-JU

Fuel Cells and Hydrogen – Joint Undertaking

FP

Fuel processor

ISO

International Organization for Standardization

JRC-IES

Joint Research Centre – Institute for Environment and Sustainability

LCA

Life cycle assessment

LCI

Life cycle inventory

LCIA

Life cycle impact assessment

PEM

Proton exchange membrane
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