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Publishable executive summary

HYBUILD is an EU Horizon 2020-funded project, led by COMSA, which will develop two
innovative compact hybrid electrical/thermal energy storage systems for stand-alone and
district connected buildings.

Deliverable D5.1 aims at presenting a clear and complete description of the life cycle assessment
(LCA) of the two HYBUILD systems developed within Task 5.1 “Life Cycle Assessment (LCA)”. The
results of this study focus mostly on the innovative parts of the systems to identify
environmental “hot spots” in the new products life cycle as compared against conventional
products. Two common and conventional systems were defined and analysed, one for the
Mediterranean climate and one for the Continental climate, which were needed as reference
systems to allow a comparative approach between the HYBUILD and the conventional systems.

The main objective of this deliverable is to assess the environmental impact of the most
innovative components of the HYBUILD systems to identify the key points related to the
components design. Therefore, a parametric study was conducted to assist in the analysis
carried out to achieve the objectives of this task. For a better comparison of the HYBUILD
systems with the conventional systems, the LCA was carried out also considering hypothetical
commercial HYBUILD systems installed in hypothetical reference building. Results show that for
the Mediterranean system:
- When using the ReCiPe indicator:

o The overall impact of the HYBUILD system is higher than for the reference
system.

o The damage category with higher impact is the eco-system quality one, and
within this, the urban land occupation withstands among all others.

o The HYBUILD system has higher impact in the manufacturing and disposal
stages, but lower impact in the operation stage.

- When using the IPCC GWP indicator:

o The impact of the HYBUILD system is lower than that of the reference system.

o In this case, the impact of the operation stage clearly makes the difference,
despite the fact that in the manufacturing stage the impact of the HYBUILD
system is higher than that of the reference system.

- Contribution of the different subsystems:

o In the Mediterranean system, the sub-systems with higher contribution in the
overall impact are the latent TES system (30%), the sorption storage (26%), and
the solar field (21%).

o The other systems have much lower contribution, i.e. electrical storage (14%),
heat pump (7%), PV panels (1%), and sensible heat storage (1%).

- Parametric study:

o Given that it is the sub-system with higher contribution to the overall impact
and that is also has an impact to the energy performance of the system, the
influence of the latent storage system in the overall impact is evaluated.

o When changing the ratio PCM-aluminium in the storage component (the two

materials with higher impact in the energy performance and in the
environmental evaluation), the contribution of this sub-system to the overall
impact changes from 21% to 34%, showing that this is an aspect to study to
improve the life-cycle impact of the Mediterranean system.

Results show that for the Continental system:



‘:‘:HYPQ!LD Deliverable D5.1

- When using the ReCiPe indicator:

o The overall impact of the HYBUILD system is lower than that of the reference
system.

o Inall damage categories, the impact of the HYBULD system is lower than that of
the reference system.

o The impact of the manufacturing and disposal stage is higher than for the
operational stage, but here this difference is compensated with the one of the
operation stage.

- When using the IPCC GWP indicator:

o The impact of the HYBUILD system is lower than that of the reference system.

o In this case, the impact of the operation stage clearly makes the difference,
despite the fact that in the manufacturing stage the impact of the HYBUILD
system is higher than that of the reference system.

- Contribution of the different subsystems:

o In the Continental system, the sensible heat storage and the PV panels are the
subsystems with higher impact (both with a contribution of 34% and 30%,
respectively).

o The high temperature latent TES storage sub-system has a contribution of 20%.

o The other two sub-systems considered, the electrical storage and the
compression heat pump have a contribution of 10% and 6%, respectively.

- Parametric study:

o The influence of the impact of the refrigerant was analysed.

o The analysis is done taking R134a as baseline, since this is the refrigerant found
in the used database, i.e. Ecoinvent.

o The analysis done both changing the impact of the refrigerant or changing the
amount of refrigerant shows that the contribution of the refrigerant to the
overall impact of the Continental system does not vary enough to consider that
decreasing the impact of the refrigerant will have a contribution in decreasing
the overall impact of the HYBUILD system.

Two papers were prepared based on the results presented in this deliverable:
- Paper 1: LCA of the Mediterranean system

Title: Life cycle assessment (LCA) of an innovative compact hybrid electrical-thermal storage
system for residential buildings in Mediterranean climate

Authors: Gabriel Zsembinszki (UDL), Noelia Llantoy (UDL), Valeria Palomba (CNR ITAE),
Andrea Frazzica (CNR ITAE), Mattia Dallapiccola (EURAC), Federico Trentin (EURAC), Luisa F.
Cabeza (UDL)

Journal: submitted to the Special Issue “Life-Cycle Assessment of Energy Storage in Building
Applications” of Sustainability (MDPI)

- Paper 2: LCA of the Continental system

Title: Life cycle assessment of an innovative hybrid energy storage system for residential
buildings in Continental climate

Authors: Noelia Llantoy (UDL), Gabriel Zsembinszki (UDL), Valeria Palomba (CNR ITAE),
Andrea Frazzica (CNR ITAE), Mattia Dallapiccola (EURAC), Federico Trentin (EURAC), Luisa F.
Cabeza (UDL)
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Journal: submitted to the Special Issue “Retrofitting Buildings and Energy Efficiency” of
Applied Sciences (MDPI)

Moreover, all data related to this task were made available in the Open Data DataverseCat
repository (https://dataverse.csuc.cat/) at doi:10.34810/data45 (for Mediterranean climate
systems) and doi:10.34810/data44 (for Continental climate systems).
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1 INTRODUCTION

1.1 Aims and objectives

HYBUILD is an EU Horizon 2020-funded project, led by COMSA, which will develop two
innovative compact hybrid electrical/thermal energy storage systems for stand-alone and
district connected buildings.

Deliverable 5.1 “Life Cycle Assessment of the HYBUILD system” reports a clear and complete
description of the life cycle assessment (LCA) of the two HYBUILD systems developed within Task
5.1 “Life Cycle Assessment (LCA)” of the project. Specifically, the goals and scope of the LCA are
detailed, as well as the complete list of components or materials that are included in the study,
along with the energy consumption associated with the system during the life-span considered.
The results of this study focus mostly on the innovative parts of the systems to identify
environmental “hot spots” in the new products life cycle as compared against conventional
products. To achieve this, two common and conventional systems were defined and analysed,
one for the Mediterranean and one for the Continental HYBUILD systems, as reference systems
that should allow a comparative approach.

Therefore, the main objective of this deliverable is to assess the environmental impact of the
main and most innovative components of the HYBUILD systems to identify those aspects of the
components design that have significant impact and the key points or issues to be addressed to
increase the feasibility of the future HYBUILD commercial product. A parametric study was also
conducted to assist in achieving the aforementioned objective. It should be highlighted that the
LCA was carried out considering hypothetical commercial HYBUILD systems and not the ones
developed and implemented in the three demo sites.

The results of the LCA performed in Task 5.1 could be of interest to many manufacturer
companies both within the project and external. This report is a useful resource available to
consortium partners according to the related activities described in the following section 1.2.
Also, as its dissemination level is “Public”, all external stakeholders potentially interested in the
LCA results will have access to the main finding with respect to the environmental impact of
relevant parts of both Mediterranean and Continental HYBUILD systems. Moreover, since the
data used for the analysis will be part of an Open Research Data Pilot, special care was taken to
avoid disclosing sensible information while preserving the relevant data provided by some of
the project partners.

1.2 Relations to other activities in the project

Although the LCA is performed with the commercial HYBUILD systems, most of the information
on the system components needed for the LCA was provided by components developers or
manufacturers involved in WP2 “Core components and modules design”. A scaling factor was
assumed when the demo-site size is different from the one of the commercial system. Therefore,
LCA required inputs from WP2 and results provided by LCA could also be useful in the
components design for the future commercial systems.

The definition of the reference buildings as well as the boundary conditions was done
considering inputs from the activities carried out in Task 1.1 “Specific climate considerations and
Building typological classification” and reported in Deliverable D1.1 “Requirements: context of
application, building classification and dynamic uses consideration”.

Moreover, activities carried out within WP4 “Smart control and System integration” also
provided input to this deliverable. Specifically, the results of the simulations of both HYBUILD
systems defined in WP4 for the control system development and reported in Deliverable 4.2

10
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“Functional requirements specification” were used to assess the impact of the operational phase
of the LCA.

1.3 Report structure
The deliverable is divided into seven sections.

Section 1 describes the aim and objectives of the report, its main structure, partners
contributions, and relationship with the rest of the project.

Section 2 briefly explains the general concept and relevance of LCA and what standards should
be considered for its application in systems such as the ones developed within HYBUILD.

Section 0 presents a short description of the main characteristics of the reference buildings and
of the reference systems that were used for the comparative approach followed for the LCA.

Section 4 describes the overall approach and methodology that was applied for the LCA,
explaining the tools that were used, the goal and scope of the LCA, and the stages of the LCA
that were included in the analysis.

Section 5 presents the results of the whole LCA as a comparison between the reference and the
HYBUILD systems and the main assumptions made in the different phases. The full inventory of
all systems will be shown, and the individual impact and influence of the main components of
the HYBUILD systems in the overall LCA impact are analysed.

Section 0 presents different parametric studies to assess the impact of changing different input
variables on the overall results.

Section 7 provides the main conclusions of this report and highlights the key findings and
guidelines for future work.

Section 8 provides the list of references.

1.4 Contribution of partners

The contribution of the different partners to this deliverable is listed below:
UDL: Questionnaire, inventory, analysis of the results, parametric study.
STRESS: Revision of the questionnaire and inventory.

EURAC: Simulations to obtain operational data.

ITAE: Revision of the questionnaire and inventory, analysis and parametric study.
CSEM: Data input for manufacturing stage.

AKG: Data input for manufacturing stage.

FAHR: Data input for manufacturing stage.

OCHS: Data input for manufacturing stage.

FRES: Data input for manufacturing stage.

PINK: Data input for manufacturing stage.

11
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2 INTRODUCTION TO LCA
2.1 Definition and background

According to the Society of Environmental Toxicology and Chemistry (SETAC) [1], LCA is the most
utilized methodology to investigate the potential ecological impact of all activities, product or
services without geographic limit o functional, since it discusses all processes followed by the
raw materials, from their extraction, transformation, and use until their return in the waste
form. SETAC was the first organisation to establish in the decade of the 1990s the criteria of the
methodology, which served as the basis for the development of the first LCA standards (I1SO
14040-14044) [2,3] published between 1997 and 1998.

LCA is a potential environmental management tool whose purpose is to analyse in an objective,
methodical, systematic, and scientific way the environmental impact caused by a process, a
product, or a service during its entire life cycle, that is, from cradle to grave. Therefore, LCA is a
methodology whose main objective is to assess the environmental impact during the entire
useful life of the object analysed. The environmental impact refers to aspects such as climate
change, ozone depletion, ecotoxicity, human toxicity, photochemical ozone formation,
acidification, eutrophication, resource depletion, and land use.

2.2 Different steps for LCA

A full LCA requires significant effort and expertise, although performing an LCA should at least
be performed through four main steps interrelated among them, according to UNE-EN 1SO
14040:2006 standard [2] (Figure 1):

Goal and
scope
definition
<«
Life cycle

inventory
(Lcry

1!

Interpretation

1!

11

Life cycle
impact

assessment
(LCIA) \ 4

Figure 1. Main steps of the LCA methodology (adapted from I1SO 14040)

- Goal and scope definition. In this stage, the intended application and different reasons
to carry out the LCA study are established. Also, main impact categories should be
included in this stage (for each project would be different).

- Life cycle inventory. In this stage, the compilation of an inventory of the relevant inputs
and outputs of the system (product/process under consideration) is done. It consists in
acquiring relevant data on the materials per unit of MJ/kg/unit and this data is
multiplied by the total MJ/kg/units of each material to obtain the outputs.

- Life cycle impact assessment (LCIA). It is the assessment of the potential environmental
impact associated with the identified inputs and outputs of the inventory. Note that in
this phase the inventory is related with its impacts.

12



‘:‘:HYPQ!LD Deliverable D5.1

- Interpretation of the results. The interpretation of the results of the inventory analysis
and impact assessment phases in accordance with the study’s objective. It is the
combination of the impact assessment that must include consistent results with the goal
and scope that has been already determined. The methodology analyses the process
from the cradle to grave, including the purchase of raw materials, manufacture,
distribution, use and end of life. The results should give information regarding the
environmental impact, economic and social criteria supporting the decision-making
process related to system design.

2.3 Impact analysis

The methodology used in this study applies the recommendations from the international
standards. As previously said, the scope, assumptions, and limitations should remain wide
enough in order to allow for prospective studies. Furthermore, this methodology integrates the
analysis of energy demand with the evaluation of environmental impacts in a global way, thus
avoiding partial assessments.

To sum up, the environmental impacts are calculated through ReCiPe [4] and IPCC GWP100a
and GWP20a [5].

2.3.1 ReCiPe indicator

The ReCipe indicator, a method used to calculate the environmental impact, is based on an
update version of CML and Eco-indicator99. The ReCiPe is used to transform the emissions
shown in the LCl into indicators. This means that it shows the environmental impact. Those
indicators are determined at two levels:

- 18 midpoint indicators.
- 3 endpoints.

Midpoint categories are based on a scientific background but can sometimes be difficult to
interpret, while endpoint categories are damage oriented an easier to interpret.

2.3.2 IPCC GWP method

The IPCC GWP is a global warming potential index based on the ratio of the radiative damage
force of the greenhouse gases in order to compare the greenhouse effect (units of mass) of each
greenhouse gas.

These are the key factors influencing the GWP of a greenhouse gas:

- The atmospheric lifetime of the gas.
- The electromagnetic spectrum that the gas is able to absorb.
- The gases absorption of infrared radiation.

Therefore, in order to have a high GWP value, the gas must have a long atmospheric lifetime,
which means that the gas lasts enough time in the atmosphere to spread through it and mix
with the other components. The value of the GWP depends on the time horizon over which the
greenhouse effect of the gas is evaluated. To predict long-term effects of the gas emissions,
GWP100 or GWP500 parameters are used, while for short-term effects, GWP20 or GWP50
parameters are most common. The values of all these parameters are periodically published by
the Intergovernmental Panel on Climate Change (IPCC). The most widely used are the GWP100
and the GWP20.

13
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3 DESCRIPTION OF THE BUILDINGS AND SYSTEMS

3.1 Reference buildings

One reference building was defined for each of the two types of systems, i.e. one corresponding
to the hot climate regions and the other one to the cold climate regions, where the
Mediterranean and Continental systems would be implemented, respectively. This approach
was adopted to allow to perform a comparative LCA for both type of systems developed within
HYBUILD. The exhaustive analysis carried out in Task 1.1 “Specific climate considerations and
Building typological classification” allowed to determine the most representative type of
buildings to be considered in the hot and cold regions, along with useful results such as heating
and cooling peak load and energy demand profile. The details of the selected buildings are given
in the following subsections.

3.1.1 Maediterranean climate reference building

A single-family house (SFH) was considered as the most representative building typology for the
building stock in Mediterranean climate regions. The building was assumed to be located in
Athens, in the Attica region, in the southeast part of Greece. The reference building was defined
following the common characteristics for a European SFH and consists of two floors, each having
a living surface area of 50 m?, inhabited by four people. The ceiling/floor heights considered
were 2.5 m/3.0 m, while the building width/depth were 6.5 m/8.0 m. The glazing ratio changes
according to the fagade orientation: 20% on the south side, 10% on the north side, and 12% on
the east and west sides. No balcony was considered, and an overhang due to the roof was
considered. A 302 tilted saddle roof was assumed. A sketch and picture of the reference building
for the Mediterranean climate are shown in Figure 2. The fagade with the two glass doors visible
in the 3D sketch was assumed to face south.

Figure 2. Sketch and picture of the single-family house in Athens

A detailed analysis on the energy demand profile of the building can be found in section 6.3 of
Deliverable 1.1.

3.1.2 Continental climate reference building

A refurbished multi-family house (MFH) was considered as the most representative building
typology for the building stock in Continental climate regions. The reference building was
assumed to be located in Stuttgart, in the German state of Baden-Wiirttemberg, in the
southwest side of the country. The building has a total of five floors, with two dwellings per floor
and an individual staircase located inside the building envelope. Each dwelling has a living
surface area of 50 m?, inhabited by three people. The ceiling/floor heights considered were 2.5

14
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m/3.0 m, while the building width/depth were 16.3 m/7.6 m. A flat concrete roof and a glazing
ratio of 20% in the north and south facades were assumed according to the most common MFH.
A sketch and picture of the reference building for the Continental climate are shown in Figure 3.
The entrance, visible in the 3D sketch, is facing south. The building model includes two zones
per dwelling (1-2 and 3-4), plus the staircase zone (5).

Figure 3. Sketch and picture of the multi-family house in Stuttgart

A detailed analysis on the energy demand profile of the building can be found in section 6.3 of
Deliverable 1.1.

3.2 Reference systems

Apart from defining the reference buildings, the definition of two reference systems is also
necessary, one for the Mediterranean climate and one for the Continental climate. These
systems should serve as a reference for comparison of the performance of the general layout
HYBUILD systems developed for both of the abovementioned climates. The details of each of
the two reference systems are given in the following subsections.

3.2.1 Maediterranean reference system

A schematic of the Mediterranean reference system is shown in Figure 4. The system consists of
a vacuum flat solar collector connected to a water storage tank to produce domestic hot water
(DHW). The DHW storage tank is connected to a gas boiler as a back-up heat supply. Moreover,
the gas boiler is also used to meet the heating demand, and a reversible heat pump is used to
meet the cooling demand of the SFH located in Athens.

15
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Figure 4. Schematic diagram for the Mediterranean reference system

The sizing of the main components of the Mediterranean reference system is shown in Table 1.
The values were obtained using a standard approach for component sizing considering the
energy demand of the Mediterranean climate reference building.

Table 1. Sizing of the main components of the Mediterranean reference system

Component Variable Value Unit
Solar collector Surface area 1.64 m?
DHW storage tank Storage capacity 120 L
Gas boiler Maximum thermal power 25 kW
Reversible heat pump Nominal cooling power 10 kW

3.2.2 Continental reference system

The Continental reference system consists of an air-water heat pump that can provide heat to a
DHW storage tank, by means of a heat exchanger located inside the storage tank, and also to
the heating system of each dwelling, as shown in Figure 5. An electric heater inside the DHW
tank was considered as a back-up for DHW production.

The core part of the Continental reference system has less components than the Mediterranean
reference system because in this case the heat pump is used to meet both heating and DHW
demand. The distribution circuit for both heating and DHW supply is more complex since the
system is connected to a total of ten dwellings of the multi-family house, therefore this part of
the system was not included in the LCA study.

16
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Figure 5. Schematic diagram for the Continental reference system

Analogously to the Mediterranean case, the sizing of the main system components was also
carried out in this case considering heating and DHW demand of the building, as shown in Table
2.

Table 2. Sizing of the main components of the Continental reference system

Component Variable Value Unit
DHW storage tank Storage capacity 420 L
Heat pump Maximum thermal power 35 kw

3.3 General layout HYBUILD systems

Before continuing with the explanation of some details about the general layout of the HYBUILD
systems, it is important to mention here that the two HYBUILD systems that are the object of
the LCA study refer to the standard configurations of hypothetical commercial systems and not
to the pilot systems developed and implemented at the demo sites. The general concept and
schematics of both HYBUILD systems were already reported in previously submitted
deliverables, especially in deliverable D4.2, where the system layouts and operating modes were
presented in detail. The main aim of this subsection is to recall the P&ID (piping and
instrumentation diagram) of both HYBUILD systems and to present any data relevant for WP5
that were not reported elsewhere in the project.

3.3.1 Maediterranean HYBUILD system

The P&ID of general layout Mediterranean HYBUILD system is shown in Figure 6. The system is
more complex than the reference one and it includes a field of Fresnel solar collectors and a PV
system to increase the use of renewable energy sources. To improve the energy efficiency of the
heat pump working in cooling mode, a sorption chiller is used in cascade with the heat pump.
The heat produced by the Fresnel collectors is used to drive the sorption chiller in summer, but
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itis also used to contribute to the energy supply for heating and DHW of the building. In addition,
the system incorporates a low-temperature latent heat thermal energy storage tank and an
electric battery to help increase the energy efficiency of the system.

o

Figure 6. P&ID of the general layout Mediterranean HYBUILD system

The sizing of the main system components was performed by means of an optimization study
carried out by EURAC. As a result of that study, the sizing that the main system components
should have is shown in Table 3.

Table 3. Sizing of the main components of the Mediterranean HYBUILD system

Component Variable Value Unit
Fresnel solar collectors Surface area 60 m?
PV panels Surface area 20 m?
Heat pump Nominal cooling power 13.2 kW
Sensible heat storage (buffer tank) Storage capacity 800 L
DHW tank Storage capacity 250 L
Latent heat thermal energy storage Cooling storage capacity 12 kWh
Electrical storage (battery) Electrical storage capacity | 7.3 kWh

3.3.2 Continental HYBUILD system

The P&ID of general layout Continental HYBUILD system is shown in Figure 7. In this case again,
the HYBUILD system is more complex than the reference Continental system, although the
Continental HYBUILD solution is less complex than the Mediterranean HYBUILD solution. The
main components are the PV system connected to the heat pump, 10 enerboxx DHW storage
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tanks (one for each dwelling), the high-temperature latent heat storage tank, and the electric
battery. The latent heat storage is connected at the compressor outlet to store part of the
energy contained in the hot refrigerant gas that leaves the compressor, which is used to
generate DHW in an efficient way. Finally, the use of PV panels and both the thermal and
electrical storage systems help increase the energy efficiency of the system and the share of
renewable energy.

O\-B|-C[C|F-B|-B BB =@ T |E] R

@

Figure 7. P&ID of the general layout Continental HYBUILD system

The sizing of the main system components was performed through an iterative process carried
out by EURAC with the aim of optimizing the self-sufficiency and self-consumption KPI (key
performance indicators). As a result, the sizing that the main system components should have is
shown in Table 4.

Table 4. Sizing of the main components of the Continental HYBUILD system

Component Variable Value Unit
PV panels Surface area 80 m?
Heat pump Nominal heating power 30 kW
Sensible heat storage (Pink enerboxx®) | Storage capacity 140 L
Latent heat thermal energy storage Amount of PCM 80 kg
Electrical storage (battery) Electrical storage capacity | 15 kWh
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4 METHODOLOGY APPLIED FOR THE LCA
4.1 Overall approach

As already mentioned in the introduction section, a comparative approach was adopted in the
LCA study to assess the environmental impact of the HYBUILD systems. Since two quite different
HYBUILD concepts are developed within the project, a twofold LCA study should be performed,
one for each HYBUILD system. For this, the two reference systems described in the previous
section were defined and analysed, one for each of the HYBUILD concepts. Moreover, two
different buildings were also defined as described in the previous section, one for each climate
associated to each HYBUILD system. Therefore, the HYBUILD system developed for the
Mediterranean climate will be compared with the reference Mediterranean system using the
same Mediterranean building, while the HYBUILD system developed for the Continental climate
will be compared with the reference Continental system using the same Continental building. A
schematic of this approach is presented in Figure 8, which is the same approach that is also used
for the LCC study.

Therefore, a total of four LCA studies were performed, two for the reference and two for the
HYBUILD systems. In each LCA, the inventory of the system is first performed, and the impact of
the main components was evaluated using indicators from the Ecoinvent database [6] using the
same functional unit and components life-span for all analysed systems. This allowed to
compare impacts of specific components and of the whole system for the systems
corresponding to each type of climate. Based on this, a parametric study was performed to
evaluate the influence that some parameters such as components sizing as well as the different
assumptions made in the study have on the overall impact.

LCA, LCC

MED climate:
reference
building

CON climate:
reference

building

Reference HYBUILD
system system

HYBUILD
system

Reference
system

Comparison Comparison

Figure 8. Schematic of the LCA approach
4.2 Goal and scope of the LCA

The goal of the LCA activities carried out within HYBUILD is related to the materials/components
development from a sustainable perspective for the intended applications of the HYBUILD
systems. A benchmarking against conventional products was intended and achieved by the use
of equivalent reference systems that should provide similar functionalities to the building as the
HYBUILD solutions. It is then one of the main goals of the LCA study to identify environmental
“hot spots” in the life cycle of the most innovative products developed within HYBUILD. This
approach should support those partners involved in the manufacturing or design of the relevant
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components in decision-making process and product optimisation for a future commercial
product.

The scope of the LCA also includes information on the functional unit, system boundaries, main
limitations of the study, as well as the impact categories the study focuses on. Within the
consortium it was decided that the analysis should focus on the system and not on the building.
Moreover, it was also decided that only the relevant components of the system should be
included in the LCA study, with a special focus on the most innovative subsystems related to the
HYBUILD concepts. Therefore, the following parts (modules) of the HYBUILD system were
included:

For the Mediterranean system:

- Sorption storage (two modules, each one including adsorber + evaporator/condenser)
Dry-cooler.

Low temperature latent heat thermal energy storage (RPW-HEX).

Electrical storage and DC bus.

- Compression DC-driven reversible heat pump (DAIKIN heat pump).

Solar fields of Fresnel collectors + sensible heat storage (buffer tank).

- PV system.

For the Continental system:

- High temperature latent heat thermal energy storage (RPW-HEX).
Electrical storage and DC bus.

- Compression DC-driven heat pump (OCHSNER heat pump).
Sensible heat storage (decentralized PINK tank).

PV system.

The systems considered within HYBUILD should cover all energy requirements of the building,
i.e. heating, cooling, and DHW demand. Therefore, the scope of the LCA covers all aspects
relevant to the overall energy demand of the building, and it is the same for both the reference
and the HYBUILD systems. In this sense, a functional unit was selected consistent with the
objectives and scope of the system, which allowed to provide a reference for normalization of
the input and output data. Two functional units were selected, 1 kWh of consumed energy and
1 m? of floor area.

A system life-span of 30 years was considered for the operational phase of the life-cycle for both
reference and HYBUILD systems in both types of climate. Depending on the life-span of the
different components, the number of replacements of every component or product along the
30-year period was also calculated, which is a crucial point to be considered in the
manufacturing phase.

To assess the environmental impact of the system related to the electricity consumption during
the operational phase along the entire life-span considered, the European energy mix of 2014
(according to Ecoinvent database V3.6) was considered. The selection of this mix was motivated
by the fact that the environmental impact of the HYBUILD system would depend on the energy
mix of the country where it should be installed. Since the energy mix differs quite a lot from one
country to another, an average value for European countries was considered as the most
appropriate.

The Ecoinvent v3.6 database was used to obtain the environmental impacts associated with the
materials, transport and energy employed in the study. The quantitative indicators used were
the ReCiPe and the IPCC2003 GWP.
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4.3 Stages of the LCA

This study is based on the methodologies ISO 14040 and 14044 for obtaining quantitative results
on the environmental impact from cradle to grave, which includes: the manufacturing stage, the
use during its lifetime or operational stage and the final disposal stage of the systems.

The general methodology of an LCA consists in four main steps:

- Goal and scope definition.

- Life cycle inventory (LCl).

- Life cycle impact assessment (LCIA).
- Interpretation.

The methodology and the different stages of the LCA are iterative, which implies that each of
the four-step is interrelated. Thus, when the main outcomes are obtained, the theory done
during each step can be changed and can be redefined. The results can be useful inputs for
various decision-making processes.

5 RESULTS OF THE LCA
5.1 Life cycle inventory (LCI)

5.1.1 LCI of the manufacturing stage

The inventory of the Mediterranean systems is presented in Table 5 for the reference system
and in Table 6 for the HYBUILD one. The inventory for the Continental systems is shown in Table
7 and Table 8.

Table 5. Inventory of Mediterranean reference system

Element Unit Quantity/unit | Unit  of | Replacement | Total Unit of
measure amount | measure

Solar collector

Solar collector 1 98.5 kg 1.2 118.2 kg
2-way manual

valve 1 0.5 kg 2.5 1.3 kg
Check valve 1 1.7 kg 2.5 4.2 kg
Non-return

valve 1 0.4 kg 2.5 1 kg
Pipes 7.7 (m) 7.7 kg 1 7.7 kg
Insulation

outside 7.7 (m) 2.3 kg 1 2.3 kg
DHW storage tank

Motorized  3-
way valve 1 5 kg 2.5 12.5 kg

2-way manual
valve 4 1.8 kg 2.5 4.5 kg
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Check valve 1 1.7 kg 2.5 4.2 kg

Circulation

pump 1 1 unit 2 2 unit

Flow rate

display/meter 1 1.2 kg 1.5 1.8 kg

Buffer tank 1 1 unit 3 3 unit

Gas boiler

Gas Boiler 1 1 unit 1.5 1.5 unit

Pipes 21.3(m) | 21.3 kg 1 21.3 kg

Insulation

inside 21.3(m) | 3.8 kg 1 3.8 kg

Heat pump

Heat pump 1 1 unit 1.5 1.5 unit

2-way manual

valve 2 0.9 kg 2.5 2.2 kg
Table 6. Inventory Mediterranean HYBUILD system

Element Unit Quantity/ | Unit of Replacement | Total Unit of

unit measure amount | measure

Heat pump

Heat pump 1 1 unit 15 1.5 unit

Sorption module

Adsorber 2 35 kg 2 140 kg

Evaporator 2 18 kg 2 72 kg

Bar spacer 28 1.14 kg 2 64 kg

Bar spacer (PVC) 1 32 m 2 25 kg

Shell 2 23 kg 2 92 kg

Perforated metal

plate 2 7 kg 2 28 kg

Compensator 4 0.3 Kg 2 2.4 kg

Sealing 4 0.025 kg 2 0.2 kg

Vacuum flange 4 0.08 kg 2 0.64 kg

Insulation 2 3 kg 2 12 kg

Pumps 3 5 kg 2 30 kg

3-way valves 8 0.9 kg 2 14.4 kg
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Hydraulic tubes 1 25 kg 2 50 kg
Insulation 1 4 kg 2 8 kg
Base plate 1 62.5 kg 2 125 kg
Frame 1 62.5 kg 2 125 kg
Shell 1 155 kg 2 310 kg
Zeolite 1 22 kg 2 44 kg
Dry cooler

System separation

unit 1 45 kg 2 90 kg
Heat exchanger &

frame 1 561 kg 2 1122 kg
vans 3 10 kg 2 60 kg
electric cable 10 3 kg 2 60 kg
Fresnel collectors

Collector frame 1 875 kg 1.2 1050 kg
Zinc coat (collector

frame) 1 220 m? 1.2 264 m?
Electric tracking

motor 1 5 kg 1.2 6 kg
Tracking mechanism | 1 37 kg 1.2 44.4 kg
Tracking mechanism

(Plastic (PTFE)) 1 0.17 kg 1.2 0.2 kg
Mirrors (silver layer) | 1 501 kg 1.2 601.2 kg
Mirrors (bearing) 1 7.5 kg 1.2 9 kg
Absorber 1 137 kg 1.2 164.4 kg
Stands & receiver 1 157 kg 1.2 188.4 kg
Fixing elements

(carbon steel) 1 35 kg 1.2 42 kg
Sensible heat storage

Buffer tank 1 1 unit 0.7 0.7 unit
Latent storage

Paraffin 1 160 kg 1.5 240 kg
RPW-HEX 1 760 kg 15 1140 kg
Electric storage

Electric battery 1 108 kg 0.75 81 kg
DC-DC converter 1 30 kg 1.5 45 kg
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AC-DC converter 1 51 kg 1.5 76.5 kg
Electric controller 1 0.5 kg 1.5 0.75 kg
Current transducer 3 0.09 kg 1.5 0.405 kg
Line filter 1 1.35 kg 1.5 2,025 kg
Fuses 6 0.015 kg 1.5 0.135 kg
Aux. power supply 1 0.75 kg 1.5 1,125 kg
Grid monitoring 1 0.36 kg 1.5 0.54 kg
LED indicators 5 0.05 kg 1.5 0.375 kg
Insolation

monitoring 1 0.39 kg 1.5 0.585 kg
Connectors 4 0.03 kg 1.5 0.18 kg
Time delay relay 1 0.07 kg 1.5 0.105 kg
Power relay 1 0.645 kg 1.5 0.9675 kg
Relays 5 0.045 kg 1.5 0.3375 kg
Grid contactors 1 0.63 kg 1.5 0.945 kg
DC contactors 3 0.75 kg 1.5 3,375 kg
Battery contactor 1 3.9 kg 1.5 5.85 kg
Circuit breakers +

aux 7 0.4 kg 1.5 4.2 kg
Pre-charge resistor 1 0.01 kg 1.5 0.015 kg
Switches 4 0.15 kg 1.5 0.9 kg
Smart meter 1 0.3 kg 1.5 0.45 kg
Ethernet switch 1 0.28 kg 1.5 0.42 kg
Terminal blocks 84 0.01 kg 1.5 1.26 kg
Electric cabinet +

acc. 1 35 kg 1.5 52.5 kg
DIN rail 6 0.6 kg 1.5 5.4 kg
Wires 1 22.5 kg 1.5 33.75 kg
Screws 150 0.04 kg 1.5 9 kg
Nuts 100 0.03 kg 1.5 4.5 kg
Washers 100 0.01 kg 1.5 1.5 kg
Slotted wiring duct 3 0.5 kg 1.5 2.25 kg
Strain relief bar 5 0.01 kg 1.5 0.075 kg
PV panels

PV panels 1 20 m? 1.2 24 m?
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Element Unit Quantit | Unit of Replacement | Total Unit of
y/unit measure amount | measure
Heat pump
Heat pump 1 1 unit 1.5 15 unit
3-way mixing globe 2 10.4 kg 2.5 26 kg
2-way manual valve | 6 2.7 kg 2.5 6.7 kg
Check valve 1 1.7 kg 2.5 4.2 kg
Non-return valve 1 0.4 kg 2.5 1 kg
DHW tank
DHW tank 1 1 unit 3 3 unit
2-way manual valve | 1 0.5 kg 2.5 1.2 kg
Non-return valve 1 0.4 kg 2.5 1 kg
Piping 17.6 (m) | 53.5 kg 1 53.5 kg
Insulation 17.6(m) | 4.6 kg 1 4.6 kg
Table 8. Inventory Continental HYBUILD system
Element Unit Quantity/ | Unit  of | Replacement | Total Unit  of
unit measure amount | measure
Heat pump
Compressor 1 5 kg 2 10 kg
Controller 1 1 unit 2 2 unit
Inverter 1 1 unit 3.3 3.3 unit
Expansion valve 1 1 unit 2 2 kg
Heat exchanger-
evaporator 1 22 kg 1.2 26.4 kg
Fan - evaporator 1 1 unit 2 2 unit
4-way valve 1 1 unit 2 2 kg
Refrigerant R32 1 3.5 kg 2 7 kg
Expansion vessel 1 8 kg 1.2 9.6 kg
Heat exchanger-
condenser 1 9.5 kg 1.2 11.4 kg
Electric heater 1 1.2 kg 2 2.4 kg
Manual 2-way valve | 1 0.4 kg 2 0.8 kg
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Circulating pump 1 4.7 kg 2 9.4 kg
Diverter 3-way valve |1 1 kg 2 2 kg
Hydraulic separator | 1 12 kg 1.2 14.4 kg
Security valve 1 0.1 kg 1.2 0.12 kg
Flow rate sensor 1 1 unit 2 2 unit
Electric storage

Electric battery 225 kg 0.75 168.8 kg
DC-DC converter 1 40 kg 1.5 60 kg
AC-DC converter 1 50 kg 1.5 75 kg
Electric  controller

(PLC) 1 0.5 kg 1.5 0.75 kg
Current transducer 3 0.24 kg 1.5 1.08 kg
Line filter 1 1.8 kg 1.5 2.7 kg
Fuses 8 0.02 kg 1.5 0.24 kg
Aux. power supply 1 0.75 kg 1.5 1,125 kg
Grid monitoring 1 0.36 kg 1.5 0.54 kg
LED indicators 5 0.05 kg 1.5 0.375 kg
Insolation 1

monitoring 0.39 kg 1.5 0.585 kg
Connectors 4 0.03 kg 1.5 0.18 kg
Time delay relay 1 0.07 kg 1.5 0.105 kg
Power relay 1 0.86 kg 1.5 1.29 kg
Relays 5 0.06 kg 1.5 0.45 kg
Grid contactor 1 0.84 kg 1.5 1.26 kg
DC contactors 3 1 kg 1.5 4.5 kg
Battery contactor 1 5.2 kg 1.5 7.8 kg
Circuit breakers +aux | 7 0.8 kg 1.5 8.4 kg
Pre-charge resistor 1 0.01 kg 1.5 0.015 kg
Switches 4 0.2 kg 1.5 1.2 kg
Smart meters 3 0.1 kg 1.5 0.45 kg
Ethernet switch 1 0.28 kg 1.5 0.42 kg
Terminal blocks 84 0.01 kg 1.5 1.26 kg
Electric cabinet + acc. 30 kg 1.5 45 kg
DIN rail 6 0.8 kg 1.5 7.2 kg
Wires 1 30 kg 1.5 45 kg
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Screws 150 0.04 kg 1.5 9 kg
Nuts 100 0.03 kg 1.5 4.5 kg
Washers 100 0.01 kg 1.5 1.5 kg
Slotted Wiring Duct 3 0.5 kg 1.5 2.25 kg
Strain relief bar 2 0.01 kg 1.5 0.03 kg

Latent storage

RPW-HEX 1 220 kg 1.5 330 kg

Paraffin 1 80 kg 1.5 120 kg

Sensible storage

enerboxx 1 10 unit 0.7 6.7 unit
PV panels
PV panels 1 80 m? 1.2 96 m?

5.1.2 LCl of the operational stage

Annual energy consumption of the Mediterranean reference system was obtained through
simulations carried out by EURAC within WP4 activities. This variable is needed in WP5 for the
operational stage of both LCA and LCC studies. Energy consumption of the different system
components and for different energy loads are summarized in Table 9, where electricity
consumption (el.) and gas consumption (gas) were distinguished because they have different
impact in the operational stage. The values shown in jError! No se encuentra el origen de la r
eferencia. correspond to a building set-point temperature of 25 2C in summer and 20 2C in
winter.

Table 9. Annual energy consumption of the Mediterranean reference system

Energy consumption

DHW Heating Cooling Total
Component (kWh/year) | (kWh/year) | (kWh/year) | (kWh/year)
Heat pump - - 2,198%* (el.) | 2,198 (el.)
Gas boiler 1,208** (gas) | 8,922** (gas) | - 10,130 (gas)
Circulation pump: solar collector | 90 (el.) - - 90 (el.)
Circulation pump: heating - 54**%* (el.) - 54 (el.)
TOTAL gas 1,208 8,922 - 10,130
TOTAL electricity 90 54 2,198 2,342

*A SEER (seasonal energy efficiency ratio) value of 3.8 corresponding to a reversible heat pump was assumed.
**A constant average efficiency of 80% was assumed for the gas boiler.

***Obtained considering that the gas boiler working in heating mode has a constant power of 10 kW. This means
that the estimated time when the circulating pump is on is obtained by dividing the total yearly heat demand of the

28



‘:‘:HYPU!LD Deliverable D5.1

house (71.38 kWh/m2) by the maximum energy that the gas boiler can provide in 1 hour (0.1 kWh/(hr-m?2)), i.e. time
=71.38/0.1 =713.8 hr. An average electricity consumption of the circulation pump of 75 W was assumed.

Using the same energy demand of the Mediterranean climate reference building also for the
Mediterranean HYBUILD system, the annual energy consumption of the main system
components was taken from simulations carried out by EURAC, as summarized in Table 10.

Comparing the total annual energy consumption of the Mediterranean HYBUILD system with
that of the reference system, it can be seen that the electricity consumption of the HYBUILD
solution slightly increases from 2,342 kWh to 2,766 kWh, while the gas consumption is reduced
from 10,081 kWh to 0 kWh. This means that a reduction of almost 80% of the overall energy
consumption of the building can be achieved using the HYBUILD solution.

Annual energy consumption of the Continental reference system was also obtained through
simulations carried out by EURAC. The values shown in

Table 11 correspond to a building set-point temperature of 25 2C in summer and 20 2C in winter.
In this case, energy consumption of all system components only consists of electricity
consumption.

Table 10. Annual energy consumption of the Mediterranean HYBUILD system

Energy consumption

DHW Heating Cooling Total
Component (kWh/year) | (kWh/year) | (kWh/year) | (kWh/year)
Heat pump - N/A N/A 1,564
Dry cooler - N/A N/A 215
Adsorption - - 80 80
DHW electric heater 552 - - 552
Circulation pumps N/A N/A N/A 355
TOTAL N/A N/A N/A 2,766

Table 11. Annual energy consumption of the Continental reference system

Energy consumption

DHW Heating Cooling Total
Component (kWh/year) | (kWh/year) | (kWh/year) | (kWh/year)
Heat pump 6,113 8,956 700 15,769
Electric DHW heater 0 - - 0
Circulation pump: DHW 30* - - 30
Circulation pump: H&C - 376** 29%** 405
TOTAL 6,143 9,332 729 16,204

*Obtained considering that the heat pump working in heating mode to heat the water inside the DHW tank has a
constant power of 30 kW. This means that the estimated time when the circulating pump is on is obtained by dividing
the total yearly heat demand for DHW of the building (19699 kWh) by the maximum energy that the heat pump can
provide in 1 hour (30 kWh/hr), i.e. time = 15565/30 = 656.6 hr. An average electricity consumption of the circulation
pump of 45 W was assumed.
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**QObtained assuming that the heat pump working in heating mode has a constant average power of 30 kW. This
means that the estimated time when the circulation pumps are on is obtained by dividing the total annual heating
demand of the building (50.15 kWh/m?2) by the energy that the heat pump can provide in 1 hour (0.06 kWh/(hr-m2)),
i.e. time = 50.15/0.06 = 835.8 hr. A total of ten circulation pumps was assumed with and an average electricity
consumption of 45 W for each pump.

***Qbtained considering that the heat pump working in cooling mode has a constant power of (30/2.8)-3.8 = 40.71
kW (assuming a SCOP = 2.8 and a SEER = 3.8). This means that the estimated time when the circulating pump is on is
obtained by dividing the total yearly cooling demand of the building (5.32 kWh/m?2) by the maximum energy that the
heat pump can provide in 1 hour (0.0814 kWh/(hr-m2)), i.e. time = 5.32/0.0536 = 65.3 hr. A total of ten circulation
pumps was assumed with and an average electricity consumption of 45 W for each pump.

Using the same energy demand of the Continental climate reference building also for the
Continental HYBUILD system, the annual energy consumption of the main system components
was inferred from simulations carried out by EURAC, as summarized in Table 12Table 14.

Comparing the total annual energy consumption of the Continental HYBUILD system with that
of the reference system, it can be clearly seen that the HYBUILD solution achieves significant
reduction in the electricity consumption, from 16,204 kWh to 11,078 kWh, which represents a
reduction of more than 30%.

Table 12. Annual energy consumption of the Continental HYBUILD system

Energy consumption

DHW Heating Cooling Total
Component (kWh/year) | (kWh/year) | (kWh/year) | (kWh/year)
Heat pump N/A N/A N/A 6,374
enerboxx electric heater 3,654 - - 3,654
Fan-coil - N/A N/A 658
Circulation pumps N/A N/A N/A 392
TOTAL N/A N/A N/A 11,078

5.2 Life cycle impact assessment (LCIA)

5.2.1 LCIA of manufacturing and disposal stage

The LCIA of the Mediterranean systems are presented in Table 13 for the manufacturing and
disposal stage of the reference and in Table 14 for the HYBUILD one. The LCIA for the Continental
systems are shown in Table 15 for the manufacturing and disposal stage of the reference and in
Table 16 for the HYBUILD one.

Table 13. LCIA of Mediterranean reference system during manufacturing/final disposal phase

Element Mass ReCiPe GWP 100a GWP 20a
used
(kg) Impact/ | Impact/ | kgCO,- | kgCO»- kgCO,- | kgCOz-eq
m? floor | kWh eq/m? | eq/kWh | eq/m? | /kWh
energy
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Solar collector

Solar collector 118.2 3.293 0.119 | 2.617 | 0.095 3.089 0.112
2-way  manual
valve 1.3 0.014 0.001 | 0.025 | 0.001 0.029 | 0.001
Check valve 4.2 0.046 0.002 | 0.083 | 0.003 0.097 | 0.004
Non-return
valve 1 0.004 0.001 | 0.008 | 0.001 0.010 | 0.001
Pipes 7.7 0.032 0.001 | 0.065 | 0.002 0.074 | 0.003
Insulation
outside 2.3 0.163 0.006 | 0.109 | 0.004 0.130 | 0.005
DHW storage tank
Motorized 3-
way valve 12.5 0.052 0.002 0.106 | 0.004 0.119 | 0.004
2-way  manual
valve 4.5 0.019 0.001 0.038 | 0.001 0.043 | 0.002
Check valve 4.2 0.018 0.001 0.036 | 0.001 0.041 | 0.001
Circulation
pump 2 (unit) | 0.265 0.010 0.188 | 0.007 0.219 | 0.008
Flow rate
display/meter 1.8 0.015 0.001 0.168 | 0.006 0.218 | 0.008
Buffer tank 3 (unit) 10.134 0.366 24.611 | 0.890 28.768 | 1.040
Gas boiler

1.5
Gas Boiler (unit) 6.435 0.233 7.649 | 0.277 8.960 | 0.324
Pipes 21.3 0.089 0.003 0.180 | 0.007 0.203 | 0.007
Insulation inside | 3.8 0.270 0.010 0.180 | 0.006 0.216 | 0.008
Heat pump

1.5
Heat pump (unit) 17.152 0.620 23.356 | 0.844 50.132 | 1.812
2-way  manual
valve 2.2 0.009 0.001 0.019 | 0.001 0.021 | 0.001

Table 14. LCIA of Mediterranean HYBUILD system during manufacturing/final disposal phase

Element

Mass ReCiPe GWP 100a GWP 20a

used

(kg) Impact | Impact/ kgCO-- kgCO,- kgCO,- kgCO,-
/m? kWh eq /m? eq /kWh | eq /m? eq /kWh
floor energy
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Heat pump

Heat pump 1.5 (unit) | 16.892 | 0.611 22.020 0.796 48.469 1.752
Sorption module

Adsorber 140 7.907 0.286 12.166 0.440 15.163 0.548
Evaporator 72 8.030 0.290 207.522 | 2.075 2.314 0.084
Bar spacer 64 1.015 | 0.037 165.806 | 1.658 1.964 0.071
Bar spacer (PVC) | 25 0.131 | 0.005 65.384 | 0.654 0.814 0.029
Shell 92 1.459 0.053 238.347 | 2.383 2.823 0.102
Perforated

metal plate 28 0.444 | 0.016 72.540 | 0.725 0.859 0.031
Compensator 24 0.038 | 0.001 6.218 0.062 0.074 0.003
Sealing 0.2 0.002 0.001 1.717 0.017 0.041 0.001
Vacuum flange | 0.64 0.036 | 0.001 5.561 0.056 0.069 0.003
Insulation 12 0.881 | 0.032 66.642 | 0.666 0.717 0.026
Pumps 30 0.271 | 0.010 63.202 | 0.632 0.747 0.027
3-way valves 14.4 8.954 | 0.324 214.067 | 2.141 2.493 0.090
Hydraulic tubes | 50 5.576 | 0.202 144112 | 1.441 1.607 0.058
Insulation 8 0.587 | 0.021 44.428 | 0.444 0.478 0.017
Base plate 125 1.982 | 0.072 323.841 | 3.238 3.836 0.139
Frame 125 1.982 | 0.072 323.841 | 3.238 3.836 0.139
Shell 310 4916 | 0.178 8.031 0.290 9.513 0.344
Zeolite 44 0.452 | 0.016 2.104 0.076 2.378 0.086
Dry cooler

System

separation unit | 90 1.427 0.052 2.332 0.084 2.762 0.100
Heat exchanger

& frame 1122 40.204 | 1.453 43.016 1.555 51.867 1.875
Vans 60 0.110 | 0.004 1.586 0.057 1.608 0.058
electric cable 60 6.692 | 0.242 172.935 | 1.729 1.929 0.070
Fresnel collectors

Collector frame | 1050 14.493 | 0.524 27.203 0.983 32.222 1.165
Zinc coat

(collector

frame) 264 (m?) 17.834 | 0.645 13.752 0.497 15.148 0.548
Electric tracking

motor 6 0.641 | 0.023 0.570 0.021 0.661 0.024
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Tracking

mechanism 44.4 0.704 0.025 1.150 0.042 1.363 0.049
Tracking

mechanism

(Plastic (PTFE)) 0.2 0.001 | 0.001 0.005 0.001 0.005 0.001
Mirrors  (silver

layer) 601.2 1.145 | 0.041 6.681 0.242 7.255 0.262
Mirrors

(bearing) 9 0.050 | 0.002 0.298 0.011 0.356 0.013
Absorber 164.4 9.285 | 0.336 14.286 0.516 17.806 0.644
Stands &

receiver 188.4 2.988 | 0.108 4.881 0.176 5.782 0.209
Fixing elements

(carbon steel) 42 0.666 | 0.024 1.088 0.039 1.289 0.047
Sensible heat storage

Buffer tank 0.7 (unit) | 2.211 | 0.080 5.118 0.185 5.966 0.216
Latent storage

Paraffin 240 0.597 | 0.022 1.600 0.058 1.708 0.062
RPW-HEX 1140 8.570 | 2.328 99.062 3.581 123.471 | 4.464
Electric storage

Electric battery | 81 6.153 | 0.222 5.675 0.205 6.896 0.249
DC-DC converter | 45 5.019 | 0.181 1.297 0.047 1.297 0.047
AC-DC converter | 76.5 8.532 | 0.308 2.205 0.080 2.205 0.080
Electric

controller 0.75 0.084 | 0.003 0.022 0.001 0.022 0.001
Current

transducer 0.405 0.045 | 0.002 0.012 0.001 0.012 0.001
Line filter 2.025 1.259 | 0.046 0.301 0.011 0.301 0.011
Fuses 0.135 0.084 | 0.003 0.020 0.001 0.020 0.001
Aux. power

supply 1.125 0.125 | 0.005 0.032 0.001 0.032 0.001
Grid monitoring | 0.54 0.060 | 0.002 0.016 0.001 0.016 0.001
LED indicators 0.375 0.042 | 0.002 0.011 0.001 0.011 0.001
Insolation

monitoring 0.585 0.002 | 0.001 0.010 0.001 0.010 0.001
Connectors 0.18 0.020 | 0.001 0.016 0.001 0.005 0.001
Time delay relay | 0.105 0.065 | 0.002 0.050 0.002 0.016 0.001
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Power relay 0.9675 0.602 | 0.022 0.097 0.004 0.144 0.005
Relays 0.3375 0.210 | 0.008 0.095 0.003 0.050 0.002
Grid contactors | 0.945 0.105 | 0.004 0.121 0.004 0.027 0.001
DC contactors 3.375 0.376 | 0.014 0.001 0.001 0.097 0.004
Battery

contactor 5.85 0.020 | 0.001 0.134 0.005 0.095 0.003
Circuit breakers

+ aux 4.2 0.468 0.017 0.067 0.002 0.121 0.004
Pre-charge

resistor 0.015 0.002 | 0.001 0.062 0.002 0.001 0.001
Switches 0.9 0.560 | 0.020 0.125 0.005 0.134 0.005
Smart meter 0.45 0.280 | 0.010 1.513 0.055 0.067 0.002
Ethernet switch | 0.42 0.261 | 0.009 0.156 0.006 0.062 0.002
Terminal blocks | 1.26 0.508 | 0.018 0.973 0.035 0.125 0.005
Electric cabinet

+acc. 52.5 5.855 | 0.212 0.259 0.009 1.513 0.055
DIN rail 5.4 0.602 | 0.022 0.669 0.024 0.156 0.006
Wires 33.75 3.764 | 0.136 0.223 0.008 0.973 0.035
Screws 9 1.004 | 0.036 0.065 0.002 0.259 0.009
Nuts 4.5 2.798 | 0.101 0.002 0.001 0.669 0.024
Washers 1.5 0.933 | 0.034 1.297 0.047 0.223 0.008
Slotted  wiring

duct 2.25 0.251 | 0.009 2.205 0.080 0.065 0.002
Strain relief bar | 0.075 0.008 | 0.001 0.022 0.001 0.002 0.001
PV panels

PV panels 24 (m?) 2.549 | 0.092 11.289 | 0.408 13.386 | 0.484

Table 15. LCIA of Continental reference system during manufacturing/final disposal phase

Element Mass ReCiPe GWP 100a GWP 20a
used
(kg) Impact/m? | Impact/ kgCO,- | kgCO,- | kgCO2- | kgCO,-
floor kWh eq/m? | eq /kWh | eq/m? | eq /kWh
energy
Heat pump
1.5
Heat Pump (unit) 10.290 0.464 14.007 | 2.532 30.071 | 5.436
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3-way mixing

globe 26 0.022 0.001 0.044 0.008 0.050 0.009
2-way  manual

valve 6.7 0.006 0.001 0.011 0.002 0.013 0.002
Check valve 4.2 0.004 0.001 0.007 0.001 0.008 0.001
Non-return

valve 1 0.001 0.001 0.002 0.001 0.002 0.001
DHW tank

DHW tank 3 (unit) 2.027 0.091 4.922 0.890 5.754 1.040
2-way  manual

valve 1.2 0.001 0.001 0.002 0.001 0.002 0.001
Non-return

valve 1 0.001 0.001 0.002 0.001 0.002 0.001
Pipes 53.5 0.045 0.002 0.090 0.016 0.102 0.018
Insulation 4.6 0.065 0.003 0.044 0.008 0.052 0.009

Table 16. LCIA of Continental HYBUILD system during manufacturing/final disposal phase

Element Mass ReCiPe GWP 100a GWP 20a
used
(kg) Impact/m? | Impact/ | kgCO,- | kgCO,- kgCO,- | kgCO,-
floor kWh eq/m? | eq /kWh | eq/m? | eq /kWh
energy
Heat pump
Compressor 10 0.030 0.001 0.061 | 0.001 0.061 | 0.001
Controller 2 (unit) 0.094 0.004 0.191 | 0.001 0.221 | 0.001
Inverter 3.3 (unit) | 0.172 0.008 0.281 | 0.001 0.331 | 0.001
Expansion valve | 2 0.045 0.002 0.001 | 0.001 0.001 | 0.001
Heat exchanger-
evaporator 26.4 0.298 0.013 0.461 | 0.021 0.571 | 0.030
4-way valve 2 0.036 0.002 0.011 | 0.001 0.001 | 0.001
Refrigerant R32 | 7 0.031 0.001 0.311 | 0.001 0.461 | 0.020
Expansion
vessel 9.6 0.152 0.007 0.331 | 0.001 0.381 | 0.020
Heat exchanger-
condenser 114 0.035 0.002 0.061 0.001 0.081 0.001
Electric heater 2.4 0.007 0.001 0.001 | 0.001 0.021 | 0.001
Manual 2-way
valve 0.8 0.099 0.004 0.021 | 0.001 0.031 | 0.001
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Circulating

pump 9.4 0.029 0.001 0.051 | 0.001 0.061 | 0.001
Diverter 3-way

valve 2 0.249 0.011 0.061 | 0.001 0.070 | 0.001
Hydraulic

separator 14.4 0.044 0.002 0.08 0.001 0.100 | 0.001
Security valve 0.12 0.015 0.001 0.001 | 0.001 0.001 | 0.001
Flow rate sensor | 2 (unit) 0.009 0.001 0.001 | 0.001 0.001 | 0.001
Electric storage

Electric battery | 168.8 2.564 0.116 2.364 | 0.107 2.873 | 0.130
DC-DCconverter | 60 1.338 0.060 0.346 | 0.016 0.386 | 0.017
AC-DC converter | 75 1.673 0.076 0.432 | 0.020 0.482 | 0.022
Electric

controller (PLC) | 0.75 0.017 0.001 0.004 | 0.001 0.005 | 0.001
Current

transducer 1.08 0.024 0.001 0.006 | 0.001 0.007 | 0.001
Line filter 2.7 0.336 0.015 0.080 | 0.004 0.094 | 0.004
Fuses 0.24 0.030 0.001 0.007 | 0.001 0.008 | 0.001
Aux. power

supply 1.125 0.025 0.001 0.006 | 0.001 0.007 | 0.001
Grid monitoring | 0.54 0.012 0.001 0.003 | 0.001 0.003 | 0.001
LED indicators 0.375 0.008 0.001 0.002 | 0.001 0.002 | 0.001
Insolation

monitoring 0.585 0.001 0.001 0.002 | 0.001 0.002 | 0.001
Connectors 0.18 0.004 0.001 0.001 | 0.001 0.001 | 0.001
Time delay relay | 0.105 0.013 0.001 0.003 | 0.001 0.004 | 0.001
Power relay 1.29 0.160 0.007 0.038 | 0.002 0.045 | 0.002
Relays 0.45 0.056 0.003 0.013 | 0.001 0.016 | 0.001
Grid contactor 1.26 0.028 0.001 0.007 | 0.001 0.008 | 0.001
DC contactors 4.5 0.100 0.005 0.026 | 0.001 0.029 | 0.001
Battery

contactor 7.8 0.005 0.001 0.025 | 0.001 0.033 | 0.001
Circuit breakers

+ aux 8.4 0.187 0.008 0.048 | 0.002 0.054 | 0.002
Precharge

resistor 0.015 0.001 0.001 0.001 | 0.001 0.001 | 0.001
Switches 1.2 0.149 0.007 0.036 | 0.002 0.042 | 0.002
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Smart meters 0.45 0.056 0.003 0.013 | 0.001 0.016 | 0.001
Ethernet switch | 0.42 0.052 0.002 0.012 | 0.001 0.015 | 0.001
Terminal blocks | 1.26 0.157 0.007 0.037 | 0.002 0.044 | 0.002
Electric cabinet
+acc. 45 1.004 0.045 0.259 | 0.012 0.289 | 0.013
DIN rail 7.2 0.161 0.007 0.042 0.002 0.046 0.002
Wires 45 1.004 0.045 0.259 | 0.012 0.289 | 0.013
Screws 9 0.201 0.009 0.052 | 0.002 0.058 | 0.003
Nuts 4.5 0.560 0.025 0.134 | 0.006 0.156 | 0.007
Washers 1.5 0.187 0.008 0.045 | 0.002 0.052 | 0.002
Slotted  Wiring
Duct 2.25 0.050 0.002 0.013 | 0.001 0.014 | 0.001
Strain relief bar | 0.03 0.001 0.001 0.001 | 0.001 0.001 | 0.001
Latent storage
RPW-HEX 330 3.727 0.168 5.735 0.259 7.148 0.323
Paraffin 120 0.060 0.003 0.160 | 0.007 0.171 | 0.008
Sensible storage
enerboxx 6.7 (unit) | 4.423 0.200 10.235 | 0.462 11.933 | 0.539
PV panels
PV panels 96 (m?) 2.039 0.092 9.031 | 0.408 10.708 | 0.483
5.2.2 LCIA of operational stage

The LCIA of the Mediterranean systems are presented in Table 17 for the operational stage of
the reference and in Table 18 for the HYBUILD one. The LCIA for the Continental systems are
shown in Table 19 for the operational stage of the reference and in

Table 20 for the HYBUILD one.

Table 17. LCIA of Mediterranean reference system during operational phase for 30 years life-span

Installation | Total ReCiPe GWP 100a GWP 20a
element | (kWh/year)
Impact/ | Impact/ kgCO-- kgCO-- kgCO-- kgCO,-
m? floor | kWh eq/m? | eq/kWh | eq/m? | eq/kWh
energy
Heat pump | 2,198 65.640 2.373 277.958 | 10.049 303.125 | 10.959
Gas boiler | 10,130 85.471 3.090 826.817 | 29.892 988.944 | 35.754
Circulating
pump- 90 2.688 0.097 11.381 0.411 12.412 0.449
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solar
collectors

Circulating

pump-
heating

54

1.613

0.058

6.829

0.247

7.447

0.269

Total (gas)

10,130

85.471

3.090

826.817

29.892

988.944

35.754

Total
(electricity)

2,342

69.941

2.529

296.168

10.707

322.983

11.677

Table 18. LCIA of Mediterranean HYBUILD system during operational phase for 30 years life-span

Installation | Total ReCiPe GWP 100a GWP 20a
element | (kWh/year)
Impact/m? | Impact/ | kgCO,- kgCO,- kgCO,- kgCO,-
floor kWh eq/m?> | eq/kWh | eq/m? | eq/kWh
energy
Heat pump | 1,564 46.707 1.689 197.783 | 7.151 215.690 | 7.798
Dry cooler | 215 6.421 0.232 27.189 0.983 29.650 1.072
Adsorption | 80 2.389 0.086 10.117 0.366 11.033 0.399
DHW
electric
heater 552 16.485 0.596 69.806 2.524 76.126 2.752
Circulating | 355
pumps 10.602 0.383 44.893 1.623 48.958 1.770
TOTAL 2,766 82.603 2.986 349.787 | 12.646 381.457 | 13.791

Table 19. LCIA of Continental reference system during operational phase for 30 years life-span

Installation | Total ReCiPe GWP 100a GWP 20a
element | (kWh/years)
Impact/m? | Impact/ | kgCO,- kgCO,- kgCO,- kgCO,-
floor kWh eq/m? | eq/kWh | eq/m? | eq/kWh
energy
Heat pump | 15,769 94.184 4.251 398.828 | 18.001 434938 | 19.631
Circulating
pump
DHW 30 0.179 0.008 0.759 0.034 0.827 0.037
Circulating
pump H&C | 405 2.419 0.109 10.243 0.462 11.171 0.504
Total 16,204 96.782 4.368 409.830 | 18.497 446.936 | 20.172

Table 20. LCIA of Continental HYBUILD system during operational phase for 30 years life-span

Installation | Total ReCiPe GWP 100a GWP 20a
element | (kWh/year)
Impact/m? | Impact/ kgCO,- | kgCO2- | kgCO,- | kgCO,-
floor kWh eq/m? | eq/kWh | eq/m? | eq/kWh
energy
Heat pump | 6,374 38.070 1.718 161.211 | 7.276 175.81 | 7.935
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Enerboxx

electric

heater 3,654 21.824 0.985 92.417 4,171 100.78 | 4.549
Fan-coil 658 3.930 0.177 16.642 0.751 18.149 | 0.819
Circulating

pumps 392 2.341 0.106 9.914 0.447 10.812 | 0.488
TOTAL 11,078 66.166 2.986 280.184 | 12.646 | 305.55 | 13.79

5.3 Interpretation of the results

Since the systems are completely different, the results are presented separately, first for the
Mediterranean climate, then for the Continental one.

Within each system, the results are presented first for the functional unit m? of living floor, and
then for the functional unit kWh of consumed energy. Moreover, for each FU, the results are
presented first considering the ReCiPe indicator and then the IPCC GWP one.

5.3.1
5.3.11

Results for the Mediterranean climate
FU-1: m? of living floor

Figure 9 shows the results for the Mediterranean climate system, for the FU m? of living floor,
using the ReCiPe indicator. The total impact of the Mediterranean reference system is 193
impact points per m? of living floor with the HYBUILD system is 352 impact points; this is due to
the higher complexity of the system (Figure 9a).

When evaluating the ReCiPe damage categories (Figure 9b), it is clear that the eco-system quality
category is the one that makes the difference between the reference and the HYBUILD system,
since the reference system has nearly one third impact points than the HYBUILD system (90
impact points and 232 impact points, respectively).

Going into even more detail, Figure 9c shows that there is one sub-category outstanding, the
urban land occupation. It is interesting to see that within the resources category, the two sub-
categories nearly compensate each other; the fossil depletion has much higher impact in the
reference system, while the metal depletion has higher impact in the HYBUILD system.

Finally, Figure 9d shows the contribution of each life-cycle stage in the overall impact. Here, it is
interesting to see that in the reference system has higher impact during operation (155 impact
points) than during manufacturing and disposal (38 impact points), while in the HYBUILD system
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the operation stage has nearly one third the impact of the manufacturing and disposal stages
(83 and 270 impact points, respectively).
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Figure 9. Results for the Mediterranean climate per m? of living floor using the ReCiPe indicator. (a)
Total; (b) per damage categories; (c) impact categories towards ReCiPe endpoint single score; (d) per
life-cycle stage

When the IPCC GWP indicator is considered (Figure 10), the reference system has higher impact
than the HYBUILD system, and this is due to the operation stage (1123 kg CO, eq. per m? vs. 350
kg CO; eq. per m? for GWP 100a; and 1312 kg CO, eq. per m? vs. 381 kg CO, eq. per m? for GWP
20a). With this indicator, the use of electricity has a very high impact in any studied system, and
this is the reason of the high impact of the reference system. The HYBUILD system used less
electricity from the grid and more renewable energy, both thermal and electricity. If the
manufacturing and disposal stages are considered, the reference system has about one fourth
of that of the HYBUILD system (59 kg CO; eq. per m? vs. 314 kg CO, eq. per m? for GWP 100a;
and 96 kg CO; eq. per m? vs. 400 kg CO; eq. per m? for GWP 20a).
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Figure 10. Results for the Mediterranean climate per m? of living floor using the indicator IPCC GWP:
kgCO02eq. (a) GWP 100a total; (b) GWP 100a per life-cycle stage; (c) GWP 20a total; (d) GWP 20a per
life-cycle stage
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5.3.1.2 FU-2: kWh of consumed energy

Figure 11 and Figure 12 show the results for the Mediterranean system for the second functional
unit considered in this study for both considered indicators. The results are proportional to those
obtained with the first functional unit, therefore the comments are exactly the same.
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Figure 11. Results for the Mediterranean climate per kWh of energy consumed using the ReCiPe
indicator. (a) Total; (b) per damage categories; (c) impact categories towards ReCiPe endpoint single
score; (d) per life-cycle stage
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Figure 12. Results for the Mediterranean climate per kWh of energy consumed using the indicator
IPCC GWP: kgCO2eq. (a) GWP 100a total; (b) GWP 100a per life-cycle stage; (c) GWP 20a total; (d) GWP
20a per life-cycle stage
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5.3.2 Results for the Continental climate
5.3.2.1 FU-1: m? of living floor

The results for th