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Abstract:

Climate change impact of a building was evaluated through a Dynamic Life Cycle Assessment (DLCA)
methodology with the aim at demonstrating the feasibility of DLCA and the usefulness of such approach in the
building sector. The methodology uses dynamic thermal simulation for energy consumption, databases for the
building sector, a new developed database for temporal parameters of buildings, DyPLCA tool for dynamic LCI
calculation. Clime change indicators were obtained in function of time for 500 years time span: radiative forcing,
cumulated radiative forcing and global mean temperature change. Results revealed that each building component
has its own climate footprint from which mitigation actions can be deduced. Results should always be placed in
the climate context, in this case, the critical period 2030-2050, a turning point for limiting the temperature increase
at 1.5°C, with an objective of zero net emission beyond 2050. Dynamic indicators are well adapted for accounting
the effect of biogenic CO; and can be used to simulate strategies for GHGs neutralization. The main outcome of
the comparison DLCA — LCA is that the results can be greatly different, especially when biogenic carbon is present
(case of bio-based materials): 1) the ranking and proportion of the contributors can change according to the time
horizon for a given dynamic indicator (cumulative radiative forcing and global mean temperature change), ii) the
ranking and proportion of the contributors can be different between the considered indicators, demonstrating the

need of a more detailed assessment in the context of the imminent climate target.

Keywords:

Dynamic Life Cycle Assessment, climate change impact, biogenic carbon dioxide

Highlights :

e A full dynamic LCA for buildings was demonstrated through a case study

e The evolution in time of the building and its components was quantified

e Temporal LCI was calculated for all foreground and background processes

e Dynamic indicators bring out rich information for climate mitigation decisions

* Bio-based systems promise near net zero effects for dynamic climate indicators
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Nomenclature

CF
COP
CRF
DHW
DLCA
DLCI
DLCIA
DTS
DyPLCA
EPD
F&EC
F&I
GHG
GMTC
GWP
H&MEWS
HVAC
IPCC
LCA
LCI
LCIA
P&IC
PVC
RE

RF
S&M

Characterization factor

Coefficient of Performance

Cumulative Radiative Forcing
Domestic Hot Water

Dynamic Life Cycle Assessment
Dynamic Life Cycle Inventory
Dynamic Life Cycle Impact Assessment
Dynamic Thermal Simulation

Dynamic Process Life Cyle Assessment
Environmental Product Declaration
Facades and exterior carpentry
Foundations and Infrastructure
Greenhouse Gas

Global Mean Temperature Change
Global Warming Potential

Highways and Miscellaneous External Works

Heating, Ventilation and Air Conditioning
Intergovernmental Panel on Climate Change
Life Cycle Assessment
Life Cycle Inventory

Life Cycle Impact Assessment

Partitioning, lining, suspended ceiling, interior carpentry

Polyvinyl Chloride
Renewable Energy
Radiative forcing

Superstructures and Masonry
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1. Introduction

With a current contribution of 39% of global CO, emissions, the building (28%) and construction (11%) sectors
represent a major source of greenhouse gases (GHGs) [1]. In the context of urgent climate risks, transition
pathways for limiting global warming are challenging. The latest IPCC report [2] mentions that the global mean
temperature increase is ‘likely to reach 1.5°C between 2030 and 2052 if it continues to increase at the current rate.’
Therefore, GHG mitigation efforts in the building sector need to be implemented as early as possible for both the
renovations of existing buildings and new construction projects. Moreover, the necessity of limiting the global
temperature increase to 1.5°C through 2100 requires decreasing CO; emissions by approximately 45% by 2030

compared to 2010 and reaching net zero emissions by approximately 2050, according to the same report.

Despite its recognized usefulness and exhaustive use in all activity fields, the Life Cycle Assessment (LCA)
method faces some limitations including the lack of a temporal dimension of the inventory and of the impact
indicators. In the building sector, the time scale is an important parameter given the long lifetimes of buildings
(greater than 50 years); however, the conventional LCA method (guided by ISO 14040-14044 [3,4]) doesn’t
dispose of adapted tools (software, databases) for a relevant temporal analysis of the environmental performances
(e.g., [5]) and fails to consider the temporal evolution of the system under study, the temporal discrepancies of

activities and their associated emissions and the dynamic characteristics of the environmental impacts.

An extended analysis of the temporal aspects of buildings and the temporal dimension in LCAs of buildings
(temporal LCA elements and building’s temporal characteristics) was presented in a previous study [6]. The
identified key dynamic characteristics of buildings were related to i) construction products, e.g. performance
degradation over time, replacement and use of new technologies; ii) energy equipment, e.g. performance
degradation and the use of new technologies for renewable resources; iii) occupant behaviour, e.g. the occupancy
typology and thermal comfort; iv) the energy mix, e.g. its evolution following national strategies; v) end-of-life
technologies, e.g. material elimination versus reuse and recycling; and vi) carbon uptake/emission (the case of

biogenic carbon).

Dynamic LCA applied to building is new [7] and, according to the literature, the temporal aspects already included
in LCA of buildings are limited to either the Life Cycle Inventory (LCI) or to Life Cycle Impact Assessments
(LCIA) steps, or related to both LCI and LCIA but limited to parts of the studied systems [5]. Moreover, these
aspects concern only the foreground part or a few background processes, primarily related to variations in energy
consumption or production. Energy consumption in the use stage of buildings, as well as the grid composition,
have been extensively studied via hourly resolution simulations of the related inventory (e.g., [8—15]). Such

dynamic simulations allowed for extremely detailed energy consumption calculation, which was then translated
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into climate change impacts using the GWP100 (kg CO,-eq) method. Even if GWP100 was calculated at each
point in time, the impact result obtained cannot be considered as a temporal climate change indicator due to the

lack of dynamic modelling of climate perturbation.

Carbon emissions from the life cycle stages of a building (separated by embodied carbon emissions and operational
energy contributors) have also been evaluated [16,17] but without considering the dynamics of the processes and
supply chains; in other words, the inventory was calculated for four periods and discounting factors were applied
for late emissions. The same approach was used by Gimeno et al. [18] including the consideration of refrigerant

leakages and electricity mix periods (in accordance with regulations).

In the above-cited studies, the dynamics of all processes and the timings of the supply chains were not considered
nor were the (combined) effect of different interventions occurring at different moments in the lifetime of the
building (especially in the background part) taken into account. Concerning the LCIA, in most studies, only CO»,
CH, and rarely N>O have been considered for the global warming potential (GWP) calculation and no effective

dynamic assessment has been performed.

Recently, temporal characterization factors for global warming assessments have been developed and used in the
LCA of a wood-based building [19]; however, only a limited part of the LCI was considered. The current proposed
methodologies for dynamic LCAs applied to buildings (e.g., [20]) lack operational calculation tools (models,

software and coherent temporal databases) that could be used by practitioners for any building case study.

On a broader scope, dynamic LCA (DLCA) is still at the beginning of its development and very few calculation
tools exist [21]. The first studies proposing temporal inventories dealt only with the foreground part of the life
cycle and focused on several GHG emissions in the foreground processes [22—-24]. These studies did not propose
a structured model for dynamic LCI (the emissions were ‘manually’ distributed in time). A first method was
proposed based on a temporal characterization of the processes and elementary flows [25]. The time distribution
of the LCI was calculated using a convolution operation between the distributions of two linked processes. A case
study was presented on domestic hot water production [26] with temporal differentiation for only the foreground
system (energy production/consumption). Pinsonnault et al. [27] applied this same framework to 22% of total
processes included in the ecoinvent 2.2 database, for which the authors defined the temporal characteristics
according to the sector of the activity (e.g. infrastructure or forestry). However, only significant intermediary and
elementary flows were selected for the calculation based on their contribution to global warming. This first model
for dynamic LCI calculations, however, lacked a structured database and a clear definition of process dynamics
and supply chain dynamics through physical, temporal parameters. Cardellini et al. [21] proposed a tool for
performing DLCA based on a graph search algorithm combined with a convolution operation between the
distribution functions of two linked processes, inspired by the previous method [25]. The dynamic LCI was
coupled with GWP characterization factors for climate change. However, this method also lacked the same

operational aspects mentioned above.



148
149
150
151
152
153
154

155
156
157
158
159
160

161
162
163
164
165
166
167
168
169
170
171

172

173
174

175
176
177

178

Another method was recently proposed [28] that calculates the temporal LCI by considering the complex supply
chains and processes that compose the life cycle system of both foreground and background processes. The
calculation tool, called DyPLCA ([29]; http://dyplca.pigne.org/), delivers the LCI distributed through time.
Moreover, this dynamic LCI can be calculated based on a conventional LCA database (e.g. ecoinvent), which
facilitates its use by LCA practitioners. A complementary temporal database is included in DyPLCA, containing
the time-dependent parameters of the processes and supply chains associated with the datasets existing in ecoinvent

3.2. The results provided by DyPLCA can be used with adapted LCIA dynamic models [29].

Concerning the LCIA, in particular climate change, Levasseur et al. [22] proposed a method based on the
calculation of characterization factors (CFs) for one-year time steps. This dynamic model uses radiative forcing
as a physical parameter, and no fixed time horizon is needed. However, the huge number of CFs calculated for
each time step and each substance could prove difficult to manipulate. In a recent study [30-32], a dynamic global
warming model (from IPCC [33]) and a dynamic toxicity model (based on Refs. [34,35]) were adapted and applied

to three case studies via a coupling with a dynamic LCL

The present study applies the methodology proposed by Negishi et al. [6] to an existingbuilding. The approach
provides a temporal, complete LCI (based on the DyPLCA tool), combined with dynamic global warming
indicators. DLCA could provide complementary and useful information (as testified by previous studies, several
of which are cited above) on the impact timing and variation (the short- and long-term effects) and on the role
played by biogenic CO, emissions and capture. However, at the same time, a dynamic approach will require
additional steps and calculation efforts and the obtained results will be more complex and difficult to interpret. In
this context, the objectives of the present study are i) to demonstrate the feasibility of a complete dynamic DLCA
applied to buildings, at the level of foreground and background LCI (considering process and supply chains
dynamics and future scenarios) and at the level of LCIA (using a methodology previously presented [5]) by an
actual building case study, and ii) to identify the benefit of such an approach when compared to conventional LCA,

in the case of buildings.

2. Materials and methods

2.1. DLCA Methodology for buildings

In the DLCA methodology applied to buildings [5], the main temporal parameters of a building are expected to be
used to derive the temporalized LCI for the foreground and background processes. Figure 1 shows a schematic of

the main steps, tools and intermediary results of the methodology, briefly described in the following.
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Figure 1: General framework of the DLCA methodology applied to a building case study.

STEP 1 (Data calculation and collection). The collection of building data for LCI, and of the dynamic aspects and
prospective scenarios, is performed based on Environmental Product Declaration (EPD) documents, literature
reviews and expert opinions. This step includes a Dynamic Thermal Simulation (DTS), providing the annual
energy consumption during the building occupancy, via the COMETH software [36] on the MAESTRO simulation

platform.

STEP 2 (Static model of the life cycle system). The results obtained in Step 1 are completed with the ecoinvent
datasets. The energy and material balances are calculated at the process level over the entire life cycle of the
building. This step provides the links between foreground and background processes as parts of the total life cycle

inventory.

STEP 3 (Temporality of the building life cycle system). The processes and sub-systems with specific temporal
evolutions are identified. The temporal characteristics of the building rely broadly on three categories: 1) the
intrinsic building parameters, 2) the inhabitant behaviour and 3) the background system (or context) of the building.
Specific modelling with an LCA software, e.g. SimaPro, is performed for different scenarios, by connecting

processes which occur at different times like e.g. the replacements of products.
The outputs of the first three steps are the technology and environmental intervention matrices.

STEP 4 (Dynamic model of the life cycle system). The data retrieved from the previous steps are downloaded to
the DyPLCA tool. The dynamic model implemented with the DyPLCA tool allows the characterization of the
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processes and flows through several parameters [28]; details are presented in the Supplementary Information (SI)
(Table SI4). These parameters are user defined and/or available in a dedicated database. The result of this step is
the temporalized LCI, i.e. the elementary flows distributed in time (as discrete values at a given time step over the

timespan of the analysis).

STEP 5 (Dynamic LCIA calculation). The temporal LCl is the input of the models of the dynamic impact indicators
(e.g., [32]) or can be used, after data integration over time, with characterization factors from conventional LCIA

methods.

In the following sections, a case study is presented according to the four steps of the LCA methodology: i) goal

and scope definition, ii) constitution of the LCI, iii) LCIA and iv) interpretation of results.

2.2. Goal and scope definition

The building selected as case study is composed of three attached single wooden houses located in the Paris region
of France. The structure technology used is wooden post and beam. This building is part of the Observatory project
and is an experimental platform for an environmental assessment preparing a new French energy and
environmental regulation, E+C- [37]. The reference building service life was considered to be 50 years (2015—
2065). Each house has two stories, and the total net floor area of the three houses is 414 m?2 (details in SI-2). The
functional unit is one building as described above. The system boundary includes all processes from primary
material production to the end of life (cradle to grave), according to the EN15978 standard [38] (details in SI-1),

and the material and energy balances are established within the boundaries defined for each stage (Figure 2).
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Figure 2: Coupling the life cycle stages (defined by the EN15978 standard) and the contributor approach.

The start date of the house occupancy (or the origin of the lifetime of the building) is considered to be year zero;
which corresponds to 2015. The timespan of the inventory covers the period from 150 years before the origin year
to year 50, as the end of lifetime, and 1 year after, to include all the past activities (raw material extraction, trees
growth for wood harvesting) and end-of-life activities. Thus the system boundaries and the temporal boundary
include the trees used for the wood pieces composing the building, coming from sustainable forest (included in
the technosphere); no reforestation is considered inside the system’s boundaries since the resulting wood does not

belong to the building’s life cycle.

In this study, the climate change impact was calculated and analysed. The literature [39,40] acknowledges that the
end point damages of climate perturbation are sensitive to at least three parameters: i) impacts related directly to
elevated temperature (e.g. heat waves, coral bleaching and sea level rise), (ii) impacts related to the rate of warming
(e.g. high rates of change give insufficient time for species adaptation and lead to species extinctions) and iii)
impacts related to cumulative warming (e.g. sea-level rise) because certain long-lived gases continue to cumulate

their effects even several hundreds to thousands of years after emission. The analysis of the system performance

9
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following dynamic indicators, namely global mean temperature change (GMTC) and cumulated radiative forcing

2.3. Life Cycle Inventory

2.3.1. STEP 1: Data calculation and collection

To generate a reliable LCI model of the case study, a variety of tools, software, databases and methods were used,

as shown in Table 1.

Table 1: Data sources used in the case study.

Data source Type of data Information retrieved

Observatory General description of the | Calculations of specific material and energy

project data building consumptions of the building life cycle.

Dynamic energy simulation

model COMETH

Energy consumption as a function of time and total
energy consumption during the use stage of the

building.

EPD

Name, quantity and lifetime
of construction products and

materials and quantities of

Provides the reference flows used for conventional LCI

modelling with SimaPro.

Other information (e.g. lifetime of products) is used in

intermediary flows the DLCI modelling.

ecoinvent v3.2 | Inventory flows (unit | Completes the inventory for background processes.

processes and APOS system
modelling)

The MAESTRO platform for DTS was used for the configuration of the building behaviour, and the developed
model was then used as an input of COMETH to simulate the energy consumption. The simulation was performed
with a time step of one hour, as in other reported studies e.g. [8-15], then the cumulated consumption over one
year was considered for the LCI. The energy demand was completely satisfied via electricity. The total energy
consumption for the five types of energy equipment, i.e. the heating and cooling systems, domestic hot water,
ventilation system and lighting, was estimated at 36.9 kWh.m™.year™" for the first year of building use. In addition,

the annual consumption of domestic appliances for this building was set to 20 kWh.m™.year™" according to an
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expert opinion [41]. The collected data in the EPDs (from INIES database) represent existing buildings recently
constructed, in form of technology information and calculated impact indicators. EPDs do not contain detailed
inventory, however technological inventory information can be exploited like lists of raw materials used and their
quantities. The available information includes the names of the building components and their quantities and
lifetimes, which can be used in both static and dynamic LCA modelling. A total of 48 EPDs were exploited for
the case study (list added in SI, Table SI3).

2.3.2.  STEP 2: Static model of the life cycle of the system

The life cycle of the system was modelled on SimaPro 8.3 using ecoinvent 3.2. The ecoinvent dataset was used
mainly for the background processes and those processes for which the building-specific information could not be

obtained in Step 1. The list of ecoinvent processes used is given in SI, Table SI15.

The geographical information of FR (France) for inventories was privileged when data were available, whereas
RER (Rest of Europe Region excluding Switzerland data) or RoW (Rest Of the World excluding Switzerland data)
or GLO (global data) were used as an alternative solution for other inventories. In addition, the ‘default allocation

method’ for the process modelling of the ecoinvent datasets was chosen.

The transport distance of the construction products from factories to the construction site was taken from the EPDs,
as average distances supplied by products’ fabricants. When the transport distance was not available for a
construction product, it was systematically set to 100 km [42]. The energy consumption for the building demolition
and the transport of wastes from the building site to the disposal/treatment site were accounted for. Different waste
treatment processes, i.e. landfill, incineration and recycling, were considered for different types of waste materials

on the basis of the EPDs.

The direct emissions from the construction materials (e.g. the volatile compounds in the indoor air and the
substances leached by rain water from the exterior walls and roof) in the use stage of the building were not

accounted for due to the lack of data (except for CO, uptake by cement based products, as explained below).

For the sake of simplicity in the LCI modelling with SimaPro and DyPLCA, some construction products were
excluded from the model, particularly when (i) the global warming score of a product was very low (the cut off
threshold was 1% of the total global warming score), (ii) inventory data were completely lacking or (iii) the mass
was not significant compared to the total mass of the house (the cut off threshold was 1% of the total mass of the
building). This last criterion was applied only if criterion (i) was satisfied. As an example, plinths in PVC or wood
are excluded from the modelling due to its low level influence on the climate change impact. Packaging materials
for all products were also excluded because they represent only a small contribution to climate change and a small
fraction of the total mass [42]. The simplification adopted through the criteria (i) to (iii) is acceptable since the
GWPI100 calculated preliminarily allows selecting all GHG with high emission amount or/and GHG with high

radiative efficiency. However the simplification can induce errors if the product is responsible for GHG capture
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(not accounted by GWP100 indicator). All insulation materials were included even though their mass contribution
was very low. With this simplified model, the representativeness of GWP100 was of 97% from the value obtained

with the complete EPD-ELODIE data.

Concerning the biogenic carbon, conventional LCA does not include biogenic CO, emissions and uptake in the
LCI and LCIA calculations. Conversely, with DLCA, all forms of carbon flow were considered: CO, and CH4
emissions via biomass transformation (e.g. incineration and degradation) and CO; uptake via plants (e.g. trees
providing wood for the life cycle system of the building). Both types of flows are called biogenic in the present
study. In addition, CO, uptake into the cement products was also considered when the information was available
from EPDs. Carbonation of concrete takes place also in the end of life stage, depending on the disposal process.
In the present study, carbonation after building demolition was not considered as EPDs do not provide this

information. Therefore, the benefit of such process could be the subject of a dedicated DLCA study.

For practical reasons, the convention is to classify the input flows into the life cycle system of the building via the

‘contributor’:

1- The ‘construction products’ contributor takes into account all components of the building throughout its life
cycle.

2- The ‘operational energy consumption’ contributor covers all energy consumption during the use of the building.
The embodied energy, which is the energy necessary for equipment and construction material production, is
accounted for in the construction products contributor.

3- The ‘operational water consumption’ contributor covers all the uses of water during the use of the building. The
water consumption during material and product manufacturing or on the construction site is allocated to the
construction products or ‘on-site construction consumption’ contributors.

4- The on-site construction consumption contributor accounts for the consumption of energy, water and other
materials, the production of wastewater and the evacuation and treatment of soil during construction.

Figure 2 illustrates the links between the life cycle stages of a building and the contributors.

2.3.3. STEP 3: Temporality of the life cycle system of a building

Some construction products having lifetimes of less than 50 years need to be replaced. For example, it is assumed
that a PVC (polyvinylchloride) window frame will need to be replaced at 30 years (100% landfilling) and disposed
of at 50 years (92.1% landfilling and 7.9% recycling) and that insulation materials need to be replaced at 30 years
[43]. Table 2 summarizes the temporality of each sub-stage of the life cycle; additional details are available in

Table SI10.
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Table 2: Description of the temporality of the main activities involved in the building life cycle.

Module Occurrence Process/activity Description/indication
EN15978 time, years
Al-A3 t<-1 Product fabrication Product fabrication processing related to the

construction activity

Al1-A3 t =10, 50] Product fabrication Product fabrication processing related to the
maintenance and replacement activities, just before

the replacement/maintenance time t

A4-A5 t=[-1, 0] Construction The construction period is 1 year, energy and water

consumption are considered

Bl t =10, 50] Building use The reference time 0 is the start time of building use
B2 t € [0, 50] Maintenance Wall painting at a given time t, 0 <t <50
B4 t € [0, 50] Replacement Replacement of windows, doors, HVAC systems;

each product is replaced at a given time t, 0 <t <50

B6 t =10, 50] Energy use The end-user’s energy consumption takes place over

the lifetime of the building

B7 t =10, 50] Water use The end-user’s water consumption takes place over

the lifetime of the building

C1-C4 t € [0, 50] Waste treatment Replaced products are treated with end-of-life
scenarios
t =[50, 51] Waste treatment The building is treated with end-of-life scenarios

The time variable characteristics of the building were grouped into the following categories: 1) degradation of
material and energy system functions, 2) technological progress related to the building materials, 3) evolution of
the family typology and 4) future mixes of electricity production. Several scenarios were then proposed for

simulations by varying these parameters.

i) Degradation of materials and energy system functions. Insulation materials used for walls, floors and ceilings
are known for their sensitivity to climatic conditions, particularity humidity. Their thermal performance levels
therefore degrade over time during the use stage of a building. Three types of insulation materials (mineral wool,
glass wool and polyurethane) were used in the studied building and differentiated by their usage types, e.g. exterior
wall or upper floor. The temporal profile of the heat transfer coefficient was estimated for each insulation type
[44,45]. This estimation was implemented with a yearly time step during the service lifespan to calculate the annual
demand for heating and for domestic hot water (DHW). Building heat loads are also altered by variations in the
performance of the energy equipment at the end-user level. The degradation of the energy efficiency was

considered for: heating via the electric convector and DHW via the heat pump system. The pessimistic scenarios
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of degradation from a previous study [46] were applied assuming that the global energy efficiency of the electric

convector and the coefficient of performance (COP) of the heat pump degrade yearly by 1% and 3%, respectively.

ii) Technological progress related to the building materials. Given the long lifetimes of buildings, technological
progress may occur during the use phase (e.g. maintenance, replacement and renovation) and in the background
system related to processes for product fabrication, waste treatment and recycling. The integration of such future
and potential improvements in DLCA is challenging due to the sparse data and the knowledge gap. Reducing
waste and increasing recycling rates of the building materials are stipulated in the ‘Energy transition law for green
growth in France [47].” For example, in the case of flat glass products, a dataset was created for window products
considering an increase in cullet from 30% to 50% and accounting for an energy consumption gain of 2.5% per
10% increase in cullet. The evolution from current waste management practises (specified in existent EPDs) to a

future scenario was considered for construction products based on concrete, steel and wood.

In addition, an electricity consumption reduction of 10% every decade was considered for most energy consuming
processes for construction product fabrication (according to an expert opinion). An energy flow analysis was first
conducted through the network of processes in order to identify important energy consumers for which a 10%
energy reduction was possible. Then, for the relevant processes (the main contributors) the electricity consumption

was modified through time.

Even though prospective aspects may concern a huge part of building-related technologies, in this case study, the

prospective aspects were limited to those described above.

iii) Change in family size. Changing the inhabitant number leads to a change in the indoor heat gain due to human
bodies and hot water needs, which needs to be integrated into the electricity consumption calculations. The family
composition and its evolution were estimated using national statistics in France (INSEE [48], https://www.insee.{r)

and using a calculation method recommended by French thermal regulation 2012 [49] (details in SI-6).

iv) Future electricity mix. Current LCA practice uses an annual average mix of electricity production for the entire
life cycle of the studied system. Conversely, DLCA allows time variations of the energy production to be
considered. The present study includes future scenarios of the French electricity mix with the goals of GHG
reduction and the progressive replacement of nuclear electricity by electricity from renewable resources [50]. The
current mix scenario, retrieved from historical data, contains 72% nuclear electricity. Two future production mix
scenarios were considered: one with a high nuclear share of 50% in 2050 and another with a low nuclear share of
approximately 5% in 2050, the remainder being satisfied by renewable resources and natural gas. These two
scenarios are called ‘Mix-50% Nuclear’ and ‘Mix-90% RE&Gaz’, respectively. For the case study, the use phase
of the building was segmented into three distinct periods of 2015-2034, 2035-2049 and 2050-2065 to which the
current 2010 mix, the 2035 mix and the 2050 mix, respectively, were applied for the two mentioned scenarios

(details in SI-6, Figure SI-3). LCI models of the future mix were developed using the existing ecoinvent 3.2 data.
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The future mix was modelled by varying the mix composition without changing the current technologies, which
represents a limiting assumption. In addition, due to the modelling complexity, the application of the future mixes
was limited to end-use energy consumption, while processes in the background system (e.g. product fabrication,
transport and infrastructure) were still based on the current mix. In the simulations, the prospective mix of

electricity production was considered along with yearly energy consumption values.
v) Scenario modelling

The building case study was modelled with the current inventory as a baseline scenario. To understand the
influence of the variable characteristics on the LCA results, the life cycle system of the building was also modelled
via distinct scenarios by targeting only one variable parameter per scenario, except for S6/sub-scenario 8 (Table
3). The chosen parameter was varied between two (lower and upper) limits such that each corresponded to a sub-
scenario: ‘best’ for the supposed beneficial value and ‘worst’ for the supposed most impactful value (details in SI-

6, Table SI10). The scenarios definition with lower and upper limits for key parameters can also be considered as

a sensitivity analysis with respect to the chosen parameter.

Table 3: List of scenarios considered for the case study.

Scenario

Baseline

Worst case

Best case

S1
Electricity mix for
operational energy

French annual average
mix using ecoinvent data
for 2015-2065

French annual average mix
using ecoinvent data for 2015-
2034

French annual average mix
using ecoinvent data for 2015—
2034

concrete, steel and
wood products

recycling)

consumption
‘Mix-50% Nuclear’ ‘Mix-90% RE&Gaz’
for 2035-2050 for 2035-2050
and 2050-2065 and 2050-2065
S2 No temporal variation of . . 10% reduction of energy
- . No worst scenario (no increase .
Energy efficiency energy consumption consumption per decade for
at product using raw ecoinvent data of energy consumption) the concrete, steel, aluminium
manufacturing and wood product
manufacturing processes
S3 EPD processes (landfill, | Landfill for all products Increase in recycling rate with
End of life for incineration and respect to EPDs

S4

EPD processes (landfill

Landfill for all products

Increase in recycling rate with

innovations of
insulation materials

by the same type as
initially used

extruded polystyrene

HVAC end of life and recycling) respect to EPDs
S5 Replacement (year 30) Replacement (year 30) of all a) Replacement (year 30) of
Technological of insulation materials insulation materials by all insulation materials by a

bio-based material

b) Replacement (year 30) of
all insulation materials by one
composed of recycled material
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S6 1. No temporal variation | 2. Heat Pump, COP, 3% per 3. Heat Pump, COP, 1% per

Household energy of the energy year drop year drop

consumption consumption using raw 4. Airtightness, 1% per year

ecoinvent data drop

5. Insulation, thermal 6. Insulation, thermal
conductivity, nonlinear conductivity, 1% per /year
degradation drop
7. Inhabitant change: 5 pers. per house => 2 pers. per house in
2035
8. Combination of 2, 4, 5 and 7

The temporal assumptions (what was considered, simplified or neglected) of the case study model and for the

defined scenarios are gathered in the Supplementary information document, Table SI11.

2.3.4. STEP 4: Dynamic model of the life cycle system

The DyPLCA tool contains a generic (but modifiable) database of temporal parameters associated to all activities
in ecoinvent 3.2. The dynamic LCI was computed from —150 to 51 years: a past time horizon of 150 years was
considered to account for tree growth for the different tree species included in the background inventory and the
calculation then covered the lifetime of the building (50 years) and one supplementary year for dismantling and
waste management. The specifically created processes (e.g. foreground processes) for the case study require the

user to define the temporal parameters using the DyPLCA web application (see also SI-4).

2.4. Life Cycle Impact Assessment - STEP 5: Dynamic LCIA calculation

The present study focuses on the climate change impact evaluated via three dynamic indicators, instantaneous
radiative forcing (RF, W.m™), cumulative radiative forcing (CRF, W.year.m™?) and global mean temperature
change (GMTC, K), based on IPCC models and data [33]. The models underlying these dynamic indicators
consider natural phenomena and all GHGs with their specific dynamics, as reported by IPCC (the decay equations
for every GHG and methane oxidation). By coupling time-dependent emissions with these models, one obtains
the indicator values as a function of time. All GHGs present in ecoinvent 3.2 were considered, and the dynamic
indicators were calculated over a timespan of —150 to 500 years. The computation model provided by Shimako et
al. [30] was used to this end. The conventional approach of the global warming potential GWP100 (kg CO- eq.,
with a time horizon of 100 years) was also used for comparison. In conventional LCA, the emission and capture
of a given CO» quantity offset each other because the underlying model of GWP considers that all GHG emissions

(and captures) occurr simultaneously. Moreover, CO, uptake and biogenic emissions are not taken into account.
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3. Results

The results obtained with conventional LCA and DLCA are difficult to compare given the major differences in
the nature of their indicators. GWP100 was used to represent the static LCA, while for the dynamic indicators,
graphical representations as a function of time and values at 100 years (as an analogy to GWP100) and 55 years
(the end time of the building system) were analysed. Attention was paid to the temporal profiles of the climate

indicators such as their amplitude, time scale and impact rate (variation in time).
3.1. Baseline scenario

Figures 3 and 4 show the results obtained for the entire building and for the four contributors. Construction
products and operational energy are the main contributors to all the impact indicators. Prior to time zero, the net
impact is due to the fabrication of the construction products and, in the present case study, this has a beneficial
effect (all the indicators have negative values) due to the growth of trees (wooden raw materials from sustainable
forestry). Temperature peaks appear several years after the emission of GHGs due to the thermal inertia of the
planet. This time lag depends on the nature of the gas. The overall increase in the temperature peaks near year 55,
i.e. several years after the final emission at the end of the building life cycle. This is why year 55 was chosen as a

time horizon for the impact analysis.

Comparison with conventional global warming indicator shows that the ranking of a contributor is the same

whatever the indicator, with little variation in the proportion of the contributor.
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Figure 3: Climate change dynamic impact (including biogenic CO,) for the entire building and for the four
contributors (the functional unit is the building).
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Figure 4: Comparison of the climate change results obtained with static LCA and DLCA: the entire building (the
functional unit) and its four contributors.

Concerning the impacts related to energy consumption, even if the building was designed with high thermal
performance, the constant GHG emissions due to daily household activities over 50 years make the impact longer
lived, resulting in a continuously increasing CRF and a relatively high temperature peak at the end of life of the

building.

The contribution of the construction products was detailed by product family, as shown in Figures 5 and 6.
According to ref [37] the families regroup products with similar functions or utilisation in the same sub-structure
of the building, for example HVAC family contains the heat pump, electric convector and the ventilation system.
The Foundations and Infrastructure (F&I), HVAC and Coating families are the three biggest contributors to the
climate change impact over the long term. This is due to their important GHG emissions and the persistence of the
emitted CO; in the atmosphere, which have a very long-term effect. The temperature peak due to the HVAC family
is the highest. The temperature increase due to the F&I family persists for a long period and is 33% higher than
that of HVAC. Partitioning and Internal Carpentry (P&IC) contributes a significant temperature increase at the
end-of-life phase; however, this temperature contribution declines rapidly, which is a consequence of the methane

emission.
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Figure 5: CRF and GMTC for 10 product families and for the operational energy (the functional unit is the
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Figure 6: Comparison of the impacts of the construction product families according to the different indicators
(the functional unit is the building).

Figure 6 demonstrates that the rankings of the 10 families can vary according to the indicator and the chosen time
horizon, with F&I and HVAC always being the families with the greatest impact. Some contributors, such as
Facade and Exterior Carpentry (F&EC), involving biogenic carbon in their inventories, have a negative (minus)
contribution to CRF and small contributions to GMTC; this contribution diminishes with time. This behaviour is
due to biogenic carbon capture by trees. Some other families also include a significant amount of wood products
(e.g. Superstructure and Masonry (S&M)); however, the effect of biogenic carbon capture is partially offset by

GHG emitters, such as cement production.

An analysis by GHG was performed for each product family, and several relevant results are presented in the
following.

An interesting case is that of the S&M family, composed of wooden floors, floating screed and mortar in concrete,
insulation material and walls in timber frames. Its relative contribution varies according to the indicator and the
time horizon (Figure 6), and its GMTC and CRF curves have three peaks (Figure 5). These curves are decomposed

in Figure 7 according to the GHG contribution.
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Figure 7: Contribution analysis of principal GHGs to CRF (W.m™2) and GMTC (K) for the S&M family (the
functional unit is the building).
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Figure 8: Contribution analysis of the principal GHGs to CRF (W.m™2) and GMTC (K) for the HVAC family
(the functional unit is the building).

The S&M family uses a large amount of wood-based materials, and the effect of CO, capture can reduce the total
temperature increase by approximately 1/3 in the long term. The three temperature peaks are observed due to the
replacement and end of life of some materials, i.e. a combination of landfilling and incineration (from EPDs),
generating primarily CH4 and biogenic CO; (from wood) emissions. This example also emphasizes the influence

of CH4 on the steep temperature peaks. This end-of-life behaviour was observed for all product families.
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Another example, the HVAC family (Figure 8), contains refrigerants known for their climate change effects. At
the temperature peak, HFC-134a (ethane, 1,1,1,2-tetrafluoro-) alone is responsible for 36% of the peak (just after
fossil CO, with 46%) due to its extremely high radiative efficiency (10,000 times higher than that of CO»). In the
long term, GMTC only depends on the CO; concentration (because CO; is 30 times more persistent than HFC-
134a). The CRF indicator is by far dominated by fossil CO, due to its higher persistence in the atmosphere. The
specific parameters of main GHG and the relative contribution of the main GHG to the total GMTC is presented
in SIS (Tables SIS and SI6 - gases with contribution lower than 1% were not reported).

3.2. Alternative scenarios

For simplicity and clarity, the simulations were performed only for the sub-systems concerned by a parameter
modification and not for the entire building. Here, the most interesting results are presented per impact indicator

for LCA and DLCA, showing important differences or similarities between the two LCA methods.

S1. Electricity mix. Figure 9 presents the conventional LCA results for GWP100 (following EN15804). The worst-
and best-case scenarios show 11.5% and 13.8% reductions, respectively. Even though the electricity mix
composition radically evolved due to the replacement of most of the nuclear power by other renewable energy
sources, the impact did not change dramatically. The same energy consumption model (operational energy) leads
to the dynamic indicator results presented in Figure 10. There is no clear difference between the worst- and best-
case scenarios, and, contrary to the conventional LCA results, DLCA ranks the three scenarios differently. At 100
years, both the worst- and best-case scenarios have a 7% higher CRF than the baseline and a 10% higher GMTC.
The small difference between the baseline and the other scenarios is explained by the fact that nuclear power
already produces energy with a very low carbon footprint (according to the current inventory dataset in ecoinvent
for the French electricity mix) and replacing it by renewable systems does not significantly modify this
performance. When analysing the benefit of future production mixes, the ranking is inversed for conventional
LCA and DLCA. This result is explained by the way biogenic COs is considered in the two methods. In both the
best- and worst-case scenarios, the contribution of bio-based resources to the French mix tends to increase over
time (Figure SI3). Therefore, CO, uptake by biomass and its release when generating energy modifies the
atmospheric CO; balance during the concerned period (the use phase of the building). The dynamics of biogenic
CO; is correctly considered in DLCA, while it is missing in conventional LCA, which results in an incorrect

ranking.
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Figure 10: DLCA results for the electricity mix scenarios: the dynamic indicators for climate change impacts
(the functional unit is the amount of electricity consumption in the use stage of the building).

S2. Energy efficiency at product manufacturing. An energy consumption reduction of 10% per decade for the most
energy-intensive processes had only a small effect on the four indicators: a 4% reduction for GWP with respect to
the baseline scenario and 3% and 4% reductions for CRF and GMTC, respectively, at year 100 (SI-7, Figures SI4,
SIS).

S3. End of life for concrete, steel and wood products. For each type of material, the system boundaries encompass
all life cycle stages (from Al to C4, see Figure 2) and all products containing that material, including variations in
the waste treatment processes (landfill, incineration or recycling, Table 3) at the end of life of the products. The
reference flow of each material was calculated with respect to the functional unit of the entire case study, i.e. the
three single attached houses for 50 years. The construction products concerned in this scenario are listed in SI-6
with their respective end-of-life processes. Following the GWP100 indicator in Figure 11, landfilling is the most

impactful process, while recycling does not provide a large benefit with respect to the baseline. Wood products
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536  have a smaller impact than all the other materials, even with incineration as the end-of-life process. Accordingly,

537  100% incineration appears to be one of the less impactful scenarios, equivalent to 100% recycling.
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Figure 12: Dynamic climate change indicators for concrete (top), steel (middle) and wood (bottom) products
with different end-of-life technologies (the functional unit is the amount of products produced, used and
eliminated for one building).

Figure 12 represents the dynamic profiles of the climate change indicators. For concrete and steel materials, two
and three events appear, respectively, on both the RF and GMTC curves for each of the three scenarios. The first
peak (near time zero) corresponds to the construction product manufacturing and is therefore identical for all
scenarios, while the others correspond to end-of-life activities (near year 50, and one intermediary peak for steel
products). The worst scenario is 100% landfilling, while 100% recycling results in a small benefit. This feature is
akin to conclusions from conventional LCA. Concerning wood products, two events are observed: the first
corresponds to trees cut (and is the same for all four scenarios) and the second corresponds to the end of life of the
building. The less impacting scenario is recycling, followed by landfilling and the baseline scenario, while the
worst is incineration. This ranking is different from those obtained with GWP100 indicator. The dynamic
indicators have globally negative values demonstrating the beneficial effect of CO» capture by tree growth far in
the past. The GMTC indicators of the incineration and landfilling scenarios present very similar peak values at the

end of life but very different subsequent evolutions. This behaviour is explained by the nature of the emitted GHGs.

[\
W



565
566
567
568

569
570
571
572
573
574

575
576
577
578
579

580
581

582
583

584

The 100% incineration scenario nearly exclusively emits CO», while the landfilling scenario emits a mixture of
CH, and CO». Because CHy is a short-lived gas, GMTC declines much more rapidly for landfilling and, in the long
term, only the effect of CO» persists. Therefore, the behaviour of the baseline GMTC is explained by its mix of

end-of-life processes: recycling, landfilling and incineration.

S4. Technology of end-of-life scenarios for the HVAC system. Here also, very little difference was observed
between the scenarios, with landfilling being the worst scenario according to the four climate change indicators.
The particularity of this system (SI-7, Figures SI6 and SI7) is that the end-of-life processes occur at multiple
moments during the lifetime of the building because replacements of various components take place with distinct
schedules (e.g. the electric convector is replaced three times, the heat pump is replaced four times and the

ventilation system is replaced two times).

S5. Technological innovations of insulation materials. The conventional insulation materials of mineral wool,
glass wool and polyurethane were all replaced at year 30 in the best-case scenario (Table 3) by two innovative
materials (a bio-based one and one composed of recycled materials). GWP100 (Figure 13) placed the recycled
material in the first position, followed by the baseline, the bio-based material and, far behind, extruded polystyrene

(the worst case).
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Figure 13: GWP100 results for the insulation material scenarios (the functional unit is the amount of insulation
material necessary for one building).
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Figure 14: Dynamic climate change indicators for the insulation material scenarios (the functional unit is the
amount of insulation material necessary for one building).

This ranking result was partially changed by DLCA (Figure 14). All dynamic indicators had negative values for
the bio-based scenario due to the biomass growth prior to year 30. Moreover, the use of bio-based insulation
materials can create a credit and therefore contribute to some GHG emission neutralization in the life cycle system
of the building. When considering the worst insulation material, the temperature peak is 13 times higher than that
of the baseline. However, GMTC declines before year 100 and is only twice the GMTC-baseline at the same year.
This rapid variation is due to the presence of short-lived GHGs, whose concentrations decline rapidly as clearly
observed with the RF indicator (RF is proportional to the gas concentration). Extruded polystyrene has a high
thermal performance; however, the foam processing generates significant emissions of HFC-134a, which is

responsible for the observed behaviour.

S6. Household energy consumption. The household energy consumption was determined from DTS for all the sub-
scenarios of scenario S6, and the baseline electricity mix was used for all of these simulations. The results obtained
with conventional LCA vary little for sub-scenarios 2—7 with respect to the baseline, the relative differences being
lower than 11%. Only sub-scenario 8 presents a significant increase, i.e.37% more energy consumption. The same
trends were obtained for the dynamic indicators (additional results are presented in SI-7, Figure SI8, Tables S112,
SI13). However, when combined with the electricity mix evolution simulated in scenario S1 (with slightly higher
climate indicators for the future mix), a higher impact could be expected for all sub-scenarios at the level of

dynamic climate indicators.

4. Discussion

Situation in the climate context. The last IPCC report [2] mentioned the building and construction sectors as key

actors for reducing GHG emissions. The first critical climate targets are placed between 2030 and 2052, with the
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objective being to not surpass a temperature increase of 1.5°C. Moreover, net GHG emissions should be zero by
2050. The long lifetimes of buildings need to be placed on a time scale with respect to such climate targets. This
is what Figure 5 shows for the case study. The critical period is situated in the middle of the building lifetime for
a building constructed in 2015 and currently inhabited. The building should reach zero net emissions towards its
end of life, meaning that no temperature peaks should appear at this time horizon. Otherwise, as the figure shows,
the temperature peaks will increase with time until 2065 for all contributors and, after that, GMTC will never fall
to its initial value (see also Figure 3). This case study provides evidence of the importance of performing ex-ante
dynamic evaluations of future, new typologies of buildings and placing the system in the actual temporal context

of climate evolution and climate strategies.

Influence of GHG nature and timing on climate indicators. The parameters determining the climate footprint of a
system are the nature and quantity of the GHGs emitted/captured and the emission profile through time. Due to
the variability in the lifetimes of gases (examples in SI) and their radiative efficiencies, the intensities of their risks
related to climate perturbation are also variable depending on the gas, that is, 1) short-lived gases with high radiative
efficiency (e.g. CHs and HFC-134a, Figures 7 and 8) generate high and steep temperature peaks (more harmful
for living species), while ii) long-lived gases, especially CO,, have persistent impacts for long periods far after the

end time of the emission with high cumulative effects.

In addition, the temporal profile of the emissions (pulse or continuous and the emission duration) determines the
intensity of the effect and whether the effect spreads on a long time scale. The same emission is more harmful
when it occurs late in time than early because it adds a supplementary temperature increase at an already higher
temperature (the temperature is continuously increasing) [40]. In addition, the same quantity of GHG emission has
a smaller impact when the emission is spread over a long time interval than if the emission is released
instantaneously: a sudden large emission will generate a high temperature peak, as in the case of HFC-134a. As a
general trend, a continuous emission over a period results in continuously increasing dynamic indicators, with a

peak corresponding to the end of the emission period, as in the case of household energy consumption.

As Figures 3 and 5 show, the CRF indicator always increases due to the persistence of GHG in atmosphere beyond
the lifetime of the system; it stores the history of the emissions and never declines (except if a capture process
offsets the emissions). The GMTC indicator is critical (peaks) during the lifetime of the system prolonged with
several years. Concerning the timing, the highest GMTC appears at the end of life of the building in this case study,
demonstrating that the highest threat is in the near future. These features clearly demonstrate that a fixed, universal
time horizon for the impact analysis is not justified. Instead, impact observations all along the lifetime of the
system and several decades beyond ensure a better knowledge of the behaviour of a system and the identification

of hot spots.

The importance of considering GHG capture and biogenic carbon. The analysis of different families of

construction products sheds light on the importance of considering GHG capture within the boundaries of the life



644
645
646
647
648
649
650
651
652

653
654
655
656
657
658
659
660
661
662
663
664
665
666
667

668
669
670
671
672
673
674
675
676
677

cycle of a system. For the GHG emissions, the capture efficiency in terms of the climate response depends on the
nature and amount of the GHG and on the timing and profile of the capture process. In the present case study, only
CO, was captured by trees and in a much lesser extent by concrete carbonation. The effect of CO, uptake is visible
in Figures 5, 7, 12 and 14 and can be observed in the offset of the GHG emissions, quantified by the CRF and
GMTC indicators. However, the offset effect depends on the time profiles and the timings of the emission and
capture processes and is smaller when the two processes are temporally remote. This observation is in agreement
with the literature in the field (e.g., [9], [12], [13]). It is therefore possible to (partially) neutralize the effect of
GHG emissions (as shown by the S&M family) via a sufficient CO; capture with an appropriate timing within the

boundaries of the same system (e.g. the life cycle system of the studied house).

Relevant information that DLCA can provide - comparison with conventional LCA. DLCA provides important
information concerning the amplitude and rate of change of climate parameters, which conventional LCA cannot
provide. Figures 4 and 6 demonstrate that it is actually irrelevant to compare results obtained with GWP and
dynamic indicators, especially when capture processes are present, because i) the ranking and proportion of the
contributors can change following the time horizon for a given dynamic indicator and ii) the ranking and proportion
of the contributors can differ between the three represented indicators. For example, in the case of scenario 3,
when comparing the three material groups (steel, concrete and wood), the dynamic indicators clearly discriminate
wood products from the two other groups. While conventional LCA calculates a significant GWP impact, the
dynamic indicators show that the carbon capture effect can offset and even overtake the effect of GHG emissions.
The dynamic indicators are very well adapted to account for the effect of biogenic CO, and, consequently, can be
used to define strategies for the neutralization of the effects of other GHGs. The fact that the contribution results
in Figure 4 are similar between the climate indicators is a particular situation and cannot be generalized: the
inventory is much aggregated on five contributors, with a small global contribution of biogenic CO; and a
dominance of fossil CO: (long life GHG), and with a global emission increasing with the time over the lifetime

(Figure 3 shows increasing RF for the main four contributors).

Another example is the effect of the electricity mix, as shown in Figures 9 and 10. The transition from a nuclear-
dominated production to a renewable-based mix is accompanied by a slight GWP100 reduction and a slight
increase in CRF and GMTC. This unexpected behaviour (one would have assumed that a renewable energy system
would produce a smaller impact than the current situation) is explained by the fact that biogenic CO,
emissions/capture are not considered in GWP100. All electricity generation technologies constituting the different
electricity mix scenarios were taken from ecoinvent without any modification. The main biomass used in these
processes is wood from sustainable forests, such as oak, spruce and beech, with long growth times (100-150 years).
The long growth duration (translating to a low capture rate of CO») is followed by the sudden emission of the
embodied carbon via incineration. The result is a small but positive temperature peak, i.e. in GMTC. This temporal

behaviour explains this surprising result and, at the same time, suggests that short rotation biomass be used for
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energy production instead of long-lived trees. Finally, this result should also be placed in the multicriteria context
by considering a panel of impact indicators, climate change impact being one of them; for instance nuclear energy

production is accompanied by important impacts ensued from ionising radiations.

Choosing mitigation options within the temporal context. The dynamic metrics emphasize the importance of
differentiating mitigation actions according to the type of gas and the emission timing. Based on the case study,
main mitigation objectives could be proposed for the different contributors (Table SI14). A global objective is the
reduction of energy consumption, especially during the use stage of a building. Indeed, the results obtained for
sub-scenario S6 - 8, with a combination of various parameters (energy efficiency of equipment and insulation,
occupant behaviour) attest to an energy consumption increase of 37% over 50 years. In addition, reducing energy
consumption is not enough but should be combined with the integration of more renewable sources in the power
generation mix as early as possible. Moreover, the necessary massive reduction in the carbon emissions requires
the use of non-carbon renewable resources (decarbonized energy) or sub-systems with CO; capture for impact
neutralization in order to reverse the trends observed in Figure 10. The case study indicates that, by combining the
life cycle system of a building with a sub-system of a sustainable forest, it is possible to obtain a net effect near

zero for CRF and/or GMTC.

For certain product families, for example, H&KMEWS and F&EC, the emissions were primarily generated at the
end of life of the product. In this case, the concerned industrial sectors should concentrate on eliminating the
punctuated emissions from waste treatment, for example, by promoting recycling. Conversely, other families such
as Energy Network or F&I present more important impacts during the fabrication/construction processes. In this
case, a revision of the technologies and materials used should improve the environmental performance of these
contributors. Other families, e.g. HVAC, contribute GHG emissions throughout the entire product life cycle and
determine important increases in temperature and cumulative radiative forcing. Processes and materials involved
in component manufacturing should be replaced by less impactful ones (replace for example HFC-134a with other

substances with lower radiative efficiency), and end-of-life strategies should promote recycling.

The obtained DLCA results are case specific, dependent on the specificities of the GHG emission and capture
(timing, temporal profile, amount and GHG nature) and cannot be extrapolated to other building typologies; the
graphs presented in Figure 5 represent, in fact, the footprint of the specific modelled building. The wood species
used for the construction materials in ecoinvent are beech, oak, birch, pine, spruce and eucalyptus. If other wood
species are used for a given construction product, the result of coupled emission and capture will be different,
depending on the CO, flows and the time gap between capture and emission, and a shorter tree growth time would
be beneficial. Finally, a concrete-based building cannot contribute to GHG offsets via significant gas capture
because the life cycle system of such a building does not include a significant amount of wood. In this case,

mitigation actions are restrained to and dependent on technological evolution, especially for the end-of-life stage.
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Increasing temporal representativeness within a complex dynamic model. Such a modelling approach implies
managing (very) different dynamics (temporal variations) at the level of LCI and LCIA, and numerical resolution
parameters for the time variable. For example, the energy consumption in the use stage of buildings can be
calculated with different time resolutions. An hourly resolution has commonly been used and linked to the grid
composition, as mentioned in the Introduction section, to evaluate the GWP100 value of the energy consumption.
In previous studies (e.g., [12], [22]), it has been observed that climate indicators are sensitive to emissions
described with a time resolution of several months to one year, and this time-granulometry is sufficiently narrow
given the temporal characteristics of the environmental phenomena (e.g. gas mixing and interactions with the
ocean and biosphere and thermal transfers) involved in climate perturbation. In the present case study, the energy
consumption was simulated with hourly resolution (using the COMETH software) and was then used in LCI with
a yearly value (the hourly data were summed up over a year to obtain the yearly consumption). This simplification
was adopted for the following reasons: i) the daily modification of the French electricity mix has not significant
repercussion on the GHG emission variation because the mix is based on nuclear power (or renewable sources in
the future) as detailed in section 2.3.3 and SI — Fig. SI3; ii) very short time variations of the GHG emissions are
not captured in the climate dynamic indicators, as explained here above; iii) the complexity resulted from a hourly

variable electricity mix would lead to an unacceptable higher computation time for LCI.

The dynamic LCI was calculated with a time step of 1 day (numerical resolution of simulations) in the DyPLCA
tool in order to capture the processes with short duration and their related intermediary and elementary flows.
Consequently, the results were obtained as discrete values of elementary flows for each day, during the whole life
cycle time. The time step influences the simulation duration and is a limiting factor in current versions of the used

tool, especially when many scenarios of technological change are considered together on the same timeline.

The technology representativeness with respect to time is already a requirement for system modelling in LCA and
still remains a condition for temporal representativeness in DLCA. Placing the timeline of the studied system’s
life cycle on the calendar helps at: i) choosing the relevant technologies and their performances for a given period
(e.g. in this case study the temporal evolution of the performance of energy equipment); ii) an easier evaluation of
missing information for future scenarios (e.g. from when on our knowledge about the recycling technologies
becomes uncertain); iii) including external factors dependent on the time, as economic and social evolution,

climate conditions, etc. (family evolution for instance in this work).

Given the fact the LCI was based (in the present work) on ecoinvent, EPD information and additional simulations,
the global LCI model gathers different uncertainty sources to which the temporal characteristics of the processes
and supply chains are added. All these complex parameters deserve further investigation together with an
uncertainty evaluation; however, such aspects are beyond this study, which focused on the feasibility and

usefulness of a DLCA using a real case application.
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5. Conclusions

The methodology of DLCA for buildings was applied to a case study with already existent or recently developed
tools: the EPD database for the building sector, a new developed database for temporal parameters in the building
sector, the SimaPro software and the ecoinvent database, and a recent DyPLCA tool for dynamic LCI calculations
coupled with models for dynamic indictors for climate change impact evaluations. The specific temporal
characteristics were collected on site, simulated (e.g. operational energy consumption) or obtained from sectorial
databases. The simulation results were obtained as climate change indicators as a function of time, without a

predefined time horizon (radiative forcing, cumulated radiative forcing and global mean temperature change).

The literature reports many temporal LCA approaches in the building domain. However, to the best of our
knowledge, this is the first application of a complete DLCA using operational software and temporal databases
(DyPLCA) at the level of LCI and LCIA, addressing all components and contributors over the entire life cycle of

a building (at both the foreground and background levels) and using dynamic impact indicators.

In this analysis, details of the dynamic climate change impacts of 10 construction product families and various
operational energy scenarios were individually analysed. The results show that each component has its own climate
footprint determined by the nature of the GHG, the emission timing and the intensity. Analyses of the results

highlighted the effects of the studied systems or sub-systems and indicated which mitigation actions are necessary.

Such analyses should always be placed in the climate context, with regard to the fixed objectives of limiting the
global temperature increase within critical time windows. It is in this way that the evaluation can be understood
and provides effective support to decision making. In the present case study, the lifetime of the building
encompassed the critical period of 2030-2050, which is considered to be a turning point for limiting the

temperature increase to 1.5°C, with an objective of zero net emissions beyond 2050.

Finally, a comparison between conventional LCA and DLCA results is not straightforward due to the different
physical meanings of the indicators (with different measurement units) and the concept of time horizon in the
GWP definition. A comparison was attempted after choosing the most relevant points in time: 100 years for
GWP100 and the end of lifetime where the last temperature peak of the system occurs. The main outcome of the
comparison was that the results can differ greatly, especially when GHG capture is present in the LCI, that is, 1)
the ranking and proportion of the contributors can change according to the time horizon for a given dynamic
indicator and ii) the ranking and proportion of the contributors can be different between the considered indicators,
demonstrating the need for a more detailed assessment (at least two dynamic indicators) in the context of the

imminent climate target.
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