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Abstract: 20 

Climate change impact of a building was evaluated through a Dynamic Life Cycle Assessment (DLCA) 21 

methodology with the aim at demonstrating the feasibility of DLCA and the usefulness of such approach in the 22 

building sector. The methodology uses dynamic thermal simulation for energy consumption, databases for the 23 

building sector, a new developed database for temporal parameters of buildings, DyPLCA tool for dynamic LCI 24 

calculation. Clime change indicators were obtained in function of time for 500 years time span: radiative forcing, 25 

cumulated radiative forcing and global mean temperature change. Results revealed that each building component 26 

has its own climate footprint from which mitigation actions can be deduced. Results should always be placed in 27 

the climate context, in this case, the critical period 2030-2050, a turning point for limiting the temperature increase 28 

at 1.5°C, with an objective of zero net emission beyond 2050. Dynamic indicators are well adapted for accounting 29 

the effect of biogenic CO2 and can be used to simulate strategies for GHGs neutralization. The main outcome of 30 

the comparison DLCA – LCA is that the results can be greatly different, especially when biogenic carbon is present 31 

(case of bio-based materials): i) the ranking and proportion of the contributors can change according to the time 32 

horizon for a given dynamic indicator (cumulative radiative forcing and global mean temperature change), ii) the 33 

ranking and proportion of the contributors can be different between the considered indicators, demonstrating the 34 

need of a more detailed assessment in the context of the imminent climate target. 35 

 36 

 37 

 38 
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 41 

Highlights : 42 

• A full dynamic LCA for buildings was demonstrated through a case study 43 

• The evolution in time of the building and its components was quantified 44 

• Temporal LCI was calculated for all foreground and background processes 45 

• Dynamic indicators bring out rich information for climate mitigation decisions 46 

• Bio-based systems promise near net zero effects for dynamic climate indicators 47 

 48 
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Nomenclature 50 

CF  Characterization factor 51 

COP  Coefficient of Performance 52 

CRF  Cumulative Radiative Forcing 53 

DHW  Domestic Hot Water 54 

DLCA  Dynamic Life Cycle Assessment 55 

DLCI  Dynamic Life Cycle Inventory 56 

DLCIA  Dynamic Life Cycle Impact Assessment  57 

DTS  Dynamic Thermal Simulation 58 

DyPLCA Dynamic Process Life Cyle Assessment 59 

EPD  Environmental Product Declaration 60 

F&EC  Façades and exterior carpentry 61 

F&I  Foundations and Infrastructure 62 

GHG  Greenhouse Gas 63 

GMTC  Global Mean Temperature Change 64 

GWP  Global Warming Potential 65 

H&MEWS Highways and Miscellaneous External Works 66 

HVAC  Heating, Ventilation and Air Conditioning 67 

IPCC  Intergovernmental Panel on Climate Change 68 

LCA  Life Cycle Assessment 69 

LCI  Life Cycle Inventory 70 

LCIA  Life Cycle Impact Assessment 71 

P&IC  Partitioning, lining, suspended ceiling, interior carpentry 72 

PVC  Polyvinyl Chloride 73 

RE  Renewable Energy 74 

RF  Radiative forcing 75 

S&M  Superstructures and Masonry  76 

 77 

 78 

 79 

  80 
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 81 

1. Introduction 82 

 83 

With a current contribution of 39% of global CO2 emissions, the building (28%) and construction (11%) sectors 84 

represent a major source of greenhouse gases (GHGs) [1]. In the context of urgent climate risks, transition 85 

pathways for limiting global warming are challenging. The latest IPCC report [2] mentions that the global mean 86 

temperature increase is ‘likely to reach 1.5°C between 2030 and 2052 if it continues to increase at the current rate.’ 87 

Therefore, GHG mitigation efforts in the building sector need to be implemented as early as possible for both the 88 

renovations of existing buildings and new construction projects. Moreover, the necessity of limiting the global 89 

temperature increase to 1.5°C through 2100 requires decreasing CO2 emissions by approximately 45% by 2030 90 

compared to 2010 and reaching net zero emissions by approximately 2050, according to the same report. 91 

Despite its recognized usefulness and exhaustive use in all activity fields, the Life Cycle Assessment (LCA) 92 

method faces some limitations including the lack of a temporal dimension of the inventory and of the impact 93 

indicators. In the building sector, the time scale is an important parameter given the long lifetimes of buildings 94 

(greater than 50 years); however, the conventional LCA method (guided by ISO 14040–14044 [3,4]) doesn’t 95 

dispose of adapted tools (software, databases) for a relevant temporal analysis of the environmental performances 96 

(e.g., [5]) and fails to consider the temporal evolution of the system under study, the temporal discrepancies of 97 

activities and their associated emissions and the dynamic characteristics of the environmental impacts. 98 

An extended analysis of the temporal aspects of buildings and the temporal dimension in LCAs of buildings 99 

(temporal LCA elements and building’s temporal characteristics) was presented in a previous study [6]. The 100 

identified key dynamic characteristics of buildings were related to i) construction products, e.g. performance 101 

degradation over time, replacement and use of new technologies; ii) energy equipment, e.g. performance 102 

degradation and the use of new technologies for renewable resources; iii) occupant behaviour, e.g. the occupancy 103 

typology and thermal comfort; iv) the energy mix, e.g. its evolution following national strategies; v) end-of-life 104 

technologies, e.g. material elimination versus reuse and recycling; and vi) carbon uptake/emission (the case of 105 

biogenic carbon). 106 

Dynamic LCA applied to building is new [7] and, according to the literature, the temporal aspects already included 107 

in LCA of buildings are limited to either the Life Cycle Inventory (LCI) or to Life Cycle Impact Assessments 108 

(LCIA) steps, or related to both LCI and LCIA but limited to parts of the studied systems [5]. Moreover, these 109 

aspects concern only the foreground part or a few background processes, primarily related to variations in energy 110 

consumption or production. Energy consumption in the use stage of buildings, as well as the grid composition, 111 

have been extensively studied via hourly resolution simulations of the related inventory (e.g., [8–15]). Such 112 

dynamic simulations allowed for extremely detailed energy consumption calculation, which was then translated 113 
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into climate change impacts using the GWP100 (kg CO2-eq) method. Even if GWP100 was calculated at each 114 

point in time, the impact result obtained cannot be considered as a temporal climate change indicator due to the 115 

lack of dynamic modelling of climate perturbation.  116 

Carbon emissions from the life cycle stages of a building (separated by embodied carbon emissions and operational 117 

energy contributors) have also been evaluated [16,17] but without considering the dynamics of the processes and 118 

supply chains; in other words, the inventory was calculated for four periods and discounting factors were applied 119 

for late emissions. The same approach was used by Gimeno et al. [18] including the consideration of refrigerant 120 

leakages and electricity mix periods (in accordance with regulations). 121 

In the above-cited studies, the dynamics of all processes and the timings of the supply chains were not considered 122 

nor were the (combined) effect of different interventions occurring at different moments in the lifetime of the 123 

building (especially in the background part) taken into account. Concerning the LCIA, in most studies, only CO2, 124 

CH4 and rarely N2O have been considered for the global warming potential (GWP) calculation and no effective 125 

dynamic assessment has been performed. 126 

Recently, temporal characterization factors for global warming assessments have been developed and used in the 127 

LCA of a wood-based building [19]; however, only a limited part of the LCI was considered. The current proposed 128 

methodologies for dynamic LCAs applied to buildings (e.g., [20]) lack operational calculation tools (models, 129 

software and coherent temporal databases) that could be used by practitioners for any building case study. 130 

On a broader scope, dynamic LCA (DLCA) is still at the beginning of its development and very few calculation 131 

tools exist [21]. The first studies proposing temporal inventories dealt only with the foreground part of the life 132 

cycle and focused on several GHG emissions in the foreground processes [22–24]. These studies did not propose 133 

a structured model for dynamic LCI (the emissions were ‘manually’ distributed in time). A first method was 134 

proposed based on a temporal characterization of the processes and elementary flows [25]. The time distribution 135 

of the LCI was calculated using a convolution operation between the distributions of two linked processes. A case 136 

study was presented on domestic hot water production [26] with temporal differentiation for only the foreground 137 

system (energy production/consumption). Pinsonnault et al. [27] applied this same framework to 22% of total 138 

processes included in the ecoinvent 2.2 database, for which the authors defined the temporal characteristics 139 

according to the sector of the activity (e.g. infrastructure or forestry). However, only significant intermediary and 140 

elementary flows were selected for the calculation based on their contribution to global warming. This first model 141 

for dynamic LCI calculations, however, lacked a structured database and a clear definition of process dynamics 142 

and supply chain dynamics through physical, temporal parameters. Cardellini et al. [21] proposed a tool for 143 

performing DLCA based on a graph search algorithm combined with a convolution operation between the 144 

distribution functions of two linked processes, inspired by the previous method [25]. The dynamic LCI was 145 

coupled with GWP characterization factors for climate change. However, this method also lacked the same 146 

operational aspects mentioned above. 147 
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Another method was recently proposed [28] that calculates the temporal LCI by considering the complex supply 148 

chains and processes that compose the life cycle system of both foreground and background processes. The 149 

calculation tool, called DyPLCA ([29]; http://dyplca.pigne.org/), delivers the LCI distributed through time. 150 

Moreover, this dynamic LCI can be calculated based on a conventional LCA database (e.g. ecoinvent), which 151 

facilitates its use by LCA practitioners. A complementary temporal database is included in DyPLCA, containing 152 

the time-dependent parameters of the processes and supply chains associated with the datasets existing in ecoinvent 153 

3.2. The results provided by DyPLCA can be used with adapted LCIA dynamic models [29]. 154 

Concerning the LCIA, in particular climate change, Levasseur et al. [22] proposed a method based on the 155 

calculation of characterization factors (CFs) for one-year time steps. This dynamic model uses radiative forcing 156 

as a physical parameter, and no fixed time horizon is needed. However, the huge number of CFs calculated for 157 

each time step and each substance could prove difficult to manipulate. In a recent study [30–32], a dynamic global 158 

warming model (from IPCC [33]) and a dynamic toxicity model (based on Refs. [34,35]) were adapted and applied 159 

to three case studies via a coupling with a dynamic LCI. 160 

The present study applies the methodology proposed by Negishi et al. [6] to an existingbuilding. The approach 161 

provides  a temporal, complete LCI (based on the DyPLCA tool), combined with dynamic global warming 162 

indicators. DLCA could provide complementary and useful information (as testified by previous studies, several 163 

of which are cited above) on the impact timing and variation (the short- and long-term effects) and on the role 164 

played by biogenic CO2 emissions and capture. However, at the same time, a dynamic approach will require 165 

additional steps and calculation efforts and the obtained results will be more complex and difficult to interpret. In 166 

this context, the objectives of the present study are i) to demonstrate the feasibility of a complete dynamic DLCA 167 

applied to buildings, at the level of foreground and background LCI (considering process and supply chains 168 

dynamics and future scenarios) and at the level of LCIA (using a methodology previously presented [5]) by an 169 

actual building case study, and ii) to identify the benefit of such an approach when compared to conventional LCA, 170 

in the case of buildings. 171 

 172 

2. Materials and methods 173 

2.1.  DLCA Methodology for buildings 174 

In the DLCA methodology applied to buildings [5], the main temporal parameters of a building are expected to be 175 

used to derive the temporalized LCI for the foreground and background processes. Figure 1 shows a schematic of 176 

the main steps, tools and intermediary results of the methodology, briefly described in the following. 177 

 178 
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 179 

 180 

Figure 1: General framework of the DLCA methodology applied to a building case study. 181 

 182 

STEP 1 (Data calculation and collection). The collection of building data for LCI, and of the dynamic aspects and 183 

prospective scenarios, is performed based on Environmental Product Declaration (EPD) documents, literature 184 

reviews and expert opinions. This step includes a Dynamic Thermal Simulation (DTS), providing the annual 185 

energy consumption during the building occupancy, via the COMETH software [36] on the MAESTRO simulation 186 

platform. 187 

STEP 2 (Static model of the life cycle system). The results obtained in Step 1 are completed with the ecoinvent 188 

datasets. The energy and material balances are calculated at the process level over the entire life cycle of the 189 

building. This step provides the links between foreground and background processes as parts of the total life cycle 190 

inventory. 191 

STEP 3 (Temporality of the building life cycle system). The processes and sub-systems with specific temporal 192 

evolutions are identified. The temporal characteristics of the building rely broadly on three categories: 1) the 193 

intrinsic building parameters, 2) the inhabitant behaviour and 3) the background system (or context) of the building. 194 

Specific modelling with an LCA software, e.g. SimaPro, is performed for different scenarios, by connecting 195 

processes which occur at different times like e.g. the replacements of products. 196 

The outputs of the first three steps are the technology and environmental intervention matrices. 197 

STEP 4 (Dynamic model of the life cycle system). The data retrieved from the previous steps are downloaded to 198 

the DyPLCA tool. The dynamic model implemented with the DyPLCA tool allows the characterization of the 199 
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processes and flows through several parameters [28]; details are presented in the Supplementary Information (SI) 200 

(Table SI4). These parameters are user defined and/or available in a dedicated database. The result of this step is 201 

the temporalized LCI, i.e. the elementary flows distributed in time (as discrete values at a given time step over the 202 

timespan of the analysis). 203 

STEP 5 (Dynamic LCIA calculation). The temporal LCI is the input of the models of the dynamic impact indicators 204 

(e.g., [32]) or can be used, after data integration over time, with characterization factors from conventional LCIA 205 

methods. 206 

In the following sections, a case study is presented according to the four steps of the LCA methodology: i) goal 207 

and scope definition, ii) constitution of the LCI, iii) LCIA and iv) interpretation of results. 208 

 209 

2.2.  Goal and scope definition 210 

The building selected as case study is composed of three attached single wooden houses located in the Paris region 211 

of France. The structure technology used is wooden post and beam. This building is part of the Observatory project 212 

and is an experimental platform for an environmental assessment preparing a new French energy and 213 

environmental regulation, E+C- [37]. The reference building service life was considered to be 50 years (2015–214 

2065). Each house has two stories, and the total net floor area of the three houses is 414 m² (details in SI-2). The 215 

functional unit is one building as described above. The system boundary includes all processes from primary 216 

material production to the end of life (cradle to grave), according to the EN15978 standard [38] (details in SI-1), 217 

and the material and energy balances are established within the boundaries defined for each stage (Figure 2). 218 

 219 
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 220 

 221 

Figure 2: Coupling the life cycle stages (defined by the EN15978 standard) and the contributor approach. 222 

 223 

The start date of the house occupancy (or the origin of the lifetime of the building) is considered to be year zero; 224 

which corresponds to 2015. The timespan of the inventory covers the period from 150 years before the origin year 225 

to year 50, as the end of lifetime, and 1 year after, to include all the past activities (raw material extraction, trees 226 

growth for wood harvesting) and end-of-life activities. Thus the system boundaries and the temporal boundary 227 

include the trees used for the wood pieces composing the building, coming from sustainable forest (included in 228 

the technosphere); no reforestation is considered inside the system’s boundaries since the resulting wood does not 229 

belong to the building’s life cycle.  230 

In this study, the climate change impact was calculated and analysed. The literature [39,40] acknowledges that the 231 

end point damages of climate perturbation are sensitive to at least three parameters: i) impacts related directly to 232 

elevated temperature (e.g. heat waves, coral bleaching and sea level rise), (ii) impacts related to the rate of warming 233 

(e.g. high rates of change give insufficient time for species adaptation and lead to species extinctions) and iii) 234 

impacts related to cumulative warming (e.g. sea-level rise) because certain long-lived gases continue to cumulate 235 

their effects even several hundreds to thousands of years after emission. The analysis of the system performance 236 
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following dynamic indicators, namely global mean temperature change (GMTC) and cumulated radiative forcing 237 

(CRF), is completely adapted and copes with the above points (I, ii, iii). 238 

 239 

2.3.  Life Cycle Inventory 240 

 241 

2.3.1. STEP 1: Data calculation and collection 242 

To generate a reliable LCI model of the case study, a variety of tools, software, databases and methods were used, 243 

as shown in Table 1. 244 

 245 

Table 1: Data sources used in the case study. 246 

Data source Type of data Information retrieved 

Observatory 

project data  

General description of the 

building 

Dynamic energy simulation 

model COMETH 

Calculations of specific material and energy 

consumptions of the building life cycle. 

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 

intermediary flows 

Provides the reference flows used for conventional LCI 

modelling with SimaPro. 

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

the DLCI modelling. 

ecoinvent v3.2 Inventory flows (unit 

processes and APOS system 

modelling) 

Completes the inventory for background processes. 

 247 

The MAESTRO platform for DTS was used for the configuration of the building behaviour, and the developed 248 

model was then used as an input of COMETH to simulate the energy consumption. The simulation was performed 249 

with a time step of one hour, as in other reported studies e.g. [8-15], then the cumulated consumption over one 250 

year was considered for the LCI. The energy demand was completely satisfied via electricity. The total energy 251 

consumption for the five types of energy equipment, i.e. the heating and cooling systems, domestic hot water, 252 

ventilation system and lighting, was estimated at 36.9 kWh.m−2.year−1 for the first year of building use. In addition, 253 

the annual consumption of domestic appliances for this building was set to 20 kWh.m−2.year−1 according to an 254 
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expert opinion [41]. The collected data in the EPDs (from INIES database) represent existing buildings recently 255 

constructed, in form of technology information and calculated impact indicators. EPDs do not contain detailed 256 

inventory, however technological inventory information can be exploited like lists of raw materials used and their 257 

quantities. The available information includes the names of the building components and their quantities and 258 

lifetimes, which can be used in both static and dynamic LCA modelling. A total of 48 EPDs were exploited for 259 

the case study (list added in SI, Table SI3). 260 

2.3.2. STEP 2: Static model of the life cycle of the system 261 

The life cycle of the system was modelled on SimaPro 8.3 using ecoinvent 3.2. The ecoinvent dataset was used 262 

mainly for the background processes and those processes for which the building-specific information could not be 263 

obtained in Step 1. The list of ecoinvent processes used is given in SI, Table SI15. 264 

The geographical information of FR (France) for inventories was privileged when data were available, whereas 265 

RER (Rest of Europe Region excluding Switzerland data) or RoW (Rest Of the World excluding Switzerland data) 266 

or GLO (global data) were used as an alternative solution for other inventories. In addition, the ‘default allocation 267 

method’ for the process modelling of the ecoinvent datasets was chosen. 268 

The transport distance of the construction products from factories to the construction site was taken from the EPDs, 269 

as average distances supplied by products’ fabricants. When the transport distance was not available for a 270 

construction product, it was systematically set to 100 km [42]. The energy consumption for the building demolition 271 

and the transport of wastes from the building site to the disposal/treatment site were accounted for. Different waste 272 

treatment processes, i.e. landfill, incineration and recycling, were considered for different types of waste materials 273 

on the basis of the EPDs. 274 

The direct emissions from the construction materials (e.g. the volatile compounds in the indoor air and the 275 

substances leached by rain water from the exterior walls and roof) in the use stage of the building were not 276 

accounted for due to the lack of data (except for CO2 uptake by cement based products, as explained below). 277 

For the sake of simplicity in the LCI modelling with SimaPro and DyPLCA, some construction products were 278 

excluded from the model, particularly when (i) the global warming score of a product was very low (the cut off 279 

threshold was 1% of the total global warming score), (ii) inventory data were completely lacking or (iii) the mass 280 

was not significant compared to the total mass of the house (the cut off threshold was 1% of the total mass of the 281 

building). This last criterion was applied only if criterion (i) was satisfied. As an example, plinths in PVC or wood 282 

are excluded from the modelling due to its low level influence on the climate change impact. Packaging materials 283 

for all products were also excluded because they represent only a small contribution to climate change and a small 284 

fraction of the total mass [42]. The simplification adopted through the criteria (i) to (iii) is acceptable since the 285 

GWP100 calculated preliminarily allows selecting all GHG with high emission amount or/and GHG with high 286 

radiative efficiency. However the simplification can induce errors if the product is responsible for GHG capture 287 
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(not accounted by GWP100 indicator). All insulation materials were included even though their mass contribution 288 

was very low. With this simplified model, the representativeness of GWP100 was of 97% from the value obtained 289 

with the complete EPD-ELODIE data. 290 

Concerning the biogenic carbon, conventional LCA does not include biogenic CO2 emissions and uptake in the 291 

LCI and LCIA calculations. Conversely, with DLCA, all forms of carbon flow were considered: CO2 and CH4 292 

emissions via biomass transformation (e.g. incineration and degradation) and CO2 uptake via plants (e.g. trees 293 

providing wood for the life cycle system of the building). Both types of flows are called biogenic in the present 294 

study. In addition, CO2 uptake into the cement products was also considered when the information was available 295 

from EPDs. Carbonation of concrete takes place also in the end of life stage, depending on the disposal process. 296 

In the present study, carbonation after building demolition was not considered as EPDs do not provide this 297 

information. Therefore, the benefit of such process could be the subject of a dedicated DLCA study. 298 

For practical reasons, the convention is to classify the input flows into the life cycle system of the building via the 299 

‘contributor’: 300 

1- The ‘construction products’ contributor takes into account all components of the building throughout its life 301 

cycle. 302 

2- The ‘operational energy consumption’ contributor covers all energy consumption during the use of the building. 303 

The embodied energy, which is the energy necessary for equipment and construction material production, is 304 

accounted for in the construction products contributor. 305 

3- The ‘operational water consumption’ contributor covers all the uses of water during the use of the building. The 306 

water consumption during material and product manufacturing or on the construction site is allocated to the 307 

construction products or ‘on-site construction consumption’ contributors. 308 

4- The on-site construction consumption contributor accounts for the consumption of energy, water and other 309 

materials, the production of wastewater and the evacuation and treatment of soil during construction. 310 

Figure 2 illustrates the links between the life cycle stages of a building and the contributors. 311 

 312 

2.3.3. STEP 3: Temporality of the life cycle system of a building 313 

Some construction products having lifetimes of less than 50 years need to be replaced. For example, it is assumed 314 

that a PVC (polyvinylchloride) window frame will need to be replaced at 30 years (100% landfilling) and disposed 315 

of at 50 years (92.1% landfilling and 7.9% recycling) and that insulation materials need to be replaced at 30 years 316 

[43]. Table 2 summarizes the temporality of each sub-stage of the life cycle; additional details are available in 317 

Table SI10. 318 

 319 
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Table 2: Description of the temporality of the main activities involved in the building life cycle. 320 

Module 

EN15978 

Occurrence 

time, years 

Process/activity Description/indication 

A1–A3 t < −1 Product fabrication Product fabrication processing related to the 

construction activity 

A1–A3 t = [0, 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 

B1 t = [0, 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 = [0, 50] Energy use The end-user’s energy consumption takes place over 

the lifetime of the building  

B7 t = [0, 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 

 321 

The time variable characteristics of the building were grouped into the following categories: 1) degradation of 322 

material and energy system functions, 2) technological progress related to the building materials, 3) evolution of 323 

the family typology and 4) future mixes of electricity production. Several scenarios were then proposed for 324 

simulations by varying these parameters. 325 

i) Degradation of materials and energy system functions. Insulation materials used for walls, floors and ceilings 326 

are known for their sensitivity to climatic conditions, particularity humidity. Their thermal performance levels 327 

therefore degrade over time during the use stage of a building. Three types of insulation materials (mineral wool, 328 

glass wool and polyurethane) were used in the studied building and differentiated by their usage types, e.g. exterior 329 

wall or upper floor. The temporal profile of the heat transfer coefficient was estimated for each insulation type 330 

[44,45]. This estimation was implemented with a yearly time step during the service lifespan to calculate the annual 331 

demand for heating and for domestic hot water (DHW). Building heat loads are also altered by variations in the 332 

performance of the energy equipment at the end-user level. The degradation of the energy efficiency was 333 

considered for: heating via the electric convector and DHW via the heat pump system. The pessimistic scenarios 334 
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of degradation from a previous study [46] were applied assuming that the global energy efficiency of the electric 335 

convector and the coefficient of performance (COP) of the heat pump degrade yearly by 1% and 3%, respectively. 336 

ii) Technological progress related to the building materials. Given the long lifetimes of buildings, technological 337 

progress may occur during the use phase (e.g. maintenance, replacement and renovation) and in the background 338 

system related to processes for product fabrication, waste treatment and recycling. The integration of such future 339 

and potential improvements in DLCA is challenging due to the sparse data and the knowledge gap. Reducing 340 

waste and increasing recycling rates of the building materials are stipulated in the ‘Energy transition law for green 341 

growth in France [47].’ For example, in the case of flat glass products, a dataset was created for window products 342 

considering an increase in cullet from 30% to 50% and accounting for an energy consumption gain of 2.5% per 343 

10% increase in cullet. The evolution from current waste management practises (specified in existent EPDs) to a 344 

future scenario was considered for construction products based on concrete, steel and wood. 345 

In addition, an electricity consumption reduction of 10% every decade was considered for most energy consuming 346 

processes for construction product fabrication (according to an expert opinion). An energy flow analysis was first 347 

conducted through the network of processes in order to identify important energy consumers for which a 10% 348 

energy reduction was possible. Then, for the relevant processes (the main contributors) the electricity consumption 349 

was modified through time. 350 

Even though prospective aspects may concern a huge part of building-related technologies, in this case study, the 351 

prospective aspects were limited to those described above. 352 

iii) Change in family size. Changing the inhabitant number leads to a change in the indoor heat gain due to human 353 

bodies and hot water needs, which needs to be integrated into the electricity consumption calculations. The family 354 

composition and its evolution were estimated using national statistics in France (INSEE [48], https://www.insee.fr) 355 

and using a calculation method recommended by French thermal regulation 2012 [49] (details in SI-6). 356 

iv) Future electricity mix. Current LCA practice uses an annual average mix of electricity production for the entire 357 

life cycle of the studied system. Conversely, DLCA allows time variations of the energy production to be 358 

considered. The present study includes future scenarios of the French electricity mix with the goals of GHG 359 

reduction and the progressive replacement of nuclear electricity by electricity from renewable resources [50]. The 360 

current mix scenario, retrieved from historical data, contains 72% nuclear electricity. Two future production mix 361 

scenarios were considered: one with a high nuclear share of 50% in 2050 and another with a low nuclear share of 362 

approximately 5% in 2050, the remainder being satisfied by renewable resources and natural gas. These two 363 

scenarios are called ‘Mix-50% Nuclear’ and ‘Mix-90% RE&Gaz’, respectively. For the case study, the use phase 364 

of the building was segmented into three distinct periods of 2015–2034, 2035–2049 and 2050–2065 to which the 365 

current 2010 mix, the 2035 mix and the 2050 mix, respectively, were applied for the two mentioned scenarios 366 

(details in SI-6, Figure SI-3). LCI models of the future mix were developed using the existing ecoinvent 3.2 data. 367 
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The future mix was modelled by varying the mix composition without changing the current technologies, which 368 

represents a limiting assumption. In addition, due to the modelling complexity, the application of the future mixes 369 

was limited to end-use energy consumption, while processes in the background system (e.g. product fabrication, 370 

transport and infrastructure) were still based on the current mix. In the simulations, the prospective mix of 371 

electricity production was considered along with yearly energy consumption values. 372 

v) Scenario modelling 373 

The building case study was modelled with the current inventory as a baseline scenario. To understand the 374 

influence of the variable characteristics on the LCA results, the life cycle system of the building was also modelled 375 

via distinct scenarios by targeting only one variable parameter per scenario, except for S6/sub-scenario 8 (Table 376 

3). The chosen parameter was varied between two (lower and upper) limits such that each corresponded to a sub-377 

scenario: ‘best’ for the supposed beneficial value and ‘worst’ for the supposed most impactful value (details in SI-378 

6, Table SI10). The scenarios definition with lower and upper limits for key parameters can also be considered as 379 

a sensitivity analysis with respect to the chosen parameter.  380 

 381 

Table 3: List of scenarios considered for the case study. 382 

Scenario Baseline  Worst case  Best case  

S1 
Electricity mix for 
operational energy 
consumption 

French annual average 
mix using ecoinvent data  
for 2015–2065  

French annual average mix 
using ecoinvent data for 2015–
2034 
 
‘Mix-50% Nuclear’ 
for 2035–2050 
and 2050–2065 
 

French annual average mix 
using ecoinvent data for 2015–
2034 
 
‘Mix-90% RE&Gaz’ 
for 2035–2050 
and 2050–2065 

S2 
Energy efficiency 
at product 
manufacturing 

 

No temporal variation of 
energy consumption 
using raw ecoinvent data 

No worst scenario (no increase 

of energy consumption) 

10% reduction of energy 
consumption per decade for 
the concrete, steel, aluminium 
and wood product 
manufacturing processes 

S3 
End of life for 
concrete, steel and 
wood products 

EPD processes (landfill, 
incineration and 
recycling) 

Landfill for all products Increase in recycling rate with 
respect to EPDs 

 

S4 
HVAC end of life 

EPD processes (landfill 
and recycling) 
 

Landfill for all products Increase in recycling rate with 
respect to EPDs 

S5 
Technological 
innovations of 
insulation materials 

Replacement (year 30) 
of insulation materials 
by the same type as 
initially used 

Replacement (year 30) of all 
insulation materials by 
extruded polystyrene  

a) Replacement (year 30) of 
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 
Household energy 
consumption 

1. No temporal variation 
of the energy 
consumption using raw 
ecoinvent data 

2. Heat Pump, COP, 3% per 
year drop 

3. Heat Pump, COP, 1% per 
year drop  

4. Airtightness, 1% per year 
drop 

 

5. Insulation, thermal 
conductivity, nonlinear 
degradation  

6. Insulation, thermal 
conductivity, 1% per /year 
drop 

7. Inhabitant change: 5 pers. per house => 2 pers. per house in 
2035 
8. Combination of 2, 4, 5 and 7 

 383 

The temporal assumptions (what was considered, simplified or neglected) of the case study model and for the 384 

defined scenarios are gathered in the Supplementary information document, Table SI11.  385 

 386 

2.3.4. STEP 4: Dynamic model of the life cycle system 387 

The DyPLCA tool contains a generic (but modifiable) database of temporal parameters associated to all activities 388 

in ecoinvent 3.2. The dynamic LCI was computed from −150 to 51 years: a past time horizon of 150 years was 389 

considered to account for tree growth for the different tree species included in the background inventory and the 390 

calculation then covered the lifetime of the building (50 years) and one supplementary year for dismantling and 391 

waste management. The specifically created processes (e.g. foreground processes) for the case study require the 392 

user to define the temporal parameters using the DyPLCA web application (see also SI-4). 393 

 394 

2.4.  Life Cycle Impact Assessment - STEP 5: Dynamic LCIA calculation 395 

The present study focuses on the climate change impact evaluated via three dynamic indicators, instantaneous 396 

radiative forcing (RF, W.m−²), cumulative radiative forcing (CRF, W.year.m−²) and global mean temperature 397 

change (GMTC, K), based on IPCC models and data [33]. The models underlying these dynamic indicators 398 

consider natural phenomena and all GHGs with their specific dynamics, as reported by IPCC (the decay equations 399 

for every GHG and methane oxidation). By coupling time-dependent emissions with these models, one obtains 400 

the indicator values as a function of time. All GHGs present in ecoinvent 3.2 were considered, and the dynamic 401 

indicators were calculated over a timespan of −150 to 500 years. The computation model provided by Shimako et 402 

al. [30] was used to this end. The conventional approach of the global warming potential GWP100 (kg CO2 eq., 403 

with a time horizon of 100 years) was also used for comparison. In conventional LCA, the emission and capture 404 

of a given CO2 quantity offset each other because the underlying model of GWP considers that all GHG emissions 405 

(and captures) occurr simultaneously. Moreover, CO2 uptake and biogenic emissions are not taken into account. 406 

 407 
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3. Results 408 

The results obtained with conventional LCA and DLCA are difficult to compare given the major differences in 409 

the nature of their indicators. GWP100 was used to represent the static LCA, while for the dynamic indicators, 410 

graphical representations as a function of time and values at 100 years (as an analogy to GWP100) and 55 years 411 

(the end time of the building system) were analysed. Attention was paid to the temporal profiles of the climate 412 

indicators such as their amplitude, time scale and impact rate (variation in time). 413 

3.1.  Baseline scenario 414 

Figures 3 and 4 show the results obtained for the entire building and for the four contributors. Construction 415 

products and operational energy are the main contributors to all the impact indicators. Prior to time zero, the net 416 

impact is due to the fabrication of the construction products and, in the present case study, this has a beneficial 417 

effect (all the indicators have negative values) due to the growth of trees (wooden raw materials from sustainable 418 

forestry). Temperature peaks appear several years after the emission of GHGs due to the thermal inertia of the 419 

planet. This time lag depends on the nature of the gas. The overall increase in the temperature peaks near year 55, 420 

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 421 

time horizon for the impact analysis. 422 

Comparison with conventional global warming indicator shows that the ranking of a contributor is the same 423 

whatever the indicator, with little variation in the proportion of the contributor. 424 

 425 

 426 

Figure 3: Climate change dynamic impact (including biogenic CO2) for the entire building and for the four 427 
contributors (the functional unit is the building). 428 

 429 
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 430 

Figure 4: Comparison of the climate change results obtained with static LCA and DLCA: the entire building (the 431 
functional unit) and its four contributors. 432 

 433 

Concerning the impacts related to energy consumption, even if the building was designed with high thermal 434 

performance, the constant GHG emissions due to daily household activities over 50 years make the impact longer 435 

lived, resulting in a continuously increasing CRF and a relatively high temperature peak at the end of life of the 436 

building. 437 

The contribution of the construction products was detailed by product family, as shown in Figures 5 and 6. 438 

According to ref [37] the families regroup products with similar functions or utilisation in the same sub-structure 439 

of the building, for example HVAC family contains the heat pump, electric convector and the ventilation system. 440 

The Foundations and Infrastructure (F&I), HVAC and Coating families are the three biggest contributors to the 441 

climate change impact over the long term. This is due to their important GHG emissions and the persistence of the 442 

emitted CO2 in the atmosphere, which have a very long-term effect. The temperature peak due to the HVAC family 443 

is the highest. The temperature increase due to the F&I family persists for a long period and is 33% higher than 444 

that of HVAC. Partitioning and Internal Carpentry (P&IC) contributes a significant temperature increase at the 445 

end-of-life phase; however, this temperature contribution declines rapidly, which is a consequence of the methane 446 

emission. 447 

 448 

 449 
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 450 

Figure 5: CRF and GMTC for 10 product families and for the operational energy (the functional unit is the 451 

building). 452 
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 453 

Figure 6: Comparison of the impacts of the construction product families according to the different indicators 454 
(the functional unit is the building). 455 

 456 

Figure 6 demonstrates that the rankings of the 10 families can vary according to the indicator and the chosen time 457 

horizon, with F&I and HVAC always being the families with the greatest impact. Some contributors, such as 458 

Façade and Exterior Carpentry (F&EC), involving biogenic carbon in their inventories, have a negative (minus) 459 

contribution to CRF and small contributions to GMTC; this contribution diminishes with time. This behaviour is 460 

due to biogenic carbon capture by trees. Some other families also include a significant amount of wood products 461 

(e.g. Superstructure and Masonry (S&M)); however, the effect of biogenic carbon capture is partially offset by 462 

GHG emitters, such as cement production. 463 

An analysis by GHG was performed for each product family, and several relevant results are presented in the 464 

following. 465 

An interesting case is that of the S&M family, composed of wooden floors, floating screed and mortar in concrete, 466 

insulation material and walls in timber frames. Its relative contribution varies according to the indicator and the 467 

time horizon (Figure 6), and its GMTC and CRF curves have three peaks (Figure 5). These curves are decomposed 468 

in Figure 7 according to the GHG contribution. 469 



21 
 

 470 

 471 

 472 

Figure 7: Contribution analysis of principal GHGs to CRF (W.m−²) and GMTC (K) for the S&M family (the 473 
functional unit is the building). 474 

 475 

 476 

 477 

 478 

Figure 8: Contribution analysis of the principal GHGs to CRF (W.m−²) and GMTC (K) for the HVAC family 479 
(the functional unit is the building). 480 

 481 

The S&M family uses a large amount of wood-based materials, and the effect of CO2 capture can reduce the total 482 

temperature increase by approximately 1/3 in the long term. The three temperature peaks are observed due to the 483 

replacement and end of life of some materials, i.e. a combination of landfilling and incineration (from EPDs), 484 

generating primarily CH4 and biogenic CO2 (from wood) emissions. This example also emphasizes the influence 485 

of CH4 on the steep temperature peaks. This end-of-life behaviour was observed for all product families. 486 
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Another example, the HVAC family (Figure 8), contains refrigerants known for their climate change effects. At 487 

the temperature peak, HFC-134a (ethane, 1,1,1,2-tetrafluoro-) alone is responsible for 36% of the peak (just after 488 

fossil CO2 with 46%) due to its extremely high radiative efficiency (10,000 times higher than that of CO2). In the 489 

long term, GMTC only depends on the CO2 concentration (because CO2 is 30 times more persistent than HFC-490 

134a). The CRF indicator is by far dominated by fossil CO2 due to its higher persistence in the atmosphere. The 491 

specific parameters of main GHG and the relative contribution of the main GHG to the total GMTC is presented 492 

in SI5 (Tables SI5 and SI6 - gases with contribution lower than 1% were not reported). 493 

 494 

3.2.  Alternative scenarios 495 

For simplicity and clarity, the simulations were performed only for the sub-systems concerned by a parameter 496 

modification and not for the entire building. Here, the most interesting results are presented per impact indicator 497 

for LCA and DLCA, showing important differences or similarities between the two LCA methods. 498 

S1. Electricity mix. Figure 9 presents the conventional LCA results for GWP100 (following EN15804). The worst- 499 

and best-case scenarios show 11.5% and 13.8% reductions, respectively. Even though the electricity mix 500 

composition radically evolved due to the replacement of most of the nuclear power by other renewable energy 501 

sources, the impact did not change dramatically. The same energy consumption model (operational energy) leads 502 

to the dynamic indicator results presented in Figure 10. There is no clear difference between the worst- and best-503 

case scenarios, and, contrary to the conventional LCA results, DLCA ranks the three scenarios differently. At 100 504 

years, both the worst- and best-case scenarios have a 7% higher CRF than the baseline and a 10% higher GMTC. 505 

The small difference between the baseline and the other scenarios is explained by the fact that nuclear power 506 

already produces energy with a very low carbon footprint (according to the current inventory dataset in ecoinvent 507 

for the French electricity mix) and replacing it by renewable systems does not significantly modify this 508 

performance. When analysing the benefit of future production mixes, the ranking is inversed for conventional 509 

LCA and DLCA. This result is explained by the way biogenic CO2 is considered in the two methods. In both the 510 

best- and worst-case scenarios, the contribution of bio-based resources to the French mix tends to increase over 511 

time (Figure SI3). Therefore, CO2 uptake by biomass and its release when generating energy modifies the 512 

atmospheric CO2 balance during the concerned period (the use phase of the building). The dynamics of biogenic 513 

CO2 is correctly considered in DLCA, while it is missing in conventional LCA, which results in an incorrect 514 

ranking. 515 

 516 



23 
 

 517 

Figure 9: LCA results for the electricity mix scenarios: GWP100 (the functional unit is the amount of electricity 518 
consumption in the use stage of the building). 519 

 520 

 521 

Figure 10: DLCA results for the electricity mix scenarios: the dynamic indicators for climate change impacts 522 
(the functional unit is the amount of electricity consumption in the use stage of the building). 523 

 524 

S2. Energy efficiency at product manufacturing. An energy consumption reduction of 10% per decade for the most 525 

energy-intensive processes had only a small effect on the four indicators: a 4% reduction for GWP with respect to 526 

the baseline scenario and 3% and 4% reductions for CRF and GMTC, respectively, at year 100 (SI-7, Figures SI4, 527 

SI5). 528 

S3. End of life for concrete, steel and wood products. For each type of material, the system boundaries encompass 529 

all life cycle stages (from A1 to C4, see Figure 2) and all products containing that material, including variations in 530 

the waste treatment processes (landfill, incineration or recycling, Table 3) at the end of life of the products. The 531 

reference flow of each material was calculated with respect to the functional unit of the entire case study, i.e. the 532 

three single attached houses for 50 years. The construction products concerned in this scenario are listed in SI-6 533 

with their respective end-of-life processes. Following the GWP100 indicator in Figure 11, landfilling is the most 534 

impactful process, while recycling does not provide a large benefit with respect to the baseline. Wood products 535 
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have a smaller impact than all the other materials, even with incineration as the end-of-life process. Accordingly, 536 

100% incineration appears to be one of the less impactful scenarios, equivalent to 100% recycling. 537 

 538 

 539 

Figure 11: GWP100 results for concrete, steel and wood products with different end-of-life technologies (the 540 
functional unit is the amount of products produced, used and eliminated for one building). 541 

 542 

Concrete products 543 

 544 

Steel products 545 
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 546 

Wood products 547 

 548 

Figure 12: Dynamic climate change indicators for concrete (top), steel (middle) and wood (bottom) products 549 
with different end-of-life technologies (the functional unit is the amount of products produced, used and 550 

eliminated for one building). 551 

 552 

Figure 12 represents the dynamic profiles of the climate change indicators. For concrete and steel materials, two 553 

and three events appear, respectively, on both the RF and GMTC curves for each of the three scenarios. The first 554 

peak (near time zero) corresponds to the construction product manufacturing and is therefore identical for all 555 

scenarios, while the others correspond to end-of-life activities (near year 50, and one intermediary peak for steel 556 

products). The worst scenario is 100% landfilling, while 100% recycling results in a small benefit. This feature is 557 

akin to conclusions from conventional LCA. Concerning wood products, two events are observed: the first 558 

corresponds to trees cut (and is the same for all four scenarios) and the second corresponds to the end of life of the 559 

building. The less impacting scenario is recycling, followed by landfilling and the baseline scenario, while the 560 

worst is incineration. This ranking is different from those obtained with GWP100 indicator. The dynamic 561 

indicators have globally negative values demonstrating the beneficial effect of CO2 capture by tree growth far in 562 

the past. The GMTC indicators of the incineration and landfilling scenarios present very similar peak values at the 563 

end of life but very different subsequent evolutions. This behaviour is explained by the nature of the emitted GHGs. 564 
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The 100% incineration scenario nearly exclusively emits CO2, while the landfilling scenario emits a mixture of 565 

CH4 and CO2. Because CH4 is a short-lived gas, GMTC declines much more rapidly for landfilling and, in the long 566 

term, only the effect of CO2 persists. Therefore, the behaviour of the baseline GMTC is explained by its mix of 567 

end-of-life processes: recycling, landfilling and incineration. 568 

S4. Technology of end-of-life scenarios for the HVAC system. Here also, very little difference was observed 569 

between the scenarios, with landfilling being the worst scenario according to the four climate change indicators. 570 

The particularity of this system (SI-7, Figures SI6 and SI7) is that the end-of-life processes occur at multiple 571 

moments during the lifetime of the building because replacements of various components take place with distinct 572 

schedules (e.g. the electric convector is replaced three times, the heat pump is replaced four times and the 573 

ventilation system is replaced two times). 574 

S5. Technological innovations of insulation materials. The conventional insulation materials of mineral wool, 575 

glass wool and polyurethane were all replaced at year 30 in the best-case scenario (Table 3) by two innovative 576 

materials (a bio-based one and one composed of recycled materials). GWP100 (Figure 13) placed the recycled 577 

material in the first position, followed by the baseline, the bio-based material and, far behind, extruded polystyrene 578 

(the worst case). 579 

 580 

 581 

Figure 13: GWP100 results for the insulation material scenarios (the functional unit is the amount of insulation 582 
material necessary for one building). 583 

 584 
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 585 

Figure 14: Dynamic climate change indicators for the insulation material scenarios (the functional unit is the 586 
amount of insulation material necessary for one building). 587 

 588 

This ranking result was partially changed by DLCA (Figure 14). All dynamic indicators had negative values for 589 

the bio-based scenario due to the biomass growth prior to year 30. Moreover, the use of bio-based insulation 590 

materials can create a credit and therefore contribute to some GHG emission neutralization in the life cycle system 591 

of the building. When considering the worst insulation material, the temperature peak is 13 times higher than that 592 

of the baseline. However, GMTC declines before year 100 and is only twice the GMTC-baseline at the same year. 593 

This rapid variation is due to the presence of short-lived GHGs, whose concentrations decline rapidly as clearly 594 

observed with the RF indicator (RF is proportional to the gas concentration). Extruded polystyrene has a high 595 

thermal performance; however, the foam processing generates significant emissions of HFC-134a, which is 596 

responsible for the observed behaviour. 597 

S6. Household energy consumption. The household energy consumption was determined from DTS for all the sub-598 

scenarios of scenario S6, and the baseline electricity mix was used for all of these simulations. The results obtained 599 

with conventional LCA vary little for sub-scenarios 2–7 with respect to the baseline, the relative differences being 600 

lower than 11%. Only sub-scenario 8 presents a significant increase, i.e.37% more energy consumption. The same 601 

trends were obtained for the dynamic indicators (additional results are presented in SI-7, Figure SI8, Tables SI12, 602 

SI13). However, when combined with the electricity mix evolution simulated in scenario S1 (with slightly higher 603 

climate indicators for the future mix), a higher impact could be expected for all sub-scenarios at the level of 604 

dynamic climate indicators. 605 

 606 

4. Discussion 607 

Situation in the climate context. The last IPCC report [2] mentioned the building and construction sectors as key 608 

actors for reducing GHG emissions. The first critical climate targets are placed between 2030 and 2052, with the 609 
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objective being to not surpass a temperature increase of 1.5°C. Moreover, net GHG emissions should be zero by 610 

2050. The long lifetimes of buildings need to be placed on a time scale with respect to such climate targets. This 611 

is what Figure 5 shows for the case study. The critical period is situated in the middle of the building lifetime for 612 

a building constructed in 2015 and currently inhabited. The building should reach zero net emissions towards its 613 

end of life, meaning that no temperature peaks should appear at this time horizon. Otherwise, as the figure shows, 614 

the temperature peaks will increase with time until 2065 for all contributors and, after that, GMTC will never fall 615 

to its initial value (see also Figure 3). This case study provides evidence of the importance of performing ex-ante 616 

dynamic evaluations of future, new typologies of buildings and placing the system in the actual temporal context 617 

of climate evolution and climate strategies. 618 

Influence of GHG nature and timing on climate indicators. The parameters determining the climate footprint of a 619 

system are the nature and quantity of the GHGs emitted/captured and the emission profile through time. Due to 620 

the variability in the lifetimes of gases (examples in SI) and their radiative efficiencies, the intensities of their risks 621 

related to climate perturbation are also variable depending on the gas, that is, i) short-lived gases with high radiative 622 

efficiency (e.g. CH4 and HFC-134a, Figures 7 and 8) generate high and steep temperature peaks (more harmful 623 

for living species), while ii) long-lived gases, especially CO2, have persistent impacts for long periods far after the 624 

end time of the emission with high cumulative effects. 625 

In addition, the temporal profile of the emissions (pulse or continuous and the emission duration) determines the 626 

intensity of the effect and whether the effect spreads on a long time scale. The same emission is more harmful 627 

when it occurs late in time than early because it adds a supplementary temperature increase at an already higher 628 

temperature (the temperature is continuously increasing) [40]. In addition, the same quantity of GHG emission has 629 

a smaller impact when the emission is spread over a long time interval than if the emission is released 630 

instantaneously: a sudden large emission will generate a high temperature peak, as in the case of HFC-134a. As a 631 

general trend, a continuous emission over a period results in continuously increasing dynamic indicators, with a 632 

peak corresponding to the end of the emission period, as in the case of household energy consumption. 633 

As Figures 3 and 5 show, the CRF indicator always increases due to the persistence of GHG in atmosphere beyond 634 

the lifetime of the system; it stores the history of the emissions and never declines (except if a capture process 635 

offsets the emissions). The GMTC indicator is critical (peaks) during the lifetime of the system prolonged with 636 

several years. Concerning the timing, the highest GMTC appears at the end of life of the building in this case study, 637 

demonstrating that the highest threat is in the near future. These features clearly demonstrate that a fixed, universal 638 

time horizon for the impact analysis is not justified. Instead, impact observations all along the lifetime of the 639 

system and several decades beyond ensure a better knowledge of the behaviour of a system and the identification 640 

of hot spots. 641 

The importance of considering GHG capture and biogenic carbon. The analysis of different families of 642 

construction products sheds light on the importance of considering GHG capture within the boundaries of the life 643 
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cycle of a system. For the GHG emissions, the capture efficiency in terms of the climate response depends on the 644 

nature and amount of the GHG and on the timing and profile of the capture process. In the present case study, only 645 

CO2 was captured by trees and in a much lesser extent by concrete carbonation. The effect of CO2 uptake is visible 646 

in Figures 5, 7, 12 and 14 and can be observed in the offset of the GHG emissions, quantified by the CRF and 647 

GMTC indicators. However, the offset effect depends on the time profiles and the timings of the emission and 648 

capture processes and is smaller when the two processes are temporally remote. This observation is in agreement 649 

with the literature in the field (e.g., [9], [12], [13]). It is therefore possible to (partially) neutralize the effect of 650 

GHG emissions (as shown by the S&M family) via a sufficient CO2 capture with an appropriate timing within the 651 

boundaries of the same system (e.g. the life cycle system of the studied house). 652 

Relevant information that DLCA can provide - comparison with conventional LCA. DLCA provides important 653 

information concerning the amplitude and rate of change of climate parameters, which conventional LCA cannot 654 

provide. Figures 4 and 6 demonstrate that it is actually irrelevant to compare results obtained with GWP and 655 

dynamic indicators, especially when capture processes are present, because i) the ranking and proportion of the 656 

contributors can change following the time horizon for a given dynamic indicator and ii) the ranking and proportion 657 

of the contributors can differ between the three represented indicators. For example, in the case of scenario 3, 658 

when comparing the three material groups (steel, concrete and wood), the dynamic indicators clearly discriminate 659 

wood products from the two other groups. While conventional LCA calculates a significant GWP impact, the 660 

dynamic indicators show that the carbon capture effect can offset and even overtake the effect of GHG emissions. 661 

The dynamic indicators are very well adapted to account for the effect of biogenic CO2 and, consequently, can be 662 

used to define strategies for the neutralization of the effects of other GHGs. The fact that the contribution results 663 

in Figure 4 are similar between the climate indicators is a particular situation and cannot be generalized: the 664 

inventory is much aggregated on five contributors, with a small global contribution of biogenic CO2 and a 665 

dominance of fossil CO2 (long life GHG), and with a global emission increasing with the time over the lifetime 666 

(Figure 3 shows increasing RF for the main four contributors).  667 

Another example is the effect of the electricity mix, as shown in Figures 9 and 10. The transition from a nuclear-668 

dominated production to a renewable-based mix is accompanied by a slight GWP100 reduction and a slight 669 

increase in CRF and GMTC. This unexpected behaviour (one would have assumed that a renewable energy system 670 

would produce a smaller impact than the current situation) is explained by the fact that biogenic CO2 671 

emissions/capture are not considered in GWP100. All electricity generation technologies constituting the different 672 

electricity mix scenarios were taken from ecoinvent without any modification. The main biomass used in these 673 

processes is wood from sustainable forests, such as oak, spruce and beech, with long growth times (100–150 years). 674 

The long growth duration (translating to a low capture rate of CO2) is followed by the sudden emission of the 675 

embodied carbon via incineration. The result is a small but positive temperature peak, i.e. in GMTC. This temporal 676 

behaviour explains this surprising result and, at the same time, suggests that short rotation biomass be used for 677 
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energy production instead of long-lived trees. Finally, this result should also be placed in the multicriteria context 678 

by considering a panel of impact indicators, climate change impact being one of them; for instance nuclear energy 679 

production is accompanied by important impacts ensued from ionising radiations. 680 

Choosing mitigation options within the temporal context. The dynamic metrics emphasize the importance of 681 

differentiating mitigation actions according to the type of gas and the emission timing. Based on the case study, 682 

main mitigation objectives could be proposed for the different contributors (Table SI14). A global objective is the 683 

reduction of energy consumption, especially during the use stage of a building. Indeed, the results obtained for 684 

sub-scenario S6 - 8, with a combination of various parameters (energy efficiency of equipment and insulation, 685 

occupant behaviour) attest to an energy consumption increase of 37% over 50 years. In addition, reducing energy 686 

consumption is not enough but should be combined with the integration of more renewable sources in the power 687 

generation mix as early as possible. Moreover, the necessary massive reduction in the carbon emissions requires 688 

the use of non-carbon renewable resources (decarbonized energy) or sub-systems with CO2 capture for impact 689 

neutralization in order to reverse the trends observed in Figure 10. The case study indicates that, by combining the 690 

life cycle system of a building with a sub-system of a sustainable forest, it is possible to obtain a net effect near 691 

zero for CRF and/or GMTC. 692 

For certain product families, for example, H&MEWS and F&EC, the emissions were primarily generated at the 693 

end of life of the product. In this case, the concerned industrial sectors should concentrate on eliminating the 694 

punctuated emissions from waste treatment, for example, by promoting recycling. Conversely, other families such 695 

as Energy Network or F&I present more important impacts during the fabrication/construction processes. In this 696 

case, a revision of the technologies and materials used should improve the environmental performance of these 697 

contributors. Other families, e.g. HVAC, contribute GHG emissions throughout the entire product life cycle and 698 

determine important increases in temperature and cumulative radiative forcing. Processes and materials involved 699 

in component manufacturing should be replaced by less impactful ones (replace for example HFC-134a with other 700 

substances with lower radiative efficiency), and end-of-life strategies should promote recycling. 701 

The obtained DLCA results are case specific, dependent on the specificities of the GHG emission and capture 702 

(timing, temporal profile, amount and GHG nature) and cannot be extrapolated to other building typologies; the 703 

graphs presented in Figure 5 represent, in fact, the footprint of the specific modelled building. The wood species 704 

used for the construction materials in ecoinvent are beech, oak, birch, pine, spruce and eucalyptus. If other wood 705 

species are used for a given construction product, the result of coupled emission and capture will be different, 706 

depending on the CO2 flows and the time gap between capture and emission, and a shorter tree growth time would 707 

be beneficial. Finally, a concrete-based building cannot contribute to GHG offsets via significant gas capture 708 

because the life cycle system of such a building does not include a significant amount of wood. In this case, 709 

mitigation actions are restrained to and dependent on technological evolution, especially for the end-of-life stage. 710 
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Increasing temporal representativeness within a complex dynamic model. Such a modelling approach implies 711 

managing (very) different dynamics (temporal variations) at the level of LCI and LCIA, and numerical resolution 712 

parameters for the time variable. For example, the energy consumption in the use stage of buildings can be 713 

calculated with different time resolutions. An hourly resolution has commonly been used and linked to the grid 714 

composition, as mentioned in the Introduction section, to evaluate the GWP100 value of the energy consumption. 715 

In previous studies (e.g., [12], [22]), it has been observed that climate indicators are sensitive to emissions 716 

described with a time resolution of several months to one year, and this time-granulometry is sufficiently narrow 717 

given the temporal characteristics of the environmental phenomena (e.g. gas mixing and interactions with the 718 

ocean and biosphere and thermal transfers) involved in climate perturbation. In the present case study, the energy 719 

consumption was simulated with hourly resolution (using the COMETH software) and was then used in LCI with 720 

a yearly value (the hourly data were summed up over a year to obtain the yearly consumption). This simplification 721 

was adopted for the following reasons: i) the daily modification of the French electricity mix has not significant 722 

repercussion on the GHG emission variation because the mix is based on nuclear power (or renewable sources in 723 

the future) as detailed in section 2.3.3 and SI – Fig. SI3; ii) very short time variations of the GHG emissions are 724 

not captured in the climate dynamic indicators, as explained here above; iii) the complexity resulted from a hourly 725 

variable electricity mix would lead to an unacceptable higher computation time for LCI.   726 

The dynamic LCI was calculated with a time step of 1 day (numerical resolution of simulations) in the DyPLCA 727 

tool in order to capture the processes with short duration and their related intermediary and elementary flows. 728 

Consequently, the results were obtained as discrete values of elementary flows for each day, during the whole life 729 

cycle time. The time step influences the simulation duration and is a limiting factor in current versions of the used 730 

tool, especially when many scenarios of technological change are considered together on the same timeline.  731 

The technology representativeness with respect to time is already a requirement for system modelling in LCA and 732 

still remains a condition for temporal representativeness in DLCA. Placing the timeline of the studied system’s 733 

life cycle on the calendar helps at: i) choosing the relevant technologies and their performances for a given period 734 

(e.g. in this case study the temporal evolution of the performance of energy equipment); ii) an easier evaluation of 735 

missing information for future scenarios (e.g. from when on our knowledge about the recycling technologies 736 

becomes uncertain); iii) including external factors dependent on the time, as economic and social evolution, 737 

climate conditions, etc. (family evolution for instance in this work).      738 

Given the fact the LCI was based (in the present work) on ecoinvent, EPD information and additional simulations, 739 

the global LCI model gathers different uncertainty sources to which the temporal characteristics of the processes 740 

and supply chains are added. All these complex parameters deserve further investigation together with an 741 

uncertainty evaluation; however, such aspects are beyond this study, which focused on the feasibility and 742 

usefulness of a DLCA using a real case application. 743 

 744 
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5. Conclusions 745 

The methodology of DLCA for buildings was applied to a case study with already existent or recently developed 746 

tools: the EPD database for the building sector, a new developed database for temporal parameters in the building 747 

sector, the SimaPro software and the ecoinvent database, and a recent DyPLCA tool for dynamic LCI calculations 748 

coupled with models for dynamic indictors for climate change impact evaluations. The specific temporal 749 

characteristics were collected on site, simulated (e.g. operational energy consumption) or obtained from sectorial 750 

databases. The simulation results were obtained as climate change indicators as a function of time, without a 751 

predefined time horizon (radiative forcing, cumulated radiative forcing and global mean temperature change). 752 

The literature reports many temporal LCA approaches in the building domain. However, to the best of our 753 

knowledge, this is the first application of a complete DLCA using operational software and temporal databases 754 

(DyPLCA) at the level of LCI and LCIA, addressing all components and contributors over the entire life cycle of 755 

a building (at both the foreground and background levels) and using dynamic impact indicators. 756 

In this analysis, details of the dynamic climate change impacts of 10 construction product families and various 757 

operational energy scenarios were individually analysed. The results show that each component has its own climate 758 

footprint determined by the nature of the GHG, the emission timing and the intensity. Analyses of the results 759 

highlighted the effects of the studied systems or sub-systems and indicated which mitigation actions are necessary. 760 

Such analyses should always be placed in the climate context, with regard to the fixed objectives of limiting the 761 

global temperature increase within critical time windows. It is in this way that the evaluation can be understood 762 

and provides effective support to decision making. In the present case study, the lifetime of the building 763 

encompassed the critical period of 2030–2050, which is considered to be a turning point for limiting the 764 

temperature increase to 1.5°C, with an objective of zero net emissions beyond 2050. 765 

Finally, a comparison between conventional LCA and DLCA results is not straightforward due to the different 766 

physical meanings of the indicators (with different measurement units) and the concept of time horizon in the 767 

GWP definition. A comparison was attempted after choosing the most relevant points in time: 100 years for 768 

GWP100 and the end of lifetime where the last temperature peak of the system occurs. The main outcome of the 769 

comparison was that the results can differ greatly, especially when GHG capture is present in the LCI, that is, i) 770 

the ranking and proportion of the contributors can change according to the time horizon for a given dynamic 771 

indicator and ii) the ranking and proportion of the contributors can be different between the considered indicators, 772 

demonstrating the need for a more detailed assessment (at least two dynamic indicators) in the context of the 773 

imminent climate target. 774 
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