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Abstract
Dynamic Life Cycle Assessment (LCA) ranges in temporal complexity, with fully dynamic
approach  requiring  full  life-cycle  chronologies  for  both  foreground  and  background
systems. For instance, LCAs based on Environmental Product Declaration (EPDs), required
by the French RE2020 regulation, are partially dynamic, since only the foreground timeline
is available. The goal of this research is to provide a user-friendly and rigorous method to
conduct partially dynamic LCAs for climate change impact based on EPDs. Delay factors
are  built  as  coefficient  depending  on  the  time  distribution  of  emissions,  to  define  the
dynamic characterization factor as a function of the static one. Compatibility constraints
between static and dynamic imposes an observation time T equal to the sum of the Life
Cycle  Duration  (LCD)  and  the  Time  Horizon  of  the  Impact  (THI).  Literal  mathematical
expressions of delay factors and their behaviors are provided for Global Warming Potential
(GWP)  and  Global  Temperature  Potential  (GTP).  The  application  scope  of  these  delay
factors covers all greenhouse gases (GHG) and large temporal range of LCD and THI. A
case  study  based  on  three  background  products  and  randomly  generated  foreground
emissions  shows  that  the  RE2020  regulation  dynamic  factors  overestimate  benefits
obtained by delaying emissions compared to present method. This happens because the
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method  ignores  compatibility  constraints  between  static  and  dynamic  approaches  and  because  it  does  not
differentiate  delay  factors  for  distinct  GHGs.  However,  delaying  emissions  reduces  GWP  but  still  raises  GTP,
questioning the use of GWP as a dynamic indicator, as it may falsely suggest a declining impact when it is actually
increasing.

INTRODUCTION
Dynamic Life Cycle Assessment (LCA) covers the notion of taking temporality explicitly into account in an

LCA study. More precisely, a dynamic LCA is defined as the combination of two models: (i) a dynamic life

cycle inventory (LCI), modelling time-dependent processes in the technosphere; and (ii) a dynamic life cycle

impact assessment (LCIA), representing the time-varying nature of the expected effects within the

ecosphere
[1]

. Dynamic LCA is not specific to climate change, but it has been initially developed concerning

that specific impact category
[ 2 , 3 ]

. Each impact category would require a very different dynamic

characterization approach, depending on the underlying impacted natural phenomena. However, only few

studies jointly implement both a dynamic inventory and a dynamic climate-change characterization, despite

the methodological need for doing so
[4]

.

LCA approaches regarding climate change assessments have been classified into four categories for time

accounting
[5]

: (1) Purely static approaches, with no consideration for time; (2) Partially dynamic approaches

combining a static inventory and an LCIA with credit for carbon storage; (3) Partially dynamic approaches,

where a dynamic inventory is assessed through a static LCIA method, and (4) Fully dynamic approaches

based on both a dynamic LCI and LCIA. For the sake of clarity, instead of using these categories as defined

by
[5]

, we prefer to refer in the remainder of this article to static, partially dynamic and fully dynamic

approaches, as illustrated in Figure 1. A partially dynamic approach is characterized by a temporally explicit

foreground LCI, whereas a fully dynamic approach involves a temporally explicit inventory for both the

foreground and background LCIs. In either case, the LCIA is temporally explicit.

For a fully dynamic approach, a basic understanding of the chronological progression of life cycle processes

in the foreground system and/or the temporal equations is insufficient. It is also essential to be able to

temporally align all background system processes with respect to those in the foreground system, i.e. “to

combine the different dynamics of the unit processes together”
[6]

. An example of this issue is provided in

Figure 1 for the case of a building. It is required to trace back in time the production of each composing

material, and then further in time their use and end-of-life flows relative to the construction timeline.

Similarly, each intermediate flow required by the production processes of these composing materials has to

be traced in time relatively to the production, use and end-of-life times of this specific material, etc. Such an

approach requires a mathematical framework and a computing method able to recreate a chronological

database from the temporal description of a product life cycle. Additionally, temporal LCI models can vary

in complexity, ranging from basic chronological ordering of processes to more complex dynamic

relationships. In the latter case, the value of an inventory flow at a given time t is a function of its value at the

preceding time step, as exemplified by models of biomass growth in silviculture. Two types of approaches,

grounded in distinct mathematical techniques, have been put forward to address this issue: the first relies on

the method of limited expansion
[7]

, while the second utilizes dynamic graph search algorithm
[6]

. These have

later been improved and operationalized
[8 -10]

. However, these fully dynamic methods can only be

implemented on specific databases for which all the intermediate flows are available (such as unit process

models in the ecoinvent database). Their implementation also demands a high level of programming

expertise.
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Figure 1. Illustration of levels of difficulties of time explicit LCAs from static to dynamic - *categories as defined by[5] - ** “delay factor” is
an expression used and precisely defined later in the present article, the current expression employed by[5] “discount factor”. LCAs: Life
cycle assessment.

Recently, some new regulations, such as the RE2020 in France
[11]

, impose to stakeholders of the building

sector the calculation of a dynamic indicator based on Environmental Product Declaration (EPDs).

However, for operational approaches based on EPDs, only partially dynamic approaches are possible.

Indeed, as illustrated in Figure 1, LCAs of products from EPDs are aggregated without the detail of the

background processes models that is needed to recreate a fully time-explicit LCI. Thus, only the foreground

system is time explicit, whereas the background (i.e. any upstream intermediate and elementary flows) will

be considered as being produced at the same time as the EPD product. Referring to the illustration in Figure

1, there is no possibility of moving from a partially dynamic to a fully dynamic approach with EPDs.

Performing dynamic LCA using EPDs is thus based on a major simplifying assumption: the “temporal

alignment” of EPDs’ inventories, i.e. considering that the LCA of an EPD product takes place entirely at the

very same time. This implies that the background system is static while the foreground system is dynamic.

This “bonding” between a static background system and a dynamic foreground system requires the ability to

calculate a dynamic indicator from a static indicator, and that both static and dynamic indicators to be

mathematically compatible.

Previous work has been published to ease the implementation of partially dynamic LCAs applied to climate

change impact category. A worksheet-based tool
[12]

 based on the work of Levasseur et al. is very operational

for practitioners but provides characterization factors based on the 5th IPCC report (Intergovernmental

Panel on Climate Change)
[13]

. In addition, the tool is not transparent enough to be adaptable to further

evolutions from IPCC because the calculation model of delay and characterization factors is not fully

provided. Furthermore, because it is based on a numerical model, the results are dependent on the chosen

time-step, that influences both results and computation time
[14]

. More recently, Resch et al. provided an

operational relationship between Global Warming Potential (GWP) static and dynamic indicators, but this

remains an empirical approximation
[15]

. In both approaches, the integration times of radiative effects

associated with the inventory and with the reference gas are indeed critical components of the dynamic GWP

metric. They strongly influence climate-change outcomes, particularly for short-lived pollutants such as CH
4

and N
2
O, and may result in the truncation of radiative effects for emissions occurring later in the life

cycle
[16,17]

. However, both approaches only consider the GWP indicator, although Global Temperature

Potential (GTP) gains interest in today’s scientific and political discussions, and is subject to the same
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time-horizon limitations as GWP
[18,19]

. Additionally, neither approach guarantees the existence of a

mathematical consistency between the static indicators of the background system and the dynamic indicators

of the foreground system. Other existing climate indicators do not rely on fixed time horizons or a reference

gas - such as the integrated global mean temperature change (iGMTC), the amplitude of the temperature

change (GMTCmax), the ΔT
peak

 or the ΔT
long-term

 - and therefore provide unbiased metrics of climate change,

but their applications require a fully dynamic inventory
[20,21]

.

The goal of this research is to provide a user-friendly method enabling practitioners to conduct partially

dynamic LCAs for climate change impact based on EPDs, making it accessible to a wider range of

stakeholders. Beyond operational simplicity, the contribution of this work also lies in establishing analytical

coefficients that can be applied directly to static characterization factors to obtain their dynamic

counterparts. Because these coefficients depend on a consistent alignment of time horizons between static

and dynamic formulations, the method explicitly derives and formalizes the required compatibility

conditions. Although developed primarily for GWP - the only climate change indicator currently reported in

EPDs - the approach is extended to GTP to anticipate potential shifts in climate policy and impact

assessment practice.

The remainder of this article is structured as follows. Section 2 introduces the climate change modelling

principles underlying GWP and GTP indicators, including the definition of main time horizons. Section 3

derives mathematical expressions of so-called “delay factors” - coefficients that depend on the temporal

distribution of emissions and that scale the static characterization factor to obtain the dynamic one for the

same system. In parallel, their behaviors as a function of their input parameters are analyzed. Section 4

presents a simple application of the method, together with its associated worksheet-based tool
[22]

, using EPD

data within the framework of the French RE2020 regulation. Section 5 discusses the physical meaning of

delay factors along with their operability and reliability.

PRINCIPLES OF CLIMATE CHANGE INDICATOR AND MAIN DYNAMIC METHODS
This section presents the principles and main equations, introducing unified notations and symbols. To

avoid repetition and verbosity in the text, all notations and their units are detailed in the Supplementary

Table 1.

General principles of climate change metrics modeling

Assessing and modelling the potential impacts of greenhouse gases (GHG) emissions on climate change rely

on a complex methodological process starting with the inventory of atmospheric GHG emissions. Higher

atmospheric concentrations of GHGs lead to stronger radiative forcing. Changes in energy intake changes

atmospheric temperature which in return affects climate conditions such as terrestrial and ocean

temperatures, or the sea level. Finally, these new climate conditions create potential damages on human

health, ecosystem quality or natural resources
[23]

. Throughout this cause-effect chain, many indicators can be

suggested to represent climate change: from emissions accounting to damage indicators, including radiative

forcing, temperature, sea level or even precipitation metrics. The indicators used can be differentiated

according to their absolute or relative nature, or according to their underlying temporal approach -

instantaneous or cumulative.

The following equations are those provided by the IPCC. For the reader's convenience, the meaning and

units are fully detailed in the Supplementary Table 1.

Both GWP and GTP indicators are based on the Absolute Global Forcing Potential (AGFP). It represents the

amount of radiative power received by 1 m
2
 of Earth surface due to a pulse increase of 1 kg of a given GHG.

The AGFP is an instantaneous metric of the radiative forcing:

https://file.oaecenter.com/published/pdf/d5a2fa166b05730673006bc6f4952629/1776303145/cf50117-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/d5a2fa166b05730673006bc6f4952629/1776303145/cf50117-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/d5a2fa166b05730673006bc6f4952629/1776303145/cf50117-SupplementaryMaterials.pdf


François et al. Carbon Footprints 2026, 5, 22 Page 5 of 22

with AGFP
j
(t) the Absolute Global Forcing Potential (W.m

-2
.kg

-1
); c

j
 the time response function of an

impulse of the GHG j (dimensionless), a
j
 is the radiative efficiency of GHG j (W.m

-2
.kg

-1
) and t the time

elapsed after the pulse emission
[24]

.

The time decay law, or impulse response function, c
j
(t) represents the degradation of the GHG j over the

time (or its reabsorption by biogeochemical mechanisms regarding the CO
2
):

with c
j
 the time response function of an impulse of the GHG j (dimensionless), τ

j
 the lifetime of the GHG j in

the atmosphere (years) and b
n
 and τ

n
 the carbon dioxide impulse response function parameters taken from

[25]
.

Lifetimes of all GHGs are provided in an associated worksheet-based tool
[22]

, under the “IPCC AR6”

worksheet based on
[26,27]

, b
n
 and τ

n
 are provided in the “Additional data” worksheet based on

[25]
.

The Absolute Global Warming Potential (AGWP) is the instantaneous radiative forcing [Equation 2]

cumulated over a time T:

with AGWP
j
(T) the Absolute Global Warming Potentia l of GHG j cumulated over a t ime T

(W.m
-2
.yr.kg

-1
)

[24]
.

The GWP characterization factor is a relative metric based on the AGWP expressed relatively to the CO
2

chosen as the reference substance:

with GWP
j
(T) the static Global Warming Potential characterization factor of GHG j over time T

(kg CO
2
-eq)

[24]
.

The Absolute Global Temperature Potential (AGTP) represents the temperature variation due to the

radiative forcing potential, expressed in Equation 5
[24]

. It is based on the AGFP and on a temperature

response function. Compared to the radiative forcing, a temperature variation is introduced that relies on the

climate impulse response Rθ. This one is based on climatic layers models. In latest IPCC reports, AR5 and

AR6, Rθ is represented by a two exponential terms expression with a fast and a slow contribution, as

expressed in Equation 6
[28]

.

with AGTP
j
(T) the Absolute Global Temperature Potential of GHG j over a time T (K.kg

-1
) and Rθ(t) the

climate warming impulse response function (K.yr
-1
.m

2
.W

-1
)

[24]
.
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The climate warming impulse response function Rθ is expressed as follows:

with q
s
, q

f
, (K.m

2
.W

-1
) representing respectively a slow and a fast contribution to the temperature increase in

respectively d
s
 and d

f
 (year) the surface and deep layers of the atmosphere

[28]
.

The GTP indicator, in Equation 7, is a relative metric based on the AGTP expressed relatively to the CO
2
,

chosen as a reference substance.

with GTP
j
(T) the Global Temperature Potential indicator of GHG j over a time T (kg CO

2
-eq)

[24]
.

In addition to the degradation or absorption rates of GHGs and their climate impulse responses, some

feedback mechanisms contribute to climate change metrics. Firstly, through oxidation reactions, a part of

methane emissions degrades into carbon dioxide. These indirect emissions contribute to climate change and

are estimated through the cumulative product of methane degradation and AGWP of CO
2
 (see Equations in

Supplementary Part 2). Secondly, any GHG emissions that contribute to global warming can modify the

balance of carbon flows between Earth’s reservoirs. Then for each GHG other than CO
2
, metrics should

integrate a carbon cycle response.

Dynamic metrics for climate change

To distinguish dynamic factors from static ones, static quantities are indicated in upper case in the previous

section, and dynamic quantities in lower case in the following section.

Unified mathematical framework between static and dynamic approaches

In this section, several time entities are defined. The times corresponding to the first and last emission of the

life cycle of the considered product are defined as t0 and t
max

 respectively. Then, the duration of the LCD (life

cycle duration) can be defined as:

with LCD the Life Cycle Duration (yrs), t0 (yrs) the time of the first emission of the life cycle, and t
max

(yrs) the

last emission of the life cycle.

Let’s also define t
x
 as the time at which the integration calculation stops. Thus, independently from the static

or dynamic method, the total integration time can be expressed as:

For static impact assessment, as represented in Figure 2A, the integration time is equal to the Time Horizon

of the Impact:
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4
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Figure 2. Comparison of static and dynamic approaches. GHG: Greenhouse gases; LCD: life cycle duration.

Figure 2B shows the same case study with a dynamic approach: all emissions of the inventory system model

are now spread between t0 and t
max

. The total integration time corresponding to Equation 9 can be rewritten

by introducing t
max

 as follows:

To build a unified framework between static and dynamic approaches, the static equation should be derived

from the dynamic one. By setting t
max

 = t0, corresponding to all emissions occurring at time t0, expressions of

T are equals:

Giving therefore the following relationship for the static expression:

(11))3H=0<82 = (C<0G − C0) + (CG − C<0G) = !�� + (CG − C<0G)

(12)8 5 C<0G = C0 ⇔ )3H=0<82 = 0 + (CG − C<0G) = )BC0C82

(13))BC0C82 = (CG − C<0G) = )��
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Which finally leads to the unified expression:

This condition is general to any impact category whenever compatibility is required between static and

dynamic approaches. This relationship had already been suggested and conceptually explained by
[29]

 although

it was not demonstrated. For partially dynamic approaches based on EPDs, Time Horizon of the Impact

(THI) = 100 years.

Dynamic GWP characterization factors

On a general basis, the agwp of a GHG j emitted at time t
i
 over an observation duration T can be deduced

from Equation 3 by introducing the time t
i
 at which the emission occurs:

where agwp
i , j

(T) is the dynamic Absolute Global Warming Potential of GHG j emitted at time t
i
 and

cumulated over time T (W.m
-2
.yr

-1
.kg

-1
).

To obtain dynamic gwp characterization factor, one requires to divide dynamic agwp by the agwp of 1 kg of

the reference substance (carbon dioxide). Thus, considering the equivalence of notation between agwp
0,CO2

and AGWP
CO2

, the dynamic gwp characterization factor of a GHG j emitted at time i and observed on a time

T can be expressed as follows:

where gwp
i,j
(T) is the dynamic Global Warming Potential of GHG j emitted at time t

i
 and cumulated over

time T (kg CO
2
-eq).

Dynamic GTP characterization factors

Like GWP, the dynamic agtp and gtp characterization factors can be expressed from the static AGTP and

GTP, Equations 5 and 7 respectively, by introducing the time of emission t
i
 as expressed in Equations 17 and

18:

where agtp
i,j

(T) is the dynamic Absolute Global Temperature Potential of GHG j emitted at time t
i
 and

cumulated over time T (K.kg
-1
).

where gtp
i,j
(T) is the dynamic Global Temperature Potential of GHG j emitted at time t

i
 and cumulated over

time T (kg CO
2
-eq).

DELAY FACTORS
Definition

In order to compare and easily convert characterization factors from static to dynamic, the delay factors,

symbolized by α and β respectively for the gwp and gtp are defined as dimensionless coefficients representing

(14)) = !�� + )��
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the ratio between the dynamic and the static characterization factors, for each type of GHG, at a given

moment of emission t
i
 and for a given integration time T. Given that CO

2
, CH

4
 and N

2
O represent the

overwhelming share of climate‑forcing emissions globally, the differing behaviors of α and β are particularly

relevant for these three gases. This is demonstrated in the case study in Section 4 and documented in

Supplementary Part 3 and Supplementary Figures 1-4.

Delay factor α for the global warming potential characterization factor

By definition, the delay factor α is expressed as:

Replacing in Equation 19 the corresponding expressions for the GWP and gwp respectively from Equations 4

and 16, while considering the equivalence of notation agwp
o,j

(T) = AGWP
j
(T), the following simplified

expression is obtained:

Moreover, combining Equation 2 that represents the degradation rates of GHGs, and Equation 20, and

resolving the integral, leads to Equation 21 below. The detailed mathematical demonstration is available in

Supplementary Part 3.1.

Equation 21 shows that, for other gases than CO
2
, the delay factor α

i,j
(T) depends on only one specific gas

constant that is τ
j
 corresponding to the lifetime of the GHG j, which represents its persistence in the

atmosphere. It does not depend on the radiative efficiency nor the molecular mass of the GHG. It does not

depend either on any constants relative to CO
2
 although this is the reference substance of the GWP indicator.

Figure 3 and Table 1 illustrate the variability of α
i,j
(T) according to the lifetime of a given GHG j, assuming its

emission at the end of the Life Cycle Duration, e.g. t
i
 = LCD, and for a Time Horizon of Impact set to THI =

100 years. Eleven current GHGs are plotted on this figure. Figure 3 shows that the higher the lifetime, the

smaller the delay factor. This means that delaying emissions of long-lifetime GHGs is more efficient to

reduce the indicator.

Figure 4 depicts the evolution of the delay factor α
i,j
(T) as a function of the Time Horizon of the Impact THI

for a single emission occurring at the time t
i
 = LCD with LCD = 100 years. The three time horizons classically

used for the GWP indicator (20,100 and 500 years) are also marked on the figure. One can observe that all

delay factors are close to zero for short Time Horizons of the Impact and eventually tend towards 1 at long

Time Horizons of the Impact. The shorter the GHG lifetime, the faster they approach 1.

Figure 5 shows different values of the delay factor for CO
2
 emissions α

i,CO2
(T) , as a function of the time of

emission t
i
, with a Time Horizon of Impact set to THI = 100 years for four Life Cycle Duration LCD

scenarios (25, 50, 100 and 200 years). Similar figures for CH
4
 and N

2
O are provided in Supplementary

Figures 1 and 2. As the time of emission t
i
 and Life Cycle Duration LCD increase, the delay factor decreases,

which means that for a given Time Horizon of the Impact, later emissions have a lower impact GWP
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Figure 3. Delay factors for GWP as a function of the lifetimes of GHGs and for a single emission ti = LCD with THI = 100 years. GHG:
Greenhouse gases; LCD: life cycle duration; THI: time horizon of the impact; GWP: global warming potential.

Table 1. Delay factors for GWP for the 11 main GHG and for a single emission ti = LCD with THI = 100 years

GHG Lifetime
Alpha factor
(LCD = 10 yrs)

Alpha factor
(LCD = 25 yrs)

Alpha factor (LCD
= 50 yrs)

Alpha factor
(LCD = 100 yrs)

Alpha factor (LCD
= 200 yrs)

CO2 Combined 0.928 0.84 0.728 0.581 0.432

CH4 with oxidation 11.8 0.994 0.986 0.972 0.948 0.907

N2O 109 0.945 0.88 0.803 0.715 0.641

HFC-134a 14 1 0.999 0.999 0.999 0.999

HFC-125 30 0.99 0.98 0.971 0.966 0.964

SF6 1000 0.914 0.81 0.683 0.525 0.367

PFC-14 50000 0.909 0.8 0.667 0.5 0.334

CFC-11 52 0.971 0.939 0.904 0.872 0.857

CFC-12 102 0.947 0.885 0.811 0.727 0.66

HCFC-22 11.9 1 1 1 1 1

CCl4 32 0.988 0.976 0.965 0.958 0.956

GWP: Global warming potential; GHG: greenhouse gases; LCD: life cycle duration; THI: time horizon of the impact.

indicator. Nonetheless, increasing the LCD period decrease the slope of delay factors, then delayed emissions

occurring before LCD will have less favorable delay factors than with a shorter LCD.

Delay factor β for global temperature potential characterization factor

As defined before, the mathematical expression of the delay factor β associated to the GTP indicators for a

given observation time T is:

Similarly to the delay factor α [Equation 20], Equation 22 can be rewritten by replacing the expression of

Equations 5 and 18, while considering the relationship agtp
0,j

(T) = AGTP
j
(T):
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0
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Figure 4. Delay factors for GWP as a function of the Time Horizon of the Impact (THI) and for a single emission ti = LCD=100 years. GHG:
Greenhouse gases; LCD: life cycle duration; GWP: global warming potential.

Figure 5. Delay factors for GWP of CO2 as a function of the time of emission for a Time Horizon of the Impact (THI = 100 years) and for
various Life Cycle Durations (LCD). GWP: Global warming potential

As with the GWP, from combination of Equations 2, 6, 17 and 23, the delay factor for the GTP can be

expressed analytically for each GHG j, for each moment of emission t
i
 and any integration time T. The

detailed mathematical demonstration is available in Supplementary Part 3.2.

https://file.oaecenter.com/published/pdf/d5a2fa166b05730673006bc6f4952629/1776303145/cf50117-SupplementaryMaterials.pdf
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Figure 6. Delay factors for GTP as a function of the lifetimes of GHGs and for a single emission ti = LCD with THI = 100 years. GHG:
Greenhouse gases; LCD: life cycle duration; THI: time horizon of the impact; GWP: global warming potential; GTP: global temperature
potential.

Similar to GWP, Equation 24 shows that for other gases than CO
2
, the delay factor β

i,j
(T) exclusively depends

on the lifetime of the GHG for gas-specific constants and on the four constants related to the climate impulse

response
[28]

. Nor does it depend on any constants relative to CO
2
 although this is the reference substance of

the GTP indicator.

Figure 6 and Table 2 illustrate the variability of β
i,j
(T) according to the lifetime of a GHG j, assuming they are

emitted at the time t
i
 corresponding to the end of the Life Cycle Duration (t

i
 = LCD ) and for a Time Horizon

of Impact set to THI = 100 years. Eleven current GHGs are plotted on this figure. One can observe in Figure

6 that the delay factor increases up to a maximum for GHGs lifetimes between 10 and 50 years, and decreases

down to one for lifetimes between 50 and 1,000 years, then below one for lifetimes longer than 1,000. The

maximum value of the delay factor increases with the value of the life cycle duration LCD. As displayed on

Figure 6 related to THI = 100 years, whatever the value of LCD, the delay factor is superior to 1 for all GHGs

with lifetimes of less than 600 to 1,000 years depending on whether LCD varies between 10 and 200 years.

This means that, unless the lifetime of the GHG in the atmosphere is greater than 1,000 years, the longer an

emission is delayed, the greater the temperature rises 100 years after the last emission.

Figure 7 depicts the evolution of the delay factor β
i,j
(T) as a function of the Time Horizon of the Impact THI

for a single emission occurring at the time t
i
 = 100 years (i.e. LCD = 100 years). Two time-horizons (50 and

100 years) are also marked on the figure. One can observe that all delay factors tend towards 1 at long Time

Horizons of the Impact. For short Time Horizons of the Impact, only GHGs with very long lifetimes have

delay factors of less than 1, while GHGs with short lifetimes have significantly higher delay factors.

Figure 8 shows different values of the delay factor β
i,CO2

(T) for CO
2
 emissions, as a function of the emission

time t
i
, with a Time Horizon of Impact set to THI = 100 years, for four LCD scenarios (25, 50, 100 and 200

years). Similar figures for CH
4
 and N

2
O are provided in Supplementary Figures 3 and 4. As the time of
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https://file.oaecenter.com/published/pdf/d5a2fa166b05730673006bc6f4952629/1776303145/cf50117-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/d5a2fa166b05730673006bc6f4952629/1776303145/cf50117-SupplementaryMaterials.pdf
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Figure 7. Delay factors for GTP as a function of the Time Horizon of the Impact (THI) and for a single emission ti = LCD = 100 years. GTP:
Global temperature potential; LCD: life cycle duration; GHG: greenhouse gases.

Table 2. Delay factors for GTP for the 11 main GHG and for a single emission ti = LCD with THI = 100 years

GHG Lifetime
Beta factor (LCD
= 10 yrs)

Beta factor (LCD
= 25 yrs)

Beta factor (LCD
= 50 yrs)

Beta factor (LCD
= 100 yrs)

Beta factor (LCD
= 200 yrs)

CO2 Combined 1.006 1.011 1.016 1.02 1.032

CH4 with oxidation 11.8 1.034 1.08 1.155 1.312 1.672

CH4 11.8 1.043 1.104 1.207 1.439 2.043

N2O 109 1.06 1.156 1.331 1.738 2.828

HFC-134a 14 1.55 1.126 1.236 1.475 2.095

HFC-125 30 1.149 1.366 1.692 2.227 3.257

SF6 1000 0.994 0.987 0.977 0.967 0.974

PFC-14 50000 0.986 0.966 0.937 0.891 0.828

CFC-11 52 1.124 1.323 1.684 2.473 4.151

CFC-12 102 1.065 1.169 1.358 1.801 2.985

HCFC-22 11.9 1.044 1.105 1.208 1.44 2.045

CCl4 32 1.15 1.374 1.722 2.309 3.413

GWP: Global warming potential; GHG: greenhouse gases; LCD: life cycle duration; THI: time horizon of the impact.

emission t
i
 and Life Cycle Duration LCD increase, the delay factor increases, which means that for a given

THI, later emissions have a higher GTP impact. Additionally, the delay factor is almost constant and very

close to 1 for all emission times t
i
 in their variation range (e.g., t

i
 between zero and LCD). This means that

delaying CO
2
 emissions would induce only a slight increase of the GTP indicator, yet for CH

4
 and N

2
O the

GTP indicator increases significantly with delayed emissions (see Supplementary Figures 3 and 4).

Application

This section aims to illustrate how to apply the method and provided tool, for stakeholders who need to

conduct a dynamic study using EPDs in compliance with the French RE2020 regulation
[11]

. This regulation is

based on the GWP100 indicator available from EPDs, setting THI = 100 years. This regulation also sets the

life of a building at 50 years, setting LCD = 50 years. Year zero is set as the year of delivery of the finished

                                                                                            

https://file.oaecenter.com/published/pdf/d5a2fa166b05730673006bc6f4952629/1776303145/cf50117-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/d5a2fa166b05730673006bc6f4952629/1776303145/cf50117-SupplementaryMaterials.pdf
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Figure 8. Delay factors for GTP of CO2 as a function of the time of emission ti for a Time Horizon of the Impact (THI = 100 years) and for
various Life Cycle Durations (LCD). GTP: Global temperature potential.

building, and year 50 is set as the year of demolition. Also, according to this regulation
[11,30]

, all operations

prior to delivery are set at year zero, and all operations after the year of demolition are set at year 50.

For the purpose of providing an illustrative application of our development, delay factor calculations are thus

carried out for three background products (with known EPDs) and one foreground activity, that could be

used in a real-life LCA of a building that should comply with the French RE2020 regulation
[11]

. The delay

factors are exact analytical results requiring no empirical validation, and such case study serves to

demonstrate the operational workflow and quantify the gap with RE2020. The three background products

represent types of products most commonly involved in these regulatory calculations: a material with a long

service life used for building construction and not renewed during the building use phase, a material with a

short service life used for the building construction and renewed during the building use phase, and a fuel

used for heating the building throughout its lifespan. Additionally, a foreground inventory is also randomly

generated at every time step to represent a dynamic model supposed to be known and specifically defined by

the building designer. Randomly generated foreground emissions were deliberately chosen to demonstrate

the generality of the approach, independently of any specific industrial scenario. Then our case study

illustrates a partially dynamic study, with temporally defined intermediate flows (background products), and

elementary flows (randomly generated).

The regulation RE2020 being based on EPDs data, the life cycle stages of products are named accordingly in

the example: module A for production and installation, module B for usage phase, and module C for

end-of-life stage
[31]

.

Description of the case study
To avoid citing a specific supplier, default environmental data provided by the French Ministry of Ecological

Transition and available in the INIES database are used. A timber frame wall
[32]

 is chosen as a long-life

material, a wallpaper for walls and ceilings is chosen as a short-life material, and a wood pellet heating
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For materials with a long lifespan (greater than or equal to 50 years), the value of module A should be

reported at time zero, the value of Module B should be uniformly distributed over the entire lifespan of the

building, and the value of Module C should be reported at the end of the building’s life. The impact values

are multiplied by the amount of flow necessary for the building. The wall surface is set at 50 m
2
 in this

example.

For materials with a short lifespan (less than 50 years), the value of module A should be reported at time

zero, the value of module C should be reported at time 50, and the total value of modules A+B+C should be

reported at each time the component is renewed, defined by its service life duration. The impact values are

multiplied by the amount of flow necessary for the building. The area of the walls to be covered is set at 35

m
2
 in this example.

For energy, the estimated annual consumption, as determined by the thermal model of the regulation, is

multiplied by the total unit indicator of modules A+B+C and reported each year. In this example, we assume

an annual energy consumption of 2,500 kWh/year.

The dynamic inventory table resulting from this example is provided in the Supplementary Table 2.

This inventory is obtained by distributing static GWP100 indicator of background products over time

according to timeline scenarios described in Table 3. This timeline distribution of static GWP100 is assumed

to be equivalent to CO
2
 emissions. This is a strong assumption, as not all GHGs have the same degradation

curves and therefore do not have the same effects on climate change over time. However, this assumption

was considered acceptable by legislators, on the basis that CO
2
 is generally the main GHG emitted.

RESULTS
Results for RE2020 are calculated using the official method provided in an attached file. Results for the

present article are obtained by using the worksheet-based tool provided along with this article
[22]

, and the

instruction manual is provided in the Supplementary Part 5, with illustrations in Supplementary Figures

5-18. Results are all detailed in the Supplementary Figures 19-22.

The static GWP100 indicator was equal to 6,963 kg CO
2
 eq for that case study, of which 12% originated from

the wood-frame wall, 3% from the wallpaper, 55% from the wood pellets, and 30% from to the foreground

emissions. The dynamic model for the RE2020 calculated gwp100 = 5,172 kg CO
2
 eq (thus a 26% reduction

compared to static indicator), whereas the present model obtained 6,001 kg CO
2
 eq (thus a 13,8% reduction

compared to static indicator). Both dynamic methods use the same approach with delay factors from

respectively the RE2020 regulation
[11]

 or from our method, illustrated in Figure 5 with the same THI of 100

years, associated with the static GWP100 indicators. The use of nondimensional delay factors ensures

comparability of results with the same reference gas, CO
2
, and same integration period, 100 years. More than

the results themselves, which have limited significance in this context since the example provided is

simplistic and only intended to illustrate the approach, the dynamic gwp100 indicator obtained with the

present method is still higher than the one that would be obtained using the RE2020 model. This difference is

explained by two reasons: the compatibility criterion and the account of different GHGs in the foreground

system.

system
[32]

 is chosen for heating energy. Table 3 presents their main characteristics together with their

GWP100 values, as well as the associated discrete event time points (i.e., installation, replacement, disposal

and energy consumption). Using these data, it is possible to reconstruct a partially dynamic inventory in

accordance with the rules set forth by RE2020
[11,30]

 and explained below.

https://file.oaecenter.com/published/pdf/d5a2fa166b05730673006bc6f4952629/1776303145/cf50117-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/d5a2fa166b05730673006bc6f4952629/1776303145/cf50117-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/d5a2fa166b05730673006bc6f4952629/1776303145/cf50117-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/d5a2fa166b05730673006bc6f4952629/1776303145/cf50117-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/d5a2fa166b05730673006bc6f4952629/1776303145/cf50117-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/d5a2fa166b05730673006bc6f4952629/1776303145/cf50117-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/d5a2fa166b05730673006bc6f4952629/1776303145/cf50117-SupplementaryMaterials.pdf
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Table 3. Data used to calculate the partially dynamic GWP indicator in the context of the French regulation RE2020

Building component Service life Reference of EPD Reference flow Amounts of products and scenario Module A Module B Module C

Timber frame wall 100 years (INIES, 2022) 1 m2 50 m2

Static GWP GWP100 (kg CO2 eq) -7.63 0 25

Timeline scenario Time 0 50 m2

Time 50 50 m2

Wallpaper for walls and ceilings 10 years (INIES, 2019) 1 m2 35 m2

Static GWP GWP100 (kg CO2 eq) 0.970 0 0.0416

Timeline scenario Time 0 35 m2

Every 10 year
(Time = 10, 20, 30, 40)

35 m2 each time
35 m2

each time

Time 50 35 m2

Wood pellet heating system - (INIES, 2021) 1 kWh 2,500 kWh

Static GWP GWP100 (kg CO2 eq) 0.030

Timeline scenario Time 0 2,500 kWh

Every year 2,500 kWh per year

Time 50 2,500 kWh

Foreground specific product Random data for this example 1 kg 1 kg Specific data detailed by GHG collected by stakeholder

GWP: Global warming potential; GHG: greenhouse gases; LCD: life cycle duration; THI: time horizon of the impact; EPD: environmental product declaration.

Concerning the difference induced by the compatibility criterion, it can be observed by calculating the dynamic indicator with both methods only for the background

system (no CH
4
 emissions involved). Applied to the background system, the static GWP100 = 4,871 kg CO

2
 eq, the dynamic RE2020 method provides gwp100 = 

3,529 kg CO
2
 eq (thus a 28% reduction compared to static indicator) and the dynamic present method provides gwp100 = 3,999 kg CO

2
 eq (thus a 18% reduction 

compared to static indicator). Indeed, the calculation basis of the RE2020 regulation is not designed with consideration for the compatibility criterion between static 

and dynamic indicators, since the building life cycle is set to 50 years, the time horizon of the impact is set to 100 years, but the total integration time is set to 

100 years. With respected compatibility criterion of Equation 14, the total integration time should be set to 150 years, which is respected with the calculation of the 

present paper. As a result, the benefits of GHGs emissions spreading on climate change are overestimated by this regulation, as previously theoretically explained by
[29]

.

Concerning the distinction of different GHGs in the foreground system, it can be observed by calculating the dynamic indicator with both methods only for the

foreground system (with CH
4
 emissions involved). Applied to the foreground system, the static GWP100 = 2,093 kg CO

2
 eq, the dynamic RE2020 method provides
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gwp100 = 1,642 kg CO
2
 eq (thus a 21% reduction compared to static indicator) and the dynamic present

method provides gwp100 = 2,001 kg CO
2
 eq (thus a 4% reduction compared to static indicator). The use of a

reduction coefficient that is identical for all GHGs (except refrigerating fluids) in the RE2020 also

overestimates the benefits of emissions spreading on climate change.

DISCUSSION
What is different compared to previous methods?

An important point of discussion concerns changes in the reference of dynamic indicators. Compared to

previous methods, this paper does not provide a new indicator, it only modifies the integration times in

order to ensure compatibility between static and dynamic indicators. As expressed in Equations 19 and 22 of

delay factors, the time T is the same entity at numerator and denominator. However, it does not have the

same value: T is defined by Equation 14, thus for static indicator T = THI because LCD = 0, whereas for

dynamic indicator T = LCD + THI. In the application to GWP100, T = LCD + 100 years, and thus T = 100

years for the static indicator. This ensures an identical integration time concerning the reference substance

CO
2
 at the denominator. In fact, delay factors do not depend on the CO

2
 reference as can be seen in

Equations 20 and 23. Compared to the previous method of Levasseur et al.
[13]

, the change is that the

numerator of the characterization factor has a longer integration time than the LCD time. Compared to the

previous method of Ventura
[29]

, the change is that the denominator of the characterization factor has a

shorter time, set to T = THI.

What can be learned from literal expressions of delay factors?

Equations 21 and 24 demonstrate that delay factors can be expressed in closed forms. These analytical

expressions increase their usability in various calculation programs. Furthermore, apart from the total

integration time and the different times of emissions, the values of the delay factors depend only on the

physicochemical constants of the GHGs:

α
i,j
(T) only requires lifetimes for each GHGs, except for the CO

2
 that requires constants defined in its own

decay function
[25]

β
i,j
(T) also requires lifetimes and parameters of the CO

2
 decay function, yet more specifically parameters of

the climate warming impulse response function in Equation 6 available from
[33]

.

Thus, the mathematical expressions of the delay factors (see Equations 21 and 24 do not depend on the

reference substance (CO
2
). Delay factors actually represent the ratio between the impact on climate change of

a GHG emitted at time t
i
 and up to the total observation time T, and the impact of the same GHG emitted at

time zero. These coefficients are dimensionless and thus represent the anticipated change in impact resulting

from the delay or dispersion of emissions, relative to an instantaneous emission at time zero.

What can be learned from behavior of delay factors?

Comparing results obtained for the two delay factors α and β corresponding respectively to the GWP and

GTP indicators provides interesting insights as they present opposite behaviors: delaying emission will

translate in a decrease of the GWP, whereas it will induce an increase of the GTP (except for GHGs with very

long lifetimes). Equivalently, α is based on cumulative radiative forcing and thus the shorter the integration

time, for a delayed emission, the lower the value of the GWP. In contrast, β is based on an instantaneous

temperature at a given point in time (T). Then higher results for GTP are expected when emissions are

greatly delayed.
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Initially, this could be interpreted as inconsistent to have two delay factors with contradictory variations that

are supposed to represent the same impact category, climate change. However, these two factors are closely

related, both based on the decay curve of radiative forcing. GWP integrates this radiative forcing decay curve,

it reflects a cumulated value of radiative forcing, whereas GTP estimates temperature changes induced by the

radiative forcing decay curve and the climate impulse response
[28]

. Yet the GTP is positioned further down

the cause-effect chain than the GWP. Delaying an emission reduces the cumulative radiative forcing,

represented by the GWP, but nevertheless causes a delayed temperature rise, represented by the GTP. These

results regarding the GTP call into question the relevance of using the GWP as a dynamic indicator as it

produces the illusion of a declining impact as it decreases cumulative radiative forcing, whereas in most cases

it is actually an increasing impact as it increases temperature. Expressed differently, distributing emissions

over time diminishes the temperature peak compared with an instantaneous release, as illustrated by the

AGTP temporal profiles from the worksheet tool
[22]

. Simultaneously, the temperature peak is shifted to a later

point in time, leading to long-term temperatures that surpass those of the instantaneous-pulse scenario. This

interaction between peak reduction and temporal shifting reinforces the need for indicators that complement

GWP
[20,21]

. These results also justify why this article has renamed “discount factors” into “delay factors”, a

more generic and neutral expression that does not indicate any benefit or drawback from delaying emissions.

Applicability of the provided tool

Delay factors are especially interesting for partially dynamic approaches, i.e. based on EPDs. As EPDs are

built to evaluate a single unit of a product, the start and end times of system activities are much clearer, at

least in the foreground system. There is clearly a time duration after which no more emissions are

considered. A crucial distinction is that life cycle duration is not necessarily equal to product life. For

example, in the case of landfilling, emissions may occur for several years after the landfilling process itself. It

is up to the user to define the dynamic inventory to be used with the tool. Simplified approaches, such as

those used in the French RE2020 regulation
[11]

, impose a duration of 50 years and approximate the duration

of the life cycle as that of the product’s lifespan, i.e. consider that all operations prior to the building's

delivery date are considered to occur at time zero, and that all operations subsequent to the product’s

end-of-life occur 50 years later.

For practitioners wishing to perform partial dynamic calculations based on EPDs, the spreadsheet format is

relevant. Compared with other spreadsheet tools such as dynCO
2

[12]
, the developed tool

[22]
 provides GTP

calculation, and the compatibility between static and dynamic indicators defined by Equation 14 is ensured,

since the dynamic indicator is calculated according to the product life cycle duration and impact time

horizon chosen by the user. The tool not only provides the value of compatible static and dynamic

indicators, it also provides a temporal visualization of the various intermediate quantities in the calculation:

inventory, remaining atmospheric concentrations as a function of time, AGWP and AGTP. Such graphical

representations are important, as they allow seeing how the impact evolves over time, and not just at the final

value, which remains dependent on the chosen THI. Graphical representation is indeed an important aspect

of the tool added value. With today’s regulatory changes, industry players tend to think that it is worthwhile

to store carbon in CO
2
-based products, inducing delayed CO

2
 emissions. This outcome is mainly explained

by the choice of a short integration time (T), and to the lack of compatibility between static and dynamic

indicators. The complete graphical visualization shows that this is not the case: with longer THI it is observed

that the dynamic GWP tends towards the static GWP value, while for the GTP temporarily storing carbon in

products to delay emissions contributes to raising temperatures rather than lowering them on the short and

intermediate terms. Such observation is in line with previous work
[34]

, which shows that carbon storage must

last at least 1,000 years for the effects on climate change to be beneficial. The analysis of the delay factors β
built here, completes this work, showing that benefits are only possible for GHGs with very long lifetimes,

which are not meant to be stored.
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Concerning additional information, compared to a static LCA, apart from the chronological details of GHG

emissions in the inventory, no additional data is required: the tool determines the LCD value directly from

the inventory, the user knows and can easily enter the THI value. However, the tool is evolutive and new

physicochemical parameters from newer studies or reports (e.g. IPPC reports) can be updated and taken into

account (radiative efficiencies, half-lives, equilibrium equations for CO
2
 and methane degradation). In that

case users can easily update the tool by changing these data themselves. Values of lifetimes of all GHGs are

provided in the “IPCC AR6” sheet, and b
n
 and τ

n
 are provided in the “Additional data” spreadsheet of the

worksheet-based tool
[22]

.

The fact that the integration period is defined based on the product’s life cycle can pose problems in terms of

application. First, a producer may want to propose deliberately long lifespans in order to reduce its impact, as

shown in Figure 3. Although feasible, this limitation is also present in the current method
[11]

, which, in

addition to being incompatible between static and dynamic indicators, assigns zero impact to all emissions

occurring beyond 100 years. Secondly, it could be argued that it is difficult to compare products with

different lifespans, which are uncertain in the building sector since products have long lifespans. This is

entirely true, but this difficulty, which is inherent in the need to compare on the basis of identical functional

units in standards in general, arises for all dynamic methods. It has been resolved by the RE2020

regulation
[11]

, which imposes an identical lifespan on all buildings, and it has been resolved in EPDs in

general, where manufacturers’ consortia define typical usage scenarios, including lifespans, using Product

Category Rules
[35]

.

Should regulation be changed?

The simple case study presented in this article shows the influence on the results when non-respecting the

compatibility criterion between static and dynamic indicators, and the actual RE2020 regulation

overestimates benefit on GWP100 reduction obtained by delaying emissions. Furthermore, this benefit is

even emphasized by not introducing distinct factors corresponding to distinct GHGs. This difference is

substantial, as illustrated by the case study.

Experimental analysis has shown that an approximate relationship can be established between static and

dynamic characterization factors for the GWP indicator
[15]

. However, this relationship was derived from

dynamic indicators obtained with the RE2020 method and is therefore not applicable in the context of the

present work, as it relies on a partial dynamic approach that does not satisfy the compatibility condition

demonstrated in this article and formalized in Equation 14.

Furthermore, the mathematical condition ensuring compatibility between static and dynamic approaches,

expressed in Equation 14, is related to a previous discussion
[29]

, although that previous work did not explicitly

mention that this relationship only holds when compatibility between static and dynamic approaches is

required. The developed method in this article corrects these shortcomings and, as illustrated in the case

study, can be readily applied by practitioners. Updating current regulations accordingly would therefore

provide a representation that is more consistent with the physical effect of delaying emissions. More broadly,

regulations and climate assessments should incorporate metrics that do not depend on times horizons or a

reference gas. In parallel, IPCC must present and further develop these metrics and their associated

characterization factors within its scientific reports.

CONCLUSIONS
Climate change assessment in dynamic LCA improves the accuracy of LCA results but requires rigorous

definition, particularly when dynamic indicators are derived from static approaches such as reference-gas

impulse emissions. In this regard, the present article introduces two delay factors associated with GWP and
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GTP indicators, defined from compatible time horizons. These delay factors can then be applied either in

fully dynamic approaches - using their analytical expressions - or in partially dynamic approaches, including

those relying on EPDs data, through the provided worksheet-based tool. Compared with existing dynamic

factors, the proposed GWP delay factor yields a smaller perceived benefit of delaying emissions because

fewer radiative effects are truncated (-14% versus -26% in the present application). The complementary GTP

delay factor, however, nuances climate conclusions by showing that delayed emissions postpone the

temperature peak (year 54 versus year 7 for an impulse emission in the present application). Nevertheless,

decision making and LCA practice largely rely on single metrics like GWP and GTP that cannot fully capture

all climate processes and temporal dynamics, even when adjusted with delay factors. Improving assessments

therefore requires continuous, physically grounded indicators such as AGWP and AGTP, but their use

inevitably complicates interpretation.
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