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AGWP	� Absolute global warming potential (W.m− 2.yr. 
kg− 1)

B	� Atmospheric burden (kg)
BC	� Black carbon
c	� Constants in the thermal impulse response func-

tion (K W− 1 m2)
CCD	� Cruise phase of a flight
CF	� Characterization factor
d	� Relaxation time (yr) in thermal impulse response 

function
ERF	� Effective radiative forcing (W.m− 2)
f1, f2	� Correction factors accounting in the impulse 

Notations
A	� Radiative efficiency (W.m− 2.kg− 1)
a	� Constants in the impulse response function of 

CO2
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Abstract
Purpose  The climate change impact in LCA typically considers only the well mixed, direct greenhouse gases (GHG). The 
objective of this research is to include new climate forcers and effects in dynamic LCA, according to the climate science 
evolution, and to make them available and operational for the LCA users. The CCI-tool was used and complemented with 
these new elements.
Methods  First, the available data and knowledge on short-lived climate forcers (SLCFs) was compiled from IPCC reports 
and from recommended literature by IPCC, and translated in a model based on the concept of impulse response function 
(IRF) for the radiative forcing (RF). The SLCFs included are: (1) aerosols and precursors: SO2, organic carbon, black car-
bon, particulate matter; (2) ozone precursors (indirect GHGs): NOx, CO, volatile organic compounds; (3) other indirect: H2. 
Differentiation was made for aviation emissions and shipping emissions. Second, the carbon cycle climate feedback was 
integrated in the model and allocated to each climate forcer.
Results and discussion  The model was validated by calculating the GWP20, 100, and GTP20, 100 for the SLCFs and com-
paring with the available data in the literature. The RF and global mean temperature change (GMTC) were calculated for 
all SLCFs for a 1 kg pulse emission and presented for discussion. Two simple case studies were performed on: (1) aviation 
emissions for a one-way long-hole flight and for a 1-year daily flights; (2) wood combustion. The examples demonstrate the 
relevance of considering the SLCF effect especially at short term (0–20 years after emission), with higher peaks on tempera-
ture than CO2. Uncertainties on physical parameters were used to evaluate the minimum and maximum GMTC, and confirm 
the behaviors observed in both case studies.
Conclusions  This is the first implementation of SLCFs in a dynamic LCA tool, for climate change impact calculation. More-
over, the model was updated with the carbon-cycle climate feedback effect. The CCI-tool is well adapted to such improve-
ments, especially for dynamic impact calculation. The results obtained on simple impulse emissions or on case studies cor-
roborate the data and conclusions from the climate science literature.

Keywords  Short-lived climate forcers · Carbon cycle climate feedback · Aviation emissions · Combustion emissions · 
Shipping emissions · Global mean temperature change
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response functions of CH4 and N2O
g	� Emission flow (kg.yr− 1)
GHG	� Greenhouse gas
GMTC	� Global mean temperature change (K) or (°C)
GMTC_CCF	� Supplementary temperature increase due 

to the carbon cycle feedback (K) or (°C)
GMTCd	� Global mean temperature change (K) or (°C) 

from the direct effect (infrared absorption) (K) or 
(°C)

GWP	� Global warming potential (kg CO2eq. kg− 1)
GTP	� Global temperature potential (kg CO2eq. kg− 1)
iRF	� Integrated radiative forcing (W.m− 2.yr)
IRF	� Impulse response function
IRFCCF	� Impulse response function for the climate carbon 

cycle feedback
IRFT	� Thermal impulse response function
LCA	� Life cycle assessment
LCIA	� Life cycle impact assessment
LTO	� Landing and takeoff
NMVOC	� Nonmethane volatile organic compound
OC	� Organic carbon
PM	� Particulate matter
RF	� Radiative forcing (W.m− 2)
RF_CCF	� The carbon-climate feedback effect on the radia-

tive forcing
RFd	� Radiative forcing from the direct effect (infrared 

absorption)
s	� Subscript to indicate a substance
SLCF	� Short-lived climate forcer
t	� Time (yr)

Greek letters
ΔF	� Radiative sensitivity to emission (W.m− 2.

kg− 1.y)
δ	� Dirac function
γ	� Constant in the IRFCCF (kg CO2 yr− 1 K− 1)
τ	� Perturbation time (yr)

1  Introduction

Nowadays, the dynamic LCA is more and more adopted by 
researchers and LCA practitioners especially for climate 
change impact assessment of systems with greenhouse gas 
(GHG) emissions and captures shifted in time. The need of 
more representative assessment of systems, for their contri-
bution to climate change and for evaluating the mitigation 
actions, was recently materialized in the RE2020 standard 
(Ministère de la transition écologique 2021) in the field of 
construction. On the pathway towards climate neutrality, 
more representative assessments than those provided by 
conventional metrics such as the global warming potential 

(GWP) (or the less commonly used global temperature 
potential, GTP) are required across all economic sectors. 
Dynamic (or temporal) LCA integrates both dynamic inven-
tory and dynamic impact modeling, and conceptual analyses 
of the temporal dimension in LCA are available in the lit-
erature (Beloin Saint-Pierre et al. 2020; Sohn et al. 2020). 
Tools for dynamic climate change impact evaluation have 
been proposed based on two main approaches.

The first approach, proposed by Levasseur et al. (2010), 
and used implemented in bx_timex tool (Diepers et al. 2025), 
calculates dynamic characterization factors (CF) at the level 
of the radiative forcing (RF), using a one-year timestep. 
These CFs are then used with a temporalized inventory 
with a 1-year resolution. The calculation tool uses the atmo-
spheric decay function of a given GHG as the response to 
the emission of 1 kg of that substance. A time horizon must 
be defined for the impact calculation. However, because this 
method relies on CFs, it limits the use of alternative, more 
complex, or combined mechanisms.

The second approach (Shimako et al. 2016, 2018; Tiruta-
Barna 2021) directly calculates radiative forcing and global 
mean temperature change (GMTC) as impact indicators, 
without the need for characterization factors. Instead, it uses 
the RF and GMTC models in combination with the dynamic 
inventory. The formalism is based on the impulse response 
functions (IRF) of GHG concentration decay in the atmo-
sphere and on the impulse response function for the planet’s 
thermal mechanisms (IRFT). The developed tool is avail-
able as online calculator (CCI-tool; ​h​t​t​p​​s​:​/​​/​w​w​w​​.​i​​n​s​a​​-​t​o​u​​l​o​
u​​s​e​.​​f​r​/​c​c​i​-​t​o​o​l​/).

In LCIA, the climate change impact category tradition-
ally considers only well mixed, direct GHGs, based on 
established climate science. However, climate science has 
advanced significantly over recent decades, incorporating 
new knowledge (data and models) on other climate forc-
ers and effects. Examples include carbon cycle feedback 
(Gasser et al. 2017), the effect of certain aerosols and the 
behavior of indirect GHGs such as NOx, CO, or avia-
tion emissions (Lee et al. 2021; Fuglestvedt et al. 2010). 
Although the UNEP Life Cycle Initiative has recommended 
including six short-lived climate forcers (SLCF) (without 
geographical differentiation) with their GWP20 (Levasseur 
et al. 2016), the ecoinvent v3.11 database currently includes 
only three SLCFs (CO, VOC, NO) with their GWP100 val-
ues in the IPCC-2021 LCIA method.

Moreover, GWP metrics cannot adequately accom-
modate, on a unique base, the very different behaviors of 
SLCFs and of long-lived GHGs (like CO2 or N2O). Distinct 
approaches for metrics (or CFs) calculation for SLCFs have 
been discussed by Aamaas et al. (2013), based on either a 
sustained or a pulse emission (GWP is based on a unitary 
pulse emission). Allen et al. (2018) pointed out that using 
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GWP to convert SLCFs in kg-CO2-eq misrepresents their 
real impact, and proposes a modified metrics (CFs), GWP*, 
based on a sustained emission of SLCFs, which would more 
accurately evaluate the impact on radiative forcing. How-
ever, ensuring a satisfactory harmonization between SLCFs 
and long-lived GHGs is still matter of discussion (Cain et 
al. 2019). The approach proposed within the dynamic LCA 
is not to calculate characterization factors that are subject to 
bias, but to use physical parameters to calculate the climate 
impact directly.

The objective of this research is to integrate new climate 
forcers and effects into tools dedicated to dynamic LCA and 
to make them available and operational for LCA users. Due 
to its generic and flexible architecture, the CCI-tool men-
tioned above is the most suitable for being extended with 
additional mechanisms and climate forcers and was there-
fore used in this research.

The following improvements were implemented and dis-
cussed. A model for the radiative forcing of SLCFs, consid-
ering their direct, indirect, or combined effects on climate, 
was added with specific parameters for each compound. The 
SLCFs were differentiated by the emission compartment: 
combustion emissions from aviation at low and high alti-
tudes, combustion emissions from shipping, and terrestrial 
emissions. These new climate forcers in CCI-tool include: 
gases with indirect climate effect (NOx, CO, non-methane 
volatile organic carbon NMVOC), aerosols (black carbon 
BC, organic carbon OC, SO2 induced, particulates contain-
ing carbon PM), stratospheric water vapor, contrails and 
contrail induced cirrus.

The carbon cycle climate feedback was integrated into 
the RF and GMTC calculation for all climate forcers. This 
update, based on recent models, is essential because con-
ventional metrics global warming potential (GWP) and 
global temperature potential (GTP) now include the climate 
feedback mechanism (IPCC 2021).

After the methodology description in the next section, 
examples of results are presented, and their implications 
for climate change assessment are discussed through two 
case studies: an aviation scenario and a biomass combustion 
scenario.

2  Method

2.1  Short description of the implemented model

The model was initially (version 2016) implemented for the 
direct effect, well-mixed GHGs, for all GHGs present in the 
IPCC list and in the ecoinvent database (list updated from 
IPCC 2021; and ecoinvent 3.9). The model uses the IRF 
approach to calculate the gas decay in the atmosphere and 

then the RF in function of time. The thermal response func-
tion to a pulse RF (IRFT) is used to calculated the GMTC, 
as preconized by the IPCC reports (e.g. IPCC 2013).

The atmospheric burden of substance s, Bs, is calculated 
as the convolution (symbol *) of the temporal emissions of 
the substance s, g (kg.yr− 1), and the concentration-IRF of 
that substance:

Bs (t) = gs ∗ IRFs =
ˆ t

0
gs (t′) IRFs (t − t′) dt′� (1)

The RF is calculated as the product between the radiative 
efficiency, A, and the atmospheric burden, B. The radiative 
efficiency (or specific radiative forcing) A (W.m− 2.kg− 1) can 
be considered constant for quasi-constant atmospheric con-
centrations (small emissions), so it is also time-invariant. 
Hereafter, the RF of direct effect GHGs is named direct 
radiative forcing RFd: 

RFds (t) = AsBs (t) = As (gs ∗ IRFs)� (2)

For well mixed GHGs, the IRF has the general form:

IRF (t) = e−t/τ� (3)

with τ the perturbation time (decay constant). For CO2: 

IRFCO2 (t) = a0 + a1e−t/τ1 + a2e−t/τ2 + a3e−t/τ3 and∑
i
ai = 1 � (4)

where ai are constants (dimensionless). Methane’s IRF 
includes the effects on ozone and stratospheric water through 
the correction parameters f1 (0.5) and f2 (0.15) (IPCC 2013; 
chapter 8.SM.11.3.2):

IRFCH4 (t) = (1 + f1 + f2) e−t/τ� (5)

Methane is oxidized to CO2, which is included in the model. 
The yield of transformation is 75%, i.e. 1 kg of CH4 gener-
ates 2.1 ± 0.7 kg CO2; (IPCC 2021; chapter 7). Similar cor-
rection is applied for N2O: 

IRFN2O (t) =
(

1 − 0.36 (1 + f1 + f2) ACH4

AN2O

)
e−t/τ� (6)

The global mean temperature change generated by the 
forcer s is defined as the convolution between its direct RF 
(noted RFd) and the IRFT (formula 8), considered indepen-
dent from the GHG type. For direct GHGs, this parameter is 
named direct GMTC (GMTCd).
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The values of the radiative efficiency A in these equations 
are not provided in the literature. Instead, a parameter called 
“sensitivity to emission” is available (Fuglestvedt et al. 
2010; Lee et al. 2021), which was used in this work to cal-
culate the A values (details in the supplementary informa-
tion section S1).

The perturbation time τ2 corresponds to the lifetime of 
CH4 involved in the chemical reactions.

2.2.2  Aerosols: sulfate, sulfur dioxide SO2; black carbon BC; 
organic carbon OC, particulate matter PM

The direct effect of aerosols is considered (radiation reflec-
tion) in one e-fold term as:

RFaerosol (t) = Aaerosole−t/τ1� (11)

For aviation emissions, data from Lee et al. (2021) are 
considered. For other emission compartments, data from 
Fuglestvedt et al. (2010) are used.

For shipping SO2, the indirect effect of modification of 
cloud properties and of the albedo from Lauer et al. (2007) 
is included; for 1 kg SO2 emission:

RFSO2/sulphate (t) = (Adirect + Aindirect)e−t/τ1� (12)

In case of black carbon, the parameters are expressed per 
kg carbon. For organic carbon OC, the parameters are also 
expressed per carbon mass, considering a ratio “particulate 
organic matter”/”organic carbon” = 1.4.

Most PMs (particulate matter) are generated by combus-
tion processes and are composed in majority by organic 
compounds (e.g. Perrone et al. 2013). Data from Fuglest-
vedt et al. (2010) for “organic carbon” were used to model 
the behaviour of PMs. Equation (13) applies for particulate 
matter like PM2.5, PM10. Since models for mineral aero-
sols effect are not available, only the organic part of the par-
ticulate matter is included. The composition from Perrone et 
al. (2013) is considered here, i.e. 17–24% (w/w) of organic 
carbon, with no distinctions according to the location or sea-
sons. With the average value of 20.5%, the mass of carbon 
in PMs and the radiative efficiency of PMs become:

Carbon = 0.205 PM (kg) and APM = 0.205 AOC� (13)

2.2.3  Stratospheric water

In case of aviation emissions of water, the direct radiative 
forcing is: 

RFH2O (t) = AH2Oe−t/τ1� (14)

IRFT (t) =
∑2

j=1

cj
dj

e−t/dj� (7)

GMTCds (t) = RFds ∗ IRFT� (8)

where c (K W− 1 m2) and d (year) are contributions to the 
equilibrium climate sensitivity and relaxation times, respec-
tively, for the fast (j = 1) and slow (j = 2) terms.

All the formulas above are used with their parameters/
constants updated from IPCC (2021).

2.2  Model adaptation to include other climate 
forcers

Emissions from various combustion processes contribute to 
climate impacts even when their atmospheric lifetimes are 
short. A notable example is aviation emissions, other than 
CO₂, whose effects have been estimated to be comparable to 
those of CO₂ from aviation (see, for example, IPCC 2021, 
Figure  6.12). Most of these compounds are not included 
in the GWP metrics used in current LCA tools (ecoinvent 
v3.11, for instance, includes only CO, VOC, and NO in the 
IPCC-2021 LCIA method), and none are currently consid-
ered in dynamic LCIA. The models and data used in this 
study are based on available literature consistent with the 
IRF approach and on the recommendations of the IPCC 
(2013).

2.2.1  SLCF ozone precursors

Nitrogen oxides NOx, carbon monoxide CO, and non-
methane volatile organic compounds others than meth-
ane NMVOC, contribute to ozone chemistry, ozone being 
a direct GHG, and interact with OH and CH4. For these 
SLCFs, emission metrics have been proposed based on a 
steady-state emission during one year, and not on a pulse 
emission as usually adopted for GHGs (Fuglestvedt et 
al. 2010). The indirect climate contribution is due to four 
effects: the short-term ozone increase (sto), long-term effect 
of methane on ozone depletion (lto), methane decrease (m), 
and stratospheric water decrease if the emission is in upper 
troposphere/lower stratosphere (sw). Each of the compo-
nents have a specific perturbation time τ.

For a pulse unitary emission, the general formula could 
be written:

RFs (t) = Astoe−t/τ1 + (Alto + Am + Asw)e−t/τ2� (9)

It applies for NOx emissions from aviation (based on kg N). 
For tropospheric emissions (either NOx, CO, or NMVOC):

RFs (t) = Astoe−t/τ1 + (Alto + Am)e−t/τ2� (10)
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temperature pulse, in kg CO2 yr− 1 K− 1 (Gasser et al. 2017; 
IPCC 2021, chapter 7.SM.5), with the constants α, τ (yr) and 
γ (kg CO2 yr− 1 K− 1), and δ(t) the Dirac function.

2.4  Climate change impact indicators

The climate change impact indicators are the RFs (W.m− 2) 
and GMTCs (K) for the climate forcer s (Eqs. 17, 18), RF 
and GMTC for all forcers (Eq. 22), and integrated radiative 
forcing iRF (W.m− 2.year), or iGMTC (K.year), over a given 
time span TH (Eq. 23).

RF (t) =
∑

s
RFs (t) and

GMTC (t) =
∑

s

GMTCs (t) � (22)

iRF (TH) =
THˆ

t=t0

RF (t) dt and

iGMTC (TH) =
THˆ

t=t0

GMTC (t) dt

� (23)

2.5  Data used with the model

In this work, the available parameters for SLCFs were 
selected from the most recommended literature in IPCC 
(2013), and from recent available literature, as shown in 
Table S1 in the supplementary information.

In case of ozone precursor compounds, the radiative 
efficiency was estimated in this work based on the param-
eter named radiative “sensitivity to emission”, ΔF (W.m− 2.
kg− 1.y), used in the steady-state emission approach (Fuglest-
vedt et al. 2010; Lee et al. 2021). The radiative efficiency 
A (W.m− 2.kg− 1) can be calculated, as demonstrated in the 
supplementary information, by:

As = ∆Fs/τ� (24)

where τ is the perturbation time (years). The implemented 
model uses data for the effective radiative forcing, ERF, and 
if not available, the data on radiative forcing, along with 
the perturbation time of the SLCFs. Note that currently the 
ERF is used to define the A values (specific effective radia-
tive forcing) of GHGs in IPCC (2021) and in CCI-tool. The 
updated values of ERF per unit emission from Lee et al. 
(2021) were used for aviation emissions. Data were com-
pleted for all the other SLCFs and for all perturbation time 
values from Fuglestvedt et al. (2010), Hauglustaine et al. 
(2022), Lauer et al. (2007). All radiative efficiency data are 

2.2.4  Contrails and induced cirrus (aviation)

The model from Lee et al. (2021) is considered on the base 
of 1 km cruise flight:

RFcontrail cirrus (t) = Acontrail cirruse−t/τ1

with A in
(
W m−2 km−1) � (15)

2.2.5  Hydrogen H2

Hydrogen has an indirect climate effect due to interaction 
with OH. In the perspective of the increasing use of hydro-
gen (e.g. Gomonov et al. 2025), it is important to evaluate 
its impact on climate. The radiative forcing of a 1  kg H2 
emission is taken from Hauglustaine et al. (2022):

RFH2 (t) = AH2e−t/τ1� (16)

2.3  Carbon cycle climate feedback

According to IPCC (2021) report, the carbon-climate feed-
back effect on the radiative forcing, RF_CCF, is added to the 
direct radiative forcing (and the other cascade indicators), 
for all climate forcers (except CO2) as follows:

RFs (t) = RFds (t) + RF_CCFs (t)� (17)

RF_CCFs(t) represents the contribution of substance s to 
the additional RF of CO2 resulting from the temperature 
increase induced by s. This contribution is accounted for 
together with the RF directly generated by s. The same 
applies to temperature: the additional temperature increase 
due to the CO2 cycle, GMTC_CCF, is added to the direct 
temperature increase caused by substance s, GMTCd, to 
obtain the combined temperature effect of substance s, 
GMTC (formula 18).

GMTCs (t) = GMTCds + GMTC_CCFs� (18)

where:

GMTC_CCFs (t) = RF_CCFs ∗ IRFT� (19)

RF_CCFs (t) = ACO2 (GMTCds ∗ IRFCCF ∗ IRFCO2)� (20)

IRFCCF (t) = γδ (t) − γ
∑3

i=1

αi

τi
e

−t
τi � (21)

where IRFCCF is the impulse response function of the 
carbon cycle (CO2 flux perturbation) following a unit 
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-200. The complex chemistry of NOx and related effects on 
climate are at the origin of important uncertainties, inferred 
in IRFs parameters.

The uncertainties associated with the IRFs are related to 
the uncertainties of A and τ for all climate forcers, including 
GHGs. In addition, the IRFT and IRFCO2 functions carry 
uncertainties in their coefficients, which are periodically 
updated based on available physical data (Joos et al. 2013). 
Currently, there is no unified information in the literature 
regarding the uncertainties of A and τ values; instead, param-
eter values proposed by different authors can be found. 
Widely accepted values and uncertainties for A, as proposed 
by Lee et al. (2021) for aviation emissions, were adopted in 
this work (see Table 1). For NOx, the uncertainty on A are 
about 36%, while for aviation soot aerosols it reaches 160%, 
or 200% for contrail induced cirrus. However, no uncer-
tainty estimates are available for τ, nor for A in the case of 
other SLCF emission sources. Other literature sources pro-
vide only partial information (Table 1), such as uncertainties 
reported for already calculated GWP metrics, from which 
approximate values were inferred in this work for GMTC 
uncertainty. When including the maximum and minimum 
available values for A and τ, the calculated GMTC uncer-
tainty for aviation NOx is ± 30%, while for induced contrail 
cirrus (-67%, + 185%). These uncertainties were applied to 
the two examples presented in Sects.  3.4 and 3.5.

3.2  SLCF behavior following a pulse emission

Figure 1 shows the RF and GMTC for a pulse emission of 
1 kg (1 km for induced cirrus) of each SLCF. The calcula-
tions were performed with the data gathered in Tables 1 and 
2, and including the carbon cycle climate feedback. The fig-
ures were organized by compartment of emission, i.e. air at 
the sea surface (shipping emissions), high troposphere-low 
stratosphere (aviation emissions), and air at the land sur-
face (or others except the two former sub-compartments). 
For comparison, the result of a CO2 pulse emission (1 kg) 
is also presented on the graphs for aviation emissions. Due 
to the short lifetime, the RF exhibits an initial, important 
peak, and falls to near zero in several days, except for NOx, 
CO, NMVOC, H2. The effect of SLCFs is rapid and of high 
intensity, as demonstrated by GMTC results. Even if the 
temperature effect duration is only of about 10 years (the 
specific time of thermal processes), the temperature peak is 
much higher than those of CO2, result that is also reflected 
by the GTP values in Table 3. The effect on climate is heat-
ing for indirect SLCFs or cooling for aerosols. NOx shows 
both effects, starting with a strong warming, then passing 
in a negative domain of ΔT and again in the positive ΔT 
after several decades. This behavior of NOx was reported 
in the literature (Fuglestvedt et al. 2010; IPCC, 2013; 

evaluated based on the ERF while the more ancient data 
from Fuglestvedt et al. (2010) are based on RF.

The IPCC assessment report 5, chapter  8.7.2.4 (IPCC, 
2013) reveals large differences in GWP values for SLCF 
compounds emitted in high altitude air, at the surface of 
land or at the surface of sea. These three air-compartments 
are included in the model with specific parameter values. 
All the original data from the literature and the adapted val-
ues in this work are presented in Tables 1 and 2, with the 
related references.

3  Results and discussion

The Results and discussion section illustrates the influence 
of the newly incorporated climate forcers on climate change 
impact outcomes in the dynamic LCA framework. Compar-
ative analyses of RF and GMTC are provided for case stud-
ies considering both the inclusion and exclusion of SLCFs.

3.1  Validation of the model implementation

Available data from the literature were used to validate the 
model. Values of GWP and GTP for SLCFs are proposed by 
Lee et al. (2021) and Fuglestvedt et al. (2010). The Table 3 
shows, as an example, the calculation results in case of avia-
tion emissions, compared with the emission metrics taken 
from the first reference. In their work, Lee et al. (2021) used 
the IRF of CO2 from Joos et al (2013), with ACO2 1.68 10-15 
W m-2 kg-1 to calculate the AGWP of CO2, and the IRFT 
constants from Boucher and Reddy (2008). The calculations 
were performed for an emission during 1 year (consistent 
with the approach of Fuglestvedt et al. (2010) for aviation 
emissions), without the carbon climate feedback.

The obtained results are in good agreement with the 
reported values, especially for GWP. The differences for 
GTP are higher due to the cumulation of small numerical 
errors, and especially due to the lack of precise information 
on τ values used in the reference study. The time step used 
in simulations is lower than the lowest τ, ensuring coher-
ence from numerical point of view. Consecutive convolu-
tion calculations for GMTC cumulates small numerical 
errors, of the order of 0.5%. The higher difference observed 
for aviation NOx for GTP20 is explained by the origin of τ 
values used (see Table 1). Lee et al. (2021) did not mention 
the value of τ used in their metrics calculation, only men-
tioning that they “are broadly consistent with Fuglestvedt 
et al. (2010)”; however, an annex indicates different values 
(provided in Table 1). Moreover, the GTP estimates in this 
work are coherent with the values provided by IPCC (2013) 
(chapter 8SM.17). For aviation NOx GTP20, the intervals 
according to the cited literature are: -396 to -121; -590 to 
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Air sub-compartment
Climate forcer

Forcing parameter Perturbation time 
τ, years

Radiative effi-
ciency A, W m− 2 
kg− 1

Name used in 
ecoinvent

Air - all
Except for compounds 
cited in aviation and 
shipping

Radiative forcing
W m− 2kgemission

−1
Perturbation 
time, years#

Used in this work

NOx : W m− 2 kgN−1 y
Fuglestvedt et al. (2010) citing Wild et al. (2001)

Fuglestvedt et al. 
(2010)

W m− 2 kgN−1 Nitrogen 
oxides

Short-term O3 increase 4.59 10− 12 ±35%
Uncertainty from IPCC (2013), ch 8

0.267 1.720 10− 11

Long-term O3 decrease -1.79 10− 12 ±35%
Uncertainty from IPCC (2013), ch 8

From 10.8 to 16.1 -1.261 10− 13

CH4 induced O3 decrease -3.80 10− 12 ±35%
Uncertainty from IPCC (2013), ch 8

From 10.8 to 16.1 -2.676 10− 13

CO : W m− 2 kgCO
−1 y

Fuglestvedt et al. (2010) citing Derwent et al. (2001)
Fuglestvedt et al. 
(2010)

W m− 2 kgCO
−1 Carbon 

monoxide
Short-term O3 increase 6.00 10− 14 ±26%

Uncertainty from IPCC (2013), ch 8
0.267 2.247 10− 13

Long-term O3 decrease - - -
CH4 perturbation on O3 1.30 10− 13 ±26%

Uncertainty from IPCC (2013), ch 8
14.2 1.057 10− 14

NMVOC : W m− 2 kgVOC−1 y
Fuglestvedt et al. (2010) citing Collins et al. (2002)

Fuglestvedt et al. 
(2010)

W m− 2 kgVOC−1 NMVOC, 
non-methane 
volatile 
organic 
compounds, 
unspecified 
origin

Short-term O3 increase 2.13 10− 13 ±40%
Uncertainty from IPCC (2013), ch 8

0.267 7.978 10− 13

Long-term O3 decrease - - -
CH4 perturbation on O3 1.77 10− 13 ±40%

Uncertainty from IPCC (2013), ch 8
14.2 1.451 10− 14

Aerosols: W m− 2 kg− 1
Fuglestvedt et al. (2010)

Fuglestvedt et al. 
(2010)

Black carbon, BC 1.96 10− 9 ±61 to 70%
Uncertainty from IPCC (2013) ch 8.SM.8
W m− 2 kgC

−1

0.020
± 25–30%

1.96 10− 9
W m− 2 kgC

−1
Not exis-
tent as Air 
emission

Organic carbon, OC -2.90 10− 10 ±81%
Uncertainty from IPCC (2013), ch 8
W m− 2 kgC

−1

0.021
± 25–30%

-2.90 10− 10
W m− 2 kgC

−1
Not exis-
tent as Air 
emission

SO2 -3.2 10− 10 ±24%
W m− 2 kgSO2−1 y

0.011
± 25–30%

-3.2 10− 10
W m− 2 kgSO2−1 y

Sulfur dioxide

Particulate matter, PM - Based on carbon 
content
Similar to OC

Based on carbon 
content
Similar to OC

PM
(< 2.5; 2.5–
10; >10 μm)

Hydrogen 1.30 10− 4 (W m− 2 ppbv− 1)
(Hauglustaine et al. 2022)

2.5
(Hauglustaine et 
al. 2022)

3.66 10− 13
(W m− 2 kgH2−1)

Hydrogen

Aviation
Air/lower strato-
sphere + upper 
troposphere

ERF sensitivity to emissions
W m− 2kgemission

−1y
Lee et al. (2021)*

Perturbation 
time τ, years#

Fuglestvedt et al. 
(2010)

Radiative 
efficiency A, W 
m− 2kg− 1
Used in this work

Compart-
ment existent 
but no spe-
cific SLCFs

NOx: W m− 2 kgN−1 y W m− 2 kgN−1 Nitrogen 
oxides

Short-term O3 increase 3.44 10− 11 ±28.8% 0.267 1.288 10− 10

Long-term O3 decrease -9.30 10− 12 ±36.6% 10.5§ -8.8571 10− 13

CH4 induced O3 decrease -1.87 10− 11 ±36.9% 10.5§ -1.781 10− 12

Table 1  Parameter values for SLCFs used in this work: air sub-compartment, type of forcing parameter used from the literature and the reference, 
perturbation time, radiative efficiency used in CCI-tool, name of the climate forcer in ecoinvent database
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and takeoff (LTO) and cruise (CCD) phases were differ-
entiated in time. The total consumption in LTO of 7977 kg 
was divided into two parts: taxi-takeoff-climb_out (shortly 
“takeoff”) then approach-landing-taxi (named “landing”), 
with roughly equivalent consumption (based on Chati and 
Balakrishnan 2014). The CCD step (climb-cruise-descent) 
consumes 67,864 kg of kerosene. The emission factors of 
kerosene combustion are taken from Su-ungkavatin et al. 
(2023), based on ten sources (compilation of IPCC and 
other literature sources). The inventory is listed in Table 4. 
The timeline is decomposed in takeoff at t = 0 during 0.5 h, 
CCD phase during 11 h, and landing during 0.5 h. This tem-
porality could be considered as a pulse emission; however, 
the calculation was performed with an adapted time step of 
0.5 h and with the real schedule of the emissions, in order to 
demonstrate the CCI-tool’s capabilities. Differentiation was 

WG1-chapter  8) and is due to the lifetimes of ozone and 
methane involved in the NOx reactions. Remarkably, the 
black carbon has a strong warming effect, 5000 times those 
of CO2 at the peak. The graphs also demonstrate the impor-
tance of the region in which SLCFs are emitted, for example 
NOx from aviation warms three times more than NOx from 
land emissions as shown in Fig. 2.

3.3  A case study on aviation emissions

In a first exercise, a flight of 12,000 km with a commercial 
aircraft was considered. For the dynamic LCA application, 
only the trip stage was considered (no aircraft construc-
tion, infrastructures, or fuel production), with the kero-
sene consumption for the selected aircraft model estimated 
with an available calculator (Burzlaff 2017). The landing 

Air sub-compartment
Climate forcer

Forcing parameter Perturbation time 
τ, years

Radiative effi-
ciency A, W m− 2 
kg− 1

Name used in 
ecoinvent

Stratospheric water vapor 
decrease

-2.80 10− 12 ±35.7% 10.5§ -2.6667 10− 13

Aerosols:
SO2 -1.99 10− 11 ±80.4%

W m− 2 kgSO2−1 y
0.011
± 25–30%

-1.810 10− 9
W m− 2 kgSO2−1

Sulfur dioxide
Sulfate

Soot (or BC)** 1.007 10− 10 ±164%
W m− 2 kgC

−1 y
0.02 5.035 10− 9

W m− 2 kgBC
−1

Not existent

Stratospheric water vapor 
increase

5.20 10− 15 ±50%
W m− 2 kgH2O−1 y

0.08 (Lifetime 
at 12 km, north 
hemisphere)

6.50 10− 14
W m− 2 kgH2O−1

Water

Contrail cirrus*** 9.36 10− 13
uncertainty: factor 2 or 3
W m− 2 km− 1 y

0.00057 1.64 10− 9
W m− 2 km− 1

Not existent

Emission from shipping Radiative forcing
W m− 2kgemission

−1

Fuglestvedt et al. (2010)

Perturbation 
time τ, years#

Fuglestvedt et al. 
(2010)

Radiative 
efficiency A, W 
m− 2kg− 1
Used in this work

Compart-
ment not 
existent

Aerosols SO2: W m− 2 kgSO2−1 W m− 2 kgSO2−1 Sulfur dioxide
Sulfate

SO2 direct effect -3.43 10− 10 ±24% 0011
± 25–30%

-3.43 10− 10

SO2 direct+indirect effects -3.54 10− 9 (citing Lauer et al. 2007; inventory A) 0.011
± 25–30%

-3.54 10− 9

NOx : W m− 2 kgN−1 y
citing Fuglestvedt et al. (2010)

W m− 2 kgN−1 Nitrogen 
oxides

Short-term O3 increase 7.19 10− 12 0.267 2.692 10− 11

Long-term O3 decrease -1.88 10− 12 10.2; 12.2§ -1.843 10− 13

CH4 induced O3 decrease -7.56 10− 12 10.2; 12.2§ -7.412 10− 13
#Most relevant value (most occurrence or average)
*IPCC (2021) chapter 6. indicates Lee et al. 2021 as the best estimate of ERF for aviation
**Soot = BC and OC (Lee et al. 2021)
***Contrail cirrus: the value in Lee et al. (2021) is in mW/m2/km. This unit seems not correct, it should be mW/m2/(km/yr). Demonstration 
from the GWP100, GWP50, GWP20 values, using CO2 AGTP (8.89526.10− 14; 5.1477.10− 14; 2.42365.10− 14). From the GWPs given by Lee et al. 
(2021), the iRFs (A/τ values) are in average 9.50096.10− 13. At 20 year there is no more RF (contrails disappear), so iRF20 = iRF50=iRF100. The 
specific ERF is thus 9.5009610− 13/τ (0.00057 year). The uncertainty on the value was taken from Forster et al. (2007) as being a factor of 2 or 3
§ from Lee et al. (2021)

Table 1  (continued) 
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negative peak of SO2 but not sufficient to compensate the 
other positive peaks.

The obtained results are compared with the conventional 
metrics GWP and GTP provided in Table 4. The GWP and 
GTP values for all SLCFs were taken from the IPCC reports 
(IPCC 2013; WG1 chapter  8). The values vary according 
to different authors and are not yet stabilized. The choice 
was to select the global values (no continental regionaliza-
tion), differentiated only by the emission sub-compartment 
(Table 1), as used in CCI-tool. For the dynamic approach, 
the temperature and time at the temperature peak were 
mentioned.

The conventional impact of CO2 is always the mass of 
CO2, irrespective of the metrics, i.e. 238,939 kg CO2 eq. The 
ratio “total impact/CO2 impact” indicates that the impact 
of all other climate forcers is similar to that of CO2 at 100 
years, 2 times higher at 20 years according to GWP20 and 

made between the emission altitude (LTO considered as on 
land emissions and CCD as low stratosphere emissions) of 
the different species with the specific parameters listed in 
Table 1.

The simulation results for the GMTC indicator are shown 
in Fig. 3 (top), with the contribution of CO2 emissions for 
comparison. CO2 contribution to the temperature peak is 
low compared with SLCFs’ contribution. In contrast, its 
effect persists, while the contribution of SLCFs becomes 
negligible roughly 50 years after the cessation of emissions. 
The GMTC results, detailed per compound, are presented 
in Fig. 3 (bottom). Among the analyzed forcers, CCD NOx 
and contrail-induced cirrus show the largest temperature 
peaks—approximately 30 times higher than that of CCD 
CO₂, which itself is about 25 times greater than the peak 
values of the other emissions. Particularly important is the 

Table 2  Data used in the impulse response functions (concentration decay) IRF of CO2, CH4, N2O, in the temperature impulse response function 
IRFT, and in carbon climate feedback impulse response function IRFCCF (from IPCC 2021)

IRFT (t) =
∑2

j=1
cj
dj e−t/dj c1 = 0.44 K W− 1 m2

c2 = 0.32 K W− 1 m2

d1 = 3.4 year; d2 = 285 yr

IRFCCF (t) = γδ (t) − γ
∑3

i=1
αi

τi
e

−t

τi
α1 = 0.6368; α2=0.3322
α3=0.0310
τ1 = 2.376 yr ; τ2=30.14 yr
τ3= 490.1 yr
γ = 11.06 1012 kg CO2 yr− 1 K− 1

δ(t): Dirac function
CO2

IRF (t) = a0 + a1e−t/τ1 + a2e−t/τ2 + a3e−t/τ3
a0 = 0.2173; a1 = 0.224
a2 = 0.2824; a3 = 0.2763
τ1 = 394.4 year; τ2=36.54 yr
τ3=4.304 yr
A = 0.0000133 W m− 2 ppb− 1

CH4

IRF (t) = (1 + f1 + f2) e−t/τ

f1 = 0.5; f2 = 0.15
τ = 11.8 yr
A = 0.000345 W m− 2 ppb− 1

N2O
IRF (t) =

(
1 − 0.36 (1 + f1 + f2) ACH4

AN2O

)
e

−t/τ
f1 = 0.5; f2 = 0.15
τ = 109 yr
A = 0.0028 W m− 2 ppb− 1 including the correction factor

Table 3  Results for GWP and GTP obtained with CCI-tool and reported in Lee et al. (2021) (noted ref in the table), for examples of aviation emis-
sions

GWP20 GWP50 GWP100
this work ref difference this work ref difference this work ref difference

NOx 598 619 -3% 193 205 -6% 109 114 -4%
Black carbon 4268 4288 -0.5% 2007 2018 -0.5% 1161 1166 -0.4%
Contrail cirrus (km basis) 39 39 0% 18 18 0% 11 11 0%
Stratospheric water 0.22 0.22 0% 0.10 0.10 0% 0.06 0.06 0%
SO2 -833 -832 0.1% -387 -392 -1.3% -224 -226 -0.9%

GTP20 GTP50 GTP100
this work ref difference this work ref difference this work ref difference

NOx -312 -222 40% -66 -69 -4% 13 13 0%
Black carbon 1296 1245 4% 195 195 0% 161 159 1.3%
Contrail cirrus (km basis) 12 11 9% 1.9 1.8 5.5% 1.6 1.5 6.7%
Stratospheric water 0.06 0.07 -14% 0.01 0.01 0% 0.008 0.008 0%
SO2 -247 -241 2.4% -38.8 -38 2% -32 -31 3%
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Fig. 1  Instantaneous RF and GMTC profiles following a pulse emission of 1 kg of each SLCF (for contrail induced cirrus, the pulse is 1 km)
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evaluated by GWP or GTP, justifying a temporal analysis of 
such scenarios.

The uncertainty available values (Table  1) were used 
here to calculate the GMTC interval of values. In Fig.  3, 
the maximum (max) and minimum (min) limits were 
obtained by simulating the GMTC with the extreme values 
of A for each climate forcer. Figure 3 shows these intervals 
in case of total impact (-37%, + 72%), stratospheric NOx 
(-30%, + 30%) and induced contrail cirrus (-66%, + 185%), 
the most important contributors to the short-term aviation 
impact. For comparison, the uncertainty of ACO2 is of only 
10%, and given the relatively low GMTC value, the min and 
max limits are not visible. Even in the case of min limits, 
the GMTC peak generated by NOx and induced contrail cir-
rus, and consequently the total temperature peak, is much 
higher than that of CO2, and demonstrates the strong warm-
ing effect of these forcers.

3.4  A case study on wood combustion

In this case study, direct emissions from wood combus-
tion for heat production were analyzed. Emission data were 
obtained from experiments conducted on various heating 
devices by Bhattu et al. (2019). Specifically, data were 
extracted from the supplementary Excel file of the cited 
publication, corresponding to device no. 6 operating with 
wet wood under a reload-flaming combustion regime. The 
study reported several pollutant emissions, including CO, 
NOx, CH4, black carbon, organic carbon, NMVOC, which 
are both harmful to human health and relevant to climate 
impacts. The GMTC net value and its breakdown by SLCF, 
was calculated together with conventional climate metrics 

5 times lower according to GTP20. In contrast, the dynamic 
approach results clearly show the temporality and magni-
tude of the impact, for example the ratio of temperatures 
“total/CO2” at the peaks is 33, which demonstrates a much 
greater discrepancy between the effect of CO2 and that of 
SLCFs. The temperature peak surpassed the expected effect 

Table 4  Emissions for a one-way trip - inventory and climate change 
impact results
Inventory LTO (total) CCD
Compound kg/one way trip kg/one way trip
Carbon dioxide, fossil 25,167 213,772
Dinitrogen monoxide 0.80 6.8
Methane, fossil 3.8 -
Carbon monoxide, fossil 118 -
Sulfur dioxide 9.6 1.2
Black carbon 0.24 0.03
Nitrogen oxides 113 950
NMVOC 83 -
stratospheric water - 1200
aviation induced cirrus, km - 11,500 (in km)
Results for conventional metrics
Total impact, kg CO2 eq Ratio Total impact/CO2 

impact
GWP20 547,277 GWP20 2.29
GWP100 244,870 GWP100 1.02
GTP20 46,287 GTP20 0.19
GTP100 247,870 GTP100 1.04
Dynamic impact results
Total CO2 only
GMTC max 4.4 10− 9 K

year 1
GMTC max 1.3 10− 10

year 9
GMTC min -2 10− 10 K

year 14
GMTC 100 9.4 10− 11 GMTC 100 9.4 10− 11

Fig. 2  Comparative GMTC of 
NOx and SO2 from shipping, 
aviation and on-land emissions
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indicator includes the effect of biogenic CO2 on climate 
because the dynamic approach doesn’t differentiate between 
biogenic and non-biogenic, the only important parameter is 
the time of CO2 capture or emission. Both static and dynamic 
calculations include the carbon-cycle climate feedback.

Figure 4 shows a temperature peak after the emission 
stop (year 1), due to SLCFs and, particularly, due to black 
carbon and nitrogen oxides. The SLCFs’ effect becomes 
negligible with respect to those of CO2 after around 15 
years. The conventional GTP20 accounts for the short-term 
effects, however, GTP20 and GTP100 values are not so dif-
ferent. As Fig. 4 shows, the short-term effect occurs well 
before 20 years (at 1.2 year) with a high intensity. The ratio 
between the temperature at the peak and at 100 years is 2.8, 
much higher than 1.08 in case of GTP20/GTP100, demon-
strating that GTP underestimates the relative importance of 
these SLCFs. Even if GWP is based on the integrated RF 
and not on temperature, GWP100 and GWP20 are recom-
mended for climate change impact when SLCFs are pres-
ent. However, the ratio GWP20/GWP100 is 1.3 (versus 
2.8 in dynamic approach) which underestimates the SLCFs 
effect. Although discrepancies between dynamic and static 
approaches were expected, this example illustrates them 
concretely.

for the combustion of 1 kg of wood (dry mass), assuming 
emissions evenly distributed over one year. The correspond-
ing inventory data and calculation results are presented in 
Table 5 and Fig. 4, respectively.

Note that the characterization factor for biogenic CO2 is 
zero in conventional LCA, when both absorption and emis-
sion are included within the system boundaries. Here CO2 
is accounted for because only the emission (combustion) is 
considered. The characterization factors for SLCFs were 
taken from IPCC (2013) (chapter  8.SM.16) and listed in 
the supplementary information (section S1). The dynamic 

Table 5  Inventory in kg/kg dry wood for wood combustion. Conven-
tional metrics and dynamic indicator results
Compound kg/kg wood Compound kg/kg wood
Carbon dioxide 1.66 Organic carbon 0.000042
Methane 0.00025 Black carbon 0.00024
Carbon monoxide 0.0138 NMVOC 0.00048
Nitrogen oxides 0.00103
Results for conventional metrics
GWP20 2.35 GTP20 1.81
GWP100 1.84 GTP100 1.68
Dynamic impact results
GMTC max 1.8 10− 15 (at 

year 1.2)
GMTC 100 6.5 10− 16

Fig. 3  Impact on temperature of a one-way flight. Top: the effect of all 
emissions together (blue) and the CO2 contribution only (red). Bot-
tom: contribution of the different climate forcers. The legend indicates 

the emissions in the CCD phase, the others correspond to LTO phase. 
Dashed line: minimum and maximum
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etc.) but also by latitude, country, altitude, and propose 
adapted characterization factors. Such detailed modeling of 
CFs is proposed, for example, by Usetox standalone method 
(toxicity/ecotoxicity impacts).

The carbon cycle climate feedback was added in the 
model as explained in Sect.  2.3, which represent an update 
of the model. The effect on the GMTC results is an increase 
by several percentages (2 to 8 globally), as presented in 
IPCC (2013) (chapter 8.SM).

CCI-tool demonstrated its flexibility in adding new 
climate forcers. The numerical solutions of the theoreti-
cal models are obtained with inventory time series. The 
timestep could be any value desired by the user. In its cur-
rent version, the timestep is constant for the whole consid-
ered timespan for impact calculation (desired by the user). A 
sensitivity analysis was performed on timestep value and is 
presented in the supplementary information section S3. This 
demonstrates that, for accurate results, a timestep smaller 
than τ value of the evaluated climate forcer is needed. The 
timestep for the simulations is chosen by the user. Often the 
inventories are defined with an annual timestep. A one-year 
timestep can be used for all GHGs because their perturba-
tion times is higher, but induces errors on SLCFs evaluation.

Moreover, the tool is fully compatible (via input-output 
formatted files) with the DyPLCA tool for dynamic inven-
tory calculation (Pigné et al. 2019) and can be plugged-in 
with other dynamic LCA software. This flexibility in the 
simulation parameters and addition of different climate fea-
tures discriminates CCI-tool from the other available tools 
based on dynamic characterization factors (e.g. Levasseur et 
al. 2010) for climate change impact.

Another example, on coal combustion, is presented in 
the supplementary information (section S2). For this exam-
ple, direct emissions (CO2 fossil, CO fossil, CH4 fossil, 
NMVOC, N2O, NOx, SO2, and particulate matter PM) were 
considered from ecoinvent 3.11. The occurrence of a nega-
tive temperature peak after the pulse emission is due to the 
aerosol emissions, which corroborates the conclusions of 
Shindell and Faluvegi (2010) on the net effect of coal fired 
power plants.

The uncertainty analysis was performed in case of wood 
and coal combustion (Fig. 4, Figure S1). The min and max 
limits for GMTC were represented for the main contribu-
tors: CO2, black carbon, SO2 and NOx. The general behav-
ior of the GMTC in function of time is not changed for the 
min and max limits, only the amplitudes of the temperature 
peak is increased or decreased. However, in all examples, 
the uncertainty doesn’t diminish the high contribution of the 
SLCFs to the net GMTC result.

3.5  Model and tool capabilities and limitations

Regarding the scientific understanding of SLCF behavior, it 
is now well established that the latitude of emissions is an 
additional factor influencing their climate effects. Regional-
ized parameters or models could be implemented once suffi-
ciently robust data—particularly for the radiative efficiency 
(A) and perturbation lifetime (τ) parameters—become 
available for well-defined regions, in a manner compatible 
with the regionalization approach in LCA. Moreover, cur-
rent LCA tools (e.g. ecoinvent 3.11) do not differentiate the 
elementary flows (i.e., biosphere matrix) by region or lati-
tude. Therefore, additional methodological development is 
required to enable regionalization at the impact assessment 
level. This implies considering the elementary flows not 
only by environmental compartment (e.g. air, freshwater, 

Fig. 4  GMTC results for the combustion of 1 kg wood during 1 year. At left: total impact (blue line) compared with the contribution of CO2 (red 
line), and total impact except CO2 (grey line). At right: contribution of all considered climate forcers. Dashed line: minimum and maximum
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