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ABSTRACT: The main aim of this article is to study the influence of temporal parameters when evaluating life cycle 

greenhouse gas emissions. Since one of the most widely accepted climate change indicators is global warming potential 

(GWP), this article uses this metric to test the inclusion of temporal effects in the life cycle assessment. A case study 

of biomass production and conversion in biorefineries is selected and used dynamic emission decay functions marked 

as “DEDF 0 yr” – “DEDF 1000 yr”. The results showed that there might be different consequences on the climate 

impact if the time dynamic effects are included. The presented results can be used as the point of discussion on various 

time horizons of emission retention in the atmosphere.  

Keywords: biorefinery, life cycle assessment (LCA), modelling, sustainability. 

 

 

1 INTRODUCTION 

 

Since the pioneering work of Meadows et al. [1], there 

is continuous progress and development of novel 

methodologies in the field of sustainability assessment. 

Amongst various sustainability assessment methods, 

life cycle assessment (LCA) is one of the most commonly 

used method. LCA is widely used for policy support and 

decision-making processes and thus has established 

coherence with ISO 14040 standard. Depending on the 

scope of the life cycle impacts evaluations, in the LCA 

study different system boundaries options, such as “cradle 

to gate”, “cradle-to-grave” of a products or services are 

considered to account for their impacts on 

the environment.  

Majority of the LCA studies are using static time 

frame, such as GWP in a 100 years’ time perspective and 

does not include the temporal aspects of emissions. Such 

evaluation is especially relevant when not all the emissions 

related the analyzed product are released at the same time. 

The timing of using resources, such as material and 

energy inputs, and the related emissions therefrom in 

different time-frame is of prime importance [2]. The 

importance of including irreversibility and timing of 

various pollutants in the impact assessments are discussed 

in work by Cherubini et al. [3]; where it showed  that the 

non-linearities are widely occurring in natural ecosystems. 

Usually, these non-linear processes are simplified into 

linear equations or are not included at all. Levasseur et al. 

[4] developed methods for including temporal effects in 

LCA. This was achieved by including temporal profiles of 

emissions in life cycle inventory (LCI) instead of steady 

state characterization factors. Otherwise, in the LCA, the 

emission of one large quantity of pollutants would have 

the same impacts as the emission of the same amount of 

the same pollutant over a longer period of time. For 

example, if the emissions of 1000 kg of CO2 would occur 

one time in the study period, the impacts would be 

assumed to have the same influence if emissions of 1 kg of 

CO2 would be occurring 1000 times per the same study 

period. Similar arguments were found in Shimako et al. 

[5], where authors showed that time dynamic in LCA gave 

more precise results than when using fixed-time horizon. 

Furthermore, modeling of soil carbon changes (SOC) 

using the Bern’s carbon cycle model showed that time 

dynamic consideration of these changes is important to 

include (Petersen et al. [2]).  

Thus, the main aim of this paper is to study the 

influence of including the temporal dynamics in LCA. For 

this, two cases of biobased products production from 

biorefineries are selected. In this work, the case study is 

characterized with the use of Life Cycle Inventory (LCI) 

results for straw and alfalfa biorefineries, as reported in 

Parajuli et al. [6]. Since one of the most widely accepted 

climate change indicators is global warming potential 

(GWP), this article will use this metric to test the inclusion 

of temporal effects in the LCA. 

Values reported for the LCIs were analyzed using the 

decay functions of the greenhouse gas emissions (GHGs). 

It is expected that such analysis might help to improve 

the understanding of the long-term impacts of various 

assumptions used in current sustainability assessment 

methods.  

 

 

2 METHODOLOGY 

 

In the current study, the modelling approach primarily 

considered the GHG emissions and their time dynamics. 

Such time dynamics were characterized with the inclusion 

of the Bern Carbon Cycle Model and cause-effect chain 

concept for GHG emissions; see Fig.1. 

 

 
 

Figure 1: The cause-effect chain for the greenhouse gas 

(GHG) emissions and climate change, in blue given 

segments of this chain that are studied in this article. 

Figure modified from Fuglestvedt et. al. [7] 

 

2.1 Mathematical model used 

A time dynamic model for climate change evaluation 

is developed based on impulse response function, IRF: 

𝑦𝑖(𝑡) = ∫ 𝑥𝑖(𝑡)𝐼𝑅𝐹𝑖(𝑡)𝑑𝑡
𝑡

0
  (1) 

where yi(t) is the environmental impact of the emission 

i at the time step t, and the created impact is the function 

of the emitted amount x of the pollutant i and the impulse 

response function, IRFi of this pollutant i [8]. 

Graphical representation of IRF is given in the Fig.2. 
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Figure 2: Conversation of input data using IRF adapted 

from Shimako [9] 

 

Using IRF climate impulse response models for 

emissions of greenhouse gases are developed by Levasseur 

et al. [4] and Joos et al. [10]. Based on IRF absolute global 

warming potential of some particular gas i, AGWPi is 

given an integral function of radiative forcing of this 

substance i, RFi:  

𝐴𝐺𝑊𝑃𝑖(𝐻) = ∫ 𝑅𝐹𝑖(𝑡)𝑑𝑡 =
𝑡

0
𝐴𝑖𝑅𝑖 (2) 

where RFi occurring due to specific amount of pulse 

emissions of gas i emitted in the atmosphere at the time 

step horizon H. RF is the function of specific radiative 

forcing, A – the ability to increase RF when specific unit 

of emission’s mass increase in the atmosphere, and R – the 

fraction of emissions remaining in the atmosphere after the 

pulse emissions of the particular gas i. 

The fraction of emissions remaining of particular gas i 

at time t in the atmosphere, Ri(t) is usually given as a 

simple exponential decay function: 

𝑅𝑖(𝑡) = exp(−𝑡/𝜏𝑖)  (3) 

where τi is the time needed for the pulse emissions of 

pollutant i to converge to the zero concentration or 

perturbation lifetime [10]. 

While perturbation lifetimes and specific radiative 

forcing are known constants for some of the emissions, 

such CH4, N2O, and others, see Table I for numerical 

values; the same variables cannot be represented by a 

single constant and a simple exponential decay function in 

the case of CO2 emissions. The pulse emissions of CO2 

follow approximation by a sum of exponential functions: 

𝑅𝐶𝑂2(𝑡) = 𝑎0 + ∑ 𝑎𝑖 exp(−𝑡/𝜏𝑖)
3
𝑖=1  (4) 

see parametric values for Eq. (5) in Table I. 

 

Table I: Specific radiative forcing, perturbation lifetimes 

and parameter values for the calculations of the sum of 

exponentials [3], [8], [10], [11] 

 

Emissions 
Variables 

Ai, W·m-2kg-1 τi, years ai, unitless 

CH4 1.82·10-13 12.4 - 

N2O 3.88·10-13 121.0 - 

CO2 1.7517·10-15 

- 0.2173, a0 

394.40, τ1 0.2240, a1 

36.54, τ2 0.2824, a2 

4.304, τ3 0.2763, a3 

 

Global warming potential, GWPi(t) for the gas i at time 

t is calculated by referring absolute global warming 

potential of the same gas i, AGWPi to the AGWP of 

reference gas, usually CO2, and integrated over time 

period t: 

𝐺𝑊𝑃𝑖(𝑡) = 𝐴𝐺𝑊𝑃𝑖(𝑡) 𝐴𝐺𝑊𝑃𝐶𝑂2(𝑡) =⁄

= ∫ 𝑅𝐹𝑖(𝑡)𝑑𝑡
𝑡

0

∫ 𝑅𝐹𝐶𝑂2(𝑡)𝑑𝑡
𝑡

0

⁄  

(5) 

Absolute global temperature change potential, 

AGTPi(H) of the emission i in the time horizon H [12]: 

𝐴𝐺𝑇𝑃𝑖(𝐻) = ∫ 𝑅𝐹𝑖(𝑡)𝑅𝑇(𝐻 − 𝑡)𝑑𝑡
𝐻

0
  (6) 

where RT is the climate response, that is given by the 

sum as exponentials, 

𝑅𝑇(𝑡) = ∑ (𝑐𝑗 𝑑𝑗)𝑒𝑥𝑝⁄𝑀
𝑗=1 (−𝑡 𝑑𝑗)⁄   (7) 

where cj is climate sensitivity and dj are response 

times. In this equation, the first term is the response of the 

ocean mixed layer to a forcing and the second term is the 

response of the deep ocean. Two exponential terms based 

on Boucher and Reddy [12] for the non-CO2 greenhouse 

gases are given as: 

𝐴𝐺𝑇𝑃𝑖(𝐻) = 𝐴𝑖 ∑ 𝜏𝑐𝑗 (𝜏 − 𝑑𝑗)⁄2
𝑗=1 (𝑒𝑥𝑝(−𝐻 𝜏⁄ ) −

−𝑒𝑥𝑝(−𝐻 𝑑𝑗⁄ )) (8) 

and for CO2 given as: 

𝐴𝐺𝑇𝑃𝐶𝑂2(𝐻) = 𝐴𝐶𝑂2 ∑ [𝑎0𝑐𝑗 (1 − 𝑒𝑥𝑝 (−
𝐻

𝑑𝑗
)) +2

𝑗=1

+∑
𝑎𝑖𝜏𝑖𝑐𝑗

𝜏𝑖−𝑑𝑗

3
𝑖=1 (𝑒𝑥𝑝 (−

𝐻

𝜏𝑖
) − 𝑒𝑥𝑝 (−

𝐻

𝑑𝑗
))] (9) 

 

Table II: For the calculation of AGTP, the response to the 

pulse of radiative forcing is calculated using given 

parametric [11] 

 

 1st term 2nd term 

cj, K(W·m-2)-1 0.631 0.429 

dj, years 8.4 409.5 

 

Table III: GHG Emissions related to the conversion of 1 t 

straw (with 85 % DM) to bioethanol and 1 t alfalfa DM to 

biobased lactic acid, all data per 1 t DM straw or 1 t DM 

of alfalfa [6] 

 

Emissions kg CO2 eq. Used in this study 

Straw during biomass production 

N2O – 23.57a – 0.08 kg N2O 

SOC change 143.00 - 

Straw during biomass conversion 

CO2 162.00 162.00 kg CO2 eq. 

CO2 (non-

biogenic) 
390.00b 390.00 kg CO2 eq. 

Alfalfa during biomass production 

N2O 20.43a 0.07 kg N2O 

SOC change – 37.00 - 

Alfalfa during biomass conversion 

CO2 (non-

biogenic) 
76.17b 76.17 

a In Parajuli et al. [6] given as N2O-N emissions of – 15.00, and 

converted to N2O using N2O = N2O–N • 44/28 and 

characterization factor for CO2 eq. as 1 N2O = 298 • CO2.  
CO2-nonbiogenic included the emission related to heat and 

electricity consumed during the conversion of straw to bioethanol. 

Emission factors shown below. 
b In Parajuli et al. [6] given as energy consumed as 4.71 GJ and 

0.79 GJ of heat and 0.85 GJ and 0.16 GJ of electricity for straw 

and alfalfa correspondingly and converted using emissions factors 
for heat as 0.065 kg CO2 eq. per MJ and for electricity 0.55 kg 

CO2 eq. per kWh. 
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Figure 3: Comparison of CLCA results from Parajuli et al. [6] marked as “LCA 1 yr” with the results obtained using dynamic 

emission decay functions marked as “DEDF 0 yr” – “DEDF 1000 yr”. All results are given per 1 t of DM (dry matter) of straw 

or alfalfa. Where “BP” stands for biomass production and “BC” for biomass conversion 

 

2.2 Selected case study 

As a case study, results from Parajuli et al. [6] was 

used. This works was chosen because in this work a 

detailed LCIs and LCIAs of biorefineries were presented; 

see Table III. 

This work uses both consequential LCA (CLCA) and 

attributional LCA (ALCA) for two types of biorefineries – 

straw to ethanol and alfalfa to lactic acid; however only 

CLCA based approach was selected in the current study. 

The results of processes that generated GHG emissions 

from the selected two biorefineries were used. These 

processes included biomass generation and biomass 

conversion given in Table III. 

In the case of the straw, the analysis included 

consequences of removing the straw from the field in the 

comparison of straw plowing to the soil. These included 

emissions due to the change in the soil organic carbon 

(SOC), application of synthetic fertilizers to compensate 

the nutrients lost with removed straw, and avoided N 

emissions due to the removal of straw. SOC changes given  

as 143 kg CO2 eq. is already modelled for 100 years’ time 

period using the Bern cycle model, as reported in Peterson 

et al. 2010 [2]. All emissions were calculated with respect 

to the removed 1 t of straw with DM of 85 %.  Other inputs 

included were heat (4.07 GJ) and electricity (0.85 GJ) 

reported for the conversion of 1 t straw to bioethanol. 

Emission factors for the energy inputs is shown in 

Table III.  

Alfalfa production was assumed to take place in 

Danish arable land with a three-year rotational cycle and 

three harvests per year [13]. For alfalfa conversion to 

biobased lactic acids and other co-products, CO2 

emissions are related to the energy consumed during the 

conversion (0.79 GJ-heat, and 0.16 GJ -electricity).  

In the current study, for the both cases, apart from 

above mentioned inputs (and the related emissions, as 

shown in Table III), other raw material inputs and 

associated emissions were not accounted. Likewise, the 

conversion of waste/residues to other co-products were 

also not accounted. Hence the influences of co-products 

are ignored in the current study. 

 

 

3 RESULTS AND DISCUSSION 

 

Results obtained from Parajuli et al. [6] for straw and 

alfalfa biorefineries are further employed with the 

dynamic emission decay functions, which are given in 

Fig.3. 

All results are given per 1 t of DM (dry matter) of 

straw or alfalfa. As can be seen in Fig.3, the values given 

from LCA and with the dynamic emission decay functions 

(DEDF) are different only in the case of N2O emissions. 

This difference occurs because using decay functions 

the value for GWP (see Eq.5) is also changing during the 

time and thus value for GWP of N2O for year 0 is 221,50 

and goes up, peaks in year 24 after pulse emission reaching 

GWP of N2O of 315,61 and goes slowly down again. 

Therefore, in year 20 the N2O emissions, while have 

decreased by the fraction remaining in the air, but due to 

the increase in the GWP of N2O, the total impact in CO2 

equivalents have raised. 

Also, after the emission pulse, large quantities of CO2 

emissions still, remain in the air. 20 year after the CO2 

emission pulse, still 59.7 % of the initial CO2 is in the air. 

The time dynamics of the pulse emissions are given in the 

Fig.4 in 1000 years perspective. 

In Fig.4 with the grey box, is marked one of the largest 

time frames usually used for GWP calculation – 100 years. 

While using time frame for the impact assessment of 

precisely 100, 20 or 500 years is not scientifically justified 

[3]. The obtained results show that after 100 years there 

are still 41 % of initial CO2 emissions and 44 % or N2O 

emission in the atmosphere. While in the 1000 years 
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perspective the amount of initial N2O becomes marginal – 

0,03%, almost ¼ of initial CO2 still will be present. 

 

 
 

Figure 4: Pulse emission decay for straw and alfalfa 

biorefineries, * indicates that SOC changes are not 

included in the graph 

 

The breakdown of the CO2 eq. emissions for each 

biorefinery is given in Fig.5 for straw (bioethanol 

biorefinery) and Fig.6 for alfalfa (biobased lactic acid 

biorefinery. 

 

 
Figure 5: Breakdown of pulse emission decay for straw 

biorefinery, * indicates that SOC changes are not included 

in the graph 

 

  
Figure 6: Breakdown of pulse emission decay for alfalfa 

biorefinery, * indicates that SOC changes are not included 

in the graph 

 

The results show that in both cases there are different 

processes with minus sign that means environmental 

pressure mitigation. In the case of alfalfa biorefinery, SOC 

change contributed at mitigating the GHG emissions, see 

Table III.  

The SOC change potential is calculated using net 

avoided load for 100 years’ time as factor of 9,7 %, based 

on study by Petersen et al. [2]; since in this study the 

temporal aspects of soil carbon changes have been already 

taken into account, SOC changes are not separately 

modeled in this article. 

While in the case of straw biorefinery, N2O emissions 

during straw production are negative. But after around 200 

years N2O fraction in the air almost reaches zero values, 

and thus this mitigation potential is exhausted. 

The obtained results showed that the use of single 

GWP constant can bias the results and does not show the 

full picture. These findings are supported by the works of 

Levasseur et al. [4], Shimako et al. [5], and Petersen et al. 

[2], where authors have shown that both timing and 

amount emitted have to influence on the later behavior of 

GHG emissions. 

Also, results showed that there might be much larger 

consequences on the environmental quality if the time 

dynamic effects are included. And the dynamics of these 

changes have clear non-linear nature.  

We can see that not only the inputs of emissions are of 

great importance, but also their retention time. Since the 

atmosphere can be looked at the “sink” of these emissions, 

there is a point when this “sink” is saturated. While there 

are clear studies on planetary boundaries [14], and the 

planet’s carrying capacity [15], the research question that 

is still open is how to downscale these boundaries to more 

local perspective? 

 

 

4  CONCLUSIONS 

 

The results showed that there might be different 

consequences on the climatic impact if the time dynamic 

effects are included. The presented results can be used as 

the point of discussion on various time horizons of 

emission retention in the atmosphere. 

As further, prospective research directions, it is 

concluded that: (i) it might be relevant to include time 

dynamics for various elementary flows of emissions both 

variable and constant, and also both increasing and 

declining trends of these emission flows; (ii) similar 

studies can be done, more diligently as a full Life cycle 

assessment studies of a production system (e.g.  biobased 

products from biorefineries) using both attributional and 

consequential LCA approaches and evaluate the 

environmental benefits at different span of time; (iii) next, 

such analysis can be expanded further to a sectoral level 

and assessing national GHG inventories; (iv) finally, a 

similar point of view can be also explored for other impact 

categories using in LCA. 
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