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Abstract 

Life cycle assessment (LCA) serves analyzing environmental burdens and impacts 
of products from resource extraction to waste disposal. Life cycle assessment 
methodology may also be applied to parts of the life cycle, for instance, “from 
cradle to (farm or factory) gate.” LCAs of greenhouse gas emissions are often part 
of wider environmental assessments, also covering other environmental burdens or 
impacts. Outcomes of life cycle assessments of greenhouse gas emissions are 
uncertain and variability thereof may originate in different choices regarding 
system boundaries, time horizons, and the allocation of emissions to outputs in 
multi-output processes and recycling. Life cycle assessments may include other 
interventions that can affect climate than the emission of greenhouse gases that 
become well-mixed in the atmosphere, such as changes in tropospheric ozone and 
aerosol concentrations, changes in albedo, turbulence and evapotranspiration, and 
the generation of contrails and cirrus clouds. 

Life cycle assessments may be useful in the identification of life cycle stages 
that are major contributors to life cycle greenhouse gas emissions and of major 
emission reduction options, in optimization of products and verification of 
alleged climate benefits, and to establish major differences between competing 
products. In this chapter main findings from available life cycle assessments of 
greenhouse gas emissions are summarized for a wide range of products. Guidance 
for reducing greenhouse gas emissions is presented. Future directions in devel-
oping life cycle assessment and its application are indicated. These include better 
handling of indirect effects and uncertainty and improved comprehensiveness in 
dealing with climate change. 

Keywords 

Life cycle assessment · Greenhouse gases · Global warming potential · Carbon 
footprinting · Ecosystem carbon stocks · Indirect effects · Uncertainty · 
Mitigation options 

Introduction 

This handbook considers climate change mitigation. In decision-making about 
climate change mitigation, question marks about proper choices regularly emerge. 
Is increased use of electric cars a good thing, when power production is largely coal-
based? Do the extra inputs in car production invalidate the energy efficiency gains of 
hybrid cars? Does the application of lightweight magnesium in cars mitigate climate 
change? Should a company focus its greenhouse gas management on its own 
operations or on those of suppliers? Is material recycling better or worse for climate



change mitigation than incineration in the case of laminated milk cartons? And what 
about biofuels: should their use be encouraged or not? Regarding all these questions, 
assessing the environmental burden or impact of the life cycle emission of green-
house gases can be useful for giving proper answers. 
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Life cycle assessments (LCAs) may lead to anti-intuitive results. This can be 
illustrated by the case of biofuels. It has been argued that biofuels are “climate 
neutral” (e.g., Agarwal et al. 2017; Chuah et al. 2022; De Gorter and Just 2010; 
Yaghoubi et al. 2019). The CO2, which emerges from burning biofuels, has been 
recently fixed by photosynthesis and will be fixed after emission by new biomass, so 
it has been argued; thus there should be no net effect of burning biofuels on the 
atmospheric concentration of CO2. However, a life cycle study of clear-cutting 
Canadian forests to supply wood pellets substituting for fossil fuels in electricity 
production did show that under a wide range of assumptions, such substitution will 
result in a net increase of greenhouse gas emissions for many decades to come 
(Malcolm et al. 2020). Also, bioethanol from the US corn is far from “climate 
neutral,” but is, due to life cycle fossil fuel inputs and reduction of ecosystem carbon 
stocks, likely to be associated with larger greenhouse gas emissions than conven-
tional gasoline (Searchinger et al. 2008). Such findings clearly have implications for 
making good decisions about mitigating climate change by fuel choice. 

Against this background, it will be firstly discussed what life cycle assessment is 
and how it is done. Many life cycle assessments address a wider range of environ-
mental interventions than the emission of greenhouse gases. But there are also life 
cycle assessments focusing on the emission of greenhouse gases or a part thereof. It 
will appear that LCA may give rise to substantial uncertainty. Notwithstanding such 
uncertainty, life cycle assessments can be useful in making proper choices about 
climate change mitigation. The main findings from available life cycle assessments 
of greenhouse gas emissions will be summarized. Future directions will be indicated 
and concluding remarks will be made. 

What Is Life Cycle Assessment and How Is It Done? 

Life cycle assessment has been developed for analyzing current products from 
resource extraction to final waste disposal, or from cradle to grave. Life cycle 
assessment may also be applied to parts of the life cycle, for instance, from cradle 
to (factory or farm) gate. Apart from analyzing the status quo, life cycle assessments 
may also deal with large changes in demand for, and supply of, products and with 
novel products. The latter type of assessment has been called consequential, a   s
distinguished from the analysis of status quo products, which has been called 
attributional (Frischknecht et al. 2009, 2017). 

Different data may be needed in the so-defined attributional and consequential life 
cycle assessment. Whereas in attributional life cycle assessment one, e.g., uses 
electricity data reflecting current power production, in consequential life, one 
needs data regarding changes in electricity supply. For the short term, assessing a 
marginal change in capacity of current electricity supply may suffice to deal with



changes in electricity supply. When the longer term is at stake, major changes in 
energy supply, including complex sets of energy supply technologies, should be 
assessed (e.g., Marmiroli et al. 2018). In attributional life cycle assessment, model-
ing is linear (restricted by additivity), whereas in consequential LCA, there is no 
mathematical restriction on modeling (Schaubroeck et al. 2021). 
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When novel products go beyond existing components, materials, and processes, 
knowledge often partly or fully relates to the research and development stage or to 
the limited or pilot production stage. These stages reflect immature technologies. 
Comparing these with products of much more mature technologies may be unfair, as 
maturing technologies are optimized and may allow for better resource efficiency 
and a lower environmental impact (e.g., Erakca et al. 2023; Holtze an Boehling 
2022; Mohr et al. 2009; Wernet et al. 2010). The opposite may also apply as 
synthetic methodologies that do well in the laboratory may have poor scalability, 
which can be at variance with industrial application. Also, novel products may be 
subject to currently uncommon environmental improvement options and may have 
to operate under conditions that diverge from those that are currently common (e.g., 
Frischknecht et al. 2009). The latter conditions may, e.g., include constraints on 
resource availability that currently do not exist, new infrastructures, higher resource 
costs that are conducive to resource efficiency, and strict caps on greenhouse gas 
emissions. Approaches to such divergence from “business as usual” may be found in 
using agent-based modeling, stock flow modeling, using technological trajectories, 
system dynamics, and/or constructing scenarios (e.g., Almeida et al. 2020; 
Frischknecht et al. 2017; Hackenhaar et al. 2022; Jorquera et al. 2010; Spatari 
et al. 2010; Suh and Yang 2014; Vance et al. 2022). It should be realized that the 
assumptions involved lead to uncertainties regarding the outcomes of consequential 
life cycle assessments, which can be larger than in the case of attributional life cycle 
assessment (Bamber et al. 2020; Frischknecht et al. 2017). 

Life cycle assessment is generally divided in four stages:

• Goal and scope definition
• Inventory analysis
• Impact assessment
• Interpretation 

These four stages will be discussed in the next sections. 

Goal and Scope Definition 

In the goal and scope definition stage, the aim and the subject of life cycle assessment 
are determined. Goals of life cycle assessment may vary; they may, for instance, 
serve product development, product optimization, or the evaluation of different 
competing products (Subal et al. 2024), and thus the goal of each LCA has to be 
defined at this stage. The goal and scope definition stage furthermore implies the 
establishment of “system boundaries” and the definition of a “functional unit.”



A functional unit is often a quantitative description of service performance of the 
product(s) under investigation. It may, for instance, be the production of a megawatt 
hour (MWh) of electricity. In the case of transport, a person-kilometer or a 
ton-kilometer may be used as functional unit. This allows for comparing different 
products providing a similar service. In the case of electricity, one may, e.g., compare 
a coal-fired power plant, a gas-fired power plant, a wind turbine, and photovoltaic 
cells, the latter two with and without electricity storage facilities. It should be noted 
that the functional unit may cover only a part of the service performance, because 
facilities producing the products may have special properties. For instance, in the 
case of power generation, the production of a MWh of electricity as a functional unit 
does not take account of the phenomenon that a coal-fired power plant is most 
suitable for base load and a gas-fired power plant for peak load. 
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In the goal and scope definition stage, a number of questions have to be answered. 
For instance, the life cycle of products usually includes a transport stage. As to 
transport the question arises what to include into the assessment: production of the 
transport vehicle, road building and maintenance, and building and maintenance of 
storage facilities for products? In the life cycle assessment of fishery products, 
questions arise, such as should one include the bycatch of fish that is currently 
discarded, the energy input in shipbuilding and ship maintenance, and/or the energy 
input in building and operating harbor facilities? And when the question is asked 
whether wood pellets from Canada’s boreal forest reduce net greenhouse gas 
emissions, the matter arises whether the impact of forest fires in Canada’s boreal 
forests should be included, as these can affect forest regrowth (Ter-Mikaelian et al. 
2023). System boundaries refer to what is included and excluded in life cycle 
assessment. In general, system boundaries are drawn between technical systems 
and the environment, between processes considered relevant and irrelevant, between 
processes considered significant and insignificant, and between technological sys-
tems. An example of the latter is, for instance, a boundary between the motorcar life 
cycle and the life cycle of the building in which the car is produced. 

In the goal and scope definition stage, one should also consider the matter of 
significant indirect effects of products. A well-known example of indirect effects is 
the rebound effect in the case of more energy-efficient products with lowered life 
cycle costs. Such products may, for instance, increase use of the product and may 
lead to spending of money saved by the energy-efficient product by consumers, 
which in turn may impact energy consumption, and associated greenhouse gas 
emissions (Court and Sorrell 2020; Greene 2011). This is a microeconomic rebound 
effect. Lower costs are rather common in the case of improved energy efficiency, but, 
for instance, rather uncommon in the case of liquid biofuels. Rebound effects may be 
more complex than this type of cost-related microeconomic rebound when product 
changes range wider than energy efficiency (e.g., Pohl et al. 2019; Santarius and 
Soland 2018). For instance, online access to texts (which may improve the energy 
efficiency of reading) may give rise to increased printing of online texts (“re-
materialization”). Also changes in consumer behavior linked to increased options 
for choice and time-saving may occur (Pohl et al. 2019; Santarius and Soland 2018; 
Wiedenhofer et al. 2018). Apart from microeconomic rebound effects, rebounds may



also be economy-wide, for instance, increased growth of gross national product (e.g., 
Adetutu et al. 2016; Kulmer and Seebauer 2019; Wei and Liu 2017). 
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A further example of indirect effects concerns biofuels from crops that currently 
serve as source for food or feed. When carbohydrates or lipids from such crops are 
diverted to biofuel production, this diversion may give rise to additional food and/or 
feed production elsewhere, because demand for food and feed is highly inelastic 
(e.g., Kloverpris and Mueller 2013; Searchinger et al. 2008). This, in turn, may have 
a substantial impact on estimated greenhouse gas emissions, though the quantitative 
estimates of this impact are uncertain (Brandao et al. 2022). 

Decision-making about significant indirect effects is not straightforward. This has 
led some to the conclusion that including indirect effects is futile (e.g., De Gorter and 
Just 2010) or no help in the determination of greenhouse gas performance due to 
uncertainty (e.g., Daioglou et al. 2020), whereas others have argued that including 
indirect effects, especially rebound effects and indirect effects on ecosystem carbon 
stocks, within system boundaries is, notwithstanding uncertainty, a good thing or 
necessary (e.g., Brandao et al. 2022; Cooper and Guntovski 2015; Court and Sorrell 
2020; Pohl et al. 2019; Vivanco and van der Voet 2014). In line with the latter 
position, the inclusion within the system boundaries of rebound effects and indirect 
effects on ecosystem carbon stocks is favored here. The choice of system boundaries 
may have a substantial effect on the outcomes of life cycle assessments (also Bekel 
and Pauliuk 2019; Finnveden et al. 2009; Gandreault et al. 2010;  Häflinger et al.
2017; Reijnders 2020b). 

Another matter to be decided in goal and scope definition regards the timing. 
Interventions with environmental consequences linked to the product life cycle can 
occur at different times (Schaubroeck et al. 2021), and this may be considered in life 
cycle assessment. A variety of time horizons for the assessment of environmental 
burdens or impacts (20, 50, 100, 1000 years and infinite) are used in LCA 
(Huijbregts et al. 2016). In LCAs regarding the emission of greenhouse gases, a 
time horizon of 100 years is commonly applied (cf. section “Impact Assessment”). 
Another option is to choose time-dependent burdens or impacts, for instance, net 
greenhouse gas emissions or radiative forcings during specific time periods (e.g., 
Cordier et al. 2022; Malcolm et al. 2020; Ter-Mikaelian et al. 2023). A further time-
related matter to be decided regards changes in carbon stock linked to land use 
change. Options include the use of time-dependent inventories of (net) greenhouse 
gas emissions or amortization of the change in carbon stocks over a period of 
20–30 years (e.g., De Bikuna et al. 2018). 

Inventory Analysis 

The inventory analysis gathers the necessary data for all processes involved in the 
product life cycle. Data used in inventory analysis may have different origins, 
including industry data, laboratory data, and LCA databases (e.g., Andrade et al. 
2020; Ciroth et al. 2020; De Eicker et al. 2010; Espinosa et al. 2022; Huijbregts et al. 
2016; Kleinekorte et al. 2020). Data in LCA databases are uncertain (Bamber et al.



2020). In some cases the quality of data in databases may even be problematical. For 
instance, for LCAs used within the framework of US and European Union 
(EU) regulations, default data can be used from databases established by govern-
ments. Bicalho et al. (2019) studying such default values for ethanol from US corn 
found that the verification of data in such inventories was missing and that the 
underlying datasets were often unavailable. Quality assurance for databases used in 
life cycle assessment has been reviewed by Ciroth et al. (2020). In using laboratory 
data, the inefficiencies of laboratory-scale production (e.g., Erakca et al. 2023) 
should be taken into account. Data may also be taken from scientific literature or 
may be estimates. In cases when technologies and products are studied that are as yet 
not commercially produced, the uncertainty of data used in inventory analysis is 
relatively large (e.g., Frischknecht et al. 2017; Tu et al. 2017). 
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In the inventory stage of life cycle assessments of greenhouse gas emissions, the 
focus is evidently on the latter emissions. In wider-ranging life cycle assessments, 
the inventory may comprise a range of extractions of resources, emissions of sub-
stances, and other environmentally relevant interventions causally linked to the 
functional unit for each product under consideration, within the system boundaries 
that were established in the stage of goal and scope definition. Such wider-ranging 
life cycle assessments have benefits over life cycle assessments that only focus on 
greenhouse gas emissions. First, they give a better picture of the overall environ-
mental impact, for which life cycle greenhouse gas emissions may well be a poor 
indicator (Heinonen et al. 2016; Laurent et al. 2010). Also, such wider-ranging 
LCAs allow for considering “trade-offs” between environmental impacts and the 
occurrence of co-benefits linked to reducing greenhouse gas emissions (e.g., Auer 
and Meincke 2018; Chester and Horvath 2010; Heinonen et al. 2016). For instance, 
solid forestry residues from forests with at least constant carbon stocks may do 
relatively well regarding greenhouse gas balances, using the global warming poten-
tial over a 100-year period, if compared with burning fossil fuels, but do less well 
than (fossil) natural gas as to life cycle eutrophication potential, acidification poten-
tial, ecotoxicity potential, and freshwater consumption (Havukainen et al. 2018; 
Maier et al. 2019; Reijnders 2019). 

A large part of the impacts that go beyond climate change can be covered by 
standard wider-ranging LCAs. Aspects of environmental impact that are, apart from 
the emission of greenhouse gases, often covered by such wider-ranging life cycle 
assessments are summarized in Box 1 (e.g., Bulle et al. 2019; Huijbregts et al. 2016). 
In evaluating buildings, the indoor environment may also be a matter to consider 
(e.g., Hellweg et al. 2009; Menacho et al. 2023; Skaar and Jorgensen 2013). It may 
be noted, however, that the wider range presented in Box 1 does not cover all 
environmental impacts that are relevant to climate change. Changes in albedo, 
turbulence and evapotranspiration, and the generation of contrails and cirrus clouds 
are not among the aspects of environmental impact included in Box 1. 

In life cycle assessments, the problem arises that many production systems have 
more than one output. For instance, mineral oil refinery processes may generate not 
only gasoline but also kerosene, heavy fuel oil, and bitumen, and biorefineries may 
produce a variety of product outputs too (e.g., Brehmer et al. 2009; Vance et al. 2022;



Vera et al. 2020). In the case of multi-output processes, extractions of resources and 
emissions have to be allocated to the different outputs. Non-product outputs 
(“wastes”) are commonly valued at zero, but they may also be allocated a negative 
value (in view of disposal and/or treatment costs). There are several ways to allocate 
extractions of resources and emissions to product outputs. Major ways to allocate are 
based on physical units (e.g., energy or exergy content or weight of outputs) or on 
monetary value (price). There may also be allocation on the basis of substitution. In 
the latter case, the environmental burden of a coproduct is established on the basis of 
another, similar product. Different kinds of allocation may lead to substantially 
different outcomes of life cycle assessment (e.g., Agostini et al. 2020; Bamber 
et al. 2020; Finnveden et al. 2009; Montazeri et al. 2016; Reijnders 2017; Vera 
et al. 2020). 
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The usual outcome of the inventory analysis of a wide-ranging life cycle assess-
ment is a list with extractions of resources, emissions of substances, and other 
environmentally relevant changes causally linked to the functional unit of the 
product considered. 

Box 1 Aspects of environmental impact, apart from the emission of greenhouse 
gases, which are often considered in wide-ranging life cycle assessments
•
•

Resource depletion (abiotic, biotic)

•
Cumulative (fossil) energy demand

•
Effect of land use and land use change on ecosystems

•
Impact on the ozone layer

•
Acidification (terrestrial, freshwater aquatic, marine)

•
Photooxidant formation

•
Fine particulate matter formation

•
Eutrophication or nutrification (freshwater, marine)

•
Human toxicity

•
Ecotoxicity (terrestrial, aquatic)

•
Ionizing radiation 
Water footprint, desiccation, and its effect on ecosystems 

Impact Assessment 

The next stage in life cycle assessment is impact assessment. This firstly implies a 
step called characterization. In this step extractions of resources and emissions are 
aggregated for impact categories. When only greenhouse gas emissions are consid-
ered that become well-mixed in the atmosphere, the aggregation aims at establishing 
the emission of other greenhouse gases in terms of CO2 equivalents (CO2eq), which, 
e.g., means that the emission of greenhouse gases like N2O and CH4 are recalculated 
in terms of CO2 emissions. To do so, one needs to choose a time horizon (e.g., 
20 years, 100 years, 1000 years) (Huijbregts et al. 2016; Myrhe et al. 2013), because 
the greenhouse gas effect of emitted greenhouse gases may be different dependent on
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the time horizon chosen (see Tables 1 and 2). The time-dependent differences in 
Table 1 reflect divergences in atmospheric fate of greenhouse gases. The removal of 
CH4 from the atmosphere is, for instance, much faster than the removal of CO2 (e.g., 
Myrhe et al. 2013). In the characterization of well-mixed greenhouse gases, two 
types of outcomes of characterization may be considered: the global warming 
potential (GWP) or the global temperature change potential (GTP). The GWP 
integrates the radiative forcing within a time frame. The GTP is the change in global 
mean surface temperature at a chosen point in time (e.g., after 20 or 100 years). 
Relative GWPs and GTPs for different time frames of the major well-mixed green-
house gases CO2,  CH4,  and  N2O  in  CO2eq are in Tables 1 and 2. 
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Calculating relative GWPs and GTPs requires modeling, and differences in the 
models may lead to different results: hence the ranges given in Tables 1 and 2 
(Etminan et al. 2016; Huijbregts et al. 2016; Munoz and Schmidt 2016; Myrhe et al. 
2013). 

In LCA practice, often a time horizon of 100 years is chosen and the global 
warming potentials (GWP100) from the corresponding column of Table 1 are com-
monly used in life cycle assessments. 

There are also other well-mixed greenhouse gases than those in Table 2, such as 
chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), hydrofluor-
ocarbons (HFCs), (hydro)chlorocarbons (e.g., methylchloroform, carbon tetrachlo-
ride), (hydro)bromocarbons (e.g., halons), halogenated alcohols and ethers (e.g., 
HFEs), and fully fluorinated compounds such as SF6 (Huijbregts et al. 2016; Myrhe 
et al. 2013). 

Table 3 presents the relative GWP100 for a variety of halogenated substances if 
compared with CO2, again with ranges reflecting differences in modeling 
(Huijbregts et al. 2016; Myrhe et al. 2013). 

Table 1 Relative global warming potentials (GWPs) per kilogram of the well-mixed greenhouse 
gases CO2,  CH4, and N2O (Etminan et al. 2016; Huijbregts et al. 2016; Munoz and Schmidt 2016; 
Myrhe et al. 2013; Reijnders 2023) 

Greenhouse gas GWP for 20 years GWP for 100 years GWP for 1000 years 

CO2 

CH4 83–85 28–36 4.8 

N2O 264–289 265–298 78.8 

Table 2 Relative global temperature change potentials (GTPs) per kilogram of the well-mixed 
greenhouse gases CO2,  CH4, and N2O (Myrhe et al. 2013) 

Greenhouse gas GTP for 20 years GTP for 100 years 

CO2 

CH4 66–69 4–7 

N2O 277 234
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Table 3 Relative global 
warming potentials (GWPs) 
for 100 years per kilogram 
of well-mixed halogenated 
substances, if compared 
with CO2 (Huijbregts et al. 
2016; Myrhe et al. 2013; 
Worton et al. 2007) 

Well-mixed halocarbon greenhouse gas GWP for 100 years 

CFC11 3300–5352 

CFC 12 6100–11,547 

CFC 113 4200–6568 

HCFC 21 148–179 

HCFC 22 1760–2100 

HFC 23 12,400–13,856 

HFC 134a 1300–1549 

HFC 143a 4800–5508 

Halon 1201 376–454 

Halon 1211 1750–2070 

HFE 125 12,400–13,951 

CCl4 1730–2019 

Methylchloroform 160–193 

CF4 7200–7349 

C2F6 12,010–12,340 

SF6 17,885–23,500 

In life cycle assessment of greenhouse gas emissions that become well-mixed in 
the atmosphere, calculating the emission in terms of GWP100 in CO2eq is where the 
impact assessment stage often ends. Others continue by converting characterized 
interventions into impacts, starting with radiative forcing. Examples of regionalized 
models that can be used for this purpose are IMPACT World + (Bulle et al. 2019), 
LC-IMPACT (Verones et al. 2016), and ReCiPe 2016 (Huijbregts et al. 2016). Such 
models can generate regional variations in temperature change following from a 
specified radiative forcing. Subsequently damage to human health and to ecosystems 
can be derived from regional changes in climate. 

In wide-ranging LCAs, it is possible to aggregate impacts into three categories: 
damage to human health, damage to ecosystems, and damage to resources (also 
resource depletion, resource scarcity) (e.g., Bulle et al. 2019; Huijbregts et al. 2016). 
Damage to human health, for instance, combines impacts of climate change, water 
availability, fine particulate matter formation, the emission of substances hazardous 
to human health (toxics), the emission of substances that lead to ozone layer 
depletion, and emissions leading to photooxidant formation in the model IMPACT 
World + (Bulle et al. 2019). The uncertainty of impacts obtained by using region-
alized models may be larger than the uncertainty regarding outcomes of the charac-
terization stage (Frischknecht et al. 2017; Huijbregts et al. 2016). 

Having CO2eq emissions as an outcome of life cycle assessment is often used to 
guide the selection of product life cycle options, policies, and innovations aimed at 
mitigation of climate change. Still, it should be noted that the temporal pattern of 
greenhouse gas emissions may affect the rate of climate change, which in turn is, 
e.g., a major determinant of the impact on ecosystems. When the temporal pattern of 
the emissions is important, as, for instance, in the case of land use change or capital



investments in production systems, it is possible to adapt life cycle assessment by 
including the estimated temporal pattern of greenhouse gas emissions and carbon 
sequestration linked to the object of life cycle assessment (cf. Penaloza et al. 2019; 
Ter-Mikaelian et al. 2023). This option may be linked to the use of a time frame for 
“paying-off” the carbon debt (loss of ecosystem carbon stocks) linked to agricultural 
and forestry activities (e.g., Danielsen et al. 2009; Malcolm et al. 2020). 
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Also, there are impacts of human activities on climate that go beyond well-mixed 
greenhouse gases. The emission of substances that affect tropospheric ozone and of 
aerosols, including black carbon, and aerosol-forming substances can have signifi-
cant impacts on climate (Gustavson and Ramanathan 2016; Murphy and 
Ravishankara 2018; Myrhe et al. 2013). Inclusion of climate effects linked to sub-
stances that affect tropospheric ozone, aerosol-forming substances, and aerosols in 
LCAs is rare. Examples of such inclusion are papers by Iordan et al. (2016), Lund 
et al. (2014), and Peters et al. (2011). Land use and land use change, the color of 
roofs and deposition of black carbon, and use of biochar may have an effect on 
surface albedo (Bright 2015; Ming et al. 2009; Munoz et al. 2010; Reijnders 2023; 
Susca 2012). Including changes in albedo in life cycle assessments has so far been 
limited. Examples of studies including surface albedo are papers by Fortier et al. 
(2017), Sieber et al. (2020, 2022), and Susca (2012). Also, changes in evapotrans-
piration and turbulence can impact the longwave radiation balance and there is a case 
for their inclusion in LCAwhen land use change and land cover change are involved 
(Bright 2015). Tariq et al. (2021) included evapotranspiration in an LCA covering 
impacts of different land covers on global warming. Furthermore, the greenhouse 
effect of air traffic may well be different than expected solely on the basis of CO2, 
N2O, and CH4 emissions, because air traffic triggers formation of contrails and cirrus 
clouds (e.g., Jungbluth and Meili 2019; Lee et al. 2010a). The studies of Cox et al. 
(2018) and Reed Miller et al. (2023) exemplify LCAs including the climate effects 
linked to contrails and cirrus clouds in the radiative forcing estimates regarding air 
traffic. 

Interpretation 

The interpretation stage connects the outcome of the impact assessment to the real 
world. In companies they may, for instance, be used to decide about optimization of 
products or strategic decisions, and by authorities they may be, for example, used in 
decision-making about legislation or in the context of emission reduction policies 
(Chester and Cano 2016; Subal et al. 2024). 

Much of the practical usefulness of life cycle assessments of greenhouse gas 
emissions in this respect depends upon the uncertainty of outcomes, which has a 
variety of sources that can be categorized as uncertainties due to choices, uncer-
tainties due to modeling, and parameter uncertainty (e.g., Bamber et al. 2020; 
Finnveden et al. 2009; Williams et al. 2009). In attributive LCA, parameter uncer-
tainty and uncertainty due to choices (e.g., regarding time horizon, type of allocation,



system boundaries, and functional unit) would often seem to be the most important 
types of uncertainty in the case of estimating life cycle greenhouse gas emissions 
(e.g., Agostini et al. 2020; Gandreault et al. 2010; Montazeri et al. 2016; Reijnders 
2017). 
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Sensitivity analysis may be part of the interpretation stage and, for instance, 
consider the dependence on different assumptions, e.g., regarding allocation and 
time horizon. Similarly, uncertainty analysis may be part of the interpretation stage. 
Several approaches to uncertainty analysis have been proposed, using Monte Carlo 
techniques (Heijungs 2020), matrix perturbation (Heijungs and Suh 2002), Taylor 
series expansion (Hong et al. 2010), and fuzzy interval arithmetic (Bamber et al. 
2020). In practice, uncertainty analysis has been applied in a limited way (Bamber 
et al. 2020). 

In the interpretation stage, conclusions can be drawn. For instance, stages or 
elements of the product life cycle can be identified, which are linked to relatively 
high greenhouse gas emissions. These can be prioritized for emission reduction 
options and policies. Furthermore, it may be established that, given a functional unit 
and specified assumptions, one product has lower greenhouse gas emissions 
(in CO2eq) than another. Examples of conclusions that can be drawn from life 
cycle assessments are given in the section “Main Findings from Life Cycle Studies 
of Greenhouse Gas Emissions.” 

In life cycle assessments, it is often assumed that other things remain equal. This 
ceteris paribus assumption does not always apply in the real world. In the section 
“Main Findings from Life Cycle Studies of Greenhouse Gas Emissions,” cases will 
be noted when incorrectness of the ceteris paribus assumption in the real world is 
associated with significant consequences for the emission of greenhouse gases. 

Life Cycle Assessments Focusing on Greenhouse Gas Emissions or 
a Part Thereof 

The emergence of climate change as a major environmental concern has led to an 
increase in life cycle assessments focusing on the emission of greenhouse gases that 
become well-mixed for decision-making by companies and public authorities (Subal 
et al. 2024). Full life cycle assessments require extensive data acquisition, which 
tends to be laborious and time-consuming, and this may be beyond what practice in 
industry, design, and policy requires (Bala et al. 2010; Budig et al. 2021; Pukkinen 
et al. 2016). This has led to the emergence of simplified tools for the life cycle 
assessment of greenhouse gas emissions, such as screening LCAs (that work with 
rough estimates) and carbon footprint tools (Mancini et al. 2022). These tend to 
focus on major causes of life cycle greenhouse gas emissions (“hotspots”) and may 
be useful in identifying and prioritizing emission reduction options (e.g., 
Meinrenken and Lackner 2014; Palton and Smith 2015) and in identifying worth-
while options in early stages of product design (e.g., Budig et al. 2021).
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“Carbon footprinting” has become popular (e.g., Dong et al. 2024; Peter et al. 
2017; Pukkinen et al. 2016; Vera et al. 2020; Wiedenhofer et al. 2018). There is no 
generally agreed-upon definition of “carbon footprinting.” In practice, the focus of 
“carbon footprinting” is often on the emission of carbonaceous greenhouse gases. 
Also, there is an interest in life cycle assessments focusing on the cumulative input of 
fossil fuels (cumulative fossil energy demand), which in turn is an important 
determinant of the life cycle emission of the major greenhouse gas CO2 (Leda 
et al. 2023; Rajovic et al. 2016; Tu et al. 2018). 

The focus on carbonaceous greenhouse gases or cumulative fossil energy demand 
may lead to outcomes that substantially deviate from overall greenhouse gas emis-
sions. As several authors (e.g., Laurent et al. 2010; Reijnders and Huijbregts 2009) 
have pointed out, cumulative fossil energy demand may be substantially at variance 
with life cycle emissions of greenhouse gases in the case of agricultural commodities 
and in other cases in which product life cycles impact land use. Peter et al. (2017) 
reviewed available carbon footprint calculators for agricultural products and found 
that these were inadequate as to the inclusion of agricultural management practices. 
“Carbon footprinting” based on the emission of carbonaceous greenhouse gases can 
also be inadequate in the case of producing compounds such as adipic acid, 
caprolactam, and nitric acid, when technologies with poor N2O emission control 
are used (Winiwarter et al. 2018). Furthermore, there can be a major divergence of 
“carbon footprinting” from overall life cycle greenhouse gas emissions when there 
are substantial emissions of halogenated greenhouse gases. The latter, e.g., applies to 
the case of halogenated refrigerant use, the use of halogenated blowing agents for the 
production of insulation, primary aluminum and semiconductor production (which 
are associated with the emission of the potent fluorinated greenhouse gases CF4 and 
C2F6) circuit breakers using SF6, and plants for magnesium production and magne-
sium foundries using fluorinated cover gases (Harrison et al. 2010; Hu et al. 2020; 
Purohit and Höglund Isaksson 2017; Raugei et al. 2015; Worton et al. 2007). In the 
following, assessments will be used that usually give an estimate of all relevant 
greenhouse gas emissions that become well-mixed in the atmosphere, calculated as 
CO2eq emissions. 

Published Life Cycle Assessments 

A wide variety of products has been the object of life cycle assessments regarding 
greenhouse gas emissions. Products have, however, not been the only objects of life 
cycle assessment methodology. Life cycle assessment methodology has also been 
used for county-wide economies, trade between countries, branches of industry, 
industrial symbiosis, networks, soil and groundwater remediation, and waste man-
agement options, including CO2 capture and sequestration. Here the focus will be on 
product life cycles and important aspects of product life cycles such as energy 
efficiency and recycling.
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Main Findings from Life Cycle Studies of Greenhouse Gas 
Emissions 

Main findings from life cycle studies of greenhouse gas emissions are summarized 
here, mostly using their global warming potential and a time horizon of 100 years 
(GWP100). The focus will be on direct effects, unless indicated otherwise. After this 
summary, options for life cycle greenhouse gas emission reduction that emerge from 
life cycle assessments will be briefly discussed. 

Energy Efficiency 

Improvements in efficiency of the conversion of primary energy to energy services 
often lead to lower life cycle greenhouse gas emissions (as GWP100) for energy 
services (e.g., Citherlet and Defaux 2007; Laurent et al. 2017) when only direct 
effects are considered. There are some exceptions. For instance, improving the 
energy efficiency of internal combustion vehicles by using lightweight magnesium 
alloys originating in the Pidgeon process does not reduce life greenhouse gas 
emissions due to the high greenhouse gas emissions linked to magnesium production 
and processing (Raugei et al. 2015). Also, III/V solar cells, which contain, e.g., In 
(indium) and Ga (gallium) and have higher conversion efficiencies for solar energy 
into electricity than Si-based photovoltaic cells, are not likely to have lower life cycle 
greenhouse gas emissions per kilowatt hour than multicrystalline Si solar cells 
(Mohr et al. 2009). Noteworthy is the potential for indirect effects linked to 
improvements of energy efficiency. As noted before, in the case that improvements 
in energy conversion lead to lower life cycle costs, there may be a rebound effect on 
energy use because money that has been saved due to such lower costs tends to be 
spent by consumers on increased use of the product or elsewhere, which in turn 
entails additional energy consumption and emission of greenhouse gases (e.g., 
Greene 2011). Lower costs may also be conducive to economic growth, giving 
rise to economy-wide rebounds (Adetutu et al. 2016; Kulmer and Seebauer 2019; 
Wei and Liu 2017). When only microeconomic effects of improved energy effi-
ciency are considered, life cycle greenhouse gas emissions tend to be still lowered, 
though less so than when only the direct effect of energy efficiency is considered 
(e.g., Aydin et al. 2017; Greene 2011; Wang et al. 2016). Economy-wide rebound 
effects in life of improved energy conversion efficiency may be large, may differ 
between countries and over time, and may be counteracted by the removal of fossil 
energy subsidies and carbon pricing with cap and trade (Adetutu et al. 2016; Kulmer 
and Seebauer 2019; Li and Jiang 2016; van den Bergh 2017; Wei and Liu 2017). 

Recycling 

Recycling is not a precise concept. The concept of resource cascading (e.g., Krook 
and Eklund 2010) may help in specifying what recycling can mean. Resource
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cascading aims at the maximum exploitation of the service time and quality (also 
performance, value) of natural resources. Table 4 presents steps for a generalized 
resource cascade for the recycling of products, with Step 1 representing the best 
quality conservation regarding a product and Step 6 a relatively low level of quality 
conservation, with the other steps, roughly in descending order, in between. 
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Provided that transport distances and inputs in reuse, repair, refurbishment, and 
remanufacturing processes remain modest, product and component reuse, repair, 
refurbishment, and remanufacturing have, ceteris paribus, the direct benefit  o
avoiding the production of new products or components, which is commonly linked 
to climate benefits (e.g., Cooper and Guntovski 2015; Gao et al. 2017; Koroma et al. 
2022; Landi et al. 2019; Li et al. 2022; Sandin and Peters 2018; Storck et al. 2023; 
Tingley and Davison 2012). Exceptions can include powered products, when new 
variants thereof are much more energy efficient than the products considered for 
reuse (Cooper and Guntovski 2015). In this case replacement of products and reuse 
of components can be preferable (Cooper and Guntovski 2015). When the energy 
efficiency of powered products and embodied energy of these products increase 
(cf. section “Products Consuming Energy”), such exceptions will decrease (Cooper 
and Guntovski 2015). When life cycle costs are reduced, reuse, repair, and 
remanufacturing can give rise to rebound effects that should be included in LCAs 
(Cooper and Guntovski 2015). 

As to the recycling of materials (Steps 5 and 6 in Table 4), it may be noted that 
material recycling leading to a material of lower quality or performance level is 
rather common. There is a case for incorporation of lower quality or reduced 
performance in LCAs (e.g., Hannula et al. 2010; van der Harst et al. 2016). Amini 
et al. (2007) and Steinman et al. (2019) have proposed respectively exergy-based and 
energy-based indicators to quantify the loss of quality. There is no consensus as to 
the allocation of greenhouse gases to the material that is to be recycled (e.g., Suer 
et al. 2022). Nevertheless, available studies regarding material recycling tend to 
suggest that, if transport distances and inputs in recycling of materials are modest, 
recycling of source-separated materials is often associated with lower life cycle 
greenhouse gas emissions than the production of new materials of the same 
composition (e.g., Benavide et al. 2018; Botas et al. 2017; Ciacci et al. 2016;

Table 4 Steps in a generalized resource cascade for product recycling 

Step 1 Product reuse 

Step 2 Reuse of product components in products with specifications similar to original 
products 

Step 3 Reusing products or components with lower performance requirements 

Step 4 Remanufacturing, refurbishment, and repair meeting the performance requirements of 
the original product 

Step 5 Material recycling to a material meeting the same performance level (of the same 
quality) as the original material 

Step 6 Material recycling to a material meeting a lower performance level (of a lower quality) 
as the original material



Diez-Canamero and Mendoza 2023; Eckelman et al. 2014; Hoglmeier et al. 2014; 
Huang et al. 2009; Johnson et al. 2013; Pasqualino et al. 2011; Sandin and Peters 
2018; Turner et al. 2015; Unger et al. 2017; Wu et al. 2014). Plasterboard and paint 
have been noted as exceptions to this generalization (Turner et al. 2015). Material 
recycling and material efficiency may have large rebound effects when life cycle 
costs are reduced (Figge and Thorpe 2019; Ottelin et al. 2020; Zink and Geyer 
2017). Such rebound effects should be included in LCAs of material recycling.
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Conventional and Unconventional Fossil Fuels 

Among current fossil fuels, the life cycles of conventional natural gas tend to give 
rise to the lowest greenhouse gas emissions (as GWP100) and lignite to the highest 
(Jaramillo et al. 2009; Turconi et al. 2013). Burning (hard) coal leads to somewhat 
lower life cycle greenhouse gas emissions than burning lignite, whereas the life cycle 
emissions for burning conventional mineral oil and its derivative fuels tend to be 
between those of conventional natural gas and of coal and their derivatives 
(Jaramillo et al. 2009; Turconi et al. 2013). As to the transport as part of the natural 
gas life cycle, pipelines are associated with substantially lower greenhouse gas 
emissions (as GWP100) per Joule-kilometer than transport of liquid natural gas 
(LNG) by tankers (Gómez-Camacho et al. 2022; Shaton et al. 2020). 

Life cycle assessments of fossil fuel-based electricity generation combined with 
carbon capture and sequestration suggest that carbon-dioxide emissions per kilowatt 
hour may be lowered by 40–80%, but in those assessments, long-term leakage of 
CO2 is outside system boundaries and short-term CO2 leakage is poorly handled 
(Wang et al. 2022). Including carbon capture and sequestration in fossil fuel-based 
power production will, per kilowatt hour, lead to estimated life cycle greenhouse gas 
emissions (as CO2eq) that are roughly a factor 10 larger than the corresponding life 
cycle emissions linked to solar and wind power (Pehl et al. 2017). 

Producing oil products from conventional mineral oil gives rise to lower green-
house gas emissions (as GWP100) than producing oil products from shale oil (Zhou 
et al. 2019). An important matter is that the fossil energy return on fossil energy 
invested (EROI) in the worldwide production of conventional oil and natural gas 
shows a long-term decline (Court and Fizaine 2017). The EROIs of oil production 
from oil shale and tar sands are poorer than the EROI for conventional oil (Cleveland 
and Connor 2011; Hall et al. 2014). Estimates of life cycle greenhouse gas emissions 
for shale gas produced by fracking diverge are heavily contested (Costa et al. 2017). 
An important issue in this context is the leakage rate of methane from shale gas 
production fields (Costa et al. 2017; Ingraffea et al. 2014; Ren et al. 2017), which 
may be higher than for natural gas. 

Biofuels 

Greenhouse gas emissions associated with the life cycle of biofuels vary widely, 
depending on fossil fuel inputs, changes in soil and aboveground carbon stocks, and



N2O emissions (Reijnders 2017, 2020a). When a forest with (at least) constant 
carbon stocks is within the system boundary, burning woody forestry residues in 
power plants tend to do well as to the emission of greenhouse gases that become 
well-mixed, if compared with the combustion of fossil fuels (Reijnders and 
Huijbregts 2009; Zhang et al. 2010). However, in the real world, supplying woody 
biomass for replacing fossil fuels can be linked to the reduction of carbon stocks, 
which may lead to net increases in greenhouse gas emissions for decades to come. 
This is exemplified by wood pellets originating in boreal Canadian forests based on 
clear cutting (Malcolm et al. 2020) or production from stem wood of freshly 
harvested trees (Ter-Mikaelian et al. 2023). Also, it should be noted that in the real 
world, maintaining forest carbon stocks (forest conservation) is problematical. It can 
trigger “leakage” reduction of forest carbon stocks elsewhere, and forest conserva-
tion does not provide immunity to pests, drought, and storms negatively affecting 
carbon stocks (Reijnders 2023). 

7 Life Cycle Assessment of Greenhouse Gas Emissions 309

Ethanol from sugarcane grown in the Brazilian Cerrado region has a lower 
emission of greenhouse gases that become well-mixed (as GWP100) than conven-
tional gasoline (Hernandes et al. 2022; Reijnders 2020a). As to ethanol and future 
aviation fuels based on biomass, sequestration of CO2 originating in biomass 
conversion by carbon capture and storage (CCS) has been proposed to achieve 
much lowered life cycle greenhouse gas emissions (e.g., Dees et al. 2023; Reed 
Miller et al. 2023). Otherwise, current liquid biofuels from crops that compete with 
food crops for good soils tend to compare unfavorably with conventional gasoline, 
kerosene, and diesel when direct and indirect effects on land use are included, when 
biofuel production expands rapidly, and when allocation of life cycle emissions is on 
the basis of monetary value of outputs (Hertel et al. 2010; Reijnders 2017, 2020a; 
Searchinger et al. 2008). Searchinger et al. (2021) have furthermore suggested that in 
the case of crops (for biofuels) grown on land that can be forest when agriculture 
stops, there is a case to take into account the avoided negative emission of green-
house gases that can be associated with afforestation. 

LCAs regarding biodiesel produced from waste cooking oil suggest relatively 
low life cycle greenhouse gas emissions (as GWP100) if compared with biodiesel 
from crop-derived oils, which is to a large extent caused by the assumption in these 
LCAs that wastes have a zero environmental burden (Hosseinzadeh-Bandbafha et al. 
2022). This means that only the greenhouse gas emissions linked to logistics and the 
conversion of waste cooking oil to biodiesel are included. In LCA the zero environ-
mental burden assumption has originated in the assumption that wastes have no 
(positive) economic value. However, this does not apply to waste cooking oils, 
which are currently also used as a resource for the production of chemicals (Orjuela 
and Clark 2020). 

There is uncertainty about the question how the life cycle greenhouse gas 
emissions linked to methane generated by anaerobic conversion of organic materials 
(biogas) compare with life cycle greenhouse gas emissions linked to methane from 
(fossil) natural gas because of the variability in biogas production and in manage-
ment of installations for anaerobic conversion (e.g., Hijazi et al. 2016; Malet et al. 
2023), the underestimation of methane emissions linked to biogas supply chains 
(Bakkaloglu et al. 2022), and the often poor quality of available LCAs (Rajendran



and Murthy 2019; Malet et al. 2023). Fossil fuel inputs to achieve agitation and an 
elevated optimum temperature (>37 °C) are a significant contributor to the green-
house gas emissions linked to anaerobic conversion in temperate climates (Hijazi 
et al. 2016; Jury et al. 2010). In warmer climates, anaerobic conversion may well do 
better in this respect. There are fugitive methane emissions from the reactor, pipes, 
valves, and fittings of the anaerobic digestion facility and from storage and applica-
tion of digestate, a liquid coproduct of biogas production (Bakkaloglu et al. 2022). 
Carbon sequestration may be negatively impacted when applying digestate instead 
of manure (Malet et al. 2023). On the basis of available measurements of these 
emissions (reviewed by Bakkaloglu et al. 2022), it would seem that the emission of 
methane from the biogas life cycle can well be larger than the methane emission 
linked to the life cycle of (fossil) natural gas. 
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The greenhouse gas emissions linked to the life cycle of ethanol produced from 
lignocellulosic materials, such as corn stover, and algal biodiesel are very uncertain 
(Gerbrandt et al. 2016; Reijnders 2017, 2020b). Predictions of relatively low life 
cycle greenhouse gas emissions in the future for microalgal biodiesel are linked to 
the use of wastes (assumed to have a zero environmental burden) as inputs, large 
increases in yield, and reductions in fossil fuel inputs, if compared with the current 
state of the art (Reijnders 2017, 2020b). Predictions of relatively low life cycle 
greenhouse gas emissions in the future for lignocellulosic ethanol (including treating 
production-related waste water) are linked to large increases in yield and reductions 
in the inputs of fossil fuels and chemicals, if compared with the current state of the 
art, and no negative impacts on soil carbon stocks (Reijnders 2013; Su et al. 2020). 

Electrofuels 

Electrofuels (also called e-fuels or synthetic fuels) are synthesized using H2 gener-
ated by electrolysis and captured CO2. Their use in internal combustion engines is 
considered for future transport (Ballal et al. 2023; Zang et al. 2021). Life cycle 
greenhouse gas emission linked to such fuels depends on the source of CO2 and the 
source of electricity. In a best-case scenario, that is when CO2 is a by-product of 
biobased production and electricity supply is powered by solar or wind energy, it has 
been estimated that life cycle greenhouse gas emissions (as GWP100) of e-fuels may 
be reduced by up to 57–65% if compared with fossil fuels (Ballal et al. 2023; Zang 
et al. 2021). The conversion efficiency of electricity to car-kilometers is for battery-
electric cars about a factor 5 better than for cars with internal combustion engine 
powered with e-fuels (Ueckerdt et al. 2021). 

Green Energy Supply 

Among the options for expanding “green energy supply,” well-located building-
integrated solar thermal systems, photovoltaic cells, building-integrated hybrid 
photovoltaic/thermal systems, concentrating solar power plants, marine current and



wave turbines, and wind turbines do relatively well as to the emission of greenhouse 
gases (as GWP100) if compared with fossil fuel-based alternatives (Berrill et al. 2016; 
Douglas et al. 2008; Douziech et al. 2016; Kommalapati et al. 2017; Lamnatou et al. 
2018; Laurent et al. 2017; Muteri et al. 2020; Nugent and Sovakool 2014; Souliotis 
et al. 2015). Consequential life cycle assessment suggests that thin film amorphous 
silicon cells may substantially reduce life cycle greenhouse gas emissions 
(as GWP100) if compared with current photovoltaic cells (Blanco et al. 2020). 
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When the share of intermittent or strongly variable forms of electricity generation 
in energy supply increases, energy storage systems may be needed. These have been 
evaluated regarding their life cycle greenhouse gas emissions (e.g., Jordaan et al. 
2020; Lee et al. 2010b; Pelay et al. 2020; Raugei et al. 2020). The evaluations 
suggest that energy storage systems leave the climate benefits from the intermittent 
or strongly variable electricity generation options considered here at least largely 
intact. Combining different types of storage technologies may limit the life cycle 
greenhouse gas emissions linked to energy storage when the share of intermittent or 
strongly variable forms of electricity generation in energy supply becomes large 
(Jiao and Mannson 2023). 

Greenhouse gas emissions of hydropower facilities vary strongly and depend on 
submerged carbon stocks and their anaerobic conversion; low greenhouse gas 
emissions are correlated by low land use per unit of hydroelectricity generated 
(Geller et al. 2020; Hertwich 2013; Laurent et al. 2017). Estimates of greenhouse 
gas emissions linked to hydropower, as they are used in life cycle assessment, tend to 
be characterized by a large degree of uncertainty (Geller et al. 2020). 

Hydrogen generation using electrolysis of water powered by solar power and 
wind power is discussed as a substitute for fossil fuels. H2 may be used in fueling 
means of transport. In a study of H2-fueled passenger cars, Candelaresi et al. (2021) 
found a life cycle climate benefit of substituting fossil fuels by hydrogen originating 
in electrolysis powered by wind. Using fuel cells delivered more car-kilometers from 
a  kg  H2 than using an internal combustion engine, but the estimates of Candelaresi 
et al. (2021) suggest that, with the assumptions made, the climate benefit thereof 
(as GWP100) is outweighed by the relatively high inputs in fuel cell powered car 
production. Reed Miller et al. (2023) studied the use of hydrogen originating from 
electrolysis by wind and photovoltaic power in aviation in a well-to-wake LCA. If 
compared with conventional kerosine, the emission of well-mixed greenhouse gases 
(as GWP100) was much reduced, but a substantial generation of contrail cirrus was 
found, leading to the conclusion that H2-powered aviation is not climate neutral. 

Products Consuming Energy 

The use stage of the life cycle is often an important contributor to life cycle 
greenhouse gas emissions of products that consume energy (Cullen and Allwood 
2009). Improved energy efficiency can (ceteris paribus) reduce greenhouse gas 
emissions (as GWP100) linked to the use stage. When the energy efficiency of 
products, such as buildings, cars, and appliances, improves, embodied energy



(energy required for production) becomes increasingly important (e.g., Andrae and 
Andersen 2010; Auer and Meincke 2018; Blengini and di Carlo 2010; Citherlet and 
Defaux 2007; Danilecki et al. 2017; Scott et al. 2018). This has led to calls for 
extending regulation to cover embodied greenhouse gas emissions of products 
(Scott et al. 2018). 
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Important are rebound effects of improved energy efficiency if life cycle costs are 
reduced (cf. the section “Energy Efficiency”). Coverage thereof in available LCAs 
would seem limited (also Vivanco and van der Voet 2014). This does apply not only 
to conventional products such as buildings and cars but also to novel products. For 
instance, in a review regarding the application of digitalization to goods and 
services, Court and Sorrell (2020) concluded that there is a significant potential for 
energy savings by e-publications, e-news, and e-music (also Weber et al. 2010) but 
that most studies in these fields neglect rebound effects, whereas the lower cost of 
digitized goods and services has the potential to lead to large rebound effects. In 
other LCA studies covering applications of information and communication tech-
nology, the coverage of rebound effects also appears to be poor (Pohl et al. 2019; 
Bieser et al. 2023). 

Transport 

The United Nations Environment Program has estimated the contribution of the 
transport sector to worldwide greenhouse gas emissions at about 25% (UNEP 2023). 
LCA studies regarding the greenhouse gas emissions linked to different means of 
transport will be discussed below. None of the studies regarding transport modalities 
with lower costs included rebound effects. 

In a study regarding transport of persons in Sweden, Sinha et al. (2019) found 
that, per person-kilometer, walking and bicycle use had the lowest life cycle green-
house gas emission (as GWP100), with trains having the lowest life cycle greenhouse 
gas emission of motorized transport. Per person-kilometer, the life cycle greenhouse 
gas emission of buses was likely to be lower than the corresponding emission for 
cars during peak hours, but the opposite might apply outside peak hours (Sinha et al. 
2019). Ride sharing and car sharing can be linked to lower greenhouse gas emissions 
(Hertwich et al. 2019). At continental distances in the order of <500 km, where train 
transport and air transport are most competitive, train transport tends to be associated 
with relatively low life cycle greenhouse gas emissions per person-kilometer when 
occupancy rates are high (Blengini and di Carlo 2010; Chester and Horvath 2010; 
Sinha et al. 2019). Lighter fossil fuel powered cars tend to have lower greenhouse 
gas emissions than heavier cars (Bertram et al. 2009; Del Pero et al. 2017; Spielman 
and Althaus 2007). Improved material efficiency by lightweighting may be condu-
cive to lowering greenhouse gas emissions in the use stage (e.g., Hertwich et al. 
2019). In the case of lightweighting by magnesium alloys, however, the large 
greenhouse gas emissions linked to magnesium production by the dominant Pidgeon 
process are at variance with lower life cycle greenhouse gas emissions of compact 
cars with a service life of 150,000 km (Raugei et al. 2015).
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Other trends in car design than lightweighting of metals can be at variance with a 
reduction of life cycle greenhouse gas emissions. Kawajiri et al. (2020) have shown 
for Japanese and US cars with internal combustion engines, that between 1996 and 
2014, notwithstanding an increased use of lightweight materials, the overall weight 
of cars increased. To the extent that energy efficiency of cars is improved, overall 
rebound effects may erode 15–50% of the expected energy savings from improved 
energy efficiency in transport (Sorrell et al. 2020). 

Ceteris paribus, the emission linked to car production tends to be higher for 
battery-electric cars than for conventional fossil fuel cars (e.g., Del Pero et al. 2018). 
The electricity mix is a major determinant of estimated life cycle greenhouse gas 
emission of battery-electric cars (Marmiroli et al. 2018; Nordelöf et al. 2014). Li 
et al. (2019) concluded that, due to the current energy mix of power plants, in China 
life cycle CO2eq emissions (as GWP100) of battery-electric cars were higher than for 
petrol-powered internal combustion cars of the same weight class. A similar result 
was arrived at for current greenhouse gas emissions of cars in India (Upadhyayula 
et al. 2019). Life cycle assessments tend to suggest that, with mileages and energy 
mixes for power production that are currently common, in western industrialized 
counties, battery-electric cars do better as to life cycle greenhouse gas emissions 
(as GWP100) than comparable conventional cars, notwithstanding a larger weight, 
whereas increasing shares of wind and solar electricity can increase the climate 
benefit of battery-electric cars (e.g., Bekel and Pauliuk 2019; Del Pero et al. 2018; 
Helmers et al. 2017; Nordelöf et al. 2014). On the other hand, subsidizing electric 
cars can have an economy-wide rebound effect substantially adding to the life cycle 
emission of greenhouse gases (Vivanco et al. 2020). 

It also would seem likely that under conditions currently common in western 
industrialized counties, plug-in hybrid-gasoline cars will have lower life cycle 
greenhouse gas emissions (as GWP100) than similar conventional gasoline cars 
(e.g., Lombardi et al. 2017; Nordelöf et al. 2014). With currently common mileages, 
hybrid petrol-fueled cars are likely to have lower life cycle emissions of greenhouse 
gases than similar conventional petrol-fueled cars (Nordelöf et al. 2014). A study 
regarding Germany suggests that, as to life cycle greenhouse gas emissions, fuel cell 
electric cars would do less well than battery-electric cars but better than petrol-fueled 
cars (Bekel and Pauliuk 2019). In freight transport, ships and trains tend to do 
relatively well per ton-kilometer regarding life cycle greenhouse gas emissions 
(as GWP100) if compared with truck transport (Merchan et al. 2019). Energy 
embodied in infrastructure can contribute significantly to life cycle greenhouse gas 
emissions of transport (e.g., Bekel and Pauliuk 2019; Fridell et al. 2019; Jones et al. 
2017). 

Buildings 

The life cycles or buildings have been estimated to be associated with about 30% of 
worldwide greenhouse gas emissions (Feng et al. 2022). Life cycle assessment 
studies of buildings mainly regard western developed countries and China



(e.g., Hertwich et al. 2019). Such studies have been reviewed by Fnais et al. (2022), 
Hertwich et al. (2019), Nwodo and Anumba (2019), and Tam et al. (2018). Feng 
et al. (2022) did show that the handling of uncertainties in life cycle assessment 
studies of buildings was often in need of improvement and discussed improvement 
options. Life cycle assessment studies have also addressed the refurbishment of 
buildings. These mainly focus on the valuations of buildings before and after energy 
retrofitting (Storck et al. 2023; Vilches et al. 2017) and suggest a reduction of life 
cycle GWP100 due to refurbishment. As to the end-of-life stage of buildings, 
application of life cycle assessment methodology (Antunes et al. 2024) suggests 
that a combination of selective dismantling, reuse, material recycling, and limitation 
of (fossil fueled) transport distances may put downward pressure on GWP100. 
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Relatively robust life cycle greenhouse gas reduction options emerging from 
LCA studies are improved energy efficiency for the use stage of buildings based 
on improved envelope design and improved material efficiency. The latter can be 
achieved by reduced residential space, shared and multipurpose offices, building 
lifetime extension (when acceptable in view of energy consumption in the use stage), 
improved reuse and material recycling, and design for deconstruction. Wood, 
derived from ecosystems where carbon sequestration is at least stable, can function 
as temporary carbon sink when applied as building material. Net life cycle impacts 
on greenhouse gas emissions of this application vary over time and depend on the 
materials substituted by wood and the end-of-life fate of wood (Cordier et al. 2022). 
Batlles et al. (2010) and Herrando et al. (2022) presented life cycle assessment of 
building-integrated solar systems serving the supply of heating, cooling, and venti-
lation or electricity with substantially reduced life cycle greenhouse gas emissions 
(as GWP100). 

LCA-based tools optimizing the life cycle greenhouse gas emissions of buildings 
in western industrialized countries have been reviewed by Tabrizikahou and 
Nowotarski (2021) and Tam et al. (2018), whereas Satola et al. (2022) studied the 
optimization of design parameters for multifamily buildings in India. Parameter 
uncertainty regarding modeling life cycle energy consumption (an important deter-
minant of life cycle greenhouse gas emissions) in early stages of building design can 
be large. Harter et al. (2020) provide guidance for such parameter uncertainty 
analysis and ways to reduce such uncertainty in early design stages. 

When life cycle costs of buildings are reduced, both improved energy efficiency 
and material efficiency of buildings can give rise to rebound effects (Du et al. 2021; 
Hertwich et al. 2019). Rebound effects should preferably be included within the 
system boundary of life cycle assessments. Rebound effects linked to improved 
energy efficiency may, reportedly, be large. In a study about improved energy 
efficiency of residential dwellings in China, Du et al. (2021) found direct rebound 
effects (linked to increased energy use by dwellers) varying from 70 to 120%, 
whereas for residential dwellings in France, direct rebound effects in the range of 
53–60% were reported (Belaid et al. 2018). Attia (2020), in a study of refurbished 
near-zero energy dwellings in Belgium, found that the actual improvement of energy 
efficiency was 50–60% instead of the expected 80%, a phenomenon to which 
changed perceptions of thermal comfort contributed.
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Food and Feed 

The cradle-to-farmgate emissions of greenhouse gases for food and feed have been 
estimated to account for about 25% of the worldwide emissions of greenhouse gases 
(in terms of GWP100) (Reijnders 2023). Affluence and greenhouse gas emissions due 
to food consumption may well be positively correlated (Boehm et al. 2018). How-
ever, food consumption by poor swidden (“slash-and-burn”) agriculturalists practic-
ing deforestation and short fallow periods may be associated with relatively high life 
cycle greenhouse gas emissions, as it is linked with large reductions of the carbon 
stocks in ecosystems (e.g., Ando and Shinjo 2017; Bruun et al. 2009). Deforestation 
for the expansion of agriculture, farming of peatlands, removal of harvest residues, 
and conventional tillage can negatively impact ecosystem (including soil) carbon 
stocks and significantly increase life cycle emissions of greenhouse gases of food 
and feed (e.g., Carter et al. 2018; Danielsen et al. 2009; Manning et al. 2019; Mehra 
et al. 2018). 

Diets do matter: in industrialized countries plant protein-based foods tend to have 
lower life cycle greenhouse gas emissions (as GWP100) than meat, and the same 
tends to hold for vegetarian diets versus diets with much produce from animal 
husbandry, unless vegetarian foods are canned, frozen, flown in by airplanes, or 
produced in greenhouses intensively heated by fossil fuels (Clune et al. 2017; 
Hallström et al. 2015; Iribarren et al. 2010; Reijnders and Soret 2003; Tilman and 
Clark 2014). Reductions of life cycle greenhouse gas emissions (as GWP100) linked 
to diet change up to about 50% have been suggested (Hallström et al. 2015). 

One kilogram of ruminant (beef, lamb) protein is usually linked to larger life 
cycle greenhouse gas emissions than 1 kg poultry-based or pork protein (Clune et al. 
2017; Gössling et al. 2010; Searchinger et al. 2021). Per kilogram, dairy products 
such as cream, butter, and cheese tend to be linked to higher life cycle greenhouse 
gas emissions than plant-based foods (Clune et al. 2017). Per unit of food energy, 
products from fisheries vary widely in greenhouse gas emissions (Clune et al. 2017). 
Pelagic fishes (e.g., herring) tend to be associated with lower life cycle greenhouse 
gas emissions linked to fossil fuel use than deep-sea fishes (e.g., lanternfish) or 
shellfish such as shrimps and lobster (Clune et al. 2017; Gössling et al. 2010). 
Reducing seafloor carbon stocks can substantially add to the life cycle GWP100 of 
fish caught by bottom trawling (Atwood et al. 2024). Per unit of cereal-based food 
energy, paddy rice is on average associated with relatively high greenhouse gas 
emissions, if compared with wheat and rye. A major cause thereof is the relatively 
high CH4 emission during wet rice cultivation (Clune et al. 2017; Gössling et al. 
2010). Substantial, partly preventable, losses of edible material occur along food life 
cycles and actual prevention of such losses can be linked to substantial direct 
reductions of life cycle greenhouse gas emissions (Beretta and Hellweg 2019; 
Chen et al. 2020; Corrado et al. 2017; Gruber et al. 2016). Food waste prevention 
may induce a rebound effect due to additional consumer spending: in studies 
regarding food waste reduction in the United Kingdom, Meshulam et al. (2023) 
and Salemdeeb et al. (2017) suggest that this rebound effect may be up to 59–94% of 
the direct emission reduction.
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Feeding carnivore companion animals, such as cats and dogs, and predatory fish 
in aquaculture, such as salmon, is linked with substantial life cycle greenhouse gas 
emissions (Couture et al. 2019; Martens et al. 2019). To reduce life cycle greenhouse 
gas emissions for feeding cats and dogs, plant-based proteins have been suggested as 
an alternative to meat (Martens et al. 2019) and for feeding salmon: the use of yeast-
based proteins (Couture et al. 2019). 

Chemicals 

There is a substantial number of life cycle studies dealing with cradle-to-gate 
environmental burdens, including greenhouse gas emissions (as GWP100), linked 
to different ways to produce a specific chemical. The chemicals studied include the 
major chemicals: ammonia, adipic acid, acrylonitrile, hydrocarbons, and methanol. 
These studies have been reviewed by Espinosa et al. (2022), a problem being that 
alternative processes for the production of chemicals are often based on laboratory 
data, which leads to relatively large uncertainties. Kleinekorte et al. (2020) have 
reviewed ways of using LCAs in the design of chemicals, chemical processes, and 
their supply chains. An emerging matter in this context is the replacement of H2, 
traditionally generated in processes using fossil fuels, by H2 generated by electrol-
ysis using solar- and wind-based electricity. A cradle-to-plant gate study shows that 
this leads to substantial climate benefit in ammonia production (Liu et al. 2020). 
Complex “fine chemicals” synthesized in a relatively large number of “steps” tend to 
be associated with relatively high cradle-to-gate greenhouse gas emissions per 
kilogram (Parvatker et al. 2019; Wernet et al. 2010). Also, high purity of chemicals 
is linked with relatively high cradle-to-gate greenhouse gas emissions (Higgs et al. 
2010). 

Studies comparing a range of synthetic chemicals with biobased equivalents 
(Montazeri et al. 2016; Weiss et al. 2012) suggested lower cradle-to-(factory)gate 
greenhouse gas emissions for biobased substances except acetic acid, p-xylene, and 
adipic acid. However, results were strongly impacted by allocation choices 
(Montazeri et al. 2016) and neglected impacts of feedstock production for biobased 
chemicals on ecosystem carbon stocks. It should furthermore be noted that the 
production of fossil-based chemicals is often much more mature than the production 
of their biobased equivalents (Khoo et al. 2018). As pointed out in the section “What 
Is Life Cycle Assessment and How Is It Done,” attributional LCAs for fossil-based 
chemicals would have outcomes with less uncertainty than consequential LCAs for 
biobased equivalents currently generated with a much less mature technology. 

Polymeric Materials 

Per kilogram, fossil-based polypropene and high- and low-density polyethylene are 
associated with lower cradle-to-(factory)gate emissions of greenhouse gases 
(as GWP100) than polycarbonate, polyethylene terephthalate (PET), and



polyvinylchloride (PVC) (Tabone et al. 2010). PVC can be substituted to a large 
extent by other materials having lower life cycle greenhouse gas emissions, but 
large-scale substitution of PVC might have indirect effects, originating in impacts on 
caustic soda production, which might lead to a net increase of greenhouse gas 
emissions (Kleijn et al. 2008). LCA studies (van der Velden et al. 2014) suggest 
that when polymeric textiles are compared, acryl and polyester do relatively well if 
compared with cotton and nylon as to the life cycle emission of greenhouse gases 
(as GWP100). A review by Walker and Rothman (2020) concluded that published 
LCAs of fossil-based plastics and biobased plastics did show similar ranges of 
greenhouse gas emissions (as GWP100) and did not prove a climate benefit for 
biobased plastics. Bishop et al. (2021) reviewing published comparative life cycle 
assessments of petrochemical and bioplastics found that in these LCAs changes in 
ecosystem carbon stocks tended to be poorly handled. 
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Metals 

Major metals are currently mainly produced by mining and processing of ores and 
high-temperature processes (pyrometallurgy), consuming large amounts of fossil 
fuels. Cradle-to-gate greenhouse gas emission studies, and options for GWP100 
reduction, are available for the primary production (from ores) of the major metals 
steel, aluminum, copper, and magnesium. In these studies, cradle-to-gate impacts on 
vegetation and soil carbon stocks (e.g., Manninen et al. 2015; Ruiz et al. 2023) are 
not taken into account. In primary steel production, fossil fuels are used for reduction 
of iron ore and smelting. Hydrogen generated by electrolysis using solar- or wind-
based electricity may replace fossil fuels in reducing iron ore and electro-smelters 
powered by wind energy may be used for the smelting of reduced iron ore (Suer et al. 
2022). The combined effect thereof is a major reduction in cradle-to-gate GWP100 
(Suer et al. 2022). Luthin et al. (2021) studied cradle-to-gate greenhouse gas 
emissions of primary aluminum production (not including the emissions of CF4 
and C2F6). They found that wind-powered electricity supply for electrolytic alumi-
num production in Germany would lead to a large reduction of cradle-to-gate 
GWP100. Zhang et al. (2022) studied primary copper production by key Chinese 
enterprises using relatively advanced technologies. About 80% of the cradle-to-gate 
GWP100 due to the consumption of fossil fuels was attributed to mining and the 
production of copper concentrate and about 20% to smelting and refining. About 
90% of the cradle-to-gate GWP100 was linked to the input of fossil fuel-based 
electricity. Substituting this input by solar- and wind-based electricity would lead 
to a large reduction of the cradle-to-gate GWP100. Alexander et al. (2021) found that 
using the combination of flash smelting and Pierce-Smith converting and substitut-
ing fossil fuel-based electricity by, e.g., wind-based electricity can allow for a low 
CO2 emission linked to copper smelting and refining. Ehrenberger (2020) studied 
cradle-to-gate greenhouse gas emissions of primary magnesium production (exclud-
ing fluorinated cover gas). The dominating fossil fuel-based silico-thermal Pidgeon 
process was compared with electrolytic metal production. It was found that



electrolysis using hydropower and solar and/or wind energy can be conducive to a 
large reduction of cradle-to-gate greenhouse gas emissions of magnesium produc-
tion (Ehrenberger 2020). There are LCAs comparing the cradle-to-gate GWP100 for 
the primary production of steel, aluminum, magnesium, and copper with recycling of 
metal scrap (e.g., Jingjing et al. 2019; Ehrenberger 2020; Liu et al. 2023). The 
quality of these studies is limited, as uncertainties, especially related to choices 
regarding allocation, are undervalued and changes in ecosystem carbon stocks 
(cf. Ruiz et al. 2023) are neglected, as are differences in product quality in the 
case of steel, aluminum, and magnesium (cf. Steinman et al. 2019). Still, these 
studies strongly suggest a climate benefit of recycling metal scrap. 
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Reduction of Life Cycle Greenhouse Gas Emission 

In practice, life cycle assessments are often used in identifying elements of the life 
cycle that are linked to relatively high greenhouse gas emissions. Also, life cycle 
assessments can be used to evaluate the impact of improvement options on life cycle 
greenhouse gas emissions. Many suggestions for the reduction of life cycle green-
house gas emissions originating in LCAs regard specifics of process design, product 
design, and end-of-life processing of products. However, also suggestions that have 
wider applications than specific product life cycles can emerge. Such suggestions for 
the reduction of product-related life cycle greenhouse gas emissions are briefly 
summarized in Box 2. 

Suggestions mentioned in Box 2 can be uncontroversial and can also serve the 
reduction of other environmental problems, but several may give rise to discussion 
about the net benefit, especially the reduction of life cycle greenhouse gas emissions. 
Controversies about the use of biobased products, such as biofuels, instead of fossil-
based products have been referred to above. There is also controversy about the net 
effect of climate compensation. For instance, planting trees has been argued to not 
properly provide climate compensation for the use of fossil fuels (Holl and 
Brancalion 2020; Reijnders 2023). One of the arguments provided in this context 
is that the lifetime of trees is limited, if compared with the 30,000–35,000 years 
needed for the complete removal of CO2 emitted by burning fossil fuels and that the 
ongoing existence of forests over this period cannot be guaranteed. Other arguments 
are that there are biogeophysical impacts of trees on the longwave radiation balance 
leading to warming and that tree planting projects often give rise to “leakage”: land 
use changes elsewhere in which trees are cut. 

Box 2: Suggestions for the Reduction of Product-Related Life Cycle Greenhouse 
Gas Emissions
•
•

Reduction of life cycle fossil energy use 
Use of energy supply with low greenhouse gas emissions per joule

(continued)



Box 2: Suggestions for the Reduction of Product-Related Life Cycle Greenhouse
Gas Emissions (continued)
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•
•

Lower non-energy inputs in production 
Lowering non-product outputs (“wastes,” emissions) of production pro-
cesses by best available technologies, especially emissions with a relatively 
large “greenhouse effect” (e.g., halogenated compounds, N2O)

•
•

Dematerialization of products 
Increased reuse, refurbishment, remanufacturing, and material recycling 
and increased design for reuse, for remanufacturing, for deconstruction, 
for disassembly, and for recycling

• Reduction of transport distances, more efficient logistics, and modal shift to 
more energy-efficient means of transport

• Reducing consumption of products from animal husbandry and reducing 
food waste

• Reduction of land use change to conserve ecosystem carbon stocks, con-
servation tillage to conserve soil carbon stocks, and taking agrarian 
peatlands out of production to restart peat formation

•
•

Increased carbon sequestration and/or “climate compensation” 
Eliminating subsidies for fossil fuels 

Carbon pricing with cap and trade to reduce rebound effects of improved energy 
efficiency 

Future Directions 

There is societal interest in life cycle assessments of greenhouse gas emissions and 
related assessments, such as life cycle “carbon footprinting.” However, one should 
be aware that there are several methodological issues that have substantial relevance 
to the correspondence of the outcomes of life cycle assessments and impact on 
climate change in the real world. These issues will be briefly addressed. 

Comprehensives of Dealing with Climate Warming 

For comprehensiveness in dealing with life cycle impacts on climate, it would, in 
view of the section on “Impact Assessment,” seem proper to include in life cycle 
assessment, where relevant, changes in tropospheric ozone and aerosols, the forma-
tion of contrails and cirrus clouds, and changes in albedo, evapotranspiration, and 
turbulence that affect the longwave radiation balance.
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Indirect Effects 

As pointed out above, product life cycles may have indirect effects, which are 
substantial when evaluating their life cycle greenhouse gas emissions. Such indirect 
effects are so far often kept outside the system boundaries of LCAs. Including 
significant indirect effects in life cycle assessment would seem preferable. 

Change in Ecosystem Carbon Stocks 

Changes in ecosystem carbon stocks have turned out to be important to life cycle 
greenhouse gas emissions of food, biofuels, and other biobased products. However, 
their inclusion in life cycle assessments of food and biofuels and other biobased 
products is so far patchy. Buildings, roads, hydroelectric dams, and other infrastruc-
tural works and cradle-to-gate primary metal production might also be expected to 
impact ecosystem carbon stocks, but again their inclusion in life cycle assessments is 
limited or absent. Where relevant, including changes in carbon stocks on life cycle 
greenhouse emissions in LCAs would be preferable. 

Uncertainty 

As pointed out in section “Interpretation,” there is substantial uncertainty regarding 
the outcomes of life cycle assessments of greenhouse gas emissions, often largely 
originating in parameter uncertainty and uncertainty due to choices. Transparency 
about the actual uncertainties regarding the outcome of life cycle assessments of 
greenhouse gas emissions is in practice limited (e.g., Bamber et al. 2020). Compre-
hensive uncertainty and sensitivity analyses are relatively rare. There is a case for 
commonly including of comprehensive uncertainty and sensitivity analyses in life 
cycle assessments (also Bamber et al. 2020). 

Consequential Life Cycle Assessment 

In mitigating climate change, changes in products and technologies are much more 
important than studies of existing products and technologies. Such changes are the 
object of consequential life cycle assessment. Improving consequential life cycle 
assessment can benefit from better databases (e.g., Frischknecht et al. 2017). Also, 
better modeling approaches and better ways to estimate uncertainties deserve sub-
stantial attention, for which other fields such as economics may be a useful source 
(e.g., Almeida et al. 2020; Bamber et al. 2020).
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Concluding Remarks 

Life cycle assessments of greenhouse gas emissions may be helpful in the analysis 
and development of options, policies, and innovations aimed at mitigation of climate 
change. The main findings from available life cycle assessments summarized in 
section “Main Findings from Life Cycle Studies of Greenhouse Gas Emissions” can 
provide guidance in that respect. It can be noted that in several cases, indirect effects 
have significant effects on the overall climate impact of products, and including 
those effects in considering options, policies, and innovations aimed at mitigation of 
climate change would seem preferable. 

For any product, life cycle assessment can be useful in identifying the aspects of 
production, which are the main contributors to life cycle greenhouse gas emissions. 
This can provide a focus for identifying or developing options that might reduce 
such emissions. Furthermore, life cycle assessments may help in providing guidance 
for future research and development work, though it should be noted that such 
guidance may be characterized by relatively large uncertainties. 
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