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1. Introduction

The challenges of the 21st century are multi-faceted. On a global scale, popula-
tion growth, global warming induced by climate change and competition on re-
sources dominate the topics requiring international attention and solutions.1 
The sustainability of our ecosystem is threatened not only with overpopulation 
and climate change, but also with the depletion of resources, extinction of spe-
cies, pollution of the seas, waste management problems and many other envi-
ronmental stresses.2 Reducing anthropogenic greenhouse gas (GHG) emissions 
is increasingly proposed as one of the key components in achieving global sus-
tainable development goals.3 Therefore, managing the GHG emissions and clos-
ing the carbon cycle are also good drivers for the global industry players aspiring 
to improve their environmental performance. 

1.1 Global greenhouse gas emissions

The GHG emissions are continuing to rise annually at a rate of 1.5%. The total 
GHG emissions reached a record high of 55.3 GtCO2eq in 2018. The dominating 
carbon dioxide (CO2) emissions from fossil fuel use in energy production and 
industry use reached 37.5 GtCO2 in 2018 (UNEP, 2019). Figure 1 illustrates the 
distribution of global GHG emissions by economic sectors in 2018. The direct 
industry contribution accounts for 21% and indirect GHG emissions for 11% of 
the global electricity and heat production emissions in the sector. 
 
Despite good intentions around the world, only the European Union (EU-28) 
has managed to reduce the fossil CO2 emissions significantly between 2005 and 
2017, as illustrated in Figure 2. There are multiple reasons for this. The key con-
tributors to the increase of global fossil CO2 emissions are the following: (1) 
transfer of production from OECD countries to especially China, India and other 
Asian countries; (2) improving gross domestic product (GDP) and consumption 

 
1 World Economic Forum (WEF). 2019. The Global Risks Report 2019. Geneva: WEF.
2 United Nations Development Programme (UNDP). 2015. Sustainable development goals. Available at: 
https://undp.org.
3 International Monetary Fund (IMF). 2019. Fiscal Monitor: Carbon pricing, Washington, DC, October 
2019, United Nations Environment (UNEP). 2018. Emissions Gap Report 2018. Nairobi: UNEP, UN-
FCCC. 2016. Paris Agreement, United Nations Framework Convention on Climate Change, New York.
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levels outside the OECD countries; and (3) distribution of the global population 
growth between the EU-28 and the rest of the world (OECD, 2019). 
 

 

Figure 1. Global GHG emissions by economic sector in 2018. AFOLU= agriculture, forestry and 
land use change. Sector percentages and picture format from IPCC (2014) and total emissions 
from UNEP (2019). No significant changes assumed in global sector percentages between 2014 
and 2018.

 

Figure 2. Changes in global and EU-28 fossil CO2 emissions between 2005 and 2017. Uncer-
tainty at about 5% for OECD countries and 10% for Russia, China and non-OECD. Reprinted with 
permission from Muntean et al. (2018).

Total 55.3 Gt 
CO2eq in 2018 
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1.2 Key industrial GHG emitters

The key sectors dominating the generation of global industrial GHG emissions 
are the iron and steel, cement and chemical industries. Iron and steel produc-
tion was responsible for 3.7 GtCO2eq, cement production for 2.9 GtCO2eq and 
plastics and rubber production for 1.4 GtCO2eq emissions in 2015, according to 
UNEP (2019).  The chemical industry is considered the world’s third largest 
emitter of GHG with 3.4 GtCO2eq in 2016 (IEA et al., 2013) 4. Together, the 
production of iron and steel, cement and plastics and rubber was responsible 
for 8 GtCO2eq of GHG emissions in 2015 according to UNEP (2019) data. This 
is a significant amount compared to the 33 - 35.7 GtCO2 emissions from fossil 
fuel combustion and industrial processes (covering production of cement 
clinker, metals and chemicals) in 2015 (Boden et al., 2017).  

1.3 Research gaps and unsolved problems

Managing GHG emissions in the industrial production chains has received less 
media or press coverage than the globally dominant GHG emissions from fossil 
fuel combustion, although in addition to process emissions, industry is indi-
rectly responsible for 11% of the fossil CO2 emissions from electricity and heat 
production (Figure 1). Initial screening (Paper I) revealed that, in general, man-
agement of GHG emissions in the iron and steel production was investigated 
more than management of emissions in the cement and chemical industries. In 
addition, growing global demand, especially for cement and plastics, was in-
creasing the GHG emissions from these sectors. 
 

The fact that global cement production grew by more than 73% between 2005 
and 2013, from 2310 Mt to 4000 Mt (Cembureau, 2014), highlights the im-
portance of managing the GHG emissions from cement production. Further-
more, the future projections up to 2030 predict that the annual mitigation po-
tential of GHG emissions in the cement industry will vary between 480 Mt 
(IPCC, 2007) and 1700 Mt (IEA, 2006). Although cement industry CO2 emis-
sions have been widely researched, and many new technologies and clinker re-
placements proposed. IEA (2009) proposed a roadmap for reducing the climate 
impact of cement industries. Both Hasanbeigi et al. (2012) and Volkart et al. 
(2013) projected that CCU technologies in cement production would lead  to life 
cycle GHG emission reductions of 39 - 78%. Valderrama et al. (2012) made an 
life cycle assessment (LCA) on upgrading an existing plant with implementation 
of best available techniques (BAT) in cement manufacturing. The information 
is still scarce regarding the energy-efficiency and low-carbon technologies for 
cement production. There were gaps in available statistics on global cement pro-
duction volumes and GHG emissions and they varied depending on the source 
of information. The data on GHG emissions concerning clinker substitutes, the 

 
4 The chemical industry percentage of global GHG emissions assumed to be unchanged between 2013 
and 2016 due to the relatively static nature of technology.
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technology in use, primary source of energy, electricity emissions and geo-
graphic location of the cement production were incomplete and scattered (Pa-
per I). 
 
Methanol and chemicals related to the production of plastics are the key chem-
icals that are produced in bulk quantities (Paper II and IV). Therefore, reducing 
the GHG emissions from the manufacturing processes of these chemicals is of 
utmost importance, and more attention needs to be paid to GHG management 
in the value chain of plastics and methanol. In addition, increasing urbanization 
causes waste management problems, resulting in the accumulation of plastics 
not only on land but also in the oceans. The plastic waste in the oceans increases 
at a rate of 8 Mt/y (Jambeck et al., 2015) making up 80% of marine debris from 
surface waters to deep-sea sediments (Eriksen et al., 2014). Improving plastics 
collection and already accumulated plastics on landfills is a valuable resource 
for recycling. Harvesting plastics from oceans is a future option. 
       Although considerable efforts are being directed to the recycling of plastics, 
the current level of recycling needs to be improved (WWF, 2019). Collection of 
plastic waste instead of landfilling and preventing the leakage of plastic waste 
in to oceans would considerably reduce the environmental load of plastics. Gaps 
still exist in the global production, materials flow data and research of plastics. 
The relative advantages and disadvantages of dematerialization, substitution, 
reuse, material recycling, waste-to-energy and conversion technologies need 
careful assessment. 
       The growing demand for methanol as fuel and global competition for re-
sources are behind the need to find new routes for its production. Moreover, the 
sustainable production of methanol is less expensive than that of ethanol fuel. 
Widening the resource base is also linked to the increasing concentrations of 
methane (CH4) in the atmosphere. Two-thirds of global CH4 emissions are at-
tributable to anthropogenic activities, offering opportunities for climate change 
mitigation (Saunois et al., 2016). Research on methanol during the last two dec-
ades has been dominated by the production of syngas by gasification from vari-
ous resources including biomass, direct captured CO2 and polygeneration sys-
tems (Bertau et al., 2014). Less attention has been focused on how to optimize 
the resource base and technological solutions in terms of GHG emissions. How-
ever, managing GHG emissions is vital when new production technologies are 
adopted. 
 
The future availability and cost of extracting fossil fuel resources have raised 
interest in renewable solutions. Therefore, interest in producing the necessary 
chemicals from renewable resources has increased. Renewable biomass re-
sources have the potential to replace fossil resources as a carbon resource. In 
comparison with the ‘long-cycle carbon systems’ starting from the fossil re-
source base, renewable production chains are considered as ‘short-cycle carbon 
systems’ and therefore to be more sustainable (Paper III). 
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     Biomass is the only renewable carbon resource that could replace fossil re-
sources. This makes the availability and sustainability of this renewable re-
source of crucial importance. Overall sustainability, including all four pillars of 
human, social, economic and environmental sustainability, is the basic question 
when replacing existing petroleum refinery based production routes of chemi-
cals with biorefinery processes. The sustainability concerns include the actual 
climate impact of biofuels and biochemicals, and the extent of their utilization 
without significant and irreversible harmful environmental and social impacts. 
Several indicators and methodologies for estimating the impacts have been pro-
posed (Sacramento-Rivero, 2012), and options for handling uncertainties sug-
gested (Finnveden et al., 2009). However, there are gaps in the assessment of 
sustainable use of resources and their environmental impacts. The replacement 
of more polluting products derived from fossil resources with renewable ones 
requires serious assessment of GHG emissions in the emerging biorefineries 
and in their supply chains. 
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2. Aims of the study

2.1 Objectives and scope

The fundamental objective of this study is to explore the possibilities to abate 
GHG emissions in industrial production chains. The specific objective is to find 
solutions for the reduction of GHG emissions in the production chains of ce-
ment, plastics and methanol. In addition, one aim is to highlight the possibilities 
of future biorefineries to reduce GHG emissions by replacing fossil resources in 
the production of chemicals and fuels. This study concentrates on the environ-
mental pillar of sustainability and strictly restricts the focus to the abatement of 
GHG emissions by covering the industrial sectors specified here. The economic, 
social and human dimensions of sustainability are reflected only in relation to 
the GHG emissions studied and system boundaries specified in the four pub-
lished papers that form the basis of this synthesis study. 

2.2 Research approach, process and dissertation structure

The theoretical background of GHG emission management encompasses the 
theory and tools of industrial ecology, ecological economics, chemical engineer-
ing and the science behind climate change. The framework of this study includes 
elements from all the research fields listed above, making the research approach 
and process multidisciplinary. The science behind climate change specifies the 
sustainability goal of limiting global warming, defines the GWP values of chem-
ical compounds and recommends the global reduction of anthropogenic GHG 
emissions as a mitigation measure (IPCC, 2014). Industrial ecology seeks to op-
timize the material, energy and economic efficiency of products and promotes 
the recycling of materials and products, with the aim of the closure of systems 
such as the carbon cycle. LCA and emission factors are widely used industrial 
ecology tools (Finnveden et al., 2009). Ecological economics strive for better 
inclusion of ecological liabilities, such as the use of natural resources and the 
ecological damage caused, in the economic science paradigm of sustainable 
growth (Constanza et al., 2004). The principles of eco-efficiency require that the 
solutions be both environmentally and economically viable (WBCSD, 2010).  
This is also valid for the abatement cost of avoided GHG emissions. Chemistry 
and chemical engineering provide the tools for material and energy balance cal-
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culations, determination of process efficiencies and evaluation of the technolog-
ical maturity of processes. The theoretical scientific framework of this study is 
illustrated in Figure 3. 
 

 

Figure 3. An illustration of the theoretical science framework of the published papers in the study.

The research process of this study started with an initial screening of the key 
industrial sectors that emit GHGs (section 1.2). The aim was to identify the pro-
duction chains benefitting from improvements in reducing GHG emissions on 
a global scale. This led to the selection of cement, plastics and methanol as key 
targets for the assessment of GHG emission abatement. The first idea was to 
analyse emerging biorefineries and their possibilities to replace fossil resources 
in the production of bulk products such as cement, plastics and methanol. How-
ever, it soon became clear that a better option would be to investigate the reduc-
tion of GHG emissions in existing production chains, and potentially with new 
emerging product-specific technologies. This led to the definition of the objec-
tives stated above (section 2.1) that were reformulated as the research questions 
illustrated in Figure 4. 
 
The overall research question in this study is: How to abate GHG emissions in 
production chains? The industrial sectors covered in this study are the produc-
tion of cement, plastics and methanol, and biorefineries. The specific research 
questions are: 

1. How to reduce GHG emissions from cement production?  
2. What is the impact of efficiency improvements and recycling on GHG 

emissions in plastics production? 
3. What are the key elements in managing GHG emissions from biorefin-

eries? 
4. What is the impact of feedstock and technology on GHG emissions from 

methanol production? 
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The pursuit of answers to the research questions was structured in line with the 
theoretical framework shown in Figure 3, and the distribution of the research 
questions between the published papers is illustrated in Figure 4. 
 

 

Figure 4. An illustration of research questions of this study.

The convergence of research questions into quantitative answers through the 
applied methodologies resulted in the findings and conclusions of this study. 
Sections 2.2.1 to 2.2.4 describe the key input data required to apply the meth-
odologies used in section 3. 

2.2.1 Cement sector production and CO2 emissions (Paper I) 

In Paper I of this study, the key data required were the global and regional pro-
duction figures for cement, and the corresponding amounts of clinker in the ce-
ment, the use of fossil fuel and the use of electricity in cement production. In 
addition, at least some specific emission data on regional level were required. 

2.2.2 Plastics production, recycling and GHG emissions (Paper II) 

Background data on global plastics production, including key feedstock chemi-
cals and their GHG emission coefficients, were required in Paper II to establish 
the starting level of the global GHG emissions from plastics production. In ad-
dition, the mapping of current waste, recycling and incineration amounts was 
required to find the additional recyclable amounts available.  

2.2.3 Biorefinery feedstock and products and GHG emissions (Paper III) 

The molecular composition of different biomass and the corresponding refer-
ence values of fossil fuels were the key data required for Paper III of this study. 
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In addition, the current volumes of production and specific emission factors 
were needed for the comparison of fossil- and bio-based production chains. 

2.2.4 Methanol feedstock, processes and GHG emissions (Paper IV) 

In Paper IV of this study, the evaluation of methanol processes started from the 
chemical reactions and selection of different feedstock and technological op-
tions. Capital and operational costing data were required to determine the GHG 
abatement and production costs of different technologies. 
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3. Materials and methods

3.1 Methodological framework

3.1.1 Life cycle assessment 

 
LCA is a common standardized tool widely used in industrial ecology (ISO 
2006a, ISO 2006b). Attributional life cycle assessment (ALCA), describing sys-
tems as they are, was used in this study to assess the amount of GHGs expressed 
in carbon dioxide equivalents (CO2eq). Depending on the case being analysed, 
the global warming potential (GWP100) value was calculated using emission 
coefficients for CO2, CH4 and N2O from IPCC AR4 (2007) in own calculations. 
If the reference data contained other GHG’s they were not used for GWP100 
calculation. CO2 emissions alone were used to define the GHG emissions when 
data on CH4 and N2O emissions was not available. Carbon dioxide has a GWP 
of 1 regardless of the time period used, because it is the gas used as the reference. 
CH4 is estimated to have a GWP of 25-36 over 100 years. The CH4 emitted today 
will last about a decade in the atmosphere, which is much less than CO2; how-
ever, CH4 absorbs much more energy than CO2. Furthermore, CH4 is a precursor 
to ozone, and ozone itself is a GHG. N2O has a GWP 265-298 times that of CO2 
on a 100-year time scale. The N2O emitted today will remain in the atmosphere 
for >100 years on average (EPA, 2020). Life cycle inventory (LCI) data collected 
from public sources or estimated from the available process and technological 
data were utilized. An analysis of the robustness and uncertainty of LCI data and 
assumptions was included. The GHG emission reductions identified were based 
on the results of ALCA. The functional unit (FU) used varied from case to case; 
it was either kg or m3  of produced clinker or cement in the cited background 
references in Paper I, 1 metric ton of chemical produced in Paper II, and 1 kg of 
methanol produced. The results of life cycle impact assessment (LCIA) were re-
ported using the specific emission coefficients; e.g. kg CO2eq/t clinker or ce-
ment in Paper I.  Any use of allocation, either energy or economic, was specified 
case by case. The results obtained were calculated to correspond to the FU. 
 
This study concentrates on the impact category of climate change in industrial 
production chains, mostly on a cradle-to-gate basis. The system boundary limits 
of each LCA were specified case by case (Papers I, II, III and IV). The process 
emissions, energy and use of external electricity were reflected in the GHG emis-
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sions depending on the system boundary conditions and background data avail-
able. Particulate matter formation, terrestrial acidification, freshwater eutroph-
ication and other environmental impact categories were excluded. 

3.1.2 GHG abatement cost 

The cost of GHG emission reduction is one of the key decision parameters de-
fining the economic viability of mitigation measures. The capital recovery factor 
(CRF) from the tools of ecological economics was selected for this study. CRF 
was utilized for all of the abatement cost calculations uniformly: 
 

   (1) 
where i is the interest rate and n is the number of annuities received. 
 
The abatement cost for one tCO2eq was calculated by combining the emission 
reduction data with eq. (1) at discount rates of 5% and 10% for a 10-year payback 
period. The discount rates also indicated the sensitivity of the GHG abatement 
cost and production cost to changes in the investment cost. 

3.1.3 Statistical data collection and background material review 

This study does not include laboratory experiments or engineering modelling. 
All of the data used in the calculations and estimates were based on the results 
of statistical data collection and a review of background material from public 
sources and included data collection, data analysis and assumptions. 

3.1.4 Regression analysis 

The regression analysis of contributors was used to analyse and to further de-
velop incomplete datasets of the GHG emissions from the global cement sector. 
The consistency and accuracy of the contributors in the datasets (Paper I) were 
assessed by using least square linear regression. The sum of CO2 specific emis-
sions ET (kg CO2/t cement) with regression parameters wi is: 
 
ET = w1ECB – w2ECS + w3EFF + w4EE + w5ETR        (2),  
 
where ECB = clinker baseline emission, ECS = clinker substitute emission, EFF = 
emission from fossil fuel use, EE = emission from electricity use, and ETR = trans-
portation emission, expressed in kg CO2/t cement. 

3.1.5 Scenario development and GHG management options 

The results of the LCA were used as base case scenarios. Different GHG emis-
sion reduction options or scenarios were developed from the technological and 
technical choices available using the typical chemical and process engineering 
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criteria of mass and energy balances, process efficiencies and technological ma-
turity (Papers II, III, IV). 

The identified CO2 emissions from the cement industry together with pre-
vious research on managing energy and GHG emissions were used for a com-
parative analysis of different options to improve the GHG balance based on the  
contributors identified for  clinker substitutes, fossil fuel and electricity use (Pa-
per I). 

3.2 Focus of research papers

The focus of all the research papers was on the abatement of GHG emissions. 
The key methodology used was LCA with defined impact categories and retro-
spective baselines and reference values. The GHG abatement options relied on 
identified efficiency and technological improvements (Papers I, II and IV). In 
addition, the impact of an improved plastics recycling option was included in 
Paper II. The management of GHG emissions in biorefinery production chains 
(Paper III) highlighted the uncertainties of the LCI data and the variety of LCA 
methods used for assessing the cultivation, harvesting and transportation of bi-
omass feedstock. The papers included in this study were restricted to analysing 
existing production chains and refrained from long-term future quantitative 
projections of the sectors covered. A methodological summary of the papers is 
given in Table 1. The proposed GHG abatement options are limited to the cur-
rent technological choices available or under development. A more detailed de-
scription is provided in the respective papers. The overall approach was bottom-
up based on single products and processes. 

Table 1. Illustrative description of the methodological focus of the papers.

Paper I Paper II Paper III Paper IV
Characterization Data-oriented Data-oriented Data- and discus-

sion-oriented
Data-oriented

Industrial sector Cement produc-
tion

Plastics produc-
tion and recycling

Biorefinery value 
chains

Methanol produc-
tion

Region Global Global Not specified Global in four    
regions

Timeframe 2014-2019 2015-2030 2012-2014 2017-2020
LCA method ALCA cradle-to-

gate with bound-
ary conditions

ALCA virgin cra-
dle-to-gate, recy-
cling from waste-
to-product/cradle

ALCA from feed-
stock-to-gate with 
uncertainties

ALCA from feed-
stock-to-gate with 
allocation

Impact category Climate change
CO2, energy and 
electricity use

Climate change
GHGs

Climate change
GHGs

Climate change
GHGs and energy 
use

Costing method CRF Not included Not included CRF
Background data Production and 

technology data
Production and 
technology data

Feedstock and 
technology data

Feedstock and 
technology data

Assessment of 
uncertainties

Least square lin-
ear regression, 
median values, 
standard devia-
tion, relative un-
certainties and 
varying discount 
rate

Parameter calcu-
lations, listing of 
uncertainties and 
confidence inter-
vals. Sensitivity 
analysis.

Parameter calcu-
lations and listing 
of uncertainties

Parameter calcu-
lations, parameter 
variation, listing of 
uncertainties, 
confidence inter-
vals and varying 
discount rate
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4. Results and discussion

This section summarizes and provides a synthesis of the results of the published 
papers: I, II, III and IV. The research results are presented and discussed in 
relation to the main theme: the abatement of GHG emissions in production 
chains. The results of specific research topics of reducing GHG emissions in ce-
ment and plastics production, biorefineries and methanol production are di-
vided into their own subsections. The novelty of the results is illustrated in Fig-
ure 5. 

 

 

Figure 5. Summary of results – a synthesis from Papers I, II, III and IV.



27 

4.1 GHG emissions addressed on global scale

This study encompassed the direct and indirect electricity and heat production 
GHG emissions from the global cement and chemical industries (Papers I, II 
and IV). These two sectors were responsible for at least 12% of the global GHG 
emissions in 2017. Furthermore, the possibilities of reducing the GHG emis-
sions from the fossil resource base by switching to biorefineries, carbon capture 
and utilization (CCU), and renewable hydrogen production were assessed (Pa-
pers III and IV). Figure 6 illustrates current industrial sector GHG emissions, 
and the identified, corresponding emission reduction possibilities addressed in 
this study. The emissions from the plastics production chain are responsible for 
51% of the GHG emissions from the chemical industry. The total emission re-
duction potential identified in the global cement and chemical industry amount 
to 1112 Mt/y, corresponding to 22% of the GHG emissions from these two sec-
tors. For comparison, the GHG emissions from the whole European Union area 
in 2017 were 4483 Mt according to Eurostat (2019) , excluding land use change 
and land use change forestry (LUCLUCF); interestingly, the identified emission 
reduction potential exceeded Finland’s  GHG emissions in 2019 by almost 20 
times (EEA, 2019). 
 

 

Figure 6. Current industrial sector GHG emissions and identified reduction potential addressed 
in this study – a synthesis from Papers I, II and IV. *Amounts identified in the plastics value chain.

4.2 Proposed method of climate impact management matrix in 
combination with capital recovery factor for uniform GHG 
emission and abatement cost estimates

The analysis of previous research on LCA (Papers I and III) revealed the need 
for a more uniform approach to identify the key contributors of GHG emissions 
in production chains, which would also include the internal and external factors 
limiting the results and affecting their comparison with selected reference val-
ues. A compressed ‘climate impact management matrix’ was proposed (Papers 
I and III) for a tangible presentation of the scope of the factors affecting the 
GHG emissions from an industrial sector. Figures 7 and 8 illustrate a summary 



28 

of how the factors affect the management of GHG emissions in the cement and 
biorefinery production chains on a cradle-to-gate basis. 
 
Technological or engineering solutions without economic feasibility are not vi-
able. Therefore, the climate impact management matrix was completed with a 
CRF (Papers I and IV) for assessment of the GHG emission abatement cost to 
reveal the economic burden of different options for reducing the climate impact 
of industry. 
 

 

Figure 7. Climate impact management matrix for the cement industry (Adapted from Paper I).

It is essential that the GHG emission results are calculated/normalized to uni-
form units to allow an easy comparison between sectors and between GHG 
abatement options. The use of metric units is recommended: t CO2eq/t of prod-
uct or kg CO2eq/kg of product depending on the overall magnitude of emissions. 
The same applies to the comparison of the abatement cost. The recommended 
unit for the abatement cost is either €/t CO2eq or US$/t CO2eq. However, the 
results obtained necessitated discussion on the robustness of the key assump-
tions and uncertainty of the input data, as well as an assessment of the sensitiv-
ity and limitations of the method used. 
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Figure 8. A matrix for managing GHG emissions in a biorefinery production chain (Adapted from 
Paper III).

4.3 Managing greenhouse gas emissions in cement production 
(Paper I)

The specific aim was to study how the management of GHG emissions in cement 
production was related to 1) clinker substitutes; 2) the primary source of energy; 
3) electricity emissions; 4) the technology in use; and 5) the geographic location. 
Global gaps in the production data and missing GHG emission values required 
additional data analysis, and the generation of regional production and emis-
sion profiles by using datasets and regression analysis. The starting point was 
the 25% of the global cement production data available. Using additional statis-
tical analysis and least square linear data regression, the author of this study 
managed to cover the world cement production and calculated both global and 
regional CO2 emission profiles. The median values, standard deviations and rel-
ative uncertainties of the datasets generated are summarized in Table 2. The 
cement sector GHG emissions consist of 98.5% of CO2, hence the CH4 and N2O 
emissions are omitted (Ingrao et al., 2014). The global production of cement 
reached 4080 Mt in 2013. China, India and other Asian countries dominated 
global cement production with over 74%. Their share reached 79% in 2019 when 
the global production of cement was 4200 Mt (Edwards, 2019). The regional 
split of production in 2013 was detailed in Paper I. The climate impact of cement 
technology was linked to the CO2 emissions from thermal energy used in kilns 
and expressed as fossil fuel emissions in the results. 
 
 
Clinker is the key component in cement and can be replaced partially with min-
eral components (MIC) to reduce CO2 emissions. In 2011, the highest MIC use 
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was in Brazil (36.4%) and the lowest (3%) for pure Portland cement. Figure 9 
illustrates how clinker + MIC composition, use of fossil fuels and electricity 
emissions affected the CO2 emissions from the cement industry in different re-
gions.  
 

 

Figure 9. Regional specific emissions in kg CO2/t cement in 2011. *excl. China, India, CIS and 
Japan, **excl. Brazil and United States (Adapted from Paper I).

The weighted average of global cement emissions, i.e. 766 kgCO2/t cement 
shown in Table 2, is lower than the BAT value of clinker in Figure 7 due to the 
varying amount of MIC, as illustrated in Figure 9. The uncertainties in assessing 
the GHG emissions from the cement production raw material supply chain were 
identified in this study. Transport emissions were excluded due to the lack of 
sufficient data. Therefore, the inclusion of transport emissions in further re-
search on the total GHG impact of the cement sector would be beneficial. 

Table 2. Median values, standard deviation and relative uncertainties of CO2 emissions. (Paper I)

Dataset Median (ET) STD (ET) δ (ET)
kg CO2/t cement kg CO2/t cement %

World 25% 852* 83 10-20
1 836 21 2.5
2 739 40 5.4
3 728 48 7-15
4 923 29 3-8
5 646 45 7-10
6 649 64 10

World >77% 766* 79 5-12
*Weighted average, STD=standard deviation, δ= relative uncertainty, ET=total emission

 
A detailed description of the datasets, including an explanation for the differ-
ences in relative uncertainty, is given in Paper I. The consistency and accuracy 
of the datasets were checked using Eq. 2, in which the wi values were fitted by 
least square regression. The regression parameters w1, w2, w3 and w4 all 
equalled slightly >1, confirming a fit with an error margin of less than one per  
cent. However, the dataset values showed the importance of the correct clinker 
substitute (ECS) values when checking incomplete data with weighted coeffi-
cients. In this case, the variation of ET from 980 to 833 gave corresponding w2 
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values of 5.59 and 2.54, and resulted in error margins from -7.52 to +6.38 for 
the generated emission values. Generally, clinker baseline emissions (ECB) and 
fossil fuel emissions (EFF) are responsible for almost 90% of total emissions. 

4.3.1 Options to reduce CO2 emissions 

Several technical and technological options to reduce the CO2 emissions from 
cement production were identified in this study with the help of the developed 
climate impact management matrix (Figure 7). The use of clinker substitutes 
varied globally from 3% to 36.4%. The variation of CO2 emissions from process 
technology and thermal energy use was more significant than that from electric-
ity generation. Replacing clinker with MIC offered the highest near-term poten-
tial to reduce emissions. An annual saving of 312 Mt of CO2 could be achieved 
by increasing the global use of MIC to 34.2% in cement at the 2013 level of ce-
ment production. Similarly, reducing thermal energy use by 2.7% would save 28 
Mt of CO2 annually, and a 10% saving in the electricity emissions from the sector 
would save 26 Mt of CO2. The long-term solutions from 2030 onwards include 
different CCS/CCU technologies, and MgO and geopolymer cements. The re-
search on these new technologies is increasing, and pilot plants for testing the 
results are being built. Orsini and Marrone (2019) reviewed approaches for a 
low-carbon production of building materials, and found potential GHG reduc-
tions up to -70% for CCU. Farfan et al. (2019) mapped trends in the global ce-
ment industry and opportunities for long-term sustainable CCU potential for 
Power-to-X. New research also includes the environmental impacts of cement 
binders (Miller and Myers, 2020). More detailed information about the various 
options is available in Paper I. 

4.3.2 Abatement cost of emission reduction 

The abatement of emissions in the cement industry is progressing more slowly 
than the growth rate of production. Between 2005 and 2013, production growth 
was 73%. In contrast, during the same period, the CO2 emissions (kg CO2/t 
clinker) dropped by only 14.8%. Improvement of the technology and reduction 
of the GHG load of the sector were hindered by several barriers: (a) the average 
lifespan of plant and key equipment; (b) high capital expenditure of new plants; 
(c) fluctuating CO2 prices in emission trading; (d) dominating role of pricing; 
and (d) the standardized and regulated quality of cement. The cost of avoided 
emissions varied. The abatement costs in this study were calculated using Equa-
tion 1. Clinker substitution, fuel switching, waste heat recovery and general en-
ergy efficiency projects had reasonable prices compared to the high cost of 
CCS/CCU technology, as summarized in Tables 3 and 4. However, it is antici-
pated that both oxyfuel technology and CCS/CCU will become more cost-effi-
cient in the future. 
 
To conclude, the results of Paper I showed how it was possible to estimate global 
cement industry emissions and their regional differences by combining differ-
ent datasets. Furthermore, options to reduce CO2 emissions were identified by 
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utilizing the climate management matrix. The CRF calculations showed the high 
variation of abatement cost depending on the technological or technical solution 
selected. The highest near-term potential to avoid emissions is by replacing 
clinker with MIC. The best future options include MgO and geopolymer ce-
ments, different forms of oxycombustion, carbon capture technologies and ce-
ment carbonation technologies. 

Table 3. Unit abatement cost of avoided CO2 emissions with 5% and 10% discount rates. (Adapted 
from Paper I)

Country Investment cost CO2 reduction Abatement cost 5% Abatement cost 10%
USM$ t CO2/y US$/ t CO2 US$/ t CO2

Indonesia 15.75 144 413 14 18
Ukraine 182.00 755 851 31 39
Ukraine 3.90 119 436 4 5
Ukraine 78.00 168 701 60 75
China 32.52 222 048 19 24
China 34.32 216 232 21 26

Mongolia 19.10 123 794 20 25
Colombia 24.00 169 565 18 23
TOTAL 389.59 1 920 040 26 33

 

Table 4. Abatement cost of avoided CO2 emissions for CCS in 2030 with a 10-year payback time. 
(Adapted from Paper I)

IEA scenario Unit Low High Low High
Capacity Mt cement/y 2 2 2 2

Investment USM$ 140 420 140 420
Operational cost USM$/y 20.44 102 20.44 102

CO2 savings t CO2/y 380 000 380 000 380 000 380 000
Discount rate % 5 5 10 10

Abatement cost
investment US$/ t CO2 48 143 60 180

with oper. cost US$/ t CO2 102 412 114 448
 

4.4 Plastics value chain - Improving production efficiency and re-
cycling (Paper II)

The aim of Paper II was to determine the impact of efficiency improvements and 
recycling on the GHG emissions from plastics production. The key chemicals in 
the production chain of plastics on a global scale were identified and their pro-
duction routes were analysed. After mapping the current value chain, an evalu-
ation was completed of different options to improve the efficiency in the virgin 
plastics production chain and to improve recycling of waste plastics.  The study 
included a robust LCA for reducing virgin material consumption and GHG emis-
sions in the production chain of each chemical, and to increase the recycling of 
plastic waste. A graphical summary is illustrated in Figure 10. 
 
The global annual production of plastics from fossil resources reached over 400 
Mt in 2015 (Geyer et al., 2017), whereas the global production capacity of bio-
based or biodegradable plastics was only 2.1 Mt/y (European Bioplastics, 2017). 
The overwhelming dominance of fossil-based plastics is behind the need to im-
prove the efficiency of plastics production and to increase the recycling of plastic 
waste to reduce the climate impact of the sector. 
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Figure 10. A graphical summary of assessment scenarios– Abatement of GHG emissions (re-
produced from Paper II).

A statistical survey analysis revealed the 12 chemicals with the highest potential 
for recycling and reuse/regeneration in the value chain of plastics: ethylene 
(C2H4); propylene (C3H6); high-density polyethylene (HDPE); low-density and 
linear low-density polyethylene (LD&LLDPE); methanol (CH3OH); polypropyl-
ene (PP); polyester, polyamide and acrylic (PP&A) fibres; polyvinylchloride 
(PVC); ammonia (NH3); polyethylene terephthalate (PET); polyurethane (PUR) 
resin; and polystyrene (PS). The annual production, waste generation, waste re-
cycling and incineration amounts of these chemicals in the value chain of plas-
tics were determined. Some of the total production amounts of primary chemi-
cals: NH3, CH3OH, C2H4 and C3H6, are precursors for other chemicals in the 
value chain. These primary chemicals in the value chain of plastics generate 
GHG emissions into the atmosphere leaving no physical long-life waste in the 
environment.  

4.4.1 Additional recycling potential of plastics 

The use of plastic resins and fibres generates long-life waste in the environment. 
The primary options for improving material efficiency and reducing GHG emis-
sions in the value chain of plastics are recycling, reuse, substitution with renew-
able materials, reduced use of the material and waste-to-energy solutions. The 
analysis of consumption patterns and corresponding waste generation profiles 
revealed the existing potential for plastics recycling compared to the current re-
cycled amounts. The additional potential recyclable amounts of different plas-
tics are illustrated in Figure 11. 
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Figure 11. Additional recycling potential of plastics in Mt/y (reproduced from Paper II).

Current waste generation from plastics use equals 274 Mt/y, and only 102 Mt/y 
of the waste is recycled and incinerated.  Therefore, the potential of additional 
recyclable waste amounts to 172 Mt/y.  In this study, the near-term potential for 
improved recycling of plastic waste was evaluated at 86 Mt/y for non-fibrous 
plastics, and 8 Mt/y for fibres. 

4.4.2 Improved resource efficiency in the virgin production chain of 
plastics 

A robust life cycle analysis based on current GHG emissions (Scenario A in Pa-
per II) and on the potential efficiency improvements in the virgin production 
chain (Scenario B in Paper II) revealed the potential to improve GHG manage-
ment in the virgin production chain of plastics.  
 
In 2017/2018, the GHG emissions from the global chemical sector amounted to 
3444 Mt CO2eq/y, 18% of which was attributable to the primary chemical use 
of ammonia, methanol, ethylene and propylene in the value chain of plastics. In 
addition, the production of plastics and fibres generated emissions amounting 
to 1146 Mt CO2eq/y, contributing 33.3% to the GHG emissions from the chemi-
cal sector. Thus, the whole plastics value chain was responsible for 51% per cent 
of current chemical sector emissions. In this study, the average GHG emission 
result was 4.81 t CO2eq/t of plastics compared to that of 5.05 t CO2eq/t of plas-
tics calculated by the WWF (2019). 
 
The potential to improve resource efficiency in the virgin production chain of 
plastics was estimated based on the available references on best available tech-
niques (BAT). The reduction potential of GHG emissions was identified on a 
global scale; the results are illustrated in Figure 12. The highest potential for 
improved resource efficiency was estimated for methanol, ethylene and polyeth-
ylene. This study identified a reduction in GHG emissions of 531 Mt CO2eq/y in 
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the virgin value chain of plastics. This reduction amounted to 15.4% of all global 
chemical sector GHG emissions. Correspondingly, the average GHG emissions 
dropped to 3.36 t CO2eq/t of plastics. However, the probability for all global 
production to reach the BAT values was unclear.  
 

 

Figure 12. GHG impact of improved resource efficiency in Mt CO2eq/y (adapted from Paper II).

Changing to renewable resources and utilizing resource-efficient technologies 
were viewed as the best future options for reducing GHG emissions and achiev-
ing better material efficiency. A long-term solution would be the development 
of alternative, substitute materials for plastics. Green production processes uti-
lizing only renewable feedstock and energy resources open up new possibilities 
for bioethylene and biopropylene production with low GHG emissions. Re-
search on biofeedstocks and bioplastics is growing intensively, and complement 
the results of this study. Beckstrom et al. (2020) completed a techno-economic 
and life cycle impact assessment of bioplastic feedstock production from micro-
algae with fuel co-products. Mendieta et al. (2020) reviewed bio‑polyethylene 
production from different wood wastes. Similarly, methanol production from 
captured CO2 and H2 would also reduce the GHG emissions from plastics pro-
duction (Paper IV). 

4.4.3 GHG impact of improved plastic waste recycling  

A detailed LCA on recycling of all plastics waste generated on a global scale was 
beyond the scope of this study. The reason behind this is the fact that the plastic 
waste streams, collection data and landfill specifics would require a GIS meta-
analysis from every spot on the globe. This kind of data was not available. There-
fore, a robust LCA with general, limited LCI data was performed to evaluate the 
GHG impact of improved near-term additional plastics recycling. Mechanical 
and chemical recycling of plastics was favoured rather than additional incinera-
tion. The additional recycled amounts used for the LCA are taken from Figure 
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11.  The LCI data was calculated to match FU in each case, and was initially gath-
ered from the available references (Paper II). 
 
The additional mixed mechanical recycling of HD-PE, LD&LLD-PE, PP and PET 
resulted annually in 65 Mt of recycled plastics, with avoided GHG emissions of 
37.5 Mt CO2eq. Improved segregation in the recycling process considerably in-
creased the GHG emission savings; e.g. separately recycled 12 Mt of PET saved 
28 Mt CO2eq annually. Assuming the same relation between virgin product 
emissions and segregated recycled production emissions for HD-PE, LD&LLD-
PE and PP resulted in avoided GHG emissions of 108 Mt CO2eq/y. These climate 
impacts of recycling plastic waste are illustrated in Figure 13. 
 

 

Figure 13. GHG reductions from improved global recycling of plastics in Mt CO2eq/y (adapted 
from Paper II).

Reducing the environmental burden and increasing the recycling of waste plas-
tics are both topics of growing research interest. A recent study indicates that 
recycled HD-PE reduces GHG emissions by more than 25% compared to virgin 
production (Gracida-Alvarez et al., 2019). The result is in line with the findings 
of this study. The theoretical substitution rates recently estimated by Tallentire 
and Steubing (2020) for PET, HDPE, LDPE, PP and PS in the EU (93%, 73%, 
61%, 75% and 67%, respectively) are higher than the conservative, global esti-
mates used in this study. In conclusion, this study showed how improved and 
segregated recycling of plastics would reduce the global climate impact of plas-
tics by 142.3 Mt CO2eq/y. This would result in an additional 4% reduction of all 
global chemical sector emissions. In future, a realistic option is the chemical 
recycling of plastic waste. 
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4.5 Possibilities for biorefineries to reduce GHG emissions (Pa-
per III)

The specific objectives were firstly to map the possibilities for biorefineries to 
replace fossil resources, and secondly to identify the key elements in managing 
GHG emissions in the emerging biorefinery value chains. An extensive back-
ground study revealed a lack of uniform tools for evaluating GHG emissions in 
biorefinery production chains. This study introduced a new matrix for manag-
ing GHG emissions in a biorefinery production chain (Figure 8) to help in the 
scoping of system boundary conditions for an LCA in biorefineries. 

4.5.1 Versatile field of biorefinery research 

Biomass feedstock consists of carbohydrates, lipids, proteins and lignocellulosic 
materials. Biorefinery products include biofuels, chemicals, biofibres, biogas, 
electricity and heat. A variety of technologies and unit operations are available 
or under development for biorefineries. These include fermentation, gasifica-
tion, pyrolysis, hydrothermal liquefaction, hydrogenation, oxidation and hydro-
deoxygenation. A survey of biorefinery-related publications from 2011-2013 in-
cluded in this study revealed the orientation of research between different tech-
nologies and feedstock resources and is illustrated in Figure 14.  Lignocellulosic, 
multiple feed streams and algae dominate the research, with multiple process 
operations and general biorefinery solutions being the most often selected tech-
nological choices, as illustrated in Figure 14. In addition, biorefinery research 
on sustainability, LCA, comparison with fossil reference and feedstock supply 
chain is depicted in Figure 15.  

The early research on feedstock sustainability or LCA studies con-
centrated on cultivated crops. The discrepancy between preferred feedstocks, 
such as forest biomass, in the technology-oriented research and LCA studies 
may be explained by the fact that bioethanol is the commercial biorefinery prod-
uct with the largest volume. In addition, increasing production of bioethanol 
and VOME competes for access to agricultural land with food and feed produc-
tion. 
 

 

Figure 14. Technologies dominating research in 2011-2013 with number of publications by feed-
stock (Adapted from Paper III).
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Figure 15. The distribution of themes by feedstock in 117 sustainability/LCA specific publications 
(Adapted from Paper III).

Since the publication of Paper III in 2014, the research on biorefineries has in-
tensified towards the utilization of lignocellulosic biomass (Hassan et al., 2019), 
algae (Pérez-López et al., 2018) and organic waste (Corona et al., 2018). 

4.5.2 Fossil resources versus biomass 

The harvesting and collection of biomass is continuous and often requires a spe-
cific season. Moreover, the lower volume density and heat content of biomass 
compared to fossil resources increase the transport volumes and create logisti-
cal problems. Therefore, the overall GHG emissions from biomass supply chains 
including land use and land-use changes (LULUC) are vital when comparing the 
GHG emissions from biorefinery products with the corresponding emissions 
from petrochemicals, for example. Table 5 summarizes the molecular difference 
between biomass feedstocks or products and fossil fuels. All of the biomass com-
ponents contain high amounts of oxygen. 

Table 5. Empirical H/C and O/C molar ratios of various biomass and products (Adapted and short-
ened from Paper III, calculations of H/C and O/C ratios by the author).

Feedstock/product Molar H/C Molar O/C
Biomass average 1.40 – 1.50 0.60 – 0.67
Sewage sludge 1.65 0.53
Bagasse/bagasse oil 1.42 - 1.43 0.52 – 0.64
Wheat straw 1.47 0.70
Demolition wood 1.27 0.55
Sesame stalk oil 1.55 0.36
Wood bio-oil 1.34 - 1.38 0.37 - 0.50
Microalgae oil 1.69 0.23
Bioethanol 3.00 0.51
Biodiesel B100 1.87 0.11
Biodiesel B20 1.94 0.02
Fossil reference values
Fossil gasoline 1.95 0.00
Fossil diesel 1.95 0.00
Fossil heavy fuel oil 1.55 0.01

 
Petroleum resources, in contrast, contain practically no oxygen. In addition to 

the molar oxygen and carbon ratio (O/C), the molar ratio of hydrogen and car-
bon (H/C) in biofeedstock and biorefinery products showed how far apart they 
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are from fossil fuels. These two ratios define the extent of deoxygenation and 
hydrogenation operations in biorefinery processes that target the replacement 
of fossil fuels. Bioethanol, with its own special market, is an exception to this 
rule. The highest potential of biomass to replace fossil resources was in the pet-
rochemical industry. The current annual biofuel production of 95.4 Mtoe is no 
match for the annual global 4662.1 Mtoe of fossil crude oil production (BP, 
2019).  However, the lignocellulosic harvesting potential is no limitation to the 
growth of biomass-based fuel production. In 2005 the annual yield of lignocel-
lulosic matter amounted to 1300 Mt/y, and that of natural oil and fats to 132 
Mt/y (BREW, 2006). In spite of the huge current gap between the production 
capacities, the importance of developing biofuels as substitutes for fossil fuels is 
growing. In addition to bioethanol and biodiesel for vehicles, the latest research 
includes both marine and aviation jet biofuels. A techno-economic analysis and 
life-cycle GHG mitigation cost estimation of five routes to bio-jet fuel blend-
stocks concluded that these routes still require a relatively high-value lignin-
derived co-product or a modest price for carbon mitigation to compete with Jet-
A. (Baral et al., 2019). Similarly, Tanzer et al. (2019) completed a technoeco-
nomic and environmental assessment for production of lignocellulosic marine 
biofuel in Brazil and Sweden. They found clear winner among biofuels, but saw 
prospect for deeper research. 

4.5.3 GHG emissions in biorefinery production chains 

Generally, products from biofeedstocks are considered more environmentally 
friendly than their fossil counterparts. However, this is far from true for many 
of the biofeedstock and biorefinery technologies utilized, as summarized in Ta-
bles 6 and 7. In particular, first generation biofuels, such as VOME, fatty acid 
methyl esters (FAME), some bioethanols, refined palm and rapeseed oils 
showed higher GHG emissions than the fossil diesel oil they are replacing. 

Table 6. Fossil fuel emission references in kg CO2eq/kg fuel (adapted from Paper III).

Fossil fuel Emission coefficient Reference Notes
Gasoline 3.91 – 5.17 GREET 2008 LHV-based
Diesel 3.57 – 3.59 RED 2009 LHV-based
Natural gas 3.30 GREET 2008 LHV-based
Hydrogen 12.98 GREET 2008 LHV-based

 

Table 7. GHG emissions from biorefinery production chains in kg CO2eq/kg product (adapted from 
Paper III).

Feedstock Product Emission coefficient Notes *
Soybean VOME 4.0 yield 17.7%
Oil palm, Rapeseed Refined oils 2.16 -17.1
Oil palm, Rapeseed FAME, HVO 1.59 – 6.67
Animal fat HVO 0.47 – 0.75  
Waste, grain, sugar-
cane, cellulose*

Ethanol 0.28 -20.70 carbon loss up to 70%

Algae Biodiesel 5.65 yield <30%
LC biomass, Wood Biofuel 1.15 -3.10 yield 50%
Glucose Methanol 1.124
Biomass Chemical pulp 0.44 -0.55
*detailed references in Paper III
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4.5.4 Key elements in managing GHG emissions in emerging biorefinery 
value chains 

The overall emissions in the biorefinery production chains were influenced by 
uncertainties in assessing the GHG emissions from feedstock cultivation, har-
vesting and logistics. In addition to the feedstock supply chain, several issues 
affected the overall sustainability. In particular, the available feedstock selection 
was restricted by indirect land use changes (ILUC), resource depletion and com-
petition with food and feed production. Therefore, more suitable feedstock op-
tions include lignocellulosic and agricultural residues, industrial and urban side 
and waste streams, and algae. 
 
The introduction of uniform LCA methods improved the assessment of the over-
all GHG impact of biorefinery production chains. In particular, bioethanol and 
VOME showed considerable variation compared to the fossil reference values. 
Some of this was explained by the wide variation in feedstock cultivation emis-
sions, and some by the differences between numerous LCA methods, which gen-
erated conflicting results. The results of this study indicated technologies and 
techniques to improve the GHG balance of biorefineries. These included opti-
mizing the feedstock (Papers III and IV), use of renewable energy resources (Pa-
per IV) and introducing new technologies of pyrolysis, hydrothermal liquefac-
tion (HTL) and CCU (Papers III and IV). 
 
Currently, 43 lignocellulosic, second-generation biorefineries are operating 
across Europe (Hassan et al., 2019). The future challenges to increase the pro-
duction capacities of biobased chemicals and fuels comprise logistical solutions, 
sustainable feedstock supply, the complex nature of the technological processes, 
the economic viability of production facilities and the market pull of the prod-
ucts. To conclude, the results of this study clearly show the GHG benefits of lig-
nocellulosic biomass, animal fat and other organic wastes compared to the 
products from fossil feedstocks. 

4.6 Impact of resource base and technology on the GHG emis-
sions from methanol production (Paper IV)

The specific aim was to study the impact of feedstock and technology on the 
GHG emissions from methanol production by comparing technologies and pro-
duction routes using a cradle-to-gate ALCA as the key assessment tool. The 
study was restricted to the impact categories of climate change expressed as 
global warming potential (GWP100) and energy use. Six methanol production 
routes were compared using the CO2eq abatement cost and the production cost 
of methanol as key parameters for financial performance.  
 
The six methanol production routes included in this study were: 

A. Production from fossil methane; 
B. Production from coal by gasification; 
C. Production by tri-reforming with power production; 
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D. In co-production with renewable corn ethanol; 
E. Production from CO2 from a coal-fired power plant and H2 from elec-

trolysis; 
F. Production from wood biomass in a stand-alone biorefinery. 

4.6.1 Life cycle inventory results of methanol production routes 

A uniform functional unit of 1 kg methanol (CH3OH) was used in the calculation 
of the energy and material balances of different production routes. An energy 
value of 21.8 MJ/kg methanol, located between the higher heating value (HHV) 
of 23.8 MJ/kg methanol and the lower heating value (LHV) of 21.1 MJ/kg meth-
anol, was used in all calculations as Trudewind et al. (2014) did, because not all 
references did specify which one, LHV or HHV was used. This partly normalizes 
discrepancies between references and improves the confidence interval. The 
emission factors 1, 25 and 298 were used for CO2, CH4 and N2O respectively to 
determine the climate impact of different methanol production routes. In addi-
tion, economic allocation of co-production was used in Case D and energy allo-
cation in Case E. The results for GWP100, energy use and overall process effi-
ciency are summarized in Table 8. Detailed LCI results from all cases are in-
cluded in Paper IV. The GWP100 coefficient used for methane in this study is 
lower than the 28-36 proposed by EPA due to the pending IPCC approval. 

Table 8. GWP100, overall efficiency and energy use for the six assessed cases of methanol pro-
duction routes (adapted from Paper IV).

Case A Case B Case C Case D Case E Case F
GWP100 in kg CO2eq/kg CH3OH 0.462 2.965 1.392 -0.989 -0.752 -0.914

Overall efficiency on LHV in % 66 57.7* 56 58 51 55.3

Energy use in MJ/ kg CH3OH** 11.446 22.786 17.731 15.809 20.976 17.647

*Cold gas efficiency of methanol synthesis on HHV basis instead of overall efficiency on LHV.
** Including unreacted feedstock. Cases A-F as specified in section 4.6.

Methanol produced from coal had the highest GWP100 value, whereas the low-
est, negative emission value of 0.99 kg CO2eq/kg CH3OH was for methanol in 
co-production with renewable corn ethanol. Cases D and E were based on simi-
lar technology, and had an absolute difference of 0.237 kg CO2eq/kg CH3OH in 
the GWP100 value in favour of Case D.  50.2% of this benefit  was attributable 
to the efficiency difference; the rest originated from the different allocation 
methods,  economic in Case D and energy in Case E, and from the impact of the 
of biogenic CO2 in Case D. 

4.6.2 Sensitivity of GWP100 and limitations of LCI results 

The ALCA method used in this study reflects the production systems as they are. 
This limited and bounded the results to the technologies, efficiency and alloca-
tion factors, feedstock resources and geographical locations used in the assess-
ment. The uncertainty was partly compensated by normalizing the results using 
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one energy value for methanol in all cases to calculate the GWP100 impact. The 
results on sensitivity are illustrated in Figure 16. 
 

 

Figure 16. Sensitivity of GWP100 impact assessment in kg CO2eq/kg methanol (Reproduced 
from Paper IV). The reference value of 2.6 kgCO2eq/kg methanol is the same as for the compar-
ison of avoided emissions. A detailed description of the alternatives shown in Table 9 is given in 
Paper IV.

The LCI estimates varied between 1.7% and 12.8%, reflecting the uncertainty of 
the results. Several alternative subcases were evaluated for Cases A, B, C, D, E 
and F to determine the sensitivity of the GWP100 parameter to variations in 
feedstock, production location and inclusion of external power emissions, as 
shown in Table 9.  

Table 9. Alternatives used for the assessment of sensitivity (adapted from Paper IV).

Case A Case B Case C Case D Case E Case F
Base Case
GWP100

Methanol 
from Nor-
wegian NG

Methanol 
from coal 
gasification

Methanol 
by tri-re-
forming in-
tegrated 
with power 
production

Methanol in 
co-produc-
tion with 
corn etha-
nol and 
DSG

Methanol 
from cap-
tured CO2
and H2 from 
electrolysis.

Methanol 
from wood 
biomass

Alternative 1 NG from 
Algeria with 
upper limit
emission

40% bio-
mass in 
gasification

Power     
production 
emissions 
included

Only CO2,
CH4 and
N2O emis-
sions 
included

H2           
produced in 
petroleum 
refinery

Feedstock 
50% bio-
mass, 50% 
coal

Alternative 2 NG from 
Algeria with 
lower limit
emission

50% bio-
mass in 
gasification

All H2 pro-
duction 
emissions 
included

H2 pro-
duced us-
ing grid 
power in 
Germany

Electricity 
production 
from NG

Alternative 3 100% bio-
mass in    
gasification

H2 produc-
tion from 
NG

Alternative 4 H2 produc-
tion from 
coal

DSG=distiller grains and solubles.

 
The hydrogen production route (Cases D and E) had the highest negative sensi-
tivity. Changing the renewable electricity resource to a fossil one in electrolysis 
turned the positive impacts into highly negative results. Replacing coal with bio-
mass had a high positive impact on the GWP100 parameter (Case B). 
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4.6.3 Carbon dioxide equivalent abatement cost and methanol produc-
tion cost 

The CRF for the first 10 years of investment with 5% and 10% annual discount 
rates was calculated using Equation 1 for both abatement and production cost. 
The discount rates indicated the sensitivity to changes in the investment and 
abatement cost. The avoided amount of CO2eq was estimated as the difference 
between the GWP100 impact of each case and the reference value on an annual 
basis. A global reference value of 2.6 kgCO2eq/kg CH3OH for the production of 
methanol from coal was used for the comparison of avoided emissions (Matzen 
et al., 2015). Case B generated 3.0 kgCO2eq/kg CH3OH emissions but lacked 
comparative avoided emissions, as it was produced from coal similarly to the 
reference used. The results for the CO2eq abatement cost are illustrated in Fig-
ure 17. They indicate the relative performance of technologies in relation to the 
production of methanol from coal by gasification. The lower the abatement cost, 
the better the financial performance of the technology in reducing GHG emis-
sions.  
  

 

Figure 17. Abatement cost for avoided emissions (Reproduced from Paper IV).

The results for production cost estimates are illustrated in Figure 18. The input 
data used for the calculation is available in Paper IV. The production cost of 
methanol was between €197/t and €305/t for most of the cases with the 5% dis-
count rate. However, the production cost of methanol in co-production with 
corn ethanol (Case D) reached €810/t, exceeding the current, Covid-19 im-
pacted low market price of US$300-150/t, which had earlier fluctuated from 
US$500/t to US$300/t. The high production cost of Case D is explained by the 
high operational cost and small production capacity. 
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Figure 18. Methanol production cost in € per metric ton of methanol. (Reproduced from Paper 
IV).

A comparison of Cases A, B, C, D, E and F revealed that the methanol produced 
by gasification from wood biomass was the best performing technology in terms 
of  both production cost and GWP100. The current annual production of meth-
anol (90 Mt/y) would require access to an additional annual 280 Mt of wood 
biomass (assumed dry basis), hence the need to develop the currently expensive 
CCS/CCU technologies for methanol production. This conclusion is supported 
by recent research into finding optimal CO2 utilization products that favour me-
thane and methanol. Chauvy et al. (2019) identified both when selecting emerg-
ing CO2 utilization products for short and mid-term deployment. An economic 
assessment of CO2-based methane and methanol was performed by Hoppe et al. 
(2018) with a conclusion that these technologies are not competitive with con-
ventional production methods under present conditions.  

A short-term solution to reduce methanol sector emissions would be to switch 
from coal to fossil natural gas. The abatement cost reflected the price level of 
GHG emission reduction for an environmentally cleaner methanol. 
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5. Conclusions

This study explored the possibilities of managing GHG emissions in the cement, 
plastics and methanol production chains. In addition, the possibilities for bio-
refineries to replace the fossil resource base were addressed. The key research 
approach was LCA on a cradle-to-gate basis.  
 
The results of this study revealed that there is still ample room for improve-
ments in managing GHG emissions in the cement and chemical industries. Re-
cycling of plastics is favourable in terms of avoided GHG emissions and reduced 
environmental pollution, and is also a competitive option economically. Fur-
thermore, recycling gives more time to develop new renewable replacements for 
plastics. This study proposed a method for the assessment of GHG emissions in 
production chains by introducing a climate impact management matrix to-
gether with a capital recovery factor. 
 
Despite the large volumes of available biomass resources, the fuels and chemi-
cals produced from fossil resources will continue to dominate until the market 
pull, true GHG emissions of product chains and cost-efficiency of renewable re-
placements make them attractive enough to compete. Lignocellulosic biomass, 
residuals, organic waste and algae were assessed as more sustainable resources 
for biorefineries than food and feed crops. Uncertainties in the sustainability of 
biofuel supply chains support the production of multiple chemicals in biorefin-
ery chains with a more diversified renewable resource base. For example, meth-
anol production from biomass adjacent to a pulp and paper mill was evaluated 
to be commercially viable.  
 
The production of methane and methanol will probably be the first to benefit 
from the emerging CCU technologies. Global carbon pricing is one of the key 
factors determining how fast the cement and chemical industries will invest in 
GHG emission reductions, due to the relatively high abatement costs identified 
in this study.  
 
To conclude, many of the GHG mitigation measures identified in this study are 
readily available for implementation provided the financial gains and political 
willingness lower the threshold to investment. 
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5.1 Limitations and recommendations for future research

This dissertation focused on the cradle-to-gate management of GHG emissions, 
utilizing the ALCA research method; the impact categories were limited to GHG 
emissions, and in the case of methanol, included energy use. The production 
systems as they are described in this study were defined by the selected research 
method, assumptions and reference data used. This is a clear limitation that 
bounds the results to the technologies, efficiency and allocation factors, feed-
stock resources and geographical locations used. Therefore, the results should 
be considered with a certain degree of caution, taking into account the confi-
dence intervals, uncertainties and alternative cases considered in the published 
papers: I, II, III and IV.  
 
The sustainability of cement, plastics and methanol is affected by many other 
factors, in addition to those covered in this study. Future research on managing 
GHG emissions and sustainability in the cement and chemical industries would 
require better access to plant level data on a global scale to implement more 
comprehensive analysis tools such as computational equilibrium models and 
improved LCA tools for assessing uncertainties, particularly in biorefinery sup-
ply chains. Extending the research to cover the full cycle of product life would 
open up possibilities for circular economy approaches in the recycling of con-
crete and plastic components in the manufacture of various parts, and would 
help to find alternative waste and renewable material flows in the production.   

 
 
 
 



47 

 

References

 
Baral, N.R., Kavvada, O., Mendez-Perez, D., Mukhopadhyay, A., Lee, T.S., Simmons, 

B.A., Scown. C.D. (2019). Techno-economic analysis and life-cycle greenhouse 
gas mitigation cost of five routes to bio-jet fuel blendstocks. Energy Environ. 
Sci. 12, 807. DOI: 10.1039/c8ee03266a.  

Beckstrom, B.D., Wilson, M.H., Crocker, M., Quinna, J.C. (2020). Algal Research 46, 
101769. https://doi.org/10.1016/j.algal.2019.101769. 

Bertau, H., Offermanns, H., Plass, L., Schmidt, F. and Wernicke, H-J.  (2014). Metha-
nol: The Basic Chemical and Energy Feedstock of the Future. Heidelberg: 
Springer. 

Boden, T.A., Marland, G., and Andres, R.J. 2017. Global, Regional, and National Fos-
sil-Fuel CO2 Emissions. Available at http://cdiac.ornl.gov/trends/emis/over-
view. 

BP. (2019). Statistical Review of World Energy 2019, 68th edition. 
BREW. (2006). Medium and Long-term Opportunities and risks of the Biotechnologi-

cal Production of Bulk Chemicals from Renewable Resources - The Potential of 
White Biotechnology. The BREW Project, Final Report, Utrecht, September, pp. 
9-103. 

CDM. (2014). htpps://cdm.unfccc.int/projects, accessed 12.08.14. 
Chauvy, R., Meunier, Thomas, D., De Weireld, G. (2019). Selecting emerging CO2 uti-

lization products for short- to mid-term deployment. Applied Energy 236, pp.  
662-680. https://doi.org/10.1016/j.apenergy.2018.11.096. 

Cembureau. (2014). The European Cement Association. Available at: 
http://www.cembureau.be/about-cement/key-facts-figures. 

Costanza, R., Stern, D.I., He, L., Ma, C. (2004). Influential publications in ecological 
economics: a citation analysis. Ecological Economics 50 (3–4), pp. 261–292. 
doi:10.1016/j.ecolecon.2004.06.001. 

Corona, A., Biddy, M.J., Vardon, D.R., Birkved, M., Hauschild, M.Z., Beckham, G.T. 
(2018). Life cycle assessment of adipic acid production from lignin. Green 
Chem. 20, pp. 3857–3866. DOI: 10.1039/c8gc00868j.  

Edwards, P. (2019). The 2010s: A decade in the cement sector, Global cement maga-
zine, Dec. 19 issue, pp. 10-17. 

EEA. (2019). Country profiles - greenhouse gases and energy 2019. European Environ-
ment Agency, December. Available at: https://www.eea.europa.eu/themes/cli-
mate/. 

EPA. (2020). www.epa.gov/ghg emissions/understanding-global-warming, accessed 
30.07.20.  

Eriksen, M., Lebreton, L.C.M., Carson, H.S., Thiel, M., Moore, C.J., Borerro, J.C., Gal-
gani, F., Ryan, P.G., Reisser, J. (2014). Plastic Pollution in the World's Oceans: 
More than 5 Trillion Plastic Pieces Weighing over 250,000 Tons Afloat at Sea. 
PLoS ONE 9, e111913. 



48 

European Bioplastics. (2018). Bioplastics—Facts and Figures. European Bioplastics, 
Berlin. 

Eurostat. (2019). Trends in greenhouse gas emissions. Available at: https://ec.eu-
ropa.eu/eurostat/statistics-explained/. 

Farfan, J., Fasihi, M., Breyer, C. (2019). Trends in the global cement industry and op-
portunities for long-term sustainable CCU potential for Power-to-X. J. Clean. 
Prod. 217, pp. 821-835. https://doi.org/10.1016/j.jclepro.2019.01.226. 

Finnveden, G., Hauschild, M.Z., Ekvall, T., Guinèe, J., Heijungs, R., Hellweg, S., Koeh-
ler, A., Pennington, D., Suh, S. (2009). Recent developments in life cycle assess-
ment. J. Env. Manag. 91 (1), pp. 1-21. 

Geyer, R., Jambeck, J.R., and Law, K.L. (2017). Production, use, and fate of all plastics 
ever made. Sci. Adv. 3, e1700782. 

Gracida-Alvarez, U.R., Winjobi, O., Sacramento-Rivero, J.C., Shonnard, D.R. (2019). 
System Analyses of High-Value Chemicals and Fuels from a Waste High-Density 
Polyethylene Refinery. Part 2: Carbon Footprint Analysis and Regional Electric-
ity Effects. ACS Sustainable Chem. Eng. 7, pp. 18267−18278. DOI: 
10.1021/acssuschemeng.9b04764. 

GREET. (2008). Argonne National Laboratory, GREET model 1.8b. Available at: 
http://www.transportation.anl.gov/modeling_simulation/GREET/index.html. 

Hasanbeigi, A., Price, L., Lin, E. (2012). Emerging energy-efficiency and CO2 emission 
reduction technologies for cement and concrete production: a technical review. 
Renew. Sustain. Energy Rev. 16, pp. 6220-6238. 

Hassan, S.S., Williams, G.A., Jaiswal, A.K. (2019). Lignocellulosic Biorefineries in Eu-
rope: Current State and Prospects. Trends in Biotechnology, 37, pp. 3 231-234.  

Hoppe, W., Bringezu, S., Wachter, N. (2018). Economic assessment of CO2-based me-
thane, methanol and polyoxymethylene production, Journal of CO₂ Utilization, 
27, pp. 170–178. https://doi.org/10.1016/j.jcou.2018.06.019. 

IEA, ICCA, Dechema. (2013). Technology Roadmap: Energy and GHG Reductions in 
the Chemical Industry via Catalytic Processes. OECD/IEA, Paris. 

IEA. (2009). International Energy Agency, ‘Cement Technology Roadmap 2009, Car-
bon Emissions Reductions up to 2050’. OECD/IEA, Paris. 

IEA. (2006). International Energy Agency, 'Energy Technology Perspectives: Scenar-
ios and Strategies to 2050'. OECD/IEA, Paris. 

Ingrao, C., Giudice, A.L., Tricase, C., Mbohwa, C., Rana, R. (2014). The use of basalt 
aggregates in the production of concrete for the prefabrication industry: envi-
ronmental impact assessment, interpretation and improvement. J. Clean. Prod. 
75, pp. 195-204.  

IPCC. (2014). AR5 Climate Change 2014: Mitigation of Climate Change.  Available at: 
https://www.ipcc.ch/report/ar5/wg3/. 

IPCC. (2007). IPCC AR4 report. Available at: https://www.ipcc.ch/report/ar4/wg1/ 
ISO. (2006a). Environmental Management—Life Cycle Assessment—Principles and 

Framework. ISO 14040:2006. ISO/IEC. 
ISO. (2006b). Environmental Management—Life Cycle Assessment—Principles and 

Framework. ISO 14044:2006. ISO/IEC. 
Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M., Andrady, A., Nara-

yan, R., Law, K.L. (2015). Plastic waste inputs from land into the ocean. Science 
347, pp. 768-771.  

Matzen M, Alhajji M, Demirel, Y. (2015). Chemical storage of wind energy by renewa-
ble methanol production: Feasibility analysis using a multi-criteria decision ma-
trix. Energy 93, 343-353. 



49 

Mendieta, C.M., Vallejos, M.E., Felissia, F.E., Chinga‑Carrasco, G., Area, M.C. (2020). 
Review: Bio‑polyethylene from Wood Wastes. Journal of Polymers and the En-
vironment 28, pp. 1–16. https://doi.org/10.1007/s10924-019-01582-0. 

Miller, S.A., Rupert J. Myers, R.J., (2020) Environmental Impacts of Alternative Ce-
ment Binders. Environ. Sci. Technol. 54, pp. 677−686. DOI: 
10.1021/acs.est.9b05550. 

Muntean, M., Guizzardi, D., Schaaf, E., Crippa, M., Solazzo, E., Olivier, J.G.J., Vignati, 
E. Fossil CO2 emissions of all world countries - 2018 Report, EUR 29433 EN, 
Publications Office of the European Union, Luxembourg, 2018, ISBN 978-92-
79-97240-9, doi:10.2760/30158, JRC113738. 

OECD (2019), Society at a Glance 2019: OECD Social Indicators, OECD Publishing, 
Paris, https://doi.org/10.1787/soc_glance-2019-en.  

Ostergaard, M. (n.d.). People collect goods for recycling from the Smokey Mountain 
landfill dump. Retrieved from https://library.artstor.org/asset/APA-
NOSIG_10313580350.  

Orsini, F., Marrone, P. (2019). Approaches for a low-carbon production of building 
materials: A review, J. Clean. Prod. 241,118380. https://doi.org/10.1016/j.jcle-
pro.2019.118380 

Pérez-López, P., Montazeri, M., Feijoo, G., Moreira, M.T., Eckelman, M.J. (2018). In-
tegrating uncertainties to the combined environmental and economic assess-
ment of algal biorefineries: A Monte Carlo approach. Science of the Total Envi-
ronment 626, pp. 762–775. https://doi.org/10.1016/j.scitotenv.2017.12.339.  

RED. (2009). EU Directive on the Promotion of the use of Energy from Renewable 
Sources (RED), 28/EC. 

Sacramento-Rivero, J.C. (2012). A methodology for evaluating the sustainability of bi-
orefineries: framework and indicators. Biofuels Bioprod. Bioref. 6, pp. 32-44. 

Silberberg, J. (2009). Rubbish in the water surrounding Lagos. Most sewage is re-
leased directly into the waters that surround the city of 18 million. Retrieved 
from https://library.artstor.org/asset/APANOSIG_10313575623. 

Saunois, M., Jackson, R.B., Bousquet, P., Poulter, B. and Canadell, J.G. (2016). The 
growing role of methane in anthropogenic climate change. Environ. Res. Lett. 
11, pp. 1–5. 

Tallentire, C.W., Steubing, B. (2020). The environmental benefits of improving pack-
aging waste collection in Europe. Waste Management 103, pp. 426–436. 
https://doi.org/10.1016/j.wasman.2019.12.045.  

Tanzer, S.E., Posada, J., Geraedts, S., Andrea Ramírez, A. (2019). Lignocellulosic ma-
rine biofuel: Technoeconomic and environmental assessment for production in 
Brazil and Sweden. J. Clean. Prod. 239, 117845. https://doi.org/10.1016/j.jcle-
pro.2019.117845. 

Trudewind, C.A., Schreiber, A., Haumann D. (2014). Photocatalytic methanol and me-
thane production using captured CO2 from coal-fired power plants. Part I—a 
Life Cycle Assessment. J. Clean. Prod. 70, pp. 27–37. 

UNEP. (2019). Emissions Gap Report 2019. Available at: https://www.unenviron-
ment.org/resources/emissions-gap-report-2019.  

Valderrama, C., Granados, R., Cortina, J.L., Gasol, C.M., Guillem, M., Josa, A. (2012). 
Implementation of best available techniques in cement manufacturing: a lifecy-
cle assessment study. J. Clean. Prod. 25, pp. 60-67. 

Volkart, K., Bauer, C., Boulet, C. (2013). Life cycle assessment of carbon capture and 
storage in power generation and industry in Europe. Int. J. Greenh. Gas Control 
16. pp. 91-106. 



50 

WBCSD. (2010). Vision 2050: The new agenda for business. World Business Counsil 
for Sustainable Development, February. Available at: 
http://www.wbcsd.org/web/vision2050.htm. 

WWF. (2019). Solving Plastic Pollution Through Accountability. A WWF Re-
port, Gland, Switzerland. 
 



 

Errata

Raili Kajaste
Working Title of Dissertation “Managing greenhouse gas emissions”
School of Chemical Technology
Aalto University publication series DOCTORAL DISSERTATIONS 37/2021 
Date of Errata: 30.9.2020

Publication 1, pages 3 and 5

Page 3, Fig. 2. Impact Assessment LCA, column 2 “machninery” should be “ma-
chinery”. Outside Boundary System, column 4 “infrastucture” should be “infra-
structure”. Page 5, eq. 3 “CRF=i(1+i)n/(1+i)n -1” should be “CRF=i(1+i)n/[(1+i)n 
-1]”. 

Publication 3, pages 2, 3 and 5

Page 2, Fig. 1. Impact Assessment LCA, column 2 “machninery” should be “ma-
chinery”. Outside Boundary System, columns 3 and 4 “infrastucture” should be 
“infrastructure”. Page 3 “lignocellulosic matter resulting from photosynthesis 
amounts to 1.3x10^9 tons and that of natural oil and fats to 132x10^6 tons 
(BREW, 2006)” should for clarity be “lignocellulosic matter resulting from an-
nual photosynthesis amounts to 1300 Mtons and that of natural oil and fats to 
132 Mtons (BREW, 2006)”. Page 5, Table 2. Fossil reference values placed under 
column “Yield” should be under column “CO2 eq. emissions”. 
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