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Abstract 
Decarbonisation of stationary energy supply systems, particularly electricity grids, is the 
current focus of climate change mitigation policy for many nations (UNFCCC, 2015b). 
However, considerable emissions occur in addition to the supply of electricity and heat, for 
example, from combustion of transport fuels and emissions embodied in imported goods. 
The consumption-based carbon footprint (CBCF) is increasingly used to analyse the full 
scope of greenhouse gas (GHG) emissions for which a nation is responsible (Larsen & 
Hertwich, 2009; Wiedmann, 2009). This thesis presents the first CBCF analysis of Iceland, 
a nation with an almost fully decarbonised electricity and heat supply. As well as informing 
national climate change policy, this study of Iceland may be viewed as a demonstration case 
for other rich nations of the world, who will face a similar emissions challenge once their 
own stationary energy supply has been decarbonised.  

This study combines the 2010-12 Icelandic Household Expenditure Survey with the Multi-
Regional Input-Output (MRIO) database Eora to calculate the CBCF of Iceland, with a 
specific focus on Icelandic households. The annual Icelandic CBCF was 7,164 ktCO2eq 
(22.5 tCO2eq/capita) on average over the period 2010-12, approximately 55% higher than 
the production-based carbon footprint, indicating that imported goods consumed in Iceland 
create significant GHG emissions abroad. The CBCF of Icelandic households is 3,322 
ktCO2eq (10.4 tCO2eq/capita, 22.5 tCO2eq/household) over the same period, comprising 
46% of the national CBCF. In comparison with recent MRIO results (Ivanova et al., 2016) 
Icelandic households have a similar CBCF to Norwegian households, despite an almost 
entirely decarbonised stationary energy supply. Approximately 61% of household emissions 
were attributed to consumption categories outside of Iceland, highlighting Iceland’s strong 
reliance on imported goods. These GHG emissions are presented on a global emissions map 
which demonstrates that the resulting environmental burden falls heavily on developing 
nations.  

In this study, transport is shown to be the dominant sector in the CBCF, with high 
consumption-based GHG intensity (2.27 kg/2010USD) and high total emissions contribution 
to both the Icelandic (25%) and Icelandic household (38%) CBCFs. Food and Goods 
contribute 20% and 16% of the household CBCF respectively. The number of vehicles 
owned by Icelandic households was found to have a greater impact on household CBCF than 
any other household variable, although higher occupancy levels per household tended to 
produce lower CBCFs in general. Households in Icelandic cities and towns had higher 
CBCFs than households in rural areas, despite slightly lower transport emissions. 

The findings suggest that Iceland should focus on reducing GHG emissions from transport 
and minimising the import of embodied emissions in household goods and food products. 
The analysis supports the need for demand-side policy in Iceland and globally, as even in a 
decarbonised stationary energy supply economy high consumption levels result in high per 
capita GHG emissions. Policy must target the underlying driver of GHG emissions, i.e. 
material overconsumption, if global emissions are to be reduced to ‘near zero’ levels by 2100 
(IPCC, 2014).  
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Útdráttur 

Margar þjóðir leggja nú áherslu á að draga úr notkun kolefnis við raforkuframleiðslu og 
upphitun húsa til að draga úr loftslagsbreytingum (UNFCCC, 2015b). Hins vegar myndast 
mikið af gróðurhúsalofttegundum við aðra orkunotkun, sérstaklega við bruna í samgöngum 
og vegna úrgangs og útblásturs sem fólgin er í innfluttum neysluvörum. Neysludrifin 
kolefnisspor eru nú í vaxandi mæli notuð til að rannsaka heildaráhrif útblásturs 
gróðurhúsalofttegunda (Larsen & Hertwich, 2009; Wiedmann, 2009). Þessi ritgerð er fyrsta 
rannsóknin á neysludrifnum kolefnissporum á Íslandi, land sem notar nú þegar mjög litla 
kolefnisorku við rafmagnsframleiðslu og upphitun húsa. Þessi ritgerð á að veita upplýsingar 
fyrir stefnumörkun þjóða og nýtast sem dæmi fyrir þjóðir sem þurfa að takast á við svipuð 
verkefni og Ísland þegar þær hafa náð að draga verulega úr notkun kolefnis við 
raforkuframleiðslu og húshitun. 

Þessi rannsókn notar íslenska könnun á útgjöldum heimilanna frá 2010-2012 og tengir við 
Eora gagnasafnið (inniheldur gögn fyrir inntaks- og úttakslíkön) til að reikna út neysludrifið 
kolefnisspor Íslands með sérstakri greiningu fyrir íslensk heimili. Árlegt neysludrifið 
kolefnisspor Íslands var 7164 jafngildiskílótonn CO2 (22,5 jafngildistonn CO2/einstakling) 
að meðaltali á tímabilinu 2010-2012. Þetta er um það bil 55% hærra en framleiðsludrifið 
kolefnisspor landsins sem sýnir að innfluttar neysluvörur Íslands valda miklum útblæstri 
gróðurhúsalofttegunda erlendis. Árlegt meðaltals neysludrifið kolefnisspor íslenskra heimila 
var 3322 jafngildiskílótonn CO2 (10,4 jafngildistonn CO2/einstakling; 22,5 jafngildistonn 
CO2/heimili) á sama tímabili, sem er um 46% af heildar neysludrifnu kolefnisspori landsins. 
Samanburður við nýlega erlenda rannsókn með Eora gögnum (Ivanova og fl., 2016) sýnir að 
íslensk heimili hafa svipað neysludrifið kolefnisspor og norsk heimili þrátt fyrir að Ísland 
noti nær enga kolefnaorku við raforkuframleiðslu og húshitun. Um 61% af útblæstri 
íslenskra heimila tengist neysluvörum innfluttum erlendis frá sem sýnir hve mikið Ísland 
reiðir sig á innflutning á vörum. Þessi útblástur gróðurhúsalofttegunda er sýndur á heimskorti 
sem sýnir að umhverfisálagið vegna þessara innflutningsvara lendir þungt á 
þróunarlöndunum. 

Í þessari rannsókn sést að samgöngur eru stór þáttur í neysludrifnu kolefnisspori Íslands 
(25%) og íslenskra heimila (38%) og með mikinn neysludrifinn útblástur 
gróðurhúsalofttegunda (2,2 kg/USD á verðgildi 2010). Matvæli eru 20% og vörur 16% af 
neysludrifnu kolefnisspori íslenskra heimila. Fjöldi ökutækja íslenskra heimila er sterkasta 
breytan sem hefur áhrif á neysludrifið kolefnisspor þrátt fyrir að fjöldi notenda á ökutæki 
innan fjölskyldu tempri áhrifin. Heimili í íslensku þéttbýli eru með stærra neysludrifið 
kolefnisspor en heimili í dreifbýli, þrátt fyrir að í þéttbýli sé lægri útblástur vegna samgangna 
á heimili. 

Niðurstöðurnar benda til þess að Ísland eigi að leggja áherslu á að draga úr útblæstri 
gróðurhúsalofttegunda frá samgöngum og eigi að lágmarka innflutning á fólgnum útblæstri 
neysluvara og matvæla erlendis frá. Greiningin styður við stefnumörkun til að stýra 
eftirspurn á Íslandi og í heiminum, þar sem jafnvel í landi þar sem raforkuframleiðsla og 
húshitun valda litlu kolefnisspori þá leiðir hátt neyslustig til mikils útblásturs 
gróðurhúsalofttegunda á hvern einstakling. Stefnumörkun verður að takast á við hin 
undirliggjandi öfl sem leiða til útblásturs gróðurhúsalofttegunda, þ.e. mikil neysla á 
efnislegum gæðum, ef takast á að lækka útblástur heimsins á gróðurhúsalofttegundum í 
‘nærri núll’ fyrir 2100 (IPCC, 2014). 
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1 Introduction 
Climate change is a serious and urgent issue (Stern, 2007). It is now widely accepted that 
human activity is the primary cause of increasing greenhouse gas emissions (GHG), which 
result in a changing climate (IPCC, 2014). The IPCC predicts that globally we need to reduce 
the release of anthropogenic greenhouse gas emissions to ‘near zero’ by 2100, to be likely 
to limit global warming to 2°C and avoid the worst effects of climate change (IPCC, 2014). 
Despite GHG mitigation efforts such as the Kyoto Protocol, recent global research suggests 
that national global emissions inventories aren’t decreasing, but instead simply moving from 
rich to developing nations in the form of embodied emissions in traded goods (Aichele & 
Felbermayr, 2011; Minx et al., 2009; Peters et al., 2011; Peters et al., 2012; Peters et al., 
2009; Sato, 2014). The result is a situation where the rich nations of the world believe they 
are reducing their GHG emission contribution, whilst global emissions continue to grow. 

This highlights two key issues; that current GHG accounting principles have failed to track 
embodied emissions which has resulted in carbon leakage, and that emissions reductions 
resulting from materials and energy supply decarbonisation may be cancelled out if overall 
demand is not reduced. Solutions to both issues require a deep understanding of consumption 
patterns. Specifically, policy is needed to address both the GHG intensity of energy, goods 
and services, as well as to curb the underlying demand for material possessions and resources 
intensive services (Hoekstra & Wiedmann, 2014; Jackson & Senker, 2011). 

The Consumption-Based Carbon Footprint (CBCF) is one indicator that can assist policy 
makers to understand GHG emissions from a consumption perspective, and fairly account 
for globally traded emissions. Hoekstra & Wiedmann (2014) propose that “Equitable 
consumption in a finite world requires contraction and convergence; The environmental 
footprint of humanity has to reduce toward sustainable levels, and footprints per capita have 
to converge to similar, more equitable shares”. The CBCF has been used extensively at the 
national level calculate CBCFs and to track traded GHG emissions (Druckman & Jackson, 
2009; Hertwich & Peters, 2009; Ivanova et al., 2016; Kanemoto et al., 2016; Minx et al., 
2013; Steen-Olsen et al., 2012; Wiedmann et al., 2010). 

Despite the widespread use of CBCF accounting there is still limited understanding of 
embodied emissions in affluent societies, particularly countries with high levels of material 
imports. Recent research suggests that the scale of these traded emissions is significant. In 
regions with low-carbon energy supplies or low levels of domestic production coupled with 
high levels of consumption, embodied emissions alone have been shown to contribute more 
to the total CBCF than the currently accounted for territorial emissions inventory 
(Athanassiadis et al., 2016; Committee on Climate Change, 2013; Heinonen et al., 2013a; 
Helsinki Region Environmental Services Authority, 2016; Ivanova et al., 2016; SEPA, 
2012).  
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To date, no in-depth carbon footprint (CF) analysis of any kind has been completed that 
includes Iceland. Iceland presents an interesting case for a CBCF analysis for a number of 
reasons; 

1. The supply of electricity and heating is almost entirely decarbonised, utilising 
Iceland’s extensive geothermal and hydrological resources. 

2. There is a high standard of living and material goods consumption. 
3. There is a strong reliance on imports for almost all durable goods and most food 

products. 
 

From a global perspective, the Icelandic case study could therefore be viewed as a ‘future 
scenario’ for other rich countries, in which decarbonisation of stationary energy supply has 
been achieved and attention has turned to the emissions remaining in the economy. It is also 
illustrative of the increasing difference between production-based (PB) and consumption-
based (CB) national GHG accounting, with embodied emissions from imports comprising 
the growing difference. 

Internationally, Iceland is perceived as a ‘green’ nation and a leader in sustainability. The 
World Economic Forum (WEF) supported Environmental Performance Index (EPI) report 
ranked Iceland second globally, primarily due to having “nearly all of its electricity and heat 
generation derived from renewable energy sources” (Hsu, 2016, pg 106). The Icelandic 
national energy agency states that in 2015 100% of electricity was generated by renewable 
sources, approximately 71% hydropower and 29% geothermal. In addition, 99% of houses 
were heated with renewable energy, utilising low grade geothermal heat sources primarily 
via centralised district heating networks (Orkustofnun, 2015). Iceland was one of four 
nations to sign on to the United Nation’s Climate Neutral Network initiative, aimed at having 
entire nations compete to be the first carbon neutral country, which unfortunately ceased to 
exist in 2011 (The Independent, 2008; UNEP, 2008, 2011). Still, renewed interest in climate 
change mitigation has emerged recently. In 2015 Festa, the Icelandic centre for corporate 
social responsibility, had more than 100 organisations sign up to emissions reduction 
programs, with a particular focus on waste (The Guardian, 2016). Iceland was also one of 
the first countries to ratify the Paris (UNFCCC, 2015b) accord and the City of Reykjavik 
recently released a plan to be carbon neutral by 2040 (Reykjavikurborg, 2016a; The 
Guardian, 2016). With an abundance of natural resources, low population levels and high 
household income levels (Statistics Iceland, 2016b, 2016c), Iceland is positioned to lead the 
world in the transition to a carbon neutral economy. 

However, there is still seemingly little consideration of accounting for embodied emissions, 
or the fact that emissions are fundamentally driven by human consumption. The 2016 EPI 
report mentioned previously, with its high ranking of Iceland using indicators based on the 
Sustainable Development Goals (SDG’s), shows the lack of consideration for GHG 
emissions embodied in consumption in affluent societies such as Iceland. For example, in 
the UK in 2010 the CBCF has been estimated to be 80% higher than PBCF, and CB 
emissions are increasing through time whilst PB emissions are decreasing (Committee on 
Climate Change, 2013). It may be the case that Iceland, despite its ‘green’ image as a 
renewable energy driven nation, shows similar increasing trends in GHG emissions 
responsibility. 

There is evidence of this ‘low carbon illusion’ occurring at the city scale in Iceland. The City 
of Reykjavik measures its citizens (production-based) CF as 2.8 tCO2 per year, counting 
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only those direct emissions produced within the city limits, which primarily originate from 
the combustion of transport fuels (Reykjavikurborg, 2016b). This excludes GHG emissions 
arising from the consumption of all goods produced outside the city limits, particularly the 
emissions related to the production of building materials, transport equipment, food and 
consumer goods. It has been demonstrated in the city of Brussels, Belgium that this territorial 
approach to CF calculation could underestimate the emissions responsibility of cities by up 
to 300% (Athanassiadis et al., 2016), and that embodied or upstream emissions can account 
for up to 93% of the CF of a city’s municipal services (Larsen & Hertwich, 2009). 

If Iceland were to calculate it’s national Production-Based Carbon Footprint (PBCF) on a 
per capita basis using the common territorial method, the average annual PBCF of an 
Icelander for 2010-12 would be 14.43 tCO2eq/capita (Statistics Iceland, 2016a, 2016b). This 
figure is simply the reported GHG emissions inventory for the year (Environmental Agency 
of Iceland, 2015) divided by the total population. However, use of the CF indicator in this 
context is misleading. Close to 50% of emissions originate from the industrial sector, 
primarily from aluminium smelting, most of which will be exported for consumption 
elsewhere (Environmental Agency of Iceland, 2015). The analysis also fails to include GHG 
emissions arising from the production of imported products, which in Iceland comprises 
most goods available. Whilst the PB GHG inventory may be useful for international 
accounting and emissions allocations, a CBCF is required to correctly analyse the Icelandic 
case. 

Iceland is part of the larger European Union’s (EU) climate change mitigation target, which 
aims to reduce territorial GHG emissions by 40% against 1990 levels by 2030 (UNFCCC, 
2015a). Iceland’s direct contribution to the 40% reduction may differ significantly however, 
as the absolute emissions from Iceland are relatively small compared to the EU total and 
there is no specific national target. Adding to this complexity is Iceland’s industrial sector, 
which is dominated by aluminium smelting industries and amounts to around 50% of total 
national emissions. The remainder of Iceland’s National Inventory Report’s (NIR) submitted 
to the UNFCCC for the period 2010 to 2012 is comprised of GHG emissions relating to the 
combustion of transport fuels. The majority of these transport emissions stem from road 
vehicle use, which is dominated by private vehicles owned by Icelandic households 
(Environmental Agency of Iceland, 2015). 

The lifestyles of Icelandic households are therefore key to the remaining low-carbon 
transition. Globally, household consumption comprises more than 58-72% of all emissions  
(Hertwich & Peters, 2009; Ivanova et al., 2016)  and the impact household choices have on 
climate change is increasingly being recognised (Chen et al., 2016; Druckman & Jackson, 
2009; Heinonen et al., 2013a, 2013b; Jones & Kammen, 2014; Jones & Kammen, 2011; 
Tukker & Jansen, 2006). However, as yet no research exists from a household or lifestyles 
perspective on climate change impacts within Iceland. 

In light of this, this thesis presents the first CBCF analysis of Iceland, with a particular focus 
on Icelandic households. Specifically, the research employs an environmentally extended, 
Multi-Regional Input Output (MRIO) Life Cycle Assessment (LCA) method to calculate the 
CBCF. The global MRIO database Eora is used for the national assessment, and the 
household assessment combines Eora with the 2010-12 Icelandic Household Expenditure 
Survey for greater data accuracy.  
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The thesis is structured as follows; Chapter 1 presents an introduction to the topic and the 
motivation for this work, before outlining the key questions of the research. Chapter 2 
presents a summary of current literature, particularly carbon footprinting, CB accounting 
and LCA, as well as further background on the Icelandic case study. Chapter 3 presents first 
the general mathematical structure and methodology of input output based LCA, then the 
specific LCA method used in this research. Chapter 4 presents the results obtained. Chapter 
5 discusses the CBCF of an Icelander, compares it to other countries, and analyses the 
footprint by product category. The CBCF of Icelandic households is presented, compared to 
other nations and a carbon map is produced of the global GHG impact arising from Icelandic 
household consumption patterns. The chapter concludes with a discussion on the effect of 
six different household variables on the CBCF of Icelandic households. Chapter 6 draws on 
the conclusions from previous discussions and applies the findings in this thesis to the design 
of climate mitigation policy, particularly in Iceland. Chapter 7 discusses the major 
limitations, assumptions and uncertainties involved in the thesis. Finally, Chapter 8 
concludes by summarising the major findings in the study and providing recommendations 
for further research. 

  

 

 Research Questions 

1. What is the national consumption-based carbon footprint (NCBCF) of Iceland, and how 
does it compare to other regions globally and to the PBCF of Iceland? 

2. Which consumption categories have the highest GHG intensity and total emissions 
contributions to the Icelandic NCBCF?  

3. What is the Icelandic household’s consumption-based carbon footprint (HCBCF), and 
how does it compare to other regions globally? 

4. Where do emissions arise globally as a result of Icelandic household consumption, and 
what is the scale of these emissions embodied in trade? 

5. Which consumption categories have the highest GHG intensity and total emissions 
contributions to the Icelandic HCBCF?  

6. What is the effect of the 6 measured household variables (household size, location, 
dwelling type, household category, number of children and number of cars) on the HCBCF? 
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 Scope  

The selection of boundaries is critical to CF analysis and LCA in general. The scope of this 
research can be considered in spatial, environmental and temporal dimensions. Spatially, the 
MRIO method is by definition global in scope. This research focuses specifically on 
expenditure in Iceland, but includes GHG emissions resulting from Icelandic expenditure all 
across the globe. The strength of the MRIO method utilised is the ability to capture impacts 
across the entire global economy without having to draw boundaries around the study. 

Environmentally, the research considers only the impacts pertaining to CF analysis. Water, 
land, natural resource use, waste and elemental flows other than air-based emissions of 
GHG’s are not considered. Specifically, the analysis only considers the greenhouse gases 
discussed in Chapter 3.2.2.  

Studies considering CFs often differ on the inclusion of net emissions related to land use, 
land use change and forestry (LULUCF). In this research, emissions relating to LULUCF 
are included in the Eora database. This research utilises the ‘Total CO2eq’ emissions data in 
Eora, as distinct from ‘CO2eq exl. LULUCF’ emissions data (Eora, 2016a). However, there 
is no detailed information included in the database regarding how LULUCF emissions were 
allocated to consumption categories and the difference in ‘Total CO2eq’ and ‘CO2eq exl. 
LULUCF’ is small. This potential limitation to the research is discussed further in Chapter 
7. 

Finally, the temporal scope of the research is the period 2010 to 2012. Household 
consumption data was taken over 3 years, and the Eora26 model contains annual data sets 
for the same time period. In the HCBCF analysis by household variable, sample sizes for 
individual years and variables were considered too small to be reliable. In this case, data 
from each of the 3 years of the survey was utilised together, with expenditure converted to 
2010 values and results calculated using a 2010 version of the model. The limitations of this 
approach, along with other limitations and uncertainties are discussed further in Chapter 0.  
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2 Literature Review 
This literature review briefly summaries the current state of carbon footprinting research, 
with a particular focus on CBCF methods. The CBCF and PBCF are introduced 
comparatively. The issues with current PBCF methods are discussed with a focus on those 
pertaining to embodied emissions and carbon leakage. MRIO analysis is introduced as a 
LCA method useful for conducting CBCF of national economies. Finally, a number of 
NCBCF and HCBCF focussed studies are presented in order to give the reader a sense of the 
usefulness of the CBCF, to benchmark CBCF values and to highlight the need for this 
research.  

 Carbon Footprinting 

Carbon footprinting has been used extensively for climate change mitigation policy analysis 
in recent years, as well as a tool for public engagement with climate change (Hertwich & 
Peters, 2009; Padgett et al., 2008; Peters, 2010). Pandey et al. (2011) define the CF as the 
“quantity of GHG expressed in terms of CO2eq, emitted into the atmosphere by an 
individual, organization, process, product, or event from within a specified boundary”. 
However, there is currently no universally accepted or standardised definition of a CF 
(Peters, 2010; Wiedmann & Minx, 2007). Whilst the definition given above is perhaps the 
most common understanding of a CF in both the literature and public discussion, it is worth 
clarifying the different definitions of a CF, as this will affect comparisons between results 
throughout this thesis.  
 
There are four key points on which CF calculations differ (Wiedmann & Minx, 2007). The 
first is which emissions are included in the analysis. In a survey aiming to clarify the 
definition of a CF, Wiedmann & Minx (2007) propose that only carbon dioxide (CO2) should 
be included, as the name implies, and otherwise suggest the term ‘climate footprint’ if other 
GHGs are included. Whilst this logic is clear, Pandey et al. (2011) report that three years 
later the suggestion had not been adopted within the academic literature or public discussion. 
This seems to be the current state of the literature, with CF studies still considering a varying 
mix of GHGs (Ivanova et al., 2016). However, it should be noted when comparing CF studies 
research may consider a wide range of different non-CO2 GHGs and in some cases may 
consider CO2 only in the analysis. 
 
The second consideration is the unit of the CF. The CF is thought to have originated as a 
subset of the ecological footprint (Wackernagel et al., 2006; Wackernagel & Rees, 1998), 
which measures environmental impact in terms of land area, hence the term ‘footprint’ 
(Pandey et al., 2011; Wiedmann & Minx, 2007). Hertwich & Peters (2009) point out that 
this is a misnomer, in that the CF as it’s currently understood is measured in mass of GHG’s 
emitted (Hammond, 2007). Current literature confirms that the CF, as it is currently 
understood, is measured in mass (Ivanova et al., 2016; Steen-Olsen et al., 2012; Wiedmann 
et al., 2010). Thus, the CF is not comparable to an ecological footprint, and is simply a 
measure of the amount of GHG emissions emitted, measured by mass of CO2 or CO2 
equivalent (CO2eq). 
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The third consideration is the inclusion of direct and indirect emissions, and the associated 
boundaries around the study. This is where many CF studies and calculators differ. Direct 
emissions arise from the product-use phase, for example burning motor fuel or domestic gas 
heating, whilst indirect emissions are those embodied in the products and services produced 
and in their disposal (Tukker & Jansen, 2006). Some CFs, particularly those calculated 
according to the Greenhouse Gas Protocol (GGP) company reporting standards or IPCC 
national reporting guidelines, only consider direct emissions (Scope 1) and electricity or fuel 
use (Scope 2) (Environmental Agency of Iceland, 2015; Ranganathan et al., 2004). The 
calculation of indirect emissions, partially those considered in Scope 3 in GGP reporting 
standards, requires consideration of emissions released through the lifecycle of a product or 
service, encompassing an ever-expanding web of inputs all the way back to raw energy 
conversion or material extraction from the environment, and all the way forward to waste 
disposal and return to environment. As a result, CFs that consider indirect emissions usually 
employ LCA methods in their calculation, a topic discussed further in a moment. Thus, when 
comparing between CF studies the emissions considered, the unit of analysis and the 
methodology utilised are all critical to the final CF result. 
 
CFs are also calculated at many different scales (Peters, 2010). These include specific 
products and services, individuals, households, companies, cities, regions, countries and the 
entire globe. Methods used to calculate CFs differ at different scales due to the detail and 
scope required. At some scales, including the national and city scales that are relevant to this 
work, the CF calculation has a fourth point of difference. It can be calculated from a 
production or consumption based accounting perspective (Munksgaard & Pedersen, 2001).  
 

 Production-Based Carbon Footprinting 

In the PB accounting framework, emissions are attributed to the specific process producing 
those emissions (Munksgaard & Pedersen, 2001). This framework underpins the United 
Nation’s Kyoto Protocol agreement (Peters et al., 2011) and national inventory reporting 
(NIR) of greenhouse gases (e.g. Environmental Agency of Iceland, 2011). The PBCF is 
usually calculated by dividing the total emissions of a country as recorded in the NIR by the 
country’s population. This accounting methodology can be further divided into the territorial 
approach, where all emissions within the national boundary are counted; and the residence 
approach, where emissions are added for residents living abroad and subtracted for 
foreigners living within the country (Barrett et al., 2013; Eurostat, 2009). The territorial 
approach, which is simple and easy to measure at all scales, has been the normal 
measurement of CF studies for many years. For example, detailed guidance exists for the 
calculation of territorial GHG inventories exists for nations (Environmental Agency of 
Iceland, 2015), companies (Ranganathan et al., 2004) and products (ISO, 2006), albeit 
capturing varying degrees of life cycle emissions. 
 
Whilst the PB national accounting of GHG emissions has been the standard approach for 
many years, recently issues such as carbon leakage, the ‘fairness’ of this accounting method 
and the lack of insight into the underlying demand that drives the extraction of natural 
resources have arisen. This has resulted in the development of CB and hybrid approaches 
(Aichele & Felbermayr, 2011; Barrett et al., 2013; Lenzen et al., 2007; Munksgaard & 
Pedersen, 2001; Peters et al., 2011). In general, for developed nations and cities in particular, 
territorial PBCFs tend to underestimate GHG emissions compared to methods encompassing 



9 

 

life cycle emissions (Athanassiadis et al., 2016; Boitier, 2012; Ramaswami & Chavez, 2013). 
There is therefore some concern that developed nations may be creating more GHG 
emissions than are being accounted for in NIRs (Aichele & Felbermayr, 2011). 

Carbon leakage is defined as “the increase in emissions outside a region as a direct result of 
the policy to cap emission in this region”(Reinaud, 2008, pg 8). It typically occurs when 
emissions-intensive activities are relocated from developed to developing countries. This 
results in a decrease in the developed nation’s emissions inventory but an increase in global 
emissions. Barrett et al. (2013) point out that carbon leakage, specifically weak carbon 
leakage, is essentially the difference between production and CB accounting approaches, 
due to emissions embodied in an increase in international trade. It has been demonstrated 
that internationally-traded goods may embody up to 26% of global emissions, and that the 
Kyoto Protocol’s failure to account for these traded emissions has resulted in an increase in 
global emissions during the Kyoto accounting period, as well as increases in emissions from 
some regions (e.g. UK, Sweden)  party to the agreement (Aichele & Felbermayr, 2011; Davis 
& Caldeira, 2010; Kanemoto et al., 2014; Peters et al., 2011; SEPA, 2012). This is 
particularly relevant to the current study of Iceland, which is a country with a high reliance 
on imported goods and a high level of material consumption, both of which involve 
significant embodied GHG emissions not well captured by PBCF methods. 
 

 Consumption-Based Carbon Footprinting 

In cases where considerable emissions are embodied in trade, the CB accounting perspective 
can be extremely useful (Sato, 2014). CBCFs attribute all GHG emissions to the final 
consumer (Munksgaard & Pedersen, 2001), who ultimately drives demand for natural 
resource extraction and supply. However, this is complicated in practice. Both the consumer 
and producer have a degree of responsibility and control over the emissions embodied in 
purchases, which has resulted in various models of split responsibility (Bastianoni et al., 
2004; Gallego & Lenzen, 2005; Lenzen et al., 2007; Munksgaard & Pedersen, 2001; 
Rodrigues & Domingos, 2008). The calculation of both CB and PB CFs for specific cases, 
such as the import dominated case considered in this thesis, can add further contextual 
information to this discussion. 
 
The total amount of anthropogenic GHG emitted by humanity into the Earth’s atmosphere 
each year is the same, regardless of whether a CB or PB perspective is taken. If every 
nation’s PBCF was added together, and every nation’s CBCF was added together, the result 
of the two sums would be the same. The difference is in the allocation of global emissions 
to each nation. At a national scale, the CBCF is simply the sum of the PBCF and the net 
GHG emissions embodied in trade (Hertwich & Peters, 2009). Thus, nations with a high 
reliance on imported products and low levels of domestic production for export are likely to 
have a higher CBCF than PBCF. It has been demonstrated that many rich nations globally 
may have higher CBCFs than PBCFs (Hertwich & Peters, 2009; Steen-Olsen et al., 2012), 
and Iceland is likely to show a similar result. Conversely, countries with a high reliance on 
exports and higher levels of domestic production, particularly if the products produced are 
GHG intensive, are likely to have a higher PBCF than CBCF. Many developing nations fall 
into this category, as well as the often cited example of Norway due to its reliance on oil 
exports (Peters & Hertwich, 2006). 
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In order to allocate GHG emissions to the final consumer, all upstream and downstream 
GHG emissions impacts must be known. For example, to calculate GHG emissions 
embodied in an apple, all of the inputs that went into making that apple need to be 
considered, as well as the inputs to those inputs, and so on in increasingly smaller GHG 
contributions. Goods in the modern economy come from a global marketplace, and tracing 
the many goods and services consumed by even one individual in a single day quickly 
becomes problematic. As a result, different methodologies have been developed for the 
calculation of CBCFs.  
 
Outside the scientific literature, the CBCF has become popular through website calculators 
(e.g. CarbonIndependent.org, 2015; EPA, 2016; Padgett et al., 2008). These calculators are 
often endorsed by governments in an effort to inform the public about the climate change 
impact of their lifestyle choices. The calculators vary significantly in their definition of CF, 
the methods of calculation and overall the consistency between models is generally poor 
(Kenny & Gray, 2009). This illustrates the point that the results in this thesis should be 
compared to other CF calculations carefully, particularly those outside the peer-reviewed 
literature, as there is currently no standard for CF calculation. It also highlights the 
complexity of considering the CB GHG accounting perspective. Whilst CB accounting may 
better reflect the ultimate driver of GHG emissions, i.e. human consumption, it is 
complicated in practice to produce CB accounts with the degree of accuracy required for 
policy implementation and fair comparison in a competitive global marketplace.  
 

 Life-Cycle Assessment in Consumption-
Based Carbon Footprinting 

Within the scientific literature, CBCFs are typically calculated using Life Cycle Assessment 
(LCA). As defined by ISO14040 (2006) “LCA addresses the environmental aspects and 
potential environmental impacts (e.g. use of resources and the environmental consequences 
of releases) throughout a product's life cycle from raw material acquisition through 
production, use, end-of-life treatment, recycling and final disposal”. There are 2 major LCA 
methods; Input-Output LCA (IO LCA) and Process LCA, both with advantages and 
disadvantages over the other (Hendrickson et al., 2006). IO LCA makes use of an extension 
to economic Input-Output Analysis (IOA) which is discussed in further detail in a moment. 
Process LCA uses process specific data for each step in the supply chain to conduct LCA, 
typically mass, energy and other physical flows (Suh et al., 2004). Process LCA is well suited 
to detailed analysis, but due to the level of detail required to utilise the method, Process LCA 
often fails to account for a large amount of contributing inputs both upstream and 
downstream of the system analysed. This limitation is termed truncation error (Suh et al., 
2004) and is particular relevant to CF analysis where entire regions or nations are often 
considered in the LCA.  
 
Hybrid LCA combines the best elements of both approaches in an effort to reduce errors 
(Suh et al., 2004). Hybrid analyses can be further split into 3 types; Input-Output (IO) based 
hybrid analysis (Joshi, 1999), integrated hybrid analysis (Suh & Huppes, 2000, 2005) and 
tiered hybrid analysis (Finnveden et al., 2009; Suh et al., 2004). Each method combines the 
IO and Process data in different ways when conducting the LCA. Hybrid analysis isn’t 
employed in this thesis, due to the lack of process data available for Iceland and the extensive 
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coverage of the IO method chosen. This work and therefore this review therefore focusses 
on IO LCA without hybrid modifications. 
 
IOA was originally developed for economic analysis (Leontief, 1936), particularly using the 
system of national accounts (SNA) and its predecessors (Eurostat, IMF, OECD, United 
Nations, & World Bank, 1993). The IOA method effectively translates the known PB 
environmental impacts of a process, product or region to a CB perspective (Kitzes, 2013). 
In addition, by assuming constant returns to scale, the impacts at a known point in time can 
then be used to predict future impacts, given known expenditure inputs (Hendrickson et al., 
2006; Kitzes, 2013; Miller & Blair, 2009; Raa, 2005). This applies equally to satellite 
accounts (Eurostat et al., 1993). Articles with environmental extensions to these accounts 
began appearing in the literature from the early 1970s (e.g. Ayres & Kneese, 1969) and the 
method has since been used extensively to calculate a wide range of environmental impacts, 
including CFs (Chen et al., 2016; Heinonen et al., 2013a, 2013b; Ivanova et al., 2016; Jones 
& Kammen, 2011; Tukker et al., 2014). The general mechanics of the IO method and the 
accompanying mathematical structure are included in the methodology chapter of this thesis. 
 
In the field of LCA, Environmentally Extended Input-Output Analysis (EE IOA) was 
initially utilised to avoid the inevitable truncation error in the Process LCA method 
(Hendrickson et al., 2006), which has been estimated to be as high as 50% in some cases 
(Lenzen, 2001). By taking advantage of an infinite geometric-series sum, Leontief's (1936, 
1941) IO method allowed for all supply chain inputs to be considered, rather than the first 
few tiers typically included in a Process LCA study (Lenzen, 2001; Suh et al., 2004). This 
application of IOA to environmental studies introduced an entirely new method into the field 
of LCA. Hoekstra (2010) presents a nearly exhaustive survey of EE IOA papers from the 
early development in 1969 through to 2009. The author’s website contains a  list of papers 
published in the field until 2011 (Hoekstra, 2013), many of which are included in a review 
by Minx et al. (2009). From 1999, the field has seen an exponential increase in publications, 
with authors applying the method to national emissions inventories, products, sectors, 
organisations, lifestyles, households, emissions drivers and even human needs (Heinonen et 
al., 2013a, 2013b; Ivanova et al., 2016; Minx et al., 2009; Ricardo et al., 2014; Tukker & 
Jansen, 2006; Wood & Dey, 2009) 
 
There are important limitations to IOA methodology and its application to EE IOA, 
particularly in contrast to traditional Process LCA. Whilst Process LCA is a bottom-up 
approach that utilises mass and energy data flows, EE IOA is a top-down method where 
average price per unit output is used as a proxy for physical unit flows (Murray & Lenzen, 
2013).  Products and services are aggregated together into consumption categories (e.g. 
household goods) that contain a wide range of products, with differing environmental impact 
intensities, cost structures, disposal methods and input requirements (Finnveden et al., 2009). 
The result is an average consumption category intensity that may or may not adequately 
represent the GHG intensity of products purchased. Another major limitation of the basic 
IOA method is the treatment of imported products, a limitation which is known as the 
domestic production assumption. IO tables typically cover only one economy, and imported 
products are therefore aggregated together with domestically produced products, effectively 
assuming they are produced in the same way with identical upstream processes as domestic 
products, therefore assigning identical GHG per unit production intensities (Weber, 2008a).  
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 Multi-Regional Input Output Analysis 

Multi-Regional Input Output (MRIO) analysis was developed to overcome the domestic 
production assumption and to analyse environmental impacts embodied in trade (Murray & 
Lenzen, 2013). It involves combining IO tables from multiple regions, together with trade 
data between those economies, to create large IO databases (Wiedmann et al., 2011). MRIO 
tables have been constructed and used to analyse environmental impacts in many countries 
(Wiedmann, 2009), and increasingly global MRIO databases have been developed (Tukker 
& Dietzenbacher, 2013). The main global databases are Eora (Lenzen et al., 2012; Lenzen 
et al., 2013a), Exiobase (Tukker et al., 2013a; Wood et al., 2015), GRAM (Bruckner et al., 
2012; Wiebe et al., 2012), GTAP (Peters et al., 2011), AIIOT (Meng et al., 2013) and the 
WIOD (Dietzenbacher et al., 2013). Each database was developed with a different focus and 
as such is more suited to certain types of analyses (Tukker & Dietzenbacher, 2013). Owen 
et al. (2014) compared three different global MRIO databases and found that although 
similar in the majority of regions, there are some differences between database results. This 
seems logical as they are built from different national databases and underlying data sources 
(Wiedmann et al., 2011). Thus, comparisons between studies utilising different databases 
would seem reasonable, but care should be taken in noting the details in which the databases 
differ and how that may affect the results.  
 
This thesis makes use of the Eora MRIO database and as such, this review further explores 
the applications of the Eora database. Although the Eora database is relatively new it has 
been used extensively to investigate various environmental impacts including material flows 
(Moran et al., 2015; Wiedmann et al., 2015a, 2015b), nitrogen flows (Oita et al., 2016), 
embodied water (Lenzen et al., 2013), GHG emissions (Kanemoto et al., 2014) and other 
ecological indicators (Moran et al., 2013). Unfortunately, to this author’s knowledge, no 
studies comparing NCBCFs or HCBCFs has been completed using Eora with which to 
compare this study’s findings against. Kanemoto et al. (2016) used Eora to spatially map the 
GHG emissions created to satisfy national consumption demands. Their novel ‘carbon 
mapping’ method calculates the NCBCF for each country and presents carbon maps showing 
the changing ‘spatial extent’ of GHG emissions from individual nations through time. The 
powerful visual carbon mapping tool could help policy makers come to terms with the global 
GHG impact of domestic consumption choices, and ideally inform reductions in both CB 
intensity and volume of consumable goods. 
 

 Consumption-Based Carbon Footprint 
Research 

2.6.1 Global Consumption-Based Carbon Footprint Studies 

Whilst the Eora database has been used extensively, it has not been used to compare 
NCBCFs with which to benchmark this study’s findings against. The first study to present 
comparative NCBCFs for the world using a single homogenous model was Hertwich & 
Peters (2009). The model covered 73 nations and 14 ‘aggregate world regions’ using a MRIO 
database constructed from the Global Trade Analysis Project (GTAP). Their findings 
suggest that annual NCBCFs were between 1 and 30 tCO2eq/capita in 2001, with most EU 
countries between 10 and 20 tCO2eq/capita. Food accounted for 20% and Transport 17% of 
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the global average NCBCF, and households were on average responsible for 72% of the total 
NCBCF. Steen-Olsen et al. (2012) used an updated version of the same database (GTAP 7) 
to calculate NCBCFs for the EU. They found that in 2004 the average EU NCBCF was 13.3 
tCO2eq/capita and that the range of NCBCFs in the EU varied between approximately 5 and 
20 tCO2eq/capita. Western European nations were again above 10 tCO2eq/capita, confirming 
the findings from Hertwich & Peters (2009). Davis & Caldeira (2010) use the same 2004 
version of the GTAP database to calculate global CO2 footprints. Their results are consistent 
with but slightly below the previously published work as they omit other non-CO2 GHGs. 
To this author’s knowledge, these are the only studies to calculate NCBCFs for international 
regions (i.e. globally, EU) using a single homogenous MRIO model, which is useful for 
accurately contrasting NCBCF results in this thesis. 

 
2.6.2 National and Intra-City Scale Consumption-Based Carbon 
Footprinting 
The EE MRIO method has been used extensively to analyse single nations and cities, with 
recent studies emerging that analyse regions within cities (Heinonen et al., 2013a, 2013b; 
Minx et al., 2013). Wiedmann (2009) reviewed approximately 20 studies using MRIO 
models for EE IOA between 2007 and 2009. His review shows that the method is flexible 
and robust, but highlights a need for improvements in underlying data availability, method 
accuracy and treatment of uncertainties. His review also demonstrates the very different 
applications of EE IOA to specific circumstances. While this makes the method adaptable 
and more accurate to individual cases, it unfortunately makes comparisons between studies 
problematic. For example, Wiedmann et al. (2010) developed a NCFCF time-series for the 
UK using MRIO methods and found that it differed from studies using similar EE MRIO 
methods by between -5% and 17%, depending on comparative year and study (Druckman at 
al., 2008; Harrison et al., 2003; Hertwich & Peters, 2009; Nakano et al., 2009). Thus, in the 
absence of any published studies investigating the NCBCF of Iceland, or the CBCF of 
regions within Iceland, this thesis uses global, homogenous research discussed in Chapter 
2.6 for comparison of results and does not review further NCBCF literature for individual 
countries. 

At the city scale, CBCF research has only emerged relatively recently. Wiedmann et al 
(2016) provide a comprehensive literature review of IO studies focussing on cities. Across 
the papers reviewed, the authors find HCBCFs ranging from 4 to 60 tCO2eq per capita and 
from 25 to 90 tCO2eq per household. At the intra-city scale, Heinonen et al. (2013a) found 
that in Helsinki, urban dwellers had a HCBCF of the same magnitude or higher than rural 
dwellers, despite the increased reliance on GHG-intensive land transport in rural areas. This 
is thought to be due to increased expenditure in cities on consumer goods and services, and 
in particular an increase in air travel. Minx et al. (2013) analysed cities and rural settlements 
across the UK and found that 90% of the locations analysed had higher CBCFs than PBCFs. 
The results further support the conclusion of Heinonen et al. (2013a), which states that the 
CBCF “..is consistently higher relative to extended territorial CO2 emissions in urban as 
opposed to rural settlement types” (Minx et al., 2013, pg 1).  
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2.6.3 Household Scale Consumption-Based Carbon Footprinting 

There has been interest recently in understanding HCBCFs as studies have reported that 
households may be responsible for up to 60% to 72% of global emissions, depending on the 
national circumstances (Hertwich & Peters, 2009; Ivanova et al., 2016). In a global study, 
Ivanova et al. (2016) presented HCBCFs for the 48 regions in the MRIO database Exiobase 
and analysed the GHG intensity of each consumption category. They found that household 
consumption resulted in the emission of 22 Gigatonnes (Gt), or 65% of the world’s total CF, 
with the USA, China, Russia and Japan comprising over half the total GHG emissions. The 
NCBCF per capita varied widely from the global average of 3.4 tCO2eq/cap, with Australia, 
the USA and Luxemburg around 18 tCO2eq/cap and India and Indonesia closer to 1 
tCO2eq/cap. Contributions from imported products are significant, with Sweden and France 
reporting 65% and 51% of emissions embodied in imports respectively. Direct emissions 
from the product-use phase amounted to no more than 30% of any country’s NCBCF, 
indicating the importance of considering indirect and embodied emissions in CF 
calculations. The research by Ivanova et al. (2016) presents perhaps the best study for global 
comparison with the household component of this current research, as it utilises the MRIO 
approach, is relatively recent, approaches consumption from the household perspective and 
utilises a large dataset to increase the accuracy of the results.  

In addition to Ivanova et al. (2016), research has focussed on individual country HCBCF. 
For example, Jones & Kammen (2011) examined households across 28 different cities in the 
USA, finding that, on average, Transport was the dominant HCBCF category, followed by 
Shelter and Food. Minx et al. (2013) compared households across the UK and found 
HCBCFs increased with growing income, education, car ownership, decreasing household 
occupancy and urban as opposed to rural household locations. In a more recent study Jones 
& Kammen (2014) found that in suburban households the HCBCF was higher when 
compared to inner suburbs. They did not include rural settlements in their analysis. 
 
In summary, households are a critical component of national GHG emissions inventories. A 
case has even been made to consider all government expenditure and gross fixed capital 
expenditure to be to the benefit of households, and hence should be included in the HCBCF 
(Jackson et al., 2006, 2007). Whether or not that is the case is up for debate, but what is clear 
is that understanding household purchasing choices and consumer lifestyles is key to the 
accurate calculation of both HCBCFs and NCBCFs. 
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3 Methodology 
This Chapter presents a summary of the general IOA method, beginning from the 
construction of IO tables, moving through basic IO calculations and finally explaining 
environmental extensions and MRIO models. Chapter 3.2 then presents the specific 
methodology used in this study, including the general approach, scope, impact assessment 
method, database, household consumption data and model design used.  

 

 The Input Output Method 

3.1.1 The Fundamentals of Input-Output Analysis 

The IO LCA method utilised in this research makes use of IOA by coupling monetary 
transactions in the national economy to environmental impacts (environmental extensions) 
and to the global economy (MRIO). The method is explained here in detail, beginning with 
the basic IO method before introducing environmental extensions and multi-regional 
models. The explanation begins with the collection and organisation of regional economic 
accounts. 

Input-Output Tables 

IOA typically makes use of the supply and use tables (SUTs) developed by national 
economies using the SNA or similar frameworks. Detailed information on the compilation 
of SUTs is available for both survey (Eurostat, 2008; Eurostat et al., 1993) and non-survey 
methods (Miller & Blair, 2009). A SUT is simply a table which contains total expenditure 
from products and services bought and sold within an economic system. This information 
describes “...how supplies of different kinds of goods and services originate from domestic 
industries and imports, and how those supplies are allocated between various intermediate 
or final uses, including exports” (Eurostat et al., 1993, pg 1). 
 
Most industries (e.g. apparel) produce more than one product (e.g. shirts, shoes, hats, etc.). 
The product produced in the largest volume (e.g. shirt) is considered the primary product, 
and the remaining products (e.g. hats and shoes) are considered secondary products (Eurostat 
et al., 1993). As a result, SUTs are often rectangular in shape, because the number of 
industries (I) across the columns and products (P) along the rows in an economy are rarely 
the same (P > I).  Some matrix transformations, useful when handling large amounts of data 
like that of the SNA, can only be performed on square matrices. Supply and use tables are 
therefore transformed into a single table for economic analysis, called an input-output table 
(IOT). This describes the same information in a condensed, symmetrical format. However, 
this aggregation of information requires the re-allocation of all secondary products (so that 
P=I), based on one of four defined assumptions shown in Figure 1 (Eurostat, 2008). Although 
there are four Models in Figure 1 (A, B, C, D), in reality the undesirable consequence of 
negative results means most IOTs use Model B or D, depending on whether a product or 
industry IOT is desired (CREEA, 2013).  
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Figure 1: Transformation of a supply and use table (SUT) into an input-output table (IOT) 
(Eurostat, 2008, pg 296). 

The result is a symmetrical product-by-product or industry-by-industry IOT, which can be 
used for further in-depth economic analysis. However, the data represented in an IOT, which 
forms the basis of IOA, is now subject to an important assumption. A single product 
technology or sales structure was assumed, based on the type of IOT desired (Miller & Blair, 
2009) so that the transformation to a square IOT can occur. The effect of this assumption 
differs based on the technology or structure chosen. In this case, as it is utilised in the Eora 
database, only the Industry Technology Assumption (Model B) will be discussed here (Foran 
et al., 2011).  
 
Model B assumes that each industry has its own specific way of production, irrespective of 
product mix (Eurostat, 2008). This results in the inputs to all secondary products in the IOT 
being allocated based on the ‘typical’ product in the original SUT industry. This has the 
effect of averaging the inputs to the primary and secondary products, further aggregating 
each product categories results. This is in contrast to Model A which assumes the inputs are 
the same for all products produced from a given product category, regardless of whether they 
are primary (produced by that industry) or secondary (produced by another industry) in the 
original SUT. For further detail on the four assumptions, including worked examples and 
mathematical treatment, see (Eurostat, 2008; Miller & Blair, 2009; Raa, 2005).  
 
Basic Input-Output Analysis 

This section presents the fundamental basis of IOA, based on the discussions presented in 
Kitzes (2013), Miller & Blair (2009) and Raa (2005). It begins with a simplified IOT, the 
formation of which was covered in the previous section, and builds up the method to an IO 
model. Notation originates from Miller & Blair (2009), although some changes have been 
made. Matrices are denoted in bold capitals (A), and their components in lowercase of the 
same letter (aij). 
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IOA typically describes the total transaction amounts in a national economy in a given year, 
although other regions such as a particular business or city can be the focus (Berners-Lee et 
al., 2011; Chen et al., 2011). In a simplified economy with no imports or exports, products 
produced within an economy are either used to produce other products, or are consumed by 
the population. Table 1 shows a simplified IOT for a two sector economy with no import or 
export. The grey-shaded square is the matrix of intermediate consumption (inputs) �, 
representing the products sold by one sector that are consumed by another. In this example, 
Agriculture products require $5-worth of products from other Agricultural sectors and $3 
worth of products from Manufacturing sectors. The Agriculture sector transforms those 
inputs into $10 worth of products, of which $1-worth is consumed by the local population. 
See Kitzes (2013) for a more thorough explanation. 
 
Table 1: A simplified input-output table (IOT) of a two sector economy with no import or 

export, reproduced from (Kitzes, 2013,pg 493) and modified slightly. 

  Buy   
 

  
Agriculture Manufacturing 

Final 
Demand (Y) 

Total Output 
(X) 

Sell 
Agriculture 5 4 1 10 
Manufacturing 3 2 4 9 

 Value Added 2 3   
 Total Input 10 9   

 
The total output � of the economy can be expressed as the sum of intermediate inputs � 
from each product sector to the other sectors, plus the sum of final demand � consumed in 
the economy. � represents a summation vector, used to make the matrices dimensions align 
when summation is required. Expressed mathematically this gives; 
 

    � ∗ � + � = �     (1) 
 
                       

                                  � = �5 43 2         � = �14         � = �109         � = �11 
 

The so-called ‘technical coefficient’ matrix � is developed next by dividing the inputs to 
each product by the final output of the product. For the Table 1 example this gives  

                                                        � = �5/10 4/93/10 2/9�                                     (2) 

This process is called normalising. The result is the � matrix, which shows the relative 
contribution to each product sector (inputs) required to produce $1 in output product from 
that sector. In the simple model in Table 1, to produce $1 of Agricultural output requires 
$0.50 of other Agricultural products and $0.30 of Manufacturing products. This process 
introduces another key assumption into IOA, as the technical coefficient matrix will be used 
to predict how the simplified economy may perform in the future, but the coefficients are 
fixed. The results is what economists call constant returns to scale. This concept assumes 
that if more products are produced in a given sector, the costs will rise linearly, as described 
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by the technical coefficients. This assumption is discussed further in the limitations chapter 
and further theoretical treatment is available in Miller & Blair (2009, pg 12-17). 

At this point it makes sense to generalise the simple economy model to any number of 
product categories. Consider there are n product categories in the economy. The Z matrix 
has size n x n, Y and X have size n x 1. The matrix components are also defined using matrix 
notation, with row number i and column number j, such that in the simple example in Table 

1 ��� = 4. Likewise, the generalised form of Equation 2 is ��� = ���/�� . For a background 
on matrix notation and algebra see (Miller & Blair, 2009). The resulting economy model 
now looks like 

� = ����� ⋯ ���⋮ ⋱ ⋮��� ⋯ ���
"#             � = �����/�� ⋯ ���/��⋮ ⋱ ⋮���/��	 ⋯ ���/��

"# = ����� ⋯ ���⋮ ⋱ ⋮��� ⋯ ���
"#	

  

                                              � = �%�⋮%�
#                   � = ���⋮��

#                           (3) 

Dealing with a large (realistic) economy, it quickly becomes clear why matrix notation is 
useful. The generalised economy can still be represented in the form of Equation 1. 

� ∗ � + � = � 

The relationship between A and Z, (��� = ���/��) can be rearranged in terms of Z, (��� =�����), to be substituted into Equation 1.  

�� + � = � 

Matrix algebra must then be used to rearrange both X matrices on the same side, and 
rearrange again to solve for X if an inverse is assumed to exist, as shown below. See Miller 
& Blair (2009) or Raa (2005) for a discussion on the relevant matrix algebra laws, or 
alternatively Kreyszig (2010) for a more detailed understanding. 

� = � − �� 

� = () − �)� 

                                                            � = () − �)*��                                       (4) 

The Leontief inverse matrix L is then defined as 

+ = () − �)*� 

which is the matrix inverse of the difference between an identity matrix I (1’s on diagonal, 
0’s elsewhere) and the co-efficient matrix A. This will be utilised further in a moment. For 
now, L is substituted into Equation 4 to give 

                                                                  � = +�                                               (5) 
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Equation 5 is useful. It was developed for a given year for a national economy of n product 
sectors and describes the linear relationship between the final demand within the economy, 
and the total output of products required to meet that demand in terms of the flows between 
product sectors. In IOA, this relationship could then be used to predict the output required if 
final demand was thought to change the following year. 

If the constant returns to scale assumption is assumed to be valid and the product sectors 
have remained relatively unchanged between the base and calculation year, Equation 5 can 
be used to develop estimates for future total output, given known final demand Y2 for the 
calculation year, such that 

�, = +�, 

This relationship allows economists to predict the changes required by producing sectors in 
the future, in order to meet final demand. This is a powerful tool for economic-based analysis 
and forecasting that has been used extensively (Hoekstra, 2010; Wiedmann, 2009). 
However, as will soon become apparent, the technique is only as powerful as the data that 
underpins the IOTs construction. Compiling an IOT is beyond the scope of this work, but in 
order to utilise many sources of data in IOT compilation and to use IOA effectively a good 
understanding of pricing structures is required. 

 
Price Structures in IOA 

Products are priced differently depending on where they occur in the supply chain. For 
example, the producer of a shirt may sell it for $10 to a wholesaler, who pays to have it 
delivered then sells it for $15 to a retailer, who also pays to have it delivered before reselling 
it to the final user at $20. To complicate things further, depending on the location in the 
world economy, different taxes are charged at each stage of the process (e.g. sales tax, value-
added tax) and the product may be subject to subsidies by the government (e.g. motor fuel).  
The SNA aims to clarify this valuation system by introducing 3 price structures; basic prices, 
producer prices and purchaser prices (Eurostat et al., 1993, pg 30).  

 

 

 

 

 

 

Figure 2 shows the relationship between the pricing structures. Households are typically not 
the producers of goods, and would pay the purchaser’s price. Data from industries is 
typically collected in basic or producer prices. As such, the compilation of IOTs requires the 
conversion between these pricing structures, which requires transport, taxation and subsidy 
data by sector both domestically and for international trade. 
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+   $ 
Sales Tax 

if applicable 
and/or non-
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Figure 2: The relationship between basic, producer and purchaser prices (Eurostat et al., 
1993). Graphic images from Canva stock image archive, www.canva.com 
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International trade introduces another difference in price structure. The valuation of products 
in different currencies is particularly important for MRIO analysis, and the choice of 
exchange rates and the impact they have on MRIO analysis can be a major limitation of 
MRIO studies. This potential limitation is discussed further in Chapter 7.1.6. 

Finally, trade is often valued in Free On Board (FOB) or Cost, Insurance, Freight (CIF) 
prices, which differs slightly from the three price structures in Figure 2. The Eora database 
in this work is available only in purchaser or basic prices, with adjustments for CIF and FOB 
prices included in the database. As such, this research has no need to deal with CIF and FOB 
price structures and readers seeking a thorough understanding are directed to Oosterhaven 
et al. (2008). 

 

3.1.2 Environmentally Extended IOA 

Researchers interested in consumption can use IOA to calculate environmental impacts in a 
similar way to economic impacts. In short, EE IOA simply inverts the � matrix and 
multiplies by a matrix of impact intensity to calculate total consumption-based 
environmental impacts (Suh et al., 2004). This chapter briefly describes the general method 
of EE IOA, based on the discussion in Kitzes (2013), Miller & Blair (2009) and Raa (2005) 
where further detail is available. 
 
In the SNA, a satellite account is any accounting table not central to the SNA system, but is 
also of interest to society and useful for analysis. Tourism is an example of a satellite 
account. Environmental impacts can be considered satellite accounts in much the same way. 
Consider that in the previous discussion of economic IOA the total output, final demand and 
intermediate consumption were all known for a given year in the economy of interest. Total 
GHG emissions from each product sector are also typically known, for example from the 
national inventory reports (NIR) that each country submits to the United Nations each year 
(e.g. Environmental Agency of Iceland, 2011). These emissions can be assembled in a vector 
of production emissions P of size 1 x n, where each entry is the tonnes CO2eq emissions 
from that product sector in the given year. Here GHG emissions are used because it is 
relevant to this specific study, but the environmental impacts could be in the form of water, 
materials, land use or other impact category. The production emissions vector can then be 
divided elementwise by the economic total output vector X, from the previous chapter. This 
gives a production based emissions intensity vector Q with units tCO2eq/$ for the production 
year in question. 

   - = ./� ⋯ /�0  tCO2eq           1 = ./�/�� ⋯ /�/��0 = .2� ⋯ 2�0  tCO2eq/$ 

The emissions intensities from a production perspective are therefore known for the given 
year. In reality, this usually shows that electricity generation, manufacturing and agriculture 
are large emitting sectors, and leads analysts to focus on decarbonising energy supply 
technology. EE IOA can be used to translate these impacts to the consumption perspective, 
for the same year in question, allowing analysts to investigate the underlying demand for the 
emissions intensive production. 
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Consider that a consumer spends $1 on a product from the manufacturing sector. In order to 
produce that $1 of output, inputs from numerous different sectors were required, in different 
specific proportions according to the coefficient matrix A. These are often called ‘tier 1’ 
inputs in the products supply chain, as they are the first ‘tier’ or level beyond the obvious 
consumer purchase (Minx et al., 2008). See Figure 3 for a graphical interpretation. These 
various different inputs also need to be produced, and are again produced by a range of 
different inputs in specific proportions determined by the A matrix. This is the second tier. 
This supply chain continues to infinity, with the contributions becoming smaller and smaller 
at each tier. The ‘zeroth’ tier represents the direct contribution (Minx et al., 2008).  

 

 

 

 

 

Figure 3: The relative contributions from each product sector to produce $1 of 
manufacturing output in the example economy. The 0th tier represents direct emissions, 
then tiers 1 to infinity represent indirect emissions through the supply chain. The figure 

and example are based on Kitzes (2013). 

In Process LCA, the scope of the study effectively involves choosing how many tiers in the 
supply chain to consider. Due to time constraints, studies often draw a boundary at a 
combination of tier 1 and tier 2 but this can miss between 30% to 50% of environmental 
impacts  and underestimate the final result (Lenzen, 2001). In EE IOA, instead of drawing a 
boundary around the study, the entire supply chain is included within the Leontief’s matrix. 
This is the major advantage of IOA LCA over Process LCA, however there are also major 
disadvantages which are considered later. 

Consider the tiers in Figure 3. The expenditure at each point is known from the A matrix, 
therefore the resulting emissions contribution per $1 output of each tier can be calculated 
using the production based emissions intensity vector Q. The contribution from each tier 
(tCO2eq/$) can be summed together to give the consumption-based emissions intensity 
vector E. Note that the identity matrix I and A matrix are dimensionless, so E still represents 
an emissions intensity per $1 output, but from a consumption based perspective. 

Tier 0: 3� = 1) 
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A noticeable pattern emerges in the calculation of each tier. This is the mathematical 
representation of the sum of the infinite number of tiers. Writing each contribution to the 
consumption based emissions intensity vector E we obtain an infinite geometric series. 

3 = 1() + � + �� + ���+. . . . ) = 1() + � + �, + �4+. . … ) 

This infinite geometric series converges with the sum (1 − 8)*� providing certain 
conditions on A are met (Miller & Blair, 2009). The sufficient, but not necessary conditions 
are ��� ≥ 0 and ∑ ��� < 1��<= . That is, all entries in matrix A must be more than or equal to 
zero, and that the sum of each column of A be less than 1. In reality, source data and 
balancing errors mean that these conditions are not always entirely met and IO practitioners 
need to ascertain whether the convergent series assumption is valid for each IOT. The proof 
behind the conditions for a convergent geometric series is discussed in full in the limitations 
section of this report in the context of data-balancing error in the Eora model. Readers 
looking for a theoretical treatment are referred to Miller & Blair (2009, pg 32-33). Thus, 
assuming the geometric series converges with the sum (1 − 8)*� the Q matrix can be 
transformed into the E matrix by multiplication with the Leontief inverse L. 

                      	3 = 1() + � + �, + �4+. . … ) = 1() − �)*� = 1+          (6) 

The total consumption-based emissions matrix C can therefore be obtained from the IO 
accounts by multiplying the consumption based emissions intensity matrix E (tCO2eq/$) by 
the total expenditure on products that year. 

                                                           > = 3� = 1+�                                   (7) 

Finally, in the same way Equation 5 was used to calculate future economic output, assuming 
constant returns to scale and minimal change between the base and calculation years, 
Equation 7 can be used to calculate emissions in a different year from a consumption-based 
point of view, providing future final demand is known. 

                                                           > = 3�, = 1+�,                               (8) 

 

MRIO and Global databases 

Multi-Regional Input Output (MRIO) databases apply the discussed IOA across multiple 
regions, which are often countries. This removes the domestic production limitation on IOA 
by expanding the boundaries of the study to include the entire world economy. The 
theoretical construction of MRIO models is relatively straight-forward. The coefficient 
matrix A of each country or region becomes the diagonal blocks of a large IOT that 
represents the inter-industry trade in the global economy. The off-diagonal blocks of this 
large IOT are the import and export flows from each sector to each other sector in every 
region. Figure 4, taken from the global MRIO database Exiobase, shows this structure of the 
MRIO matrices graphically. 
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Without comprehensive MRIO databases, MRIO and IOA in general becomes a very time-
consuming and data-intensive exercise, which limits the applicability of the approach. This 
arises due to both the amount of economic data required and conflicting values within that 
data. Thus, in practice, the compilation of MRIO tables is not at all simple. Whilst data on 
exports from one sector to certain foreign countries may be known, it is rare that data 
specifically detailing sector to sector flows between foreign countries is available for most 
of the world’s economy. As a result, disaggregation of trade flows to each importing sector 
is often completed with secondary data or by estimation.  

 

Figure 4: The IOT and matrix structure of MRIO databases, in this case the Exiobase 
database, with domestic transactions for each region along the main diagonal of the 

coefficient matrix and trade flows between regions in the off diagonal blocks. The satellite 
accounts (emissions, resources and materials in the example) have the same column 

headers as the IOT, with each emissions, resource or materials category along each row. 
The final demand satellite accounts (mrFDMaterials and mrFDEmissions in the example) 

are the direct Tier 0 materials use and emissions in each sector respectively. 
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Primary data used to compile IOTs is often conflicting. For example, a United Nations (UN) 
data source may suggest that Agriculture imports from Australia were $140 million, whilst 
the Australian trade database suggests $100 million. This problem results in assumptions 
being made over the accuracy of the data source, an issue which is discussed further in 
relation to the Eora database in Chapter 5.  
 
Regardless of which data source is assumed to be correct, the national accounting IO data 
from so many different countries and sources is unlikely to add up. This results in balancing 
procedures being applied to the MRIO table as a whole, in order to meet a series of 
constraints (some as simple as total inputs equally total outputs globally). Different databases 
use different balancing techniques, and the Eora balancing is discussed further in Chapter 
3.2.2. Once balanced, MRIO tables are used in much the same way as single region IOTs, 
although the size of the data files can often require specialised computing clusters. MRIO 
gives analysts the power to not only consider a consumption based perspective, as with single 
region IOA, but also to consider international trade. This coupling of emissions (or other 
environmental externalities) with trade and domestic data means MRIO analysis can address 
issues such as carbon leakage, producer vs consumer responsibility and the ‘low carbon 
illusion’ of cities that are so critical to the 21st century global decarbonisation challenge. 

 

 Research Design 

This Chapter describes the general research approach, defines the GHG emissions 
considered and details the MRIO database and Icelandic Household Expenditure survey used 
in the analysis. Finally, the changes made to the MRIO database are detailed and design of 
the MRIO model is presented. 

 

3.2.1 Approach 

This research uses an environmentally extended MRIO LCA method to calculate the CBCF 
of Iceland, with a particular focus on Icelandic households. Annual carbon dioxide 
equivalent (CO2eq) GHG emissions are considered in the CF over the period 2010-2012. 
The global MRIO database is used to calculate the NCBCF, using final demand data supplied 
with the database. These results are compared to other NCBCF studies (Hertwich & Peters, 
2009; Steen-Olsen et al., 2012) and to the Icelandic PBCF.  

The thesis then combines the 2010-2012 Icelandic household expenditure survey with the 
Eora database to calculate the CBCF of Icelandic households (HCBCF). The Icelandic 
expenditure survey replaces the final demand data for Iceland within the Eora model. The 
detailed, bottom-up survey data is thought to be a more accurate representation of household 
expenditure patterns compared to the top-down, SNA-based household expenditure final 
demand category. The results produced are compared to other HCBCF studies focussing on 
households (Ivanova et al., 2016) as well as a current PBCF estimate of Icelandic urban areas 
(Reykjavikurborg, 2016b). 
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The emissions resulting from Icelandic consumption are mapped spatially using the GIS 
software package QGIS. The resulting emissions maps are comparable with Kanemoto et al. 
(2016), although the calculation methodology is significantly different. In that study, the 
authors employ an additional trade database EDGAR and calculate emissions flows over a 
longer time period. The emissions map for Icelandic households show where emissions are 
produced as a result of Icelandic household consumption. 

Finally, the HCBCF is analysed by several household variables, including household 
location, size and dwelling type, using the responses to the Icelandic household survey data. 
The results from this component are comparable with other HCBCF studies that investigate 
the effects of household variables on GHG emissions (e.g. Heinonen et al., 2013a, 2013b).  

 

3.2.2 Impact Assessment 

The Eora database contains data on a wide range of environmental emissions for all 
applicable consumption categories. In this work, only GHG emissions to air are considered 
in the CF calculations. The greenhouse gases included are CO2, N2O, CH4, SF6, NF3 and a 
range of fluorocarbons. Appendix C lists all the specific gases considered. Data for SF6, 
NF3 and the fluorocarbons is not comprehensively reported for all regions and appear to be 
estimated or absent for some processes in the Eora26 database. CO2, N2O and CH4 appear 
to be well reported for most regions. This work does not disaggregate GHGs by type, instead 
using one aggregated CO2eq value for each product category. The aggregation uses the IPCC 
100yr Global Warming Potential (GWP) method (IPCC, 2007). The global warming impact 
of the included gases over shorter (e.g. 20yr) or longer (e.g. 500yr) timeframes was not 
considered in the analysis.  

 

3.2.3 Database 

The IO LCA-based assessment of CFs requires the selection of an appropriate IO database. 
To date, no national IOT or IO database has been constructed for Iceland to this authors 
knowledge. A MRIO database was sought that could accurately approximate Icelandic 
expenditure. Of the many high quality MRIO databases currently available, only Eora 
represents Iceland as a single region, with others including Iceland in a ‘Rest of Europe’ 
(Exiobase, ‘Rest of EFTA (European Free Trade Association)’ (GTAP) or ‘Rest of World’ 
(WIOD) group. Use of an aggregated country grouping to represent Iceland would introduce 
additional uncertainty into the study and was therefore avoided. 

As stated previously, this research uses the Eora database, which is a global MRIO database 
developed at the University of Sydney (Lenzen et al., 2012; Lenzen et al., 2013b). The full 
database covers 189 specific countries and between 26 and 500 consumption categories per 
country. It includes 5 price layers, a continuous time-series from 1990 onwards and contains 
uncertainty information for each data point in the database, making it unique amongst current 
MRIO models (Lenzen et al., 2012; Lenzen et al., 2013). The database aims to keep as much 
of the source IOTs and trade information in their original state, minimising the errors 
introduced by homogenising assumptions.  
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The database is publically available online for users at degree-granting institutions (Eora, 
2016a). However, running the full Eora database requires concordance matrices between 
each countries different consumption categories, a large computing cluster and a strong 
background in a general-purpose programming language such as Python or MATLAB, as it 
does not come with a user interface or model software. The concordance matrices are also 
not publically available. As a result of these limitations, this research uses the Eora26 
database, which is further described below, rather than the full Eora database. 

Eora26 is a homogenised 26-category version of the full Eora database with each country’s 
consumption categories aggregated to those shown in Table 2. The IOT in the database for 
Iceland was 26 categories initially, so this does not affect the domestic level of aggregation 
detail in the study. The Industry Technology Assumption (ITA) was used to aggregate IOT 
sectors in other economies during the construction of Eora26, as described in Chapter 3.1. 
Unfortunately, the uncertainty estimates for each data point that are available in the full Eora 
model are not available for Eora26, and as such the resulting uncertainty introduced by the 
ITA during database construction is unknown. 

Table 2: Consumption categories in the Eora26 database 

 Consumption Category  Consumption Category 

1 Agriculture 14 Construction 

2 Fishing 15 Maintenance and Repair 

3 Mining and Quarrying 16 Wholesale Trade 

4 Food & Beverages 17 Retail Trade 

5 
Textiles and Wearing 
Apparel 

18 Hotels and Restaurants 

6 Wood and Paper 19 Transport 

7 
Petroleum, Chemical and 
Non-Metallic Mineral 
Products 

20 
Post and 
Telecommunications 

8 Metal Products 21 
Financial Intermediation 
and Business Activities 

9 Electrical and Machinery 22 Public Administration 

10 Transport Equipment 23 
Education, Health and 
Other Services 

11 Other Manufacturing 24 Private Households 

12 Recycling 25 Others 

13 Electricity, Gas and Water 26 Re-export & Re-import 

    
 

The Eora26 product classification system is based on the International Standard Industrial 
Classification of All Economic Activities Revision 3 (ISIC Rev.3) developed by the United 
Nations Statistic Division (UNSD, 2016). This system contains 99 broad product divisions 
and multiple product categories per division. The ISIC Rev.3 division corresponding with 
each Eora26 product category is shown in Table 3.  
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Of note is the seemingly different interpretation of the Eora product category ‘Maintenance 
and Repair’. In Eora, this seems to be used as the term suggests, referring to products and 
services in the maintenance and repair sectors. This results in a fairly small percentage of 
spending both nationally and by households. In contrast, division 50 in ISIC Rev.3 is the 
‘Sale, maintenance and repair of motor vehicles and motorcycles; retail sale of automotive 
fuel’. This results in a considerable percentage of spending in most developed economies 
and a significant difference in the understanding of the product category between Eora and 
ISIC Rev.3. This study follows the perceived Eora product category understanding, and 
assigns all expenditure relating to the sale of motor vehicles to Transport Equipment and all 
other transport related expenditure to the Transport category. 

 
Table 3: The Eora26 consumption categories and the corresponding ISIC Rev.3 

classification system on which it is based (Lenzen et al., 2013a, Appendix 3). 

Eora Consumption 
Category 

ISIC Rev.3 
Eora Consumption 

Category 
ISIC Rev.3 

Agriculture 1,2 Construction 45 

Fishing 5 
Maintenance and 
Repair 

50* 

Mining and 
Quarrying 

10 ,11,12,13,14 Wholesale Trade 51 

Food & Beverages 15,16 Retail Trade 52 
Textiles and Wearing 
Apparel 

17, 18, 19 
Hotels and 
Restaurants 

55 

Wood and Paper 20, 21, 22 Transport 60, 61, 62, 63 
Petroleum, Chemical 
and Non-Metallic 
Mineral Products 

23, 24, 25, 26 
Post and 
Telecommunications 

64 

Metal Products 27, 28 
Financial 
Intermediation and 
Business Activities 

65, 66, 67, 70, 71, 
72, 73, 74 

Electrical and 
Machinery 

29, 30, 31, 32, 33 
Public 
Administration 

75 

Transport Equipment 34, 35 
Education, Health 
and Other Services 

80, 85, 90, 91, 92, 93 

Other Manufacturing 36 Private Households 95 

Recycling 37 Others 99 
Electricity, Gas and 
Water 

40, 41 
Re-export & Re-
import 

N/A 

*See discussion in text 

The Eora26 database is available in purchaser’s or basic prices, as a continuous time-series 
beginning in 1990. This study uses the 2010, 2011 and 2012 database files in current year, 
000’s USD in purchaser prices. Conversions between currencies in the database use the 
IMF’s yearly historical exchange rates for each year (Eora, 2016b), which are also used in 
this study. 
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The database is composed of 4 matrices. Firstly, a transaction matrix Z (4915 rows x 4915 
columns), which includes 26 consumption categories for all 189 countries (26 x 189 = 4914) 
in the world, plus a discrepancy column and row. The discrepancy values are added to the 
total output vector X, but were otherwise not included in the analysis.  

Secondly, a final demand matrix Y (4915 x 1140), which includes the same row labels as Z. 
The columns represent 189 countries with 6 components of final demand (189 x 6 = 1134), 
plus a discrepancy entry for each component of final demand. The final demand categories 
in Eora26 are Household Final Consumption, Non-Profit Institutions Serving Households, 
Government Final Consumption, Gross Fixed Capital Formation, Changes in Inventories 
and Acquisitions Less Disposals of Valuables, in accordance with the SNA reporting 
structure (Eurostat et al., 1993). Like the transaction matrix, any discrepancy entries were 
added to total output X but otherwise were not included in the analysis. 

Thirdly, the PB emissions matrix P (2481 x 4915), which includes the same column labels 
as Z. The rows represent ‘emissions’ to the environment, which in Eora includes a range of 
GHGs, particulates and other air quality type emissions, materials use and water use. This 
study only makes use of the total GHG emissions measured in CO2eq, so the majority of the 
broadly labelled ‘emissions’ data is not used in this study.  

The fourth component of the database is the direct emissions matrix -?@ABCD (2481 x 1140), 
which has the same row structure as the PB emissions matrix P and the same column 
structure as the final demand matrix Y. -?@ABCD contains the PB emissions released during a 
product’s use phase (e.g. motor fuel combustion), as discussed in Chapter 3.1, these ‘tier 0’ 
emissions are accounted for separately in IO models. 

Eora, and therefore by extension Eora26, is constructed from 6 sources of data. They include 
IO/SUT data from national statistics databases, IO data from Eurostat, OECD and IDE-
JETRO, the UN Main Aggregates, National Accounts Official Data, Comtrade and 
Servicetrade databases  (Lenzen et al., 2013a). Data from national statistics offices is 
typically the most accurate, and is more constrained in balancing procedures when compared 
to other secondary data sources. Roughly 75 countries have made available national IO/SUT 
data for at least one year in the database time-series. Unfortunately, Iceland has not done so, 
meaning the Icelandic data in the database comes from the various UN databases previously 
discussed.  

The continuous time-series in Eora is built iteratively, starting in the year 2000. The previous 
year forms an initial estimate for the following and preceding year, and is then scaled using 
‘inter-year ratios’ based on UNSD national and trade data. This approach is used to initially 
estimate a continuous time-series for all countries in the database (Lenzen et al., 2013a). 
This has important implications for this study. For the study period 2010 to 2012, the only 
Icelandic data source in the Eora database is for 2010, with the remaining years scaled 
according to the iterative estimation algorithm. This limitation is discussed further in Chapter 
7.1.1. Once the global IOT has been estimated across the full time-series, the Eora database 
is subjected to a large-scale optimisation balancing algorithm, using known data points and 
their uncertainty values as constraints. Eora uses either a quadratic programming approach 
or a non-sign preserving KRAS variant of the typical RAS balancing approach to balance 
the database. The approach is described in detail elsewhere (Lenzen et al., 2012; Lenzen et 
al., 2013a), but it is worth noting that smaller values are known to be less constrained than 
larger values (Eora, 2016b). For a small country like Iceland, which also has fairly uncertain 
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contributing data sources, the balancing procedure can greatly affect the final IOT result in 
the database. There is evidence of this in the resulting domestic IOT for Iceland, particularly 
in the Transport, Hotels and Restaurants, Retail and Wholesale Trade consumption 
categories, which led to the decision to slightly modify the Eora database to correct for this 
imbalance. 

3.2.4 Modifying the Eora26 Database 

The domestic IOT and Final Demand (FD) block for Iceland were modified slightly from 
the version supplied with Eora26. Both tables contained a number of large negative entries, 
particularly in the Transport, Hotels and Restaurants, Retail and Wholesale Trade 
consumption categories.  

Final Demand 

Approximately 20% of entries in the domestic FD block in Eora database were modified, 
with 6% containing only small negative values that were set to zero. The remaining entries 
were modified using a range of supporting data, with the comparative totals shown in Table 
4. The household survey was used to modify the household expenditure category, and 
national accounts data from Statistics Iceland (Statistics Iceland, 2016c) was used to match 
Governmental Expenditure, Not for Profit Organisations Serving Households (NfPSH) and 
Gross Fixed Capital Formation (GFCF). No negatives were corrected for in GFCF, 
Acquisitions less Disposal of Valuables (ADV) and Changes in Inventory (CI) as these FD 
categories can contain negatives naturally, instead any negative values were simply set to 
zero in order to run the calculation script. No data was available with which to correct totals 
for ADV or CI, so the table values were left unchanged and differences in totals for these 
categories is due to the removal of negatives. A direct comparison of the before and after FD 
block is included in Appendix B.1. 

The modification was done for the 2010 FD block, and then the percentage increase or 
decrease between each year was calculated from the original Eora26 FD block and applied 
to the new block. For example, if in the original FD blocks expenditure on Transport by 
household final demand increased by 11% from 2010 to 2011, this 11% value was applied 
to the new 2010 FD block created to build the new 2011 FD block for this study. The same 
process was used for 2011 to 2012. 

Table 4: A comparison of the original and modified totals for the Icelandic domestic FD in 
the Eora database. Items in bold are the total that was deemed the most correct for the FD 
category and was used as a target when modifying the FD block. All entries are in current 

2010USD purchaser’s prices. 

  
Households NfPSH Government GFCF CI ADV Total 

Original Eora 5,577  641  3,292  2,052  -9  -479  11,074  

Household Survey 6,204        

Statistics Iceland  6,548  256  2,490  2,291     

Corrected Eora 6,204  820  2,490  2,291  96  485  12,387  

Share of Total  50% 7% 20% 18% 1% 4% 100% 
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The share of total 2010 expenditure shown in Table 4 is worth noting as it highlights the 
unique nature of the Icelandic case. Icelandic households directly comprise 50% of total final 
demand expenditure in Iceland, which was fairly consistent with other nations globally in 
2010 (e.g. Australia, 55%, ABS, 2011; UK, 50%, Office of National Statistics, 2012).  

Countries with lower construction expenditures, such as Western European nations which 
are largely already built, should be more likely to have less GFCF expenditure, which could 
result in higher shares of household expenditure in comparison to younger developed nations 
such as Iceland (18%, this study) and Australia (28%, ABS, 2011). However, this is not 
necessarily the case with the UK’s 2010 expenditure account including a 50% contribution 
directly from households and only 10% from GFCF. Thus it is clear that there is considerable 
variability between nations in the split of direct expenditure from households and the other 
components of the national expenditure account. This is relevant to the current thesis because 
ultimately the share of household expenditure relative to gross national expenditure will 
determine the share of CB GHG emissions which households are directly responsible for 
(the HCBCF) relative to the NCBCF.  

In addition, in comparison with many other nations Iceland provides more public services 
free of charge or heavily subsidized to households that are either poorly or not at all captured 
in the Household Expenditure Survey, such as medical care, elderly and day-care services 
and further education. This is likely to be similar to the case of Finland as reported by 
Seppälä et al. (2011). This will further reduce the share of HCBCF emissions relative to the 
NCBCF. 

 

Domestic Input Output Table 

The IOT for Iceland in the Eora model contained a small number of large negative values in 
the Transport, Retail Trade and Hotels and Restaurants rows. The negative entries in these 
rows were specifically corrected using the equivalent shares of total consumption category 
input (column sum) from similar economies for that consumption category. The equivalent 
share percentage value was obtained by taking the average of Sweden, Denmark and 
Lichtenstein, and this percentage share value was multiplied by total consumption category 
inputs to give an approximate value for each negative entry. The three countries chosen have 
high levels of household material wealth and consumption, have relatively small economies, 
and are reasonably similar in size and climate to Iceland. Negative entries occurring in other 
consumption categories were small and were not manually adjusted, resulting in the values 
being set to zero in the MRIO script calculation. The original and modified domestic IOT’s 
for Iceland in the Eora26 model are included in Appendix B.2. 

 

3.2.5 Input Data  

The 2010-2012 Icelandic Household Expenditure survey was used to model household 
consumption in Iceland. The survey data was provided by the Icelandic national statistics 
organisation Statistics Iceland and is not available online, although a summary of the major 
findings is available in Icelandic (Statistics Iceland, 2013b). The survey includes 1772 
households with over 4,327 members (1.3% of the population) and was completed over a 
three year survey period, with 591, 587 and 594 respondents in 2010, 2011 and 2012 
respectively. Of the 3,565 households contacted in the study, 1772 households responded, a 
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response rate of 49.7%. Once selected, all members of the household recorded expenditure 
for a two week period and noted any large purchases in the past 3 months. Households could 
only complete the survey once in the three year study period. Where household respondents 
owned their own home, an equivalent rental price was in their expenditure account based on 
the value of the home.  

The average household size in the survey was 2.4 people, including 1.6 adults and 0.8 
children. Of the households surveyed, 65% of households were located in the capital area, 
24% outside the capital area in urban locations and 11% in rural areas (Statistics Iceland, 
2013b). Overall, the survey is considered reasonably representative of the Icelandic 
population. However, when the results are considered based on household size, type, 
location or other variables, the data must be considered with caution for a number of reasons. 
Firstly, the number of respondents in each category may become small and the results 
therefore less accurately reflect the wider population. Secondly, whilst the initial sample was 
designed to be representative, household refusal to partake in the survey (~50%) was 
unevenly distributed and thus the resulting data may be skewed relative to the Icelandic 
population (Statistics Iceland, 2013b). Weights were used to correct for underrepresented 
single occupancy households (high refusal rate) and over represented households with many 
children over 18 years of age.  

Thus, the specific results in this work comparing the HCBCF when grouped by household 
variable should be viewed as an initial estimate only, as they may not be completely 
representative of the Icelandic population. In addition, the ‘purchase of vehicles 071’ 
COICOP category in the survey is known to have a standard error higher than 20% and 
should be interpreted with caution (Statistics Iceland, 2013a). 

The survey recorded the expenditure by each participating household using an expanded 
version of the United Nation’s Classification of Individual Consumption According to 
Purpose (COICOP) classification system (United Nations Statistical Division, 2016). The 
COICOP system has 14 top-level divisions, with numerous sub-divisions across 3 levels, 
containing both the official and nationally added household expenditure categories. The 
structure of the Icelandic COICOP based system is included in Appendix B. Data was also 
collected in the survey on the number of adult occupants, number of vehicles owned, location 
and dwelling type of each participating household. The household characteristics are 
summarised in Table 5.  

Note the considerably higher expenditure by households with only one inhabitant of 
$49,942, in comparison to households with two or more inhabitants, where average 
expenditure values vary between $40,690 and $44,261. This is almost entirely caused by the 
Financial Intermediation and Business Activities consumption category in which one person 
households were responsible for 10 of the top 20 single expenditure amounts recorded during 
the survey period, skewing the average results considerably. The remaining 50% of the top 
20 expenditure figures were approximately evenly distributed amongst households with two, 
three and five occupant households. The Financial Intermediation and Business Activities 
consumption category includes rent and finance related services such banking, loans, 
mortgages, credit card payments and insurance. Rent dominates the consumption category 
on average, so it is not unexpected to see large sums attributed to households with more 
inhabitants, as they would tend to be larger households with increased rental or mortgage 
payments. There was in addition one $160,000 USD purchase recorded in the Transport 
consumption category by a one person household in the study period, considerably higher 
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than the next three highest recorded survey expenditure of approximately $44,000 to $80,000 
USD, none of which were by one person households. However, on average this skewed the 
Transport consumption category for single occupancy households very slightly, whereas the 
Financial Intermediation and Business Activities consumption category was on average 45% 
larger than the average for households with a different numbers of inhabitants. In absolute 
terms, this amounts to approximately $4,500 in additional household expenditure above the 
average across all household sizes for that consumption category. The Transport 
consumption category contributed an addition $1,000 above the category average. In 
summary, the single occupancy household results may be slightly skewed by the large 
transport purchase, whereas the increased Financial Intermediation and Business Activities 
expenditure seems to be simply evidence to suggest that single occupancy households spent 
more in that category in general during the survey period. As such, no amendments were 
made to the data other than those discussed in detail below. 
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Table 5: The sample size, average expenditure per household and average per capita 
expenditure per household in the Household Expenditure Survey 2010-2012. The data is 

separated by household variable; dwelling type, household occupancy type and household 
location, as well as the number of inhabitants (total), children and cars owned per 

household. The full sample consists of (n=1765) households. 

 

Sample 
Size 

(n=1765) 

Average Household 
Expenditure 
(2010 USD) 

Average Household 
Expenditure/Capita 

(2010 USD) 
Dwelling Type    

Family, Detached 547 47,935 19,097 
Family, Terraced 279 47,747 18,852 
Block with 2-5 Flats 330 42,383 20,876 
Block with > 5 Flats 552 41,000 24,087 
Single Room 28 41,125 38,785 
Unknown 29 46,750 23,506 

Household Occupancy Type    
1 Person HH 330 49,987 49,830 
Couples Without   Children 357 42,964 21,482 
Couples With Children 748 44,758 11,705 
Single Parent HH 186 35,073 14,463 
Other HH 144 47,437 14,584 

Household Location    
Capital Area 1139 45,755 22,521 
Towns Outside Capital Area 429 44,371 20,206 
Other Communities 197 38,161 16,947 

Number of Inhabitants per Household   
1 329 49,942 49,942 
2 489 40,690 20,345 
3 376 42,521 14,174 
4 339 44,261 11,065 
5+ 232 48,907 9,475 

Number of Children per Household   
0 751 46,328 33,592 
1 418 40,196 14,536 
2 369 43,701 11,381 
3 191 48,715 9,851 
4+ 36 45,628 7,593 

  (continued) 
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Table 6: The sample size, average expenditure per household and average per capita 
expenditure per household in the Household Expenditure Survey 2010-2012. The data is 

separated by household variable; Dwelling type, Household Occupancy type and 
Household location, as well as the number of inhabitants (total), children and cars 
owned per household. The full sample consists of (n=1765) households (continued). 

Number of Cars Owned per Household   
0 217 35,887 23,260 
1 908 44,008 23,519 
2 477 47,943 17,722 
3 163 49,400 17,191 

Survey Sample by Year    
2010 588 41,847 19,477 
2011 586 46,792 21,831 
2012 591 45,078 22,695 

    
 
Of the 172,580 individual expenditure records 882 (0.5%) were negative, and were thus 
removed after confirming with Statistics Iceland that these were due to large items sold by 
households. Expenditure was converted to US dollars using the International Monetary Fund 
(IMF) official exchange rates (IMF, 2016b), as this was used in the Eora model (Lenzen et 
al., 2013a). For data subsets spanning the full three year study prices were converted to 2010 
USD using the Consumer Price Index (CPI) inflator published by Statistics Iceland. The 
Icelandic expenditure survey data and the Eora26 model were both available in purchaser’s 
prices, so no adjustment was made for taxes, subsidies, transport or margins. 

 

3.2.6 Matching Data Classifications 

The Icelandic household input data is collected in the COICOP classification system, whilst 
the Eora system is based on the ISIC Rev.3 classification system. In order to utilise these 
two data sources together, the input data needed to be converted to the Eora product 
classification. Given the low number of consumption categories in the Eora26 model, the 
assignment involved a ‘many-to one’ assignment problem, which is fairly straightforward. 
COICOP categories were aggregated to the corresponding Eora product categories based on 
the correspondence between the ISIC Rev.3 system and the COICOP system. Extensive 
supporting documentation is available from the United Nation’s on both classification 
systems (Eurostat, n.d.; UNSD, 2016) which was used to assign the expenditure data 
accurately.  Table 7 shows the specific products and services included in each Eora 
consumption category, as the names of the Eora categories can be somewhat misleading (see 
for example the Maintenance and Repair discussion above). In general, consumption is 
attributed to the end use of a product. For example, the household expenditure related to 
purchasing a fish from a supermarket would be attributed to Food and Beverages, which at 
the following tier would include inputs from the Fishing for the farming of the live fish, as 
well as other inputs from perhaps Electricity, Water and Gas, Electrical and Machinery, 
Agriculture and Transport. 
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Table 7: The products and services attributed to each Eora consumption category 
according to the ISIC Rev.3 classification. 

Eora 
Consumption 
Category 

Products according to 
ISIC Rev.3 

Eora Consumption 
Category 

Products according to 
ISIC Rev.3 

Agriculture Crops, live animals, 
game, forestry/logging, 
plants 

Construction Construction 

Fishing Fishing Maintenance and 
Repair 

Sale, maintenance and 
repair of motor vehicles, 
fuel sales of motor vehicles 

Mining and 
Quarrying 

Mining and Quarrying Wholesale Trade Wholesale trade 

Food & 
Beverages 

The manufacture or 
preparation of food, 
beverage and tobacco 

Retail Trade Second hand goods, repair 
of non-motor vehicle goods 

Textiles and 
Wearing Apparel 

Textiles, clothing, 
wearables, leather 

Hotels and 
Restaurants 

Hotels and restaurants 

Wood and Paper Wood, paper and paper 
products 

Transport Use of rail, bus, taxi, other 
public land based transport, 
water based transport, air 
transport 

Petroleum, 
Chemical and 
Non-Metallic 
Mineral Products 

Chemicals, fertilisers, 
chemical based products, 
glass, ceramic 

Post and 
Telecommunications 

Post and 
Telecommunications 

Metal Products Metal, metal products 
including household 
hand-tools 

Financial 
Intermediation and 
Business Activities 

Financial intermediation, 
banking, insurance, 
household rental, rental of 
equipment  

Electrical and 
Machinery 

All other manufactured 
goods requiring a power 
supply, e.g. fridge, oven, 
TV, drill, etc. 

Public Administration Public administration, 
defence, social security 

Transport 
Equipment 

Production of motor 
vehicles, ships, trains, 
air, motorbikes and 
bicycles 

Education, Health and 
Other Services 

Education, all health 
services including doctor, 
dental, hospital, ambulance, 
vet, social work, events, 
waste disposal 

Other 
Manufacturing 

Furniture, jewellery, 
musical instruments, 
sporting goods, games, 
household appliances 

Private Households Employed persons at 
private households (i.e. 
cleaner, gardener, tutor) 

Recycling Recycled metals, other 
non-organic recyclables 

Others Extra-territorial 
organizations and bodies 

Electricity, Gas 
and Water 

Electricity, Gas, hot and 
cold water supply 

Re-export & Re-
import 

Items not for consumption 
of input to other industries, 
but just ‘moving though’ 
Icelandic ports or airports 
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In addition to the information included in Table 7, some decisions were required when 
aggregating product categories to the Eora system. In Icelandic homes, any solid fuel use 
was assumed to be wood, liquid fuel use was assumed to be motor fuel and any mixed house 
funds were assigned to Electricity, Gas and Water. The absolute spending amount on these 
categories by Icelandic households was extremely small, so this assumption likely had very 
little impact on the results. The purchase of pets was attributed to Agriculture (live animals) 
and pet food was considered a Food and Beverage. Package holidays purchased were 
assumed to come from travel agents and were assigned to the Retail Trade consumption 
category. All personal care products (e.g. shampoo, toothpaste, etc.) were assigned to 
Petroleum, Chemical and Non-Metallic Mineral Products. The purchase of bicycles was 
assigned to Transport Equipment and all repair activities were assigned to Retail Trade. Rent 
is included in Financial Intermediation and Business Activities as per the categorisation 
system. Private vehicle purchases were included in Transport Equipment, repair of motor 
vehicles in Retail Trade and all other transport related consumption was included in 
Transport. 

In total, 717 different categories of goods and services recorded household expenditure in 
the 2010-2012 survey. These were matched to 19 of the 26 categories in the Eora database. 
There was no expenditure assigned to the remaining 7 Eora categories of Wholesale Trade, 
Mining and Quarrying, Private Households, Public Administration, Re-export and Import, 
Others and Construction. This is fairly typical of household expenditure surveys, where only 
the direct purchases are captured, not expenditure paid through taxes (e.g. Public 
Administration) or embodied in long-life assets (e.g. Construction and Mining). 

One exception to the classification-based assignment must be noted. Household tools, 
gardening equipment and other metal based durables purchased by households were assigned 
to Other Manufacturing, rather than Metal Products. Many of the product expenditure titles 
in the COICOP-based survey made it ambiguous as to whether the tools were made from 
metal primarily, or from some other materials. Consequently, they could have been assigned 
to either category. Secondly, assignment of the expenditure to the Metal Products category 
meant that the products would be attributed an extremely high GHG intensity, perhaps 
incorrectly, whereas assignment to Other Manufacturing represents a more aggregated mix 
of GHG intensity products. The expenditure in constant 2010 USD on each consumption 
category by the average Icelandic household and Icelander is shown in Table 8. 
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Table 8: The per capita and per household expenditure by Icelandic households in the 
Icelandic household survey, as allocated to the 26 consumption categories in Eora26. All 

values are in constant 2010 USD. 

Eora Consumption 
Category 

USD/ 
capita 

USD/ 
Household 

Eora 
Consumption 
Category 

USD/ 
capita 

USD/ 
Household 

Agriculture 178 373 Construction -   -   

Fishing 33 68 
Maintenance and 
Repair 

-   -   

Mining and Quarrying - - Wholesale Trade -   -   
Food & Beverages 3,563 7,681 Retail Trade 933  2,012  
Textiles and Wearing 
Apparel 

1,067 2,389 
Hotels and 
Restaurants 

1,328  2,827  

Wood and Paper 289 593 Transport 2,257  4,605  
Petroleum, Chemical 
and Non-Metallic 
Mineral Products 

604 1,290 
Post and 
Telecommunicatio
ns 

685  1,378  

Metal Products 26 55 
Financial 
Intermediation and 
Business Activities 

5,076  9,941  

Electrical and 
Machinery 

608 1,303 
Public 
Administration 

50  97  

Transport Equipment 1,143 2,167 
Education, Health 
and Other Services 

1,882  4,249  

Other Manufacturing 954 2,165 Private Households 51  105  
Recycling - - Others -   -   
Electricity, Gas and 
Water 

611 1,275 
Re-export & Re-
import 

-   -   

   Total 21,336  44,571  
 

3.2.7 Model Design 

Eora does not include a software package that can be used to manipulate the database, so 
potential users are forced to construct their own MRIO model for this purpose. The large 
matrices make manipulation in Microsoft Excel, Access or other common spreadsheet or 
database software packages problematic. Consequently, the model was constructed using 
MATLAB.  

MATLAB is a modelling software package that uses its own simple, well documented 
programming language. The 4 matrices in the Eora database were stored separately in 
MATLAB and a script was written to calculate the other dependent matrices required for 
IOA (e.g. Leontief matrix L), using the method described in Chapter 3.1.  

The model itself is relatively simple and operates between Excel and MATLAB. The 
household expenditure input data was manipulated in Excel and imported as a column array 
into MATLAB, where the IO mathematic manipulations are performed using matrix algebra. 
The output data is then exported back to Excel. This approach allowed for every data point 
to be viewable and editable at all times for maximum transparency and customisation. The 
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trade-off was the larger time-commitment and knowledge required to operate the model. All 
data manipulation was done manually in Excel or via the MATLAB workspace, command 
line and variable editor.  

Analysis of the Icelandic survey data was completed in Microsoft Excel, including all price 
and category classification conversions. The final output from the Excel analysis was a 
vector of average per capita or per household expenditure across the 26 consumption 
categories in Eora. The Excel component of the model was designed to allow analysis of 
subsets of the full 2010-2012 Icelandic household expenditure survey to be analysed. For 
example, only households within the Reykjavik Capital area could be selected, and the 
average expenditure vector output to MATLAB. 

The Excel output array (26 x 1) was imported into MATLAB as a text file, using a batch 
process for all subsets being analysed. Specifically, the uimport function was used, which 
provides a GUI to make import easy. Column and row headers were imported using the 
dlmread function and stored as text strings. All the numerical data was processed using 
numerical matrices in MATLAB. The calculation script is included in Appendix D with 
pseudocode included above each command so that the code may be understood by readers 
with no background in MATLAB or programming languages. 

 

3.2.8 Research Process 

As described above, this study uses the Eora database and 2010-12 Icelandic Household 
Expenditure Survey to answer the 6 research questions presented in Chapter 1.1. The 
analysis of the first 2 research questions makes use of Eora26 only, whilst analyses for 
questions 3 to 6 make use of both Eora and the Icelandic household expenditure survey data. 
The model described in Chapter 3.2.7 is used to calculate CBCFs for all analyses using the 
MRIO method described in detail in Chapter 3.1. This method calculates the Leontief inverse 
matrix L and uses it to transform the PB emissions intensity matrix Q to a CB emissions 
intensity matrix E.  Finally, the intensity matrix E is multiplied by either the final demand 
matrix Y (Eora, national analysis) or final demand array Y2 (Survey data, household 
analysis) to produce the CB emissions inventory matrix C, from which the results are 
presented.  

In the national analyses, direct emissions were added from the direct emissions matrix -?@ABCD. The emissions were assumed to come solely from the combustion of motor vehicle 
fuel, as in Iceland there are no other sources of direct emissions that make a considerable 
contribution, with the exception other transport use, particularly flying. It was assumed that 
direct emissions from flying were not included in the Eora database, as the -?@ABCD would 
seem too small to include both flying and driving related GHG emissions. In the Icelandic 
household analyses (research questions 3 to 6) all expenditure on motor vehicle fuels were 
totalled and assigned an emissions factor (1.21 kgCO2eq/USD) based on the US 
Environmental Protection Agency’s emissions factor 2.33 kgCO2eq per litre (EPA, 2008) 
and the average price of gasoline in Iceland (235 ISK/litre) between 2010-12 (Statistics 
Iceland, 2016c). The resulting direct emissions were added to the Icelandic HCBCF. 
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4 Results 
This chapter presents the results of the study, separated into six Chapters each relating to 
one of the six research questions presented in Chapter 1.1. The Icelandic NCBCF results are 
discussed first (Sections 4.1, 4.2) before the HCBCF results are presented in total (Section 
4.3), mapped by global emissions responsibility (Section 4.4), by consumption category 
(Section 4.5) and by household variable (Section 4.6). The results presented here are 
discussed further with comparisons to current literature in Chapter 2. The implications of 
both the results and discussions are then highlighted in a policy context in Chapter 6. 
 

 Icelandic NCBCF 

The Icelandic NCBCF is 7,164 ktCO2eq GHG emissions per year (22.5 tCO2eq/cap), 
calculated as an average over the years 2010 to 2012. The NCBCF is 55% larger than the 
average annual PBCF of 4,610 ktCO2eq in the same period, indicating that Iceland is a net 
outsourcer of emissions arising from the import of goods and services. NCBCF analysis, 
which relies only on data from the Eora database, indicates that Icelandic household 
consumption represents 50% of expenditure in Iceland and amounts to 46% of the NCBCF. 
Figure 5 shows a comparison of the PBCF and NCBCFs for Iceland. The component of the 
NCBCF for which Icelandic household consumption is responsible (HCBCF) is also shown, 
which was calculated using the household expenditure survey data. The Icelandic NCBCF 
does not show any clear growth patterns through time, with a 16% increase in emissions 
from 2010 to 2011 followed by a 3% decrease in emissions from 2011 to 2012. The NCBCF 
was comprised of 46% emissions from households, 23% from government, 17% from GFCF, 
7% from NfPSHs, 2% from CI and 5% from ADV. 

 

Figure 5: The annual average Icelandic national consumption-based carbon footprint 
(NCBCF, light blue), production-based carbon footprint (orange) and household 
consumption-based carbon footprint (HCBCF, dark blue) between 2010 and 2012 

inclusive. The smaller, light blue shaded sections represent the direct emissions component 
of the footprints, amounting to 10% of the HCBCF and 5% of the NCBCF of Iceland. Note 

that sample sizes in a single year are smaller (n=500 to 600), and as such the average 
over the study period represents a better indication of the NCBCF.  
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 NCBCF by Consumption Category 

The results are presented here by consumption category, providing insight into both the 
absolute GHG contribution of each category and the GHG intensity per US dollar of each 
category. Figure 6 compares the NCBCF and PBCF by category, using the average annual 
results in the 2010 to 2012 study period. Metal product production clearly dominates the PB 
inventory (41% of emissions), with Transport (20%), Agriculture (11%) and Education, 
Health and Other Services (5%) also contributing relatively large amounts. The PB 
emissions in the Education, Health and Other Services category are primarily from waste 
disposal and management (Environmental Agency of Iceland, 2015).  

The CB inventory is more evenly spread, with Transport (25%), Public Administration 
(12%), Education, Health and Other Services (8%) and Construction (8%) the highest 
contributors to the NCBCF. Manufactured goods, split across a number of consumption 
categories, comprise 15% of the NCBCF. The Transport category contributes greatly to both 
the PB and CB inventories. Of note is the relatively small contribution by the Icelandic 
Electricity, Gas and Water consumption category, with only 32 ktCO2eq (0.7%) PB 
emissions and 139 ktCO2eq (2.1%) CB emissions. The larger amount of CB emissions stem 
primarily from the built infrastructure required for electricity generation. The large Icelandic 
fishing sector, which has significant emissions in the NIR, is allocated across the Transport, 
Food and Beverage and various manufactured goods consumption categories, due to the way 
the product classification system is designed (see Chapter 3.2.3). 
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Figure 6: The average annual Icelandic national consumption-based carbon footprint 
(NCBCF, light blue) and production-based carbon footprint (orange) between 2010 and 
2012 inclusive. The direct component of the NCBCF is shown in dark blue, and captures 

the direct emissions arising from private combustion vehicles. 

In addition to total CO2eq GHG emissions, CBCF analysis often compares the emissions 
intensities of consumption categories in the economy of interest. The average CB GHG 
intensities for Icelandic consumption categories are shown in Figure 7, expressed in 
kgCO2eq per constant 2010 US dollar. The values represent the average GHG intensity of 
each Icelandic consumption category between 2010 and 2012. Most consumption categories 
are around 0.5 kgCO2eq/USD, with Transport, Metal Products, Public Administration and 
Re-Export & Re-Import above 1 kgCO2eq/USD. This implies that for every $1 spent in the 
Transport consumption category in Iceland, an average of 1.52 kg of CO2eq emissions are 
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produced. It is worth noting that the GHG intensity of fuel products is 2.27 kgCO2eq/USD, 
whilst non-fuel products are 1.01 kgCO2eq/cap, bringing the weighted average for the 
Transport category to 1.52 kgCO2eq/capita. Also worth noting is the Public Administration 
consumption category seems unreasonably high and is discussed further in the limitations 
chapter of this report. 

 

 

Figure 7: The greenhouse gas (GHG) intensity of the Icelandic economy from a 
consumption-based perspective. The figure shows average annual GHG intensity in 

kilograms of carbon dioxide equivalent GHG emissions per 2010 United States dollar (kg 
CO2eq/2010USD). The light orange section shows the GHG intensity of transport 

expenditure related to private vehicle fuel (2.27 kgCO2eq/2010USD). 
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 Icelandic HCBCF 

Consumption by Icelandic households comprises 46% of the NCBCF, amounting to an 
HCBCF of 3,322 ktCO2eq per year in the period 2010 to 2012. The average annual per capita 
HCBCF was 10.4 tCO2eq and the average per household HCBCF was 22.6 tCO2eq. Figure 
8 shows the HCBCF on an annual per capita and per household basis.  

 

Figure 8: The average annual Icelandic household consumption-based carbon footprint 
(HCBCF) in 2010 to 2012 inclusive, represented on a per capita (orange) and per 
household (blue) basis. Note that each year contains a smaller sample of surveyed 
households (n=500 to 600) and as such the average better represents the HCBCF.  

 

 The HCBCF Global Emissions Distribution  

GHG emissions resulting from Icelandic household consumption occurred in virtually every 
country in the world during the 2010 to 2012 study period. For example, a shirt purchased 
in an Icelandic retail outlet may be manufactured in Columbia using Columbian electricity, 
which produces emissions related from fuel combustion in Columbia. These emissions 
would be included in the Columbian PB emissions inventory, but were produced to provide 
goods for Icelandic household consumption. The same will be true throughout the supply 
chain of the product, encompassing many different countries and sectors globally in order to 
satisfy Icelandic final demand. 

Figure 9 shows where the emissions created as a result of Icelandic household consumption 
were produced. These emissions occurring internationally as a result of Icelandic household 
final demand are considerable. Emissions attributed to Icelandic consumption categories 
amounted to only 29% of the HCBCF, with emissions attributed to overseas products or 
supply chain services comprising 61% and direct emissions in Iceland 10% of the HCBCF. 
Direct use emissions in Iceland from sources other than private vehicle use (e.g. direct use 
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from flying) were not included, and this limitation is discussed further in Chapter 7.2.1. 
Approximately 15% of emissions resulting from Icelandic household’s consumption were 
produced in Ecuador and the Dominican Republic alone, amounting to 37% of imported 
indirect emissions. The USA, Central African Republic, China, Azerbaijan, South Sudan, 
Germany and Russia also emit considerable amounts of GHG to meet Icelandic household 
demand. Guinea, Ethiopia and the Scandinavian countries all contribute just below 1% of 
the total and are included in the ‘Rest of the World’ (RoW) category of Figure 9.  

 

Figure 9: The relative and absolute greenhouse gas (GHG) contributions to the Icelandic 
household consumption-based carbon footprint (HCBCF) by country. The figure shows 

domestic indirect (embodied in domestic products), imported indirect (embodied in 
imported products) and direct use (e.g. motor fuel) emissions contributions for the top 10 

emitting countries. Numeric values are kilotonnes of carbon dioxide equivalent GHG 
emissions (ktCO2eq) and percentage values are the relative share by country of the total 
HCBCF. RoW represents the ‘Rest of the World’ and includes emissions from countries 

with less than a 1% share.  

 
The global distribution and magnitude of GHG emissions attributed to overseas consumption 
categories in the HCBCF is shown in Figure 10. Put another way, the global carbon map 
shows the global distribution of emissions produced to meet Icelandic household demand. 
For example, Ecuador emits approximately 302 ktCO2eq per year (approximately 9% of the 
HCBCF) in the process of producing products and services to meet Icelandic household 
demand. Countries are shaded in Figure 10 relative to their emissions contribution, with 
Ecuador (302 ktCO2eq) having the highest share after Iceland itself (966 ktCO2eq) and 
Vanuatu having the lowest (0.1 ktCO2eq).  
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Figure 10: The global distribution of greenhouse gas (GHG) emissions arising from Icelandic household consumption, shown in the country where the 
emissions occurred. Results show the global GHG emissions impact of Icelandic consumption occurring overseas, calculated on an average annual basis 

between 2010 and 2012 inclusive. The darker the shade the higher the GHG emissions burden placed on the country by production to meet Icelandic 
household demand. For example, the USA emits considerable GHG emissions to meet Icelandic demand and is a dark shade of blue, whilst the GHG 

emissions generated in Oman to meet Icelandic demand are negligible and as such Oman is almost white on the global GHG emissions map. 
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 HCBCF by Consumption Category 

The Icelandic HCBCF is dominated by Transport, with 38% of emissions arising from 
transport related activities. Food and Goods comprise 20% and 16% of the HCBCF 
respectively. Figure 11 shows the relative contributions to the Icelandic HCBCF for each 
high level consumption category.  

 

 

 

The HCBCF is further broken down to the 26 consumption categories in the MRIO model. 
The result is shown in Figure 12. Transport, which includes direct emissions in light orange, 
is the dominant consumption category comprising 33% of the HCBCF. This consumption 
category includes all transport related consumption with the exception of the purchase of 
Transport Equipment (5%), repair of transport equipment and expenditure on bicycles.  

Food and Beverages amounts to 17% of the HCBCF, not including food purchased from 
restaurants which is covered in the Hotels and Restaurants (6%) category. Financial 
Intermediation and Banking Services accounts for 7% of Icelandic household emissions, 
primarily in the form embodied emissions in private household construction and 
maintenance. Education, Health and Other Services amounts to approximately 6% of 
emissions from households, but it should be noted that this consumption category includes 
the majority of different service sectors in the Icelandic economy.  
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Figure 11: The average annual Icelandic household consumption-based carbon footprint 
(HCBCF) broken down by high level consumption category over the period 2010 to 2012 

inclusive.  
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Figure 12: The average per capita household consumption-based carbon footprint 
(HCBCF), broken down by the 26 consumption categories in the Eora26 model, for the 
period 2010 to 2012 inclusive. The light orange section in the Transport consumption 
category represents the direct use emissions arising from private motor vehicle fuel 

combustion. 

 
Note that the categories of Mining and Quarrying, Recycling, Construction, Maintenance 
and Repair, Wholesale Trade, Re-Export and Re-Import and Others have 0 GHG emissions 
(resulting from $0 household expenditure) and are not shown in Figure 12. This highlights 
the limitation of using expenditure survey data to capture emissions from sectors where 
expenditure by households is included in taxes or other indirect payment methods. Whilst 
the expenditure on household rent included in the Financial Intermediation and Banking 
Services category, capturing some of this expenditure directly, it may be that the IOA 
method used underestimates the GHG emissions from the consumption categories with no 
direct expenditure contribution from households. This limitation is discussed further in 
Chapter 7.2.2.  

Also worth noting is that Electricity, Water and Gas purchased by Icelandic households 
amounted to only 2% of the HCBCF, or approximately 0.23 tCO2eq/capita. On average, 
direct emissions from motor vehicle fuel combustion account for 10% of the per capita 
HCBCF, or approximately 1.04 tCO2eq/capita. Finally, it should be noted that the GHG 
intensity of each consumption category in the Icelandic HCBCF analysis is the same as the 
NCBCF analysis, as presented previously in Figure 7. 
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 HCBCF by Household Variable 

The HCBCF was further broken down by 6 different household variables. The results show 
how the HCBCF, both per capita and per household, varies by car ownership, household 
occupancy, number of children, household location, household type and type of dwelling. 
The analysis aggregates the three year household survey data set into a single larger data set, 
using a model and pricing base year of 2010. Reasons for this are discussed further in 
Chapter 3.2. The results were not able to be corrected for income (as this information was 
not supplied with the survey) and thus represent absolute HCBCFs. In the same way the 
effect of self-selection bias, for example where households with less people (and less 
children) are probably more likely to choose to not have a car, may cause bias to effect the 
results. The effect of self-selection bias and uneven income distribution between household 
variable categories is discussed further in Chapter 7.2.4. 

 

4.6.1 Number of Cars Owned 

Households show increasingly higher HCBCFs with the number of cars owned, as shown in 
Figure 13. The HCBCF of car free households is 27% lower than the national average. 
Households with 1 car have an average HCBCF 32% higher than car-free households, whilst 
households with two cars are 53% higher than car-free households. Per capita HCBCFs don’t 
show the same trend. The number of cars owned typically increases with the number of 
household occupants, reducing the per capita HCBCF and contributing to an increase in the 
per household HCBCF.  

 

Figure 13: The average annual household consumption-based carbon footprint (HCBCF) 
separated by the number of cars owned per household for the period 2010 to 2012 

inclusive. The orange bars show the annual average per capita HCBCF, whilst the blue 
bars show the annual average per household HCBCF. The HCBCF is shown in tonnes of 
carbon equivalent greenhouse gas emissions (t CO2eq), either on a per household or per 

capita basis. 

10.1 11.2
9.4 9.5

16.5

21.9

25.3
27.2

0

5

10

15

20

25

30

0 1 2 3+

t C
O

2e
q

Cars/HH



51 

 

4.6.2 Number of People per Household 

Households with more occupants show decreasing per capita footprints overall, with 2 
person households at approximately the Icelandic HCBCF (10.4 tCO2eq/cap) and multiple 
person households much lower. Figure 14 shows single person households having a 
HCBCFs of almost 25t CO2eq/capita, more than twice the national average. For every 
addition household member above a 2-person household, total emissions per household 
increased only 4% on average, whilst per capita emissions decreased by 26% on average.  

 

Figure 14: The average annual household consumption-based carbon footprint (HCBCF) 
separated by the number of people per household for the period 2010 to 2012 inclusive. 
The orange bars show the annual average per capita HCBCF, whilst the blue bars show 
the annual average per household HCBCF. The HCBCF is shown in tonnes of carbon 

equivalent greenhouse gas emissions (t CO2eq). 
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4.6.3 Number of Children per Household 

Households with no children have the highest per capita HCBCF and second highest per 
household HCBCF of all households in Figure 15.  In general, after 1 child the presence of 
children increases the HCBCF by 5% for each additional child and decreases the per capita 
HCBCF of individuals in the household by 19%.   

 

Figure 15: The average annual household consumption-based carbon footprint (HCBCF) 
separated by the number of children per household for the period 2010 to 2012 inclusive. 
The orange bars show the annual average per capita HCBCF, whilst the blue bars show 
the annual average per household HCBCF. The HCBCF is shown in tonnes of carbon 

equivalent greenhouse gas emissions (t CO2eq). 

 

 

4.6.4 Household Location 

The per capita HCBCF in the Capital Area is 3% higher than average, with Towns Outside 
the Capital Area 2% lower and Other Communities 9% lower than average (10.4 t 
CO2eq/cap). Figure 16 shows households in the Capital Area having higher emissions 
relating to Hotels and Restaurants, Finance and Banking Services and Health, Education and 
Other Services, but slightly lower Transport emissions than the Other Communities 
households. Towns Outside the Capital Region were somewhere between the other two 
locations for most consumption categories, with the exception of Transport, which was 8% 
lower than Capital Area households on average.  
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Figure 16: The average annual household consumption-based carbon footprint (HCBCF) 
separated by household location for the period 2010 to 2012 inclusive. The orange bars 

show the annual average per capita HCBCF, whilst the blue bars show the annual average 
per household HCBCF. The HCBCF is shown in tonnes of carbon equivalent greenhouse 

gas emissions (t CO2eq), either on a per household or per capita basis. 

 

4.6.5 Household Type 

The HCBCF is shown by household type in Figure 17. Single occupancy households again 
had the highest HCBCF, followed by couples with children and couples without children, 
both which were near the average HCBCF of 22.5 tCO2eq. Single parent households had a 
HCBCF of 28% less than average. Other Households includes an unknown collection of 
households and as such doesn’t offer any insightful results. The results show that couples 
both with and without children have very similar per household HCBCFs. 

 

Figure 17: The average annual household consumption-based carbon footprint (HCBCF) 
separated by household type for the period 2010 to 2012 inclusive. The orange bars show 
the annual average per capita HCBCF, whilst the blue bars show the annual average per 
household HCBCF. The HCBCF is shown in tonnes of carbon equivalent greenhouse gas 

emissions (t CO2eq), either on a per household or per capita basis. 
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4.6.6 Dwelling Type 

The relationship between dwelling type and HCBCF is shown in Figure 18. Blocks with 
more than 5 flats had the lowest per household HCBCF, closely followed by blocks with 2 
to 5 flats. Family homes, both terraced and detached, had per household HCBCFs slightly 
higher than average and per capita HCBCFs slightly lower than average. Single rooms were 
the most GHG intensive form of dwelling in the study with a per capita HCBCF more than 
double the Icelandic household average.  

 

Figure 18: The average annual household consumption-based carbon footprint (HCBCF) 
separated by dwelling type for the period 2010 to 2012 inclusive. The orange bars show 

the annual average per capita HCBCF, whilst the blue bars show the annual average per 
household HCBCF. The HCBCF is shown in tonnes of carbon equivalent greenhouse gas 

emissions (t CO2eq), either on a per household or per capita basis. 
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5 Discussion 
The results of the study are discussed here in the context of Iceland and the world. The 
chapter is structured in the same way as the results presented in Chapter 4, with 6 subsections 
each relating to a specific research question presented in Chapter 1.1. This chapter highlights 
key study findings, compares them to current findings in the literature where possible and 
aims to answer each of the individual research questions. The policy implications of the 
study results are deferred to Chapter 6. 

 

 Icelandic NCBCF 

The Icelandic NCBCF of 22.5 tCO2eq/cap is high by world standards, although there are few 
global studies using similar methods with which to compare results. Hertwich & Peters 
(2009) calculated NCBCFs for various countries in 2001, and these results are shown for 
comparison in Figure 19. A follow-up study focussing specifically on the EU found the EU 
average NCBCF to be 13.3 tCO2eq in 2004, with the majority of nations shown in Figure 19 
having very similar NCBCFs in 2004 and 2001 (Steen-Olsen et al., 2012).  

Whilst the comparison would indicate that the Icelandic NCBCF is high by both world and 
European standards, the results must be interpreted with caution given the 7 to10 year 
difference in study base year. If CB emissions were assumed to increase by 20% across all 
EU countries over the past 10 years (from 2001 to 2011), Iceland’s NCBCF would be 
comparable to Finland and Switzerland, but still considerably higher than the other nations 
shown in Figure 19. A 50% increase would show Iceland comparable to Norway, Germany, 
Denmark and the UK. The NCBCF result shows the impact high levels of consumption can 
have on global emissions, with Iceland’s per capita CB emissions inventory amongst the 
highest globally, despite the low GHG intensity of the stationary energy sector in Iceland. 

The relative contributions of the final demand categories in the study to the NCBCF are 
shown in Table 9. The relative contributions differ from published studies significantly. This 
is thought to be due to differences in the relative amounts of expenditure between final 
demand categories, as the CB GHG intensities are comparable to other nations (see Chapter 
5.2). The relative expenditure values are likely to differ due to higher than average public 
subsidies (e.g. education and health care), increased public spending relative to the 
population (due to the smaller population of Iceland), and finally the rapid economic growth 
of Iceland resulting in large amounts of construction activities relative to the population. For 
example, Seppälä et al. (2011) analysed the NCBCF and HCBCF of Finland and found that 
only 68% of households final consumption emissions were paid for directly, with the rest 
included in the Government or GFCF components of the national accounts. Iceland, like 
Finland, has a larger focus on public and semi-public goods than many other developed 
nations and as a result would be expected to have a lower HCBCF relative to the NCBCF.  
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Figure 19: A comparison of the average annual Icelandic national consumption-based 
carbon footprint (NCBCF) to existing NCBCF results presented in Hertwich & Peters  

(2009). Icelandic results from this study are shown in blue. The Icelandic results show an 
annual average NCBCF between 2010 to 2012 inclusive, whilst the remaining comparative 

results have a 2001 base year. The NCBCF is shown in tonnes of carbon equivalent 
greenhouse gas emissions (t CO2eq). 

 

This highlights that the Icelandic HCBCF of 10.4 tCO2eq/capita may really underestimate 
the GHG emissions created by households. There is an argument in the literature that all 
government and GFCF expenditure should be attributed to households (Jackson et al., 2006, 
2007). Some studies have adopted this approach, however in this thesis the HCBCF 
represents just the GHG emissions resulting from expenditure by households, as this allows 
for comparison with global MRIO studies. This does, however, partly explain the relatively 
lower share of HCBCF emissions relative to the NCBCF.  

 

Table 9: A comparison between the results in this thesis and current literature. The 
comparison shows the relative contribution from each component of final demand to the 

NCBCF. 

 Households NfPSH Government GFCF ADV CI 

This Study 46% 7% 23% 17% 5% 2% 

(Hertwich & 
Peters, 2009) 

72%  10% 18%   

(Ivanova et 
al., 2016) 

65 ± 7% 1 ± 1% 7 ± 3% 24 ± 7% 3 ± 2%  
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The average annual NCBCF of Iceland was shown to be 55% larger than the PBCF over the 
study period 2010 to 2012. It is worth reiterating here that the NCBCF is simply the PBCF 
plus the net embodied emissions in trade. In Iceland, deductions from the PBCF include the 
large (relative to the economy) aluminium smelting exports which comprise approximately 
50% of the Icelandic NIR, whilst additions to the PBCF are from GHG emissions embodied 
in imported products. Thus, a NCBCF 55% larger than the PBCF implies that emissions 
embodied in imported products are far greater than those in exports, including aluminium 
smelting. It further suggests that any Icelandic CF analysis based on the territorial approach 
is likely to underestimate GHG emissions considerably, such as the City of Reykjavik’s 
current claim that its residents are responsible for just 2.8 tCO2eq/capita. 

 

 NCBCF by Consumption Category 

The results presented in Chapter 4.2 show both the absolute GHG contribution of each 
consumption category and the GHG intensity of each consumption category to the NCBCF. 
The top 5 consumption categories with the highest absolute GHG contribution to the NCBCF 
were the Transport, Public Administration, Education, Health and Other Services, 
Construction and Electrical and Machinery consumption categories. 

Transport is a major GHG contributor in virtually all NCBCF studies, typically along with 
Shelter, (Druckman & Jackson, 2009; Steen-Olsen et al., 2012). Hertwich & Peters (2009) 
showed that the Shelter component of the NCBCF was between 5% (Brazil) and 49% 
(Estonia) in 2001, depending on the country. The non-household related construction 
component was analysed separately and varied between 1% (Malawi) and 25% (China). 
Transport varied between 5% (Bangladesh) and 51% (Luxemburg). The results of this study 
suggest that Iceland’s transport and construction related emissions contributed 25% and 8% 
respectively. Shelter is a combination of the Electricity, Gas and Water consumption 
category, and rent which included in the Financial Intermediation and Business Activities 
consumption category. The two consumption categorised comprised 2.1% and 3.6% of the, 
respectively. Thus, Iceland shows high Transport and construction related GHG emissions 
in the NCBCF, but well within the world range. GHG emissions from Shelter in Iceland are 
low and of a similar level to many developing African nations. 

Table 10 compares Iceland with Australia and Norway in terms of the relative contribution 
to the NCBCF per capita using results from Hertwich & Peters (2009). Australia represents 
the country with the closest NCBCF per capita, whilst Norway was selected to represent a 
county with similar conditions (location, small size of economy, single commodity export 
based economy, stationary energy situation and transport situation) but a significantly lower 
NCBCF. The comparison shows the importance of renewable energy systems in reducing 
GHG emissions related to shelter, with both Iceland and Norway having far lower absolute 
and relative GHG contributions from Shelter in comparison to Australia. Iceland has a 
significantly higher absolute GHG contribution from Manufactured Products compared to 
the other nations. Services contribute surprisingly high amounts of GHG to the Icelandic 
NCBCF, although it should be noted that this consumption category includes Public 
Administration, which has been discussed previously as having an inexplicably high GHG 
intensity in the Eora database. Finally, the results highlight the importance of transport, food 
and GHG emissions related to manufactured products in the NCBCF. 
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Table 10: A comparison of the relative contributions of high level consumption categories 
to the NCBCF of Iceland and Australia, the country with the closest NCBCF by per in 

(Hertwich & Peters, 2009). 

 Iceland Australia Norway 

Total NCBCF (tCO2eq/cap) 22.6 20.6 14.9 

Domestic Share 63% 88% 44% 

Construction 1.9 (8%) 1.9 (9%) 0.9 (6%) 

Shelter 1.5 (7%) 4.3 (21%) 1.0 (7%) 

Food 3.1 (13%) 3.3 (16%) 2.2 (15%) 

Clothing  1.0 (4%) 0.4 (2%) 0.4 (3%) 

Manufactured Products 3.6 (15%) 1.6 (8%) 2.1 (14%) 

Mobility 5.7 (25%) 3.3 (16%) 4.2 (28%) 

Services 4.9 (21%) 3.3 (16%) 3.1 (21%) 

Trade 1.3 (6%) 2.3 (11%) 0.9 (6%) 

    
The consumption categories with the highest GHG intensity in Iceland were found to be 
Metal Products, Transport, Re-export and Re-import, Public Administration and Recycling. 
The Public Administration category is a limitation of this study and is discussed further in 
Chapter 7.2.1. The Recycling and Re-export and Re-import consumption categories are not 
present in other databases to enable a comparison of intensity values, however both had very 
low expenditure amounts in the analysis so any different in GHG intensity will have only a 
minor effect on the results. Seppälä et al. (2011) suggests that Metal Products in the Finnish 
ENVIMAT model have a CB GHG intensity of 1.54 kgCO2eq/2002EUR in Finland, and 
slightly lower in other European nations. This would suggest that the Icelandic CB Metal 
Products GHG intensity of 2.5 kgCO2eq/2010USD found in this thesis would seem too high. 
However, Seppälä et al. (2011) highlights the very different compositions of metal industries 
and suggests that comparing this consumption category without further detailed information 
is problematic. The Transport category, with a GHG intensity of 2.27 kgCO2eq/2010USD, 
is comparable to the global average presented in Ivanova et al. (2016) of approximately 2.36 
kgCO2eq/2010USD once corrected for currency and year (IMF, 2016a; Statistics Iceland, 
2017). 

The other major consumption categories contributing to the NCBCF are Education, Health 
and Other Services, Construction and Electrical and Machinery. Due to the aggregated 
nature of these consumption categories, no studies could be found to compare directly the 
GHG intensities of 0.31, 0.41 and 0.46 kgCO2eq/2010USD respectively. Ivanova et al. 
(2016) estimate global GHG intensities for generic ‘Services’ at 0.21 kgCO2eq/2010USD, 
however this doesn’t include waste, which is part of the Education, Health and Other 
Services consumption category in Eora. They further estimate ‘Manufactured Products’, 
loosely comparable to Electrical and Machinery in the absence of specific information, to 
have an average global GHG intensity of approximately 0.57 kgCO2eq/2010USD. The 
indirect component of Shelter has a global average GHG intensity of 0.35 
kgCO2eq/2010USD. Both intensity values were converted from Euros and 2007 prices (IMF, 
2016a; Statistics Iceland, 2016c), and suggest that the GHG intensity values obtained in this 
thesis for Iceland are of a similar magnitude. 
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 Icelandic HCBCF 

The average Icelandic per capita HCBCF was 10.4 t CO2eq/capita in the period 2010 to 
2012. Figure 20 contrasts the per capita results with a recent global MRIO study 
investigating household related consumption emissions (Ivanova et al., 2016). The per capita 
HCBCF is similar to that of Norway, slightly higher than France and Sweden and 
considerably smaller than other Western European countries, Australia, the USA and 
Canada, but considerably larger than the world average, India and China. The comparative 
study also used MRIO analysis, but instead of Eora made use of the Exiobase 2.2 database 
with a calculation year of 2007. The difference in calculation years should be noted when 
comparing results. The comparison indicates that Icelandic Households still emit 
considerable GHG emissions despite the very low GHG intensity of Iceland’s domestic 
electricity and heat supply, and that the HCBCF of Icelandic households is high by world 
standards. 

 

Figure 20: A comparison of the average annual Icelandic household consumption-based 
carbon footprint (HCBCF) to existing HCBCF results presented in (Ivanova et al., 2016). 
Icelandic results from this study are shown in blue. The Icelandic results show an annual 

average HCBCF between 2010 and 2012 inclusive, whilst the remaining comparative 
results have a 2007 base year. The HCBCF is shown in tonnes of carbon equivalent 

greenhouse gas emissions (t CO2eq). 

There is evidence of an increasing trend in the HCBCF from 2010 to 2012. Furthermore, the 
HCBCFs increased by an average of 11.3% and 9.2% on a per household and per capita 
basis, respectively. During the same period real GDP growth in Iceland averaged 1.6% per 
annum (Statistics Iceland, 2016c). This suggests that the average GHG intensity of Icelandic 
household consumption is increasing. Further detailed analysis would be required to confirm 
this result, specifically a national IOT for Iceland based on the national accounts as reported 
by Statistics Iceland. 
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 The HCBCF Global Emissions Distribution  

The global ‘carbon footprint map’ (Kanemoto et al., 2016) presented in Chapter 4.4 shows 
where emissions arise globally as a result of Icelandic household consumption. 
Approximately 61% of the GHG emissions produced in the HCBCF were attributed to 
consumption categories outside of Iceland and a further 10% were produced from the 
combustion of imported motor fuel for operation of private Icelandic vehicles. 

It is clear from the emissions map that the environmental emissions burden falls heavily on 
developing nations. In particular, those nations in South and Central Asia, Central Africa 
and South America, indicating social equality and production inefficiency issues. The 
findings would also suggest that there is evidence of carbon leakage in Iceland. This means 
that Iceland is responsible for significant emissions that are occurring in countries outside of 
the Kyoto Protocol. It is hoped that the findings of this study will aid in the design of GHG 
mitigation policy in Iceland, which is the focus of Chapter 6. 

 

 HCBCF by Consumption Category 

The top 5 consumption categories which contribute the most GHG emissions to the HCBCF 
are Transport, Food & Beverages, Financial Intermediation and Business Activities, 
Education, Health and Other Services and Hotels and Restaurants. Together these 5 
consumption categories comprise 69% of the HCBCF, with the Transport category alone 
comprising 33%. This highlights the importance of Transport, Food and Shelter related 
emissions in particular, as these consumption categories typically dominate HCBCF studies 
(Druckman & Jackson, 2009; Ivanova et al., 2016; Jones & Kammen, 2011; Minx et al., 
2013). 

The Food and Beverage consumption category has a GHG emissions intensity of 0.48 
kgCO2eq/2010USD, slightly higher than the 0.4 kgCO2eq/2010USD reported in Ivanova et 
al. (2016). No direct comparison for the Financial Intermediation and Business Activities or 
the Hotels and Restaurants consumption categories was available in the literature. Still, the 
GHG intensities of 0.15 and 0.44 kgCO2eq/2010USD, respectively, are similar to the 
Services (0.17 kgCO2eq/2010USD) and Shelter (0.5 kgCO2eq/2010USD) GHG intensities 
published in Ivanova et al. (2016). Whilst literature with which to compare these aggregated 
consumption categories is lacking, the values obtained from Eora are of a similar magnitude 
to consumption categories in published studies which include similar activities. The GHG 
intensity of the remaining top 5 consumption categories was discussed previously in Chapter 
5.2. 

If the consumption categories are aggregated together to a six category HCBCF they can be 
directly compared to the results of Steen-Olsen et al. (2012). A comparison of the relative 
and absolute shares of each high-level consumption category is shown in Figure 21. Note 
that Hotels and Restaurants was split 50:50 between Food and Beverages and Shelter in the 
aggregation to six consumption categories. The contributions from Shelter and Services 
categories are far lower than the EU average (52% and 49% lower, respectively), due to 
Iceland’s low GHG intensity electricity and heat supply. Transport and Food emissions are 
significantly higher than the EU average, whilst clothing is similar and makes only a small 
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contribution relative to the other categories. The result highlights both the importance and 
limitation of focussing on the decarbonisation of the national electricity supply. Whilst a 
largely decarbonised electricity grid and low GHG intensive heat supply have reduced 
emissions across some consumption categories in the HCBCF, other sectors rely heavily on 
imported goods and fuel and are hence largely unaffected. In the case of Iceland it would 
seem that the consumption of goods by households produces less GHG than the EU average, 
although this may be due to the provision of public and semi-public goods supplied by the 
government, an issue discussed in detail in Chapter 5.2. 

 

  

Figure 21: A comparison of the average annual Icelandic household consumption-based 
carbon footprint (HCBCF) to existing average annual European Union (EU) HCBCF 

results presented in (Ivanova et al., 2016). Icelandic results from this study are shown in 
orange, with the EU results shown in blue. The Icelandic results show an annual average 
HCBCF between 2010 and 2012 inclusive, whilst the remaining comparative results have 
a 2007 base year. The HCBCF is shown in tonnes of carbon equivalent greenhouse gas 

emissions (t CO2eq). 

 

 HCBCF by Household Variable 

This chapter discusses the household variable results presented in Chapter 4.6, and aims to 
discuss the effect of each of the six household variables on the HCBCF. The results for the 
six household variables are discussed sequentially, with a short summary provided at the end 
of the final section. Comparisons are made with existing research and tentative conclusions 
drawn where possible. 

The analysis aggregates the three year household survey data set into a single larger data set, 
using a model and pricing base year of 2010. Reasons for this are discussed further in 
Chapter 3.2. The results were not able to be corrected for income, as this information was 
not supplied with the Household Expenditure Survey, and thus represent absolute HCBCFs. 
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In the same way the effect of self-selection bias, for example where households with less 
people (and less children) are probably more likely to choose to not have a car, may cause 
bias to effect the results. Furthermore, no measures were taken to correct for any skew in the 
representativeness of the Icelandic Household Expenditure survey data. The effect of 
limitations is discussed further in Chapter 7.2.4. 

 

5.6.1 Number of Cars Owned 

The number of cars owned has a larger effect on HCBCF than any other household variable. 
The HCBCF per household increased strongly with the number of cars owned, but per capita 
HCBCFs didn’t show the same trend. In fact, they actually decrease very slightly below the 
average for 3 and 4 car households. This would seem to support the findings from previous 
studies, which show that while private vehicle emissions are a large component of the 
HCBCF (Druckman & Jackson, 2009; Ivanova et al., 2016), significant rebound effects may 
exist in households with less vehicles owned due to income saved being spent on other high 
GHG intensive activities (Heinonen et al., 2013a; Ornetzeder et al., 2008; Ottelin et al., 
2014). These findings are further supported by studies that suggest a strong correlation 
between expendable income and GHG emissions (Hertwich & Peters, 2009; Ivanova et al., 
2016). However, this thesis does not contain enough household-level detail to support any 
correlations between income, HCBCF and rebound effects. This is due primarily to the 
aggregated Eora26 category model and the lack of supporting data for the Icelandic 
Household Expenditure survey (particularly income data). However, the initial results 
reported in this thesis suggest that the level of car ownership and GHG emissions are related 
in Iceland and that a detailed follow up study would be justified. 

 

5.6.2 Number of People per Household 

The number of people in the household had a large effect on the HCBCF. The results suggest 
that higher occupancy households, where inhabitants share more goods and services, are 
responsible for significantly less GHG emissions on a per capita basis. This finding is 
supported by current literature (Ala-Mantila et al., 2016). The policy implications of this 
result are discussed further in Chapter 6.2.3. Readers should also note the prior discussion 
regarding the high level of expenditure by one person households in the Icelandic 
Expenditure Survey in Chapter 3.2.5. 

 

5.6.3 Number of Children per Household 

An increasing number of children in the household tended to increase the per household 
HCBCF slightly (5% per child) but decrease the per capita HCBCF considerably (19% per 
child). Households without children had both per capita and per household HCBCFs above 
the average. This may be due to increased levels of disposable income, which is shown to 
be positively correlated with HCBCF emissions (Ivanova et al., 2016). This highlights a key 
issue discussed further in Chapter 6.3; that reducing absolute consumption levels is critically 
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important because without it, reductions in the GHG intensity of consumption may be 
cancelled out by high levels of material over-consumption.  

 

5.6.4 Household Location 

Households show increasing per capita HCBCFs in progressively larger settlements, with 
cities having above-average HCBCFs. However, this thesis did not find a similar trend on a 
per household basis. Rural Icelanders showed slightly higher GHG emissions related to 
transport, however in comparison urban Icelanders had much higher expenditure in the 
Hotels and Restaurants and Financial Intermediation and Business Activities consumption 
categories. Thus, any transport related GHG savings made by living in more accessible 
locations were cancelled out through higher consumption expenditure in other areas, even 
when accounting for the higher GHG intensity of transport related purchases. This result is 
supported by previous research focussing on Finland and the UK (Heinonen et al., 2013a; 
Minx et al., 2013; Ottelin, 2015). This result may suggest that not only disposable income, 
but perhaps also time and the choice of recreational activities available to spend disposable 
income may have a significant effect on the HCBCF. This would imply that policy needs to 
take a holistic view in guiding households consumption patterns toward lower GHG 
intensive activities, or else rebound effects may cancel out any reductions in the HCBCF 
(Jalas, 2002).  

 

5.6.5 Household Type 

The overall effect of household type on the HCBCF was small and slightly contradictory to 
the other results in the study. The findings suggest that couples both with and without 
children have very similar per household HCBCFs, contradicting the previously 
hypothesised effect of increased expendable income effecting the HCBCF. This could 
suggest that differences in per capita HCBCF between households with and without children 
should be attributed to the presence of the children, and hence the number of the inhabitants 
increasing, rather than an underlying change in consumptive behaviour. However, there is 
insufficient detail in this study to draw any conclusions regarding household type. 

 

5.6.6 Dwelling Type 

The effect of household type on the HCBCF was small but significant. Overall, the results 
would suggest that higher-density housing is associated with lower per household HCBCF, 
whilst family houses (either detached or terraced) are associated with lower per capita 
HCBCFs. This result would seem to support previous findings in the household variable 
analysis, in that households with more inhabitants showed lower per capita emissions due 
the sharing of goods and services. Both the per capita and per household findings are 
supported in the literature, although findings supporting intra-household sharing resulting in 
GHG emissions reductions are only recently starting to be published (Ala-Mantila et al., 
2016; Cervero & Kockelman, 1997). 
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6 Implications 
This chapter aims to place the results of the study in the context of GHG mitigation policy 
in Iceland and internationally. The critical difference in consumption-based (CB) and 
production-based (PB) emissions perspectives is discussed in the context of Iceland and the 
low carbon illusion hypothesis is confirmed. Recommendations for GHG mitigation policy 
are presented based on the findings in the study, with the discussion separated into a) 
reductions in the GHG intensity of consumption and b) reductions in absolute consumption 
levels. Finally a short summary is presented on lessons learned from the Icelandic case that 
may be relevant to other nations facing similar decarbonisation challenges. 

 

 Iceland’s Low Carbon Illusion 

The ultimate goal of climate change mitigation policy is to reduce the volume of global GHG 
emissions emitted by society. A reduction in global emissions involves not just a unified 
response from all nations, but also an accurate measurement of each nations emissions 
responsibility. This study shows that Iceland is living in a low carbon illusion where the 
actual emissions responsibility of the nation far outweighs what is currently accounted for 
in the territorial emissions inventory. This low carbon illusion has been observed to varying 
degrees in many other rich nations globally (Athanassiadis et al., 2016; Committee on 
Climate Change, 2013; Hertwich & Peters, 2009; Ivanova et al., 2016; Larsen & Hertwich, 
2009). Specifically, the Icelandic results suggest that the average annual NCBCF is 55% 
larger than the territorial PBCF accounted for in the NIR during the period 2010 to 2012. 

This low carbon illusion is particularly obvious in the City of Reykjavik’s recent carbon 
neutral campaign, which claims a territorial footprint of 2.8 tCO2eq/capita 
(Reykjavikurborg, 2016a, 2016b). In contrast, the results of the current study indicate that 
residents in the capital area have a consumption-based carbon footprint (CBCF) of 10.7 
tCO2eq per capita, more than 3 times the territorial amount and far higher than the global 
average of 3.4 tCO2eq/cap (Ivanova et al., 2016). Other cities are likely experiencing similar 
illusions of carbon neutrality, supported by carbon footprints (CFs) calculated using 
territorial emissions inventories (e.g. Adelaide City Council, 2016). Athanassiadis et al. 
(2016) present the case of Brussels, where their analysis showed a CBCF more than 3 times 
higher than the territorial CF within the city boundary. Heinonen et al. (2013a) found GHG 
emissions in Helsinki to be more than double the published territorial figures (Helsinki 
Region Environmental Services Authority, 2016). The first step in overcoming this low 
carbon illusion, especially in Iceland, is likely to be disseminating the concept and scale of 
embodied emissions into climate change decision making, government and public 
understanding.   

Whilst understanding and publicising the concept of embodied emissions in everyday 
consumption seems relatively straight-forward, how exactly to account for GHG emissions 
on a national scale remains up for debate. Whether emissions occur domestically or 
internationally, many authors argue that a degree of responsibility must be taken by 
consumers for the demand of goods in the market, as well as the responsibility currently on 
producers of goods in the economy. Various models for how a consumer-producer 
responsibility split could work have been proposed, including 50-50 producer-consumer 
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responsibility, responsibility based on value added, full consumer responsibility and many 
others (Bastianoni et al., 2004; Gallego & Lenzen, 2005; Lenzen et al., 2007; Munksgaard 
& Pedersen, 2001; Rodrigues & Domingos, 2008). Many of these models emerged in 
response to carbon leakage, which has already undermined the usefulness of the Kyoto 
Protocol and may be further creating a false sense of achievement regarding national GHG 
emissions inventories. It is hoped that the results of this study may inspire further work to 
analyse appropriate models for emissions responsibility allocation in Iceland, so as to avoid 
carbon leakage and to incentivise lower GHG intensive products and services. 

The results of this study show evidence of carbon leakage in Iceland. Approximately 61% 
of emissions resulting from household consumption were attributed to international 
consumption categories, which is unsurprising given the dependence of Iceland’s economy 
on imported products. The global GHG emissions dispersion in Figure 10 highlights the 
countries with the highest environmental burden from Icelandic household consumption. 
Ecuador, the Dominican Republic, Azerbaijan, the Central African Republic and South 
Sudan alone are burdened with 25% of the Icelandic household consumption-based carbon 
footprint (HCBCF). Whilst this highlights a social justice issue (rich countries burdening 
developing nations with their environmental waste), it also highlights gross inefficiencies in 
low-carbon supply chains. Low-carbon energy generation opportunities are abundant in 
Iceland, and yet domestic demand for most consumables is met by imported products with 
comparatively high GHG production intensities.  

These two issues point towards two very beneficial GHG mitigation strategies. Firstly, there 
is evidence to suggest that the development of local production to meet domestic demand 
would greatly reduce global GHG emissions. The Icelandic Electricity, Water and Gas 
consumption category has a CBCF of only 0.4 kg/2010USD compared to the global average 
of 1.22 kg/2010USD, providing very low GHG intensity inputs to any local production 
process. For example, local food production in modern greenhouses makes use of Iceland’s 
low-carbon electricity and heat supply to produce a range of vegetables (SFG, 2017). The 
competitiveness of these local industries, which this analysis would suggest should be far 
less GHG intensive than average imported produce, will depend on domestic policy in 
Iceland that promotes low-carbon alternatives in production or consumption of products (e.g. 
carbon price). 

Secondly, there appears to be an opportunity to support investment by Iceland in specific 
developing countries, explicitly targeting sectors which are key to Iceland’s product supply 
chain. This mutually beneficial solution would have the effect of stimulating international 
investment in developing nations, improving production efficiencies and, in doing so, 
decrease the GHG intensity of rich nations’ imported products. Investors would be in a 
position to recoup both economic and environmental returns on investment. Identifying the 
international supply chain sectors that have the highest contribution to the Icelandic CBCF 
would be key to this GHG mitigation strategy. A supply chain decomposition analysis using 
the Multi-Regional Input-Output (MRIO) LCA method utilised in this report would be the 
perfect tool to provide this insight. To do this, a detailed national IOT would need to be 
constructed by Statistics Iceland before the study would add any further value beyond this 
current work. This author recommends such a table be constructed to inform the assessment, 
as well as further in-depth transport analyses as presented in the following Chapter.  
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Once national emissions are correctly accounted for, perhaps contingent on the model of 
emissions responsibility adopted, the challenge for policy makers becomes how to reduce 
their GHG emissions. There are fundamentally two ways to do so; via reducing the GHG 
intensity of consumption activities and via an absolute reduction in consumption levels. The 
findings in this work offer insights into both approaches and further suggest that a 
combination of both will be needed to fully decarbonise national economies in the short 
timeframe available. 

 

 Reducing the GHG Intensity of Consumption 

A reduction in the GHG intensity of goods and services reduces total emissions providing 
that absolute consumption levels remain unchanged or decrease. In Iceland, the near-
complete decarbonisation of the stationary energy supply sector is a shining example of the 
effect reducing GHG intensity can have on national economies. For example, the share of 
GHG emissions from Shelter and Services in the Icelandic HCBCF was only 13% and 9% 
respectively, both half that of the EU average (Ivanova et al., 2016). However, imported 
products rely on the GHG intensity of other nations’ production sectors and the GHG 
intensity of entire global supply chains. As a result, the GHG intensity of the Transport, 
Food, Clothing and Goods (see Figure 11) consumption categories are similar to the EU 
average and make up higher a higher proportion of the Icelandic HCBCF.  

 

6.2.1 Transport: The Biggest Opportunity 

Transport is the most GHG intensive consumption category in the Icelandic CBCF. The 
Transport consumption category had the second highest GHG emissions intensity (1.52 
tCO2eq/cap) after the Metal Products consumption category. Emissions from Transport are 
significant in both the household (38%) and national (25%) CBCF, as well as the PBCF 
(20%) emissions inventories. It would seem clear that this consumption category is key to 
the decarbonisation of Iceland, and will become increasingly important to other nations as 
they transition to a low-carbon stationary energy supply. As an example, without emissions 
from Transport the Icelandic HCBCF would be amongst the lowest emitters in the developed 
world, with approximately 7 tCO2eq/capita.  

Whilst zero CB Transport emissions is impossible in the near term, this point highlights the 
unique position Iceland is in regarding GHG mitigation. Previous studies have evaluated 
Iceland’s transport related emissions mitigation options, focussing primarily on GHG 
intensity reductions and considering only tailpipe emissions (Árnason & Sigfússon, 2000; 
Davíðsdóttir & Agnarsson, 2010; Shafiei et al., 2012, 2016, Shafiei et al., 2014, 2015, 2017; 
Shafiei et al., 2013). Researchers analysed the cost and environmental effectiveness of 
biofuel, hydrogen, electric, hybrid and methanol powered private vehicles, concluding that 
many options exist that could both reduce direct emissions and be affordable to consumers. 
Chester & Horvath (2009) caution researchers on the effect of ignoring supply chain impacts 
when comparing transport mitigation options, with their results indicating that indirect GHG 
impacts often outweigh the direct component. This research would support these findings, 
with the GHG intensity of the Transport consumption category being approximately 50% 
direct and 50% indirect emissions (see Figure 7). Thus further study in Iceland should assess 
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the full breadth of environmental impact of the previously highlighted options for transport 
GHG mitigation, so any trade-offs may be fully understood and investment in GHG 
reduction policy and infrastructure wasted. 

The general MRIO LCA method utilised in this work would be well-suited to assessing the 
environmental impact of the proposed options. The level of detail in the Eora26 model was 
insufficient to separately analyse the embodied emissions of private motor vehicles in this 
study and further analysis would require a detailed IOT to be developed for the Icelandic 
economy. A hybrid MRIO LCA model would be suitable to conduct such an analysis, as it 
has the ability to capture the breadth and depth of supply chain impacts using MRIO analysis, 
combined with specific process LCA data for alternative fuel vehicles. Utilising this hybrid 
method, policy makers would be able to rule out certain alternative fuel-based private vehicle 
or public transport options that were considered too GHG intensive from a consumption 
perspective. This is particularly relevant for countries other than Iceland, where the 
population is considerable higher and the global ramifications of every adult owning one or 
more cars becomes increasingly significant. Finally, a key consideration to any follow-up 
study assessing the GHG intensity of transport options should include materials, key 
nutrient, water and land CB footprints to be fully aware of any environmental trade-offs 
involved (e.g. low GHG intensive EV batteries with large amounts of over exploited rare 
earth material components).  
 

Finally, transport does not exist in isolation. The relationship between transport and CFs in 
cities is complex and dependent on many other factors (Cervero & Kockelman, 1997; 
Cervero & Murakami, 2008). Research suggests that there are important interplays between 
housing and transport that affect GHG emissions from households (e.g. Heinonen et al., 
2013b). This study contributes to that ongoing debate, finding that in Iceland, car-free 
households produce 30% less emissions than the national average, in line with current 
literature (Ornetzeder et al., 2008). However, the per household HCBCF results don’t show 
the same trend. Previous research has shown that car free households may exhibit equally 
GHG intensive rebound effects, due to the income saved on driving, often in the form of 
personal air travel (Heinonen et al., 2013a; Ottelin et al., 2014). Indeed, the number of cars 
owned was found to have more effect on the per household HCBCF than any other household 
variable. Whilst this result may be affected by the limitations of a smaller sample size 
(n=217) and the possible uncontrolled effect of number of inhabitants (i.e. households with 
no children may be less likely to own a car), the result suggests that policy to encourage 
households to not own private vehicles could be an effective GHG mitigation strategy. This 
supports previous work which has shown the importance of transport modal choice in CBCF 
studies, particularly when focusing on lifestyles and the built environment (Heinonen et al., 
2013a, 2013b). However, policy is also needed to prevent the income saved being 
redistributed to other high GHG intensity activities such as flying and overconsumption of 
material goods (Ottelin et al., 2015). 
 

6.2.2 Food 

The emissions embodied in the Food consumption category make up 2.1 t CO2eq/capita, or 
approximately 20% of the Icelandic HCBCF, making it the second highest consumption 
category after Transport. The average GHG intensity of the Food category was 
approximately 0.5 kg CO2eq/2010USD, similar to the European average (Ivanova et al., 
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2016). This implies a number of possible GHG intensity reduction pathways including; a) 
increased domestic food production using low GHG intensity resources, b) policy to promote 
and incentivise low-carbon alternatives (e.g. food labels), and c) addressing the types of food 
and beverages purchased. For example, Berners-Lee et al. (2012) investigated UK diets and 
found that vegetarian and vegan diets resulted in 22% and 26% lower food related CFs, and 
that GHG savings from vegetarian dietary scenarios were equivalent to a 50% reduction in 
UK tailpipe emissions. Due to the aggregation level of the Eora26 database this study cannot 
inform specific food choice policy. However, this study can confirm that emissions 
embodied in food purchases are significant, that Food is a moderately GHG intensive 
consumption category, and that the scale of emissions would warrant further investigation 
using a detailed national IOT.  

 

6.2.3 Goods and Services 

The purchase of Goods by households accounted for 16% (1.7 tCO2eq/capita) of the 
HCBCF, with the majority of those emissions occurring overseas. Clothing contributed an 
additional 4% to the HCBCF, which when combined with other are equal to Food as the 
second highest emissions consumption categories in the HCBCF. The emissions intensity of 
Goods varies from 0.3 to 2.5 kgCO2eq/2010USD. In contrast, the Services sector in Iceland, 
which is largely included in the Education, Health and Other Services consumption category 
in this research due to the Eora26 classification, contributes only 9% (0.9 tCO2eq/capita) to 
the HCBCF.  

These results indicate that there is significant GHG mitigation opportunity in encouraging 
Icelandic households to switch expenditure from consumable goods to consumable services. 
Whilst this demand-side policy won’t address the underlying emissions driver of human 
consumption, this study shows shifting from goods to services could achieve GHG 
reductions of up to 2.27 kgCO2eq/2010USD, depending on the type of goods considered. 
Even policies to support the switching of expenditure on GHG intensive household goods, 
such as steel products and transport, to food expenditure would result in reductions in 
emissions. However, care must be taken not to use a ‘blanket approach’ with policies to 
support expenditure switching, as some services are very GHG intensive (e.g. skydiving) 
and many products (such as the average for products in the Other Manufacturing or 
Petroleum, Chemical and Non-Metallic Mineral Products consumption categories) have 
similar or lower GHG intensities than typical services. Suh (2006) investigated the US 
economy and obtained similar low GHG intensity results for services (0.47 kg/USD), finding 
that the intensity was on average far lower than consumable goods and that a switch of 
household expenditure would result in an emissions decrease. However, he notes that a 
switch to a service dominated economy in the US would result in increases to service inputs, 
particularly electricity and construction that would ultimately lead to an absolute increase in 
emissions. This highlights the point that Iceland, a country with a very low-carbon stationary 
energy supply, is well positioned to shift goods consumption to services with relatively less 
rebound effects than other nations. 
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 Reducing Consumption Levels 

The second option to reduce GHG emission in an economy is an absolute reduction in 
consumption levels. This approach is often forgotten in the pursuit of economic growth, but 
is increasingly being recognised as the key to reducing environmental impacts and must be 
an important component of any GHG mitigation strategy (Hoekstra & Wiedmann, 2014; 
Kanemoto et al., 2014).  

The results of this study clearly show the effect of absolute consumption levels in the 
Icelandic CBCF. The national consumption-based carbon footprint (NCBCF) of Iceland is 
almost twice the European average (Steen-Olsen et al., 2012) and considerably higher even 
than most Western European nations, despite Iceland’s low GHG stationary energy supply. 
Whilst this can in part be explained by the reliance on imported products, rendering the GHG 
intensity of domestic stationary energy meaningless in these consumption categories, the 
remaining difference can only be attributed to either the CB GHG intensity of consumption 
categories or the total consumption volume per capita. The GHG intensity of Goods (0.3 – 
2.5 kg CO2eq/2010USD) and Food (0.5 kg CO2eq/2010USD) are similar to the EU average 
(Ivanova et al., 2016), indicating that it is not the GHG intensity but the volume of Food and 
Goods purchased which creates the relatively large Icelandic NCBCF.  

The analysis of Icelandic household location also supports this finding. Households located 
in the city had a per capita HCBCF 13% higher than rural communities, despite rural 
households having 8% higher transport emissions. This would suggest that rural households 
consume less, probably due to the availability of options (less restaurants, retail outlets, 
banking services). This is supported by the consumption categories with comparatively 
higher HCBCF emissions in the Capital Region in this study. Heinonen et al. (2013a) 
analysed Finland and found similar results, indicating that increased consumption by urban 
Finnish households compared to rural communities outweighed any GHG savings in reduced 
transport emissions resulting from higher density living. 

In addition to household location, Icelandic households with more inhabitants were shown 
to have less GHG emissions per capita (see Figure 14). This is likely due to the inhabitants 
sharing household goods (e.g. kitchen appliances, furniture, energy and water services, etc.) 
and therefore consuming a lower volume of goods per person. This GHG mitigation option 
is often overlooked. Discussion tends to focus on high or low density households (i.e. 
people/space, Norman et al., 2006) but rarely considers high or low density occupancy (i.e. 
people/house) promotion as a viable GHG reduction strategy. A noticeable exception is Ala-
Mantila et al. (2016) who analysed Helsinki and found that the effect of sharing household 
goods in larger, higher occupancy suburban homes was able to offset higher density, lower 
occupancy homes in terms of GHG emissions. The results of this thesis would support their 
findings and suggest that higher density occupancy is an important element to consider when 
planning low-carbon cities, in addition to current 3D or 5D sustainable mobility design 
frameworks (Density, Diversity, Design, Distance to transit, Destination accessability, 
Cervero & Kockelman, 1997; Cervero & Murakami, 2008).  
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 Learning from the Icelandic Case 

The results of this thesis suggest that even in a ‘future scenario’ in which Western Europe 
has decarbonised it’s stationary energy supply, considerable emissions will still be created 
through the demand for consumer goods produced overseas. This highlights the important 
point that the underlying demand for consumer goods must be reduced, both in intensity and 
also in magnitude, if reductions in global emissions are to be made. Whilst this necessarily 
contradicts the current neo-classical economic growth model, it is a necessary change if 
global decarbonisation is to be achieved by 2100. This study suggests that the ‘do nothing’ 
approach to ever growing personal consumption will have increasingly recognised climate 
change and other environmental impacts in a steadily decarbonising world.  

Transport is the next hurdle after the decarbonisation of stationary energy supplies. The 
overall sustainability of private vehicles for city travel must be questioned so that 
simultaneous water, material, nutrient and land constraints don’t get forgotten in the GHG 
focussed transition. Significant environmental trade-offs are likely to exist, particularly in 
transport between private and public vehicle ownership, as these limits are better understood. 
This work and similar MRIO footprint analyses are well positioned to inform such decisions 
in the future. 

Lessons from this CBCF study of Iceland would suggest that emissions embodied in goods 
and food are critical to achieving the global decarbonisation target by 2100 (IPCC, 2014). 
The combination of the Transport, Food and Goods consumption categories in the HCBCF 
resulted in more than 8 tCO2eq/capita of GHG emissions every year in what is currently seen 
as a ‘decarbonised’ economy. In reality, these consumption categories are supplied primarily 
through imports and have global average GHG intensities. Outside of domestic control, these 
three consumption categories have relatively high GHG intensities, coupled with excessive 
levels of material consumption domestically. The result is that these three consumption 
categories alone have a CBCF that is more than double the global average HCBCF. This 
should act as a demonstration case to other nations and show that a) the decarbonisation of 
domestic energy supply is only part of the challenge, the other part is emissions embodied 
in imports, and b) that the absolute level of material consumption is critical to the GHG 
mitigation challenge and must be addressed directly. 
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7 Assumptions, Limitations and 
Sensitivity Analysis 

This chapter presents a discussion of the major limitations, assumptions and uncertainties in 
MRIO modelling and IOA in general, and specifically with the Eora26 database and this 
study. Quantified uncertainty values were unavailable in the Eora26 model, so an estimate 
of uncertainty magnitude and direction is presented in the absence of more robust uncertainty 
information. This summary of uncertainty estimates in the study is presented in Chapter 7.3. 
 

 General Limitations of MRIO methods 

Limitations to environmental IOA in general relate to how well the method reflects the 
environmental impact intensity of each consumer purchase. The IO method is used in this 
work to attribute GHG emissions to consumers, using expenditure as a proxy for physical 
goods demanded. The components that underlie this emissions intensity relationship, as 
discussed in Chapter 3.1, are what make IOA such a powerful tool but also are the source of 
significant error and uncertainties. Generally, the major limitations to any MRIO analysis 
include data uncertainty, balancing errors, the fixed technology or sales assumption, product 
sector aggregation errors, constant returns to scale and price-based errors. Each limitation is 
discussed separately, with the measures to mitigate the resulting error or uncertainty 
discussed in the context of this study and the Eora26 database. For further specific 
understanding of particular sources of uncertainty in MRIO and IOA in general the reader is 
referred to Lenzen (2001), Lenzen et al. (2016) and Wilting (2012). 

 

7.1.1 Data Uncertainty 

The Eora database is only as accurate as the source data that underpins its construction. The 
Icelandic IOT in Eora was compiled by a secondary source, the UNSD, rather than Statistics 
Iceland or similar national body. The IOT was compiled for 2010 only, with 2011 and 2012 
being estimated based on the 2010 table and the other national data in Eora (Lenzen et al., 
2013a). This has the effect of maintaining the 2010 economic structure of Iceland throughout 
2011 and 2012. Thus, any major changes in the domestic economy, developments in 
technology or new industries will not be reflected in the domestic 2011 and 2012 IOT’s in 
Eora. Data on trade with major economies should remain well reflected.  

There are also specific data uncertainties that affect this study. The direct fuel consumption 
data in the Eora26 database for Iceland seems too low to include anything more than 
passenger transport. Direct emissions from passenger vehicle fuel sales make up 97% of the 
Eora26 direct emissions matrix, leaving only 11 ktCO2eq for public transport, domestic 
aviation, off road vehicles, non-private work use vehicles, marine and non-vehicular fuel 
use. This would have the effect of increasing the CBCF, but as the source data for the direct 
emissions value in Eora was unavailable, it was not possible to quantify by how much this 
limitation would affect the results in this work. 
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The Public Administration consumption category for Iceland in Eora26 has a GHG intensity 
of 1.2 kgCO2/2010USD, a value that seems far too high for a consumption category that is 
largely dominated by Icelandic services. The GHG intensity value is derived from the 
production-based emissions allocation by consumption category in Eora, which may have 
been allocated incorrectly, or the consumption category may have an incorrect amount of 
expenditure allocated to it in the 2010 Eora26 database. Whatever the issue, Public 
Administration is a consumption category with considerable expenditure by national 
economies, and as such an increase in GHG intensity can have a large effect on the NCBCF 
result. This would appear to be the case in this research, but without the source information 
which underlies the construction of the Eora26 database, the error cannot be quantified or 
adjusted.  

 

7.1.2 Balancing Error 

The errors arising from balancing algorithms applied to IOTs differ significantly with both 
the size of the consumption category in question and level of certainty in the source data. 
The Eora database applies a modified version of the RAS balancing technique, and assigns 
higher weighting to national rather than secondary source data, and to larger expenditure 
figures. The result is a more accurate representation of the world’s economy, but potentially 
also a very inaccurate model of small economies. 

This is partly the case of Iceland in the Eora26 database. Whilst the majority of the 2010 
IOT obtained from the UNSD database remains intact, some consumption categories have 
been adjusted by relatively enormous amounts, resulting in negative transaction and final 
demand values. This balancing error has affected the consumption categories of Transport, 
Retail Trade and Hotels and Restaurants significantly. Chapter 3.2.4 discussed the 
modification method used to attempt to correct the data balancing error and the resulting 
tables are included in Appendix B. The adjustments made to align the totals closer to national 
accounts data from Statistics Iceland increased the total domestic expenditure by households 
by around 11%, whilst other components of FD both increased and decreased. Overall the 
domestic FD expenditure increased by 11%, largely to the removal of negative values and 
to align with national accounts data. The adjustment may have the effect of decreasing the 
national and household CBCFs, but also producing reasonable GHG intensity values for the 
Transport, Hotels and Restaurants and Retail Trade consumption categories. 

In addition to the Transport, Hotels and Restaurants and Retail Trade consumption 
categories, the Eora26 database ‘top violator’ report suggested that the Financial 
Intermediation and Business Activities consumption category in the Icelandic economy was 
poorly constrained in the balancing procedure and as a result may have changed significantly 
from the original IOT source data. However, both the intensity and total expenditure amounts 
in this consumption category appear consistent with previous CBCF studies and do not stand 
out as very large or small contributions relative to the other consumption categories. 
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7.1.3 Aggregation Error 

Aggregation error is arguably the biggest limitation of IO models in general, and MRIO 
models are no exception. Eora26 contains only 26 consumption categories and as such may 
differ significantly from studies with higher levels of consumption category disaggregation. 
This is particularly important when comparing CBCF results between studies. Lenzen et al. 
(2004) found that significant error was introduced by aggregating a MRIO model with 39 to 
133 consumption categories into a 10 consumption category model. Su et al. (2010) further 
suggest that between 10 and 40 consumption categories is sufficient for IO models 
considering embodied emissions. Their findings indicate that consumption category totals in 
models with less than 10 consumption categories are significantly different to those with 
more disaggregation, and that further disaggregation beyond 40 consumption categories 
“seems less likely to affect the result”. Using one consumption category as a comparison, Su 
et al. (2010) compare emissions embodied in imports between a 28 and 40 consumption 
category model, finding that consumption category totals can vary by up to approximately 
5%. Variation for models with less than 10 consumption categories is far higher (up to 25%), 
and models with 40 consumption categories or more far lower, in comparison to a 28 
consumption category model. There are no other studies to this author’s knowledge 
exploring the effect consumption category disaggregation has on results in EE IOA, so this 
study forms the basis of an uncertainty discussion in relation to the current study. 

This work uses the 26 consumption categories available in Eora, although in the analysis of 
Icelandic households, only 19 consumption categories have non-zero direct expenditure. 
Based on Su et al. (2010), the findings in this work should be reasonably comparable to 
models with more consumption categories, but care should be taking interpreting small 
variations (up to 10%) in results between similar study findings. It is also worth noting that 
the comparability between consumption categories will depend on the consumption category 
in question. Regardless of the number of consumption categories, models normally treat 
some consumption categories equally (e.g. Private Households, Wholesale Trade, 
Construction). These consumption categories should be directly comparable between 
models. Consumption categories that include more disaggregation in other models (e.g. 
Transport, Food and Beverages) and those with categories of goods that could be included 
in many different categories depending on the classification system chosen (e.g. Education, 
Health and Other Services, or Manufacturing) are likely to differ the most. Consumption 
categories that include goods with a diverse range of GHG production intensities (e.g. Food 
and Beverages) are also likely to be amongst the least well represented in models with high 
consumption category aggregation, such as in this current study. 

A particular limitation to this work is the Education, Health and Other Services consumption 
category in the Eora26 model. This consumption category includes all cultural and sporting 
activities, education of all kinds, health and wellbeing services like medical, dental, 
veterinary, social work, as well as admissions to events, lotteries, ‘everyday’ services like 
hairdressing and laundromats, and waste and sewerage disposal. This broad range of 
activities, many with very different GHG intensities, presented an issue when aggregated 
together. For example, it is unlikely that the disposal of Municipal Solid Waste (MSW) and 
visiting a hairdresser in Iceland are likely to have anywhere near the same GHG intensity. 
This results in a poor representation across both sectors as the results are averaged. 
Avoidance of this limitation depends on the inclusion of more service-based consumption 
categories in the Eora26 model. Given that many of these service sectors are quite dependent 
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on domestic energy supply, it may be that expenditure in relatively higher GHG intensive 
sectors such as waste may be underrepresented in the CBCF results. 

 

7.1.4 Fixed technology or sales assumption 

Constructing a square IOT from rectangular Supply and Use tables (see Chapter 3.1.1) 
requires an assumption on the allocation of secondary products. Each of the four typical 
assumptions comes with its own limitations. The fixed industry technology assumption was 
used to construct the Eora26 database (Foran et al., 2011), which assumes that each industry 
has its own specific way of production, irrespective of product mix (Eurostat, 2008). The 
result is that the inputs to a product sector are further averaged, as a combination of the 
original primary product inputs and the allocated secondary product inputs are combined. 
Given the already high aggregation in the Eora26 model, this is unlikely to affect the 
resulting model significantly. However, the effect is not known and given that the Eora26 
database is provided ‘as is’ with no support or detailed compilation information, it was not 
possible to test the effect this assumption would have on the final IOT and CF results. 

 

7.1.5 Fixed Coefficients 

The IO method is built on the assumption of fixed technical coefficients. This means that the 
output of a certain product is linearly related to the inputs of pre-requisite products, raw 
materials or energy. This simplification of the realistic production relationship implies there 
are no thresholds or efficiencies to be considered in the IO relationship of the products 
production, as well as implying that no technology changes or improvements occur from one 
time period to the next. For example, this assumption means that a doubling of outputs 
requires a doubling of inputs. Whilst this may be the case for some product sectors, it is a 
poor representation of others, particularly those involving large amounts of invested capital 
that is shared amongst consumers (e.g. use of a swimming pool facility or a large production 
line used to produce products). 

In this work, the Icelandic economy is partly fixed in 2010, as it was the only year in the 
study period that data was available. Consequently, 2011 and 2012 are scaled based on 2010 
data. The Eora database uses scaling factors in an attempt to accurately capture the changes 
from year to year to the technical co-efficients, however for a small economy like Iceland 
there is likely to be little data available with which to scale these factors by. Thus, 
efficiencies achieved by growing production in scale during this period may not be well 
captured in this research, potentially overestimating the CBCF. However, the opposite case 
could also be true when production facilities decrease in scale, and as such this source of 
error is largely unquantifiable without further Icelandic data sources and knowledge of the 
Eora database construction procedure.  
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7.1.6 Prices 

There are 3 major price related limitations inherent in MRIO models. The first is the 
conversion between producer, purchaser and basic prices for different model components. 
Both the Eora26 and Icelandic Household survey data are in purchaser prices. However, 
during the construction of the full Eora database, from which the Eora26 database is derived, 
information relating each of the pricing structures to each other (e.g. taxes, subsidies, 
margins, transport and freight costs) is needed. It is likely that not all this information would 
be available, and that a significant portion would need to be estimated. However, this 
conversion process is beyond the scope of the study and as no further information was 
available the error induced during this process is unclear.  
 
The second major price limitation is the use of exchange rates for conversion between 
currencies. Single region IOA typically uses Purchasing Power Parity (PPP) corrected 
exchange rates, whilst MRIO analysis typically makes use of the average Market Exchange 
Rate (MER) when converting between countries (Hertwich & Peters, 2010). Eora “used 
exchange rates based on International Monetary Fund (IMF) Official Exchange Rates. 
Whenever International Monetary Fund (IMF) data were not available for certain countries 
and years, we used price adjusted rates of exchange, and UN Operational Rates” (Lenzen et 
al., 2013a). Exchange rates were available from the IMF for Iceland (IMF, 2016b) based on 
MER, but it is unclear if these are the same rates used in the Eora database as no specific 
source is supplied. Any error in exchange rate is linearly related to the output results. That 
is, a +/-10% change in the yearly (monthly, averaged over a year) MER used in the study 
created a +/-10% change in the HCBCF results, indicating that this is a major source of error 
in the study. The NCBCF results are unaffected by the exchange rate chosen in this research, 
as they are based on FD data already converted within the Eora database, but may also 
introduce error into the MRIO database itself. 
 
Lastly, the conversion from current price to constant price (e.g. 2012 to 2010) is often 
required in IO modelling and CPI inflation data is often used. This research uses CPI inflators 
from statistics Iceland where required. Hertwich & Peters (2010) point out that conversions 
using CPI are likely to induce further aggregation errors, as CPI is an average indicator 
across all sectors. In addition, large differences in base year and years with large CPI are 
likely to induce greater error (Hertwich & Peters, 2010). These errors are minimised in this 
study by keeping a small difference in base year (maximum 2 years apart) and considering 
a period with relatively low inflation in Iceland Any error in CPI rate is linearly related to 
the output results. That is, a +/-5% change in the yearly (monthly, averaged over a year) 
MER used in the study created a +/-5% change in the HCBCF results, indicating that this is 
a moderate source of error in the study. 
 

7.1.7 Cradle to Grave? 

IOA in general considers only the ‘cradle to gate’ component of a products life cycle 
(Lenzen, 2001). That is, the production, distribution, sale and use phase of the products life 
cycle, but not the decommissioning or disposal phase. Lenzen (2001, pg 141) proposes “that 
for impacts of end-of-life stages, at least in terms of energy and some air pollutants and for 
relatively energy-intensive products and processes, are often negligible”. The dominant 
consumption categories in the CB inventory are Transport, Food and Beverages, Goods, 
Clothing and Shelter. Whilst many items may be considered energy intensive and the ‘gate 
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to grave’ GHG component relatively negligible, others may not. Thus, it must be noted that 
this research considers only ‘cradle to gate’ GHG emissions when comparing results with 
other studies. 
 

7.1.8 MRIO vs IRIO database 

The Eora26 database, like all large MRIO databases currently available, is technically a 
MRIO not an IRIO database (see Chapter 3.1 for definition) and as such, a number of 
assumptions are required when determining international trade flows between countries. 
This is particularly important for smaller countries like Iceland where trade data tends to be 
more limited, resulting in more assumptions and a less accurate IO database. These 
assumptions are inherent in the Eora26 model and no information was available online or in 
the literature with which to estimate the error introduced by these specific assumptions. 

 

 Limitations Specific to this Research 

7.2.1 Eora26 

The Eora26 database comes with its own limitations. The researchers who developed Eora 
clearly state that Eora26 is provided ‘as is’ with no additional supporting documentation or 
help desk, other than what is available online (Eora, 2016a). They also state that the Eora26 
database is known to be of ‘lower quality’ than full Eora, presumably due to the high level 
of aggregation and increased number of assumptions around product allocation. However, 
as previously discussed, without expert knowledge of the Eora database, a large computing 
cluster and the concordance matrices required to manipulate the full Eora model external 
researchers are left with no choice but to use Eora26. 

This research utilises ‘Total CO2eq’ emissions rather than ‘CO2eq exl. LULUCF’ emissions 
data in the Eora database. The difference in scope between these two emissions scope 
definitions results in a net difference of 1,328Mt (2%) CO2eq emissions globally (Eora, 
2016a). In Iceland, net emissions from LULUCF add 86 ktCO2eq to the Mining and 
Quarrying consumption category and 76 ktCO2eq to the Transport consumption category, 
with all other categories remaining unchanged. The resulting difference is an approximate 
3% in GHG emissions from LULUCF in Iceland (Eora, 2016a). However, the Icelandic NIR 
shows that LULUCF-related GHG emissions are nearly twice the size of the non-LULUCF 
total inventory (Environmental Agency of Iceland, 2015). For example, in Iceland in 2013 
approximately 11,872 ktCO2eq emissions came from LULUCF activities, whilst the total 
non-LULUCF emissions inventory was 4,539 ktCO2eq emissions.  

It is unclear whether the Eora data includes these LULUCF-related emissions elsewhere or 
excludes them completely from the dataset. In the absence of further data source information 
for Eora, given the ‘as is’ nature of the database support, it was assumed the ‘Total CO2eq’ 
emissions includes LULUCF. However there is a large degree of uncertainty surrounding 
the method used to include LULUCF emissions, which could not be further quantified in 
this study. 
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7.2.2 Rental Payments 

Another major limitation with the Eora26 database is the lack of a separate housing rent 
category. Expenditure on rent or an ‘imputed rent’ equivalent, based on the price of an owned 
home, is important for estimating the GHG impact of housing construction. Shelter, typically 
dominated by private home construction and energy use within the home, is a major GHG 
emission consumption category in most HCBCF studies (Ivanova et al., 2016). Rental 
expenditure is a complex consumption category in HCBCF research, with different countries 
and cities applying taxes, subsidies and lumped rental-energy payments differently. For 
example, Druckman & Jackson (2009) rely on average rental payments when assessing UK 
households in different regions so as to avoid regional payment differences affecting the 
results. Ottelin et al. (2015) used a different approach to the problem, using estimates for 
construction-related GHG emissions annualised over the building’s estimated lifespan to 
generate an estimate for GHG emissions from housing. In Iceland, the issue of rental 
payments potentially including energy-related lumped payments is less critical given the 
largely decarbonised stationary energy supply. Thus, the use of rental and imputed rental 
payments in this study as a proxy for construction related emissions is thought to introduce 
minimal errors. 

The second complication involving rental payments in the Eora26 database is that payments 
are aggregated together with financial services in the Financial Intermediation and Business 
Activities consumption category. It is likely these two rather distinctly different sectors have 
very different GHG intensities, potentially introducing further uncertainty into the study 
results. This limitation could both under- and over- estimate GHG emissions related to 
Shelter, depending upon the GHG intensities of private construction and financial services, 
and the magnitude of spending in both sectors in the Icelandic economy. 

 

7.2.3 Waste 

The waste sector is poorly aggregated in this study, in part due to the lack of a waste sector 
in the Eora26 product categories. In the household results expenditure on waste is included 
in the Education, Health and Services consumption category in accordance with the ISIC 
Rev.3 classification. Expenditure in this consumption category is dominated by lower GHG 
intensive service industries, and the waste sector is thus most likely attributed a GHG 
intensity (GHG/$) much lower than should be applied. Secondly, at least some of the cost 
associated with waste disposal is paid indirectly through taxes, and therefore may be 
underrepresented in household expenditure surveys. However, the national results for 
Iceland using just the Eora26 data should not be subject to this limitation, as the entire 
economy is included, and expenditure on waste disposal should include indirect taxation.  

There is a recycling category in Eora but categories in the Icelandic household survey only 
covered MSW in general, with no disaggregation into components. In this study, all waste 
was assigned to Education, Health and Other Services given the lack of knowledge of the 
type of waste. The effect of this limitation was tested by comparing the average HCBCF 
with MSW from households assigned to the Recycling category, and then to the Education, 
Health and Other Services category. The resulting increase in average HCBCF per capita 
was 0.004%, confirming that the assignment to Education, Health and Other Services makes 
a negligible difference to the HCBCF of Icelandic households.  
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7.2.4 Icelandic Household Survey 

The Icelandic Household Expenditure Survey contains its own limitations. The survey 
includes 1765 samples of the 2010 to 2012 study period. This sample size is largely 
representative of the population in general. The survey is designed to be representative of 
the population, but refusal rates are not evenly distributed, leading to the survey respondents 
being skewed slightly.  
 
Another limitation of the household survey data is the small sample size of only 1765 
households, although relative to the population it may be considered quite large covering 
approximately 1.3% of the Icelandic population. However, when a single year is considered, 
the sample size is less than 600. When the sample is separated by household variable, the 
sample size can fall as low as 38 households. Thus, the household variable results should be 
viewed as indicative only with further investigation required into the major trends. In 
particular, results for dwelling types of ‘Single Room’ and ‘Unknown’, as well as households 
with 4 or more children have sample sizes under 100 and should be interpreted with caution. 
 
In general the survey results are regarded as highly representative of Icelandic household 
consumption (Statistics Iceland, 2013a), however items purchased very irregularly are likely 
to be much more poorly represented than those purchased on a daily or weekly basis. As 
such, purchases such as cars, houses, boats and other major items may be misrepresented. 
When this uncertainty is coupled with the high level of consumption category aggregation 
in the Eora26 model, it becomes unclear how this source of error would affect the results. 
 
The survey participants were initially selected to show a national representative spread of 
household income levels (Statistics Iceland, 2013a). However, when separated by household 
variable income is no longer nationally representative and an income bias is likely present 
in the results. No income data was supplied for each household, preventing correction of the 
household variable analysis for income bias, and thus it is unknown the level this bias would 
have on the results. 
 
The Icelandic household expenditure survey also doesn’t include spending by governments 
on public services and infrastructure that households use without payment, and thus may 
underestimate the HCBCF. Expenditure in the form of taxes is paid by households, which 
comprises part of the governmental public spending, however it is unlikely that the full cost 
is paid indirectly through taxation alone. An example of this would be using expenditure on 
waste to allocate GHG emissions. Negative externalities like the GHG emissions from waste 
are largely outside of the current economic system and not fully priced, hence any direct or 
indirect payment by households through taxation is unlikely to encompass enough 
expenditure to correctly account for the emissions produced. In the NCBCF, which is based 
on the top-down SNA, expenditure by governments is considered. A component of this 
expenditure is utilised by households and thus this limitation does not affect the NCBCF 
results.  
 
Finally, it was unclear from the household survey data as to whether the survey results 
included direct spending overseas (e.g. online shopping with postage) as this is a 
considerable expenditure source in the Eora national accounts data. This would have the 
effect of underestimating the HCBCF. 
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 Summary of Study Uncertainties 

There are few studies investigating errors and uncertainty in MRIO models (Hawkins et al., 
2007; Lenzen, 2001; Lenzen et al., 2010; Wiedmann et al., 2008; Wilting, 2012), and most 
of this research aims to quantify uncertainties inherent in the MRIO database construction 
process (e.g. Weber, 2008b), which is largely beyond the scope of this study. This chapter 
presents an estimate for uncertainty inherent in this current research, however most sources 
of error are left unquantified due to a lack of detailed information on MRIO construction. 
Table 11 summarises the major sources of uncertainty in this work, and in the absence of a 
more detailed uncertainty analysis aims to provide a qualitative estimate of the magnitude 
and direction any errors may have had on the CBCF results. Assumptions for waste 
allocation were sensitivity tested. It must be noted that Table 11 is only an estimate of the 
uncertainty and error in the thesis based on the author’s knowledge of the data and results 
and the limited literature available. No quantifiable data was available with which to conduct 
a more rigorous uncertainty analysis. 
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Table 11: Sources of uncertainty in this research, the estimated size of the effect on the 
results, whether the error would tend to increase or decrease the CBCF and a brief 

justification for the magnitude and direction estimate for each source. 

Source of 
Uncertainty 

Magnitude Direction 
Justification for Magnitude and 
Direction 

IOT data uncertainty High Both Secondary data source with known 
errors, no uncertainty information and no 
supporting documentation. Forms the 
basis for IOA, so may have large effect 
on results.  

FD data uncertainty High Both As above. In addition, FD data for 
Iceland in Eora was incorrect (negative 
transactions), adding further uncertainty 
to the analysis.  

Public 
Administration 

Medium to 
High 

Overestimate The GHG intensity for the Public 
Administration category is inexplicably 
large in the Eora database, probably due 
to either incorrect data or balancing 
errors. With high expenditure, although 
not from households, the GHG intensity 
of this consumption category has a large 
overestimating effect on the NCBCF. 

Direct emissions data 
uncertainty 

Medium Underestimate No information regarding inclusions in 
direct emissions matrix in Eora, or why 
the total direct emissions are so low. 
Direct emissions, particularly from 
vehicles, ships and aviation are 
considerable sources of emissions that 
would seem to be only partially captured 
in this study. 

Balancing error High Both Negative entries in both transaction table 
and FD. A large amount of uncertainty 
over the accuracy of the remaining 
positive entries in the Icelandic Eora data 
after balancing. The result is the 
potential for very high magnitudes of 
error in the results and no indication of 
whether entries would be under- or over-
estimated. 

   (continued) 
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Table 12: Sources of uncertainty in this research, the estimated size of the effect on the results, 
whether the error would tend to increase or decrease the CBCF and a brief justification for the 

magnitude and direction estimate for each source (continued). 

Aggregation error Low-
Medium 

Unknown Highly aggregated, 26 category MRIO 
model. Current research suggests this 
may not have a large effect on results; 
however only minimal research into 
aggregation error has been conducted.  

Fixed Technology 
Assumption 

Unknown Both This assumption is inherent in the 
conversion from full Eora to Eora26, 
and, as such, it is unknown how this will 
affect the result. This assumption is 
inherent in all homogenous MRIO 
databases. 

Fixed Coefficients Low Both Inherent in all IOA unless non-linearity 
is included. The error will be more 
pronounced with large differences 
between base and calculation year and 
thus is minimised in this study. 

Price structure 
conversions 

Unknown Both Price conversions (i.e. basic to 
purchaser’s prices) occurred during the 
construction of Eora and therefore no 
estimate for the magnitude of error is 
given. The size of the error will depend 
on the completeness of the national and 
trade data obtained. 

Exchange Rate Low to 
Medium 

Either Linearly related to output. i.e. exchange 
rate +/- 10% changes HCBCF +/- 10%.   

Inflation Low  Either Linearly related to output. 2010 to 2012 
was also a relatively stable period for 
Icelandic economy. 

Cradle to Gate Low to 
Medium 

Underestimate There is minimal conclusive research. 
Lenzen (2001) concludes that IOA fails 
to capture gate to grave impacts fully, but 
suggests that for most purchases GHG 
impacts from gate to grave are small 
relative to cradle to gate emissions.  

   (continued 
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Table 13: Sources of uncertainty in this research, the estimated size of the effect on the results, 
whether the error would tend to increase or decrease the CBCF and a brief justification for the 

magnitude and direction estimate for each source (continued). 

Waste captured in 
expenditure 

Low to 
Medium 

Underestimate A combination of the above, except that 
some waste is paid indirectly by 
households and directly by government. 
It may be that full price of GHG 
emissions is not valued in economy so 
not captured by CBCF methods. 

Waste vs recycling 
assignment 

Very very 
Low  

Underestimate Sensitivity result: 0.004% increase to per 
capita HCBCF with Recycling 
assignment 

MRIO not IRIO 
model 

Unknown Unknown It is unknown how much trade data was 
available to distribute category to 
category transaction, and how much 
relied on assumptions, as this was 
completed as party of Eora’s 
construction. This error is present in all 
MRIO models. 

LULUCF emissions Medium to 
High 

Underestimate 
total emissions 
if LULUCF is 
to be included 

The data used in Eora theoretically 
includes LULUCF related emissions, but 
grossly underestimates the amount of 
LULUCF related emissions compared to 
Iceland’s NIR. 

Aggregation of rental 
payments 

Low to 
Medium 

Both Rental payments as proxy for private 
construction expenditure are lumped 
together with financial services in the 
Eora26 model. The two consumption 
categories are likely to have very 
different GHG intensities, possibly 
resulting in underestimation of 
construction emissions and 
overestimation of financial services 
emissions. 

Survey data, low 
sample size 

High, but 
for specific 
result 

Both The sample size for selected HCBCF by 
household variable analyses was very 
low (n<50), making any results very 
uncertain. This only applies to a small 
number of results. 

   (continued) 
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Table 14: Sources of uncertainty in this research, the estimated size of the effect on the results, 
whether the error would tend to increase or decrease the CBCF and a brief justification for the 

magnitude and direction estimate for each source (continued). 

Survey data, not 
representative 

None, but 
affects 
interpretati
on 

No effect Due to non-respondents the Icelandic 
Household Expenditure Survey may not 
be fully representative of the 
population. Not estimate for the level of 
skewedness is given in the survey. 

Survey data, includes 
direct spending 
overseas? 

Unknown, 
potentially 
Medium  

Underestimate 
household 
HCBCF only 

It was unclear from the Icelandic 
Household Expenditure Survey whether 
direct spending overseas was included 
or not. If not, this would underestimate 
the HCBCF. Statistics Iceland data 
suggests that direct overseas spending 
by Icelandic households is significant 
(Statistics Iceland, 2016c). 

 
 
In summary, the major limitations are estimated to be data uncertainty, the Public 
Administration consumption category GHG intensity and the unknown effect of balancing 
errors on the Icelandic IOT. An attempt to correct the obvious balancing errors was made in 
this thesis and is documented in detail in Chapter 3.2.4 and Appendix B. These three major 
limitations all stem from utilising a lower quality, secondary data source in the absence of 
an Icelandic IOT, further reinforcing the author’s recommendations for the development of 
a national IOT by Statistics Iceland or a similar body in Iceland. Finally, it should be 
reinforced that these uncertainty estimates are estimates only, provided in absence of any 
quantifiable uncertainty data. As such, they are inherently subjective and based on the 
author’s judgement and logical reasoning, and should not be relied upon as any more than a 
rough estimate. 
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8 Conclusion 
Iceland is in a unique position to pioneer the full decarbonisation of a nation, a task required 
of all nations by the year 2100 if the world is to avoid the worst effects of climate change 
(IPCC, 2014). However, leadership in this area will require new climate change policy to 
bring about reductions in both demand and the GHG intensity of supply. These new policies 
will require detailed knowledge of the relationship between human consumption and GHG 
emissions, and EE MRIO analysis is one tool able to provide such insight.  

This research has presented the first ever CBCF analysis of Iceland using the EE MRIO 
methodology and the Eora MRIO database. The paper has presented national and household 
CBCFs in absolute, per capita and per household terms. The results were analysed by 
consumption category, by country using global emissions responsibility maps, and by 
household variables. Comparisons were made between the NCBCF and PBCFs, as well as 
the NCBCF of European and world averages, individual nations and changes to the Icelandic 
HCBCF through time. 

The Icelandic case illustrates the low carbon illusion hypothesis. Iceland, like many other 
regions with high levels of material consumption and low levels of goods production, is 
responsible for significant GHG emissions embodied in imports. Therefore the 
decarbonisation of national stationary energy supplies will have less effect on domestic GHG 
emissions than standard territorial-based inventories suggest, particularly in countries with 
a similar reliance on imports. Consequently, the environmental burden of consumption has 
been shifted largely to developing nations, such as Ecuador and the Dominican Republic in 
the Icelandic case, and policy is urgently needed to address the issue of emissions 
responsibility.  

Compared to both global and EU averages, the Icelandic NCBCF is very high. The Icelandic 
HCBCF exceeds the global average, but is slightly below the average HCBCF of the EU. 
This reflects the very high levels of material consumption and reliance on imported products 
in the economy. Emissions from Food and Goods were found to be significant, accounting 
for approximately 40% of the Icelandic NCBCF. Transport was responsible for a similar 
share of total household emissions. This study also identified the most GHG intensive 
consumption categories (Transport, Metal Products) and the most important household 
variables (number of cars owned, household size) affecting the HCBCF in Iceland. It is 
hoped these detailed results could form the basis for further study into specific policy options 
for GHG mitigation in Iceland.  

This study has demonstrated that the MRIO LCA methodology is well suited for informing 
the design of GHG mitigation policy in Iceland. However, the certainty in the results was 
limited by the accuracy of the underlying source data. It is therefore highly recommended 
that Iceland develop its own detailed IOT that could be added to the current high quality 
MRIO databases in circulation. This would provide Iceland with an appropriate tool to 
conduct a detailed hybrid MRIO LCA study of transport mitigation options and 
decomposition analysis for import sectors, therefore addressing the two most significant 
consumption categories identified in this study. It is hoped that this work will inform public 
understanding of emissions responsibility and inspire further MRIO emissions analyses, in 
order to promote the development of innovative, CB GHG mitigation policy in Iceland. 



88 

 

  



89 

 

References 
ABS (2011). 5206.0 - Australian National Accounts: National Income, Expenditure and 

Product, Dec 2010. Retrieved February 9, 2017, from 
http://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/5206.0Dec 
2010?OpenDocument 

Adelaide City Council. (2016). Carbon Neutral Adelaide. Retrieved from 
http://www.adelaidecitycouncil.com/city-living/sustainable-adelaide/carbon-neutral-
adelaide/ 

Aichele, R., & Felbermayr, G. (2011). Kyoto and the Carbon Footprint of Nations. Ifo 
Working Paper (Vol. 63). http://doi.org/http://dx.doi.org/10.1016/j.jeem.2011.10.005 

Ala-Mantila, S., Ottelin, J., Heinonen, J., & Junnila, S. (2016). To each their own? The 
greenhouse gas impacts of intra-household sharing in different urban zones. Journal 
of Cleaner Production, 135, 356–367. http://doi.org/10.1016/j.jclepro.2016.05.156 

Árnason, B., & Sigfússon, T. I. (2000). Iceland — a future hydrogen economy. 
International Journal of Hydrogen Energy, 25(5), 389–394. 
http://doi.org/http://dx.doi.org/10.1016/S0360-3199(99)00077-4 

Athanassiadis, A., Christis, M., Bouillard, P., Vercalsteren, A., Crawford, R. H., & Khan, 
A. Z. (2016). Comparing a territorial-based and a consumption-based approach to 
assess the local and global environmental performance of cities. Journal of Cleaner 
Production. http://doi.org/10.1016/j.jclepro.2016.10.068 

Ayres, R. U., & Kneese, A. V. (1969). Production, Consumption, and Externalities, 59(3), 
282–297. 

Barrett, J., Peters, G., Wiedmann, T., & Scott, K. (2013). Consumption-based GHG 
emission accounting: a UK case study. Climate …, 13(January 2015), 451–470. 
http://doi.org/10.1080/14693062.2013.788858 

Bastianoni, S., Pulselli, F. M., & Tiezzi, E. (2004). The problem of assigning responsibility 
for greenhouse gas emissions. Ecological Economics, 49(3), 253–257. 
http://doi.org/10.1016/j.ecolecon.2004.01.018 

Berners-Lee, M., Hoolohan, C., Cammack, H., & Hewitt, C. N. (2012). The relative 
greenhouse gas impacts of realistic dietary choices. Energy Policy, 43(August 2016), 
184–190. http://doi.org/10.1016/j.enpol.2011.12.054 

Berners-Lee, M., Howard, D. C., Moss, J., Kaivanto, K., & Scott, W. A. (2011). 
Greenhouse gas footprinting for small businesses—The use of input–output data. 
Science of the Total Environment, 409(5), 883–891. 

Boitier, B. (2012). CO 2 emissions production-based accounting vs consumption : Insights 
from the WIOD databases. Final WIOD Conference: Causes and Consequences of 
Globalization, (April), 1–23. 



90 

 

Bruckner, M., Giljum, S., Lutz, C., & Wiebe, K. S. (2012). Materials embodied in 
international trade–Global material extraction and consumption between 1995 and 
2005. Global Environmental Change, 22(3), 568–576. 

CarbonIndependent.org. (2015). Carbon Footprint Calculator. Retrieved January 8, 2017, 
from http://carbonindependent.org/ 

Cervero, R., & Kockelman, K. (1997). Travel demand and the 3Ds: density, diversity, and 
design. Transportation Research Part D: Transport and Environment, 2(3), 199–219. 

Cervero, R., & Murakami, J. (2008). Rail + Property Development A Model of Sustainable 
Transit Finance and Urbanism. UC Berkeley Centre for Future Urban Transport. 
http://doi.org/10.1177/0042098009339431 

Chen, G. Q., Shao, L., Chen, Z. M., Li, Z., Zhang, B., Chen, H., & Wu, Z. (2011). Low-
carbon assessment for ecological wastewater treatment by a constructed wetland in 
Beijing. Ecological Engineering, 37(4), 622–628. 

Chen, G., Wiedmann, T., Hadjikakou, M., & Rowley, H. (2016). City carbon footprint 
networks. Energies, 9(8), 1–16. http://doi.org/10.3390/en9080602 

Chester, M. V, & Horvath, A. (2009). Environmental assessment of passenger 
transportation should include infrastructure and supply chains. Environmental 
Research Letters, 4(2), 24008. http://doi.org/10.1088/1748-9326/4/2/024008 

Committee on Climate Change. (2013). Reducing the UK ’s Carbon Footprint. Retrieved 
from https://www.theccc.org.uk/wp-content/uploads/2013/04/Reducing-carbon-
footprint-report.pdf 

CREEA. (2013). Report D7.2 Update EXIOBASE with WP3-6 input. 

Davíðsdóttir, B., & Agnarsson, S. (2010). The cost effectiveness of mitigating greenhouse 
gas emissions in Iceland. In Rannsóknir í félagsvísindum XI. Retrieved from 
http://skemman.is/en/stream/get/1946/6727/18388/3/1-
14_BrynhildurDavidsd_SveinnAgnars_1-15.pdf 

Davis, S. J., & Caldeira, K. (2010). Consumption-based accounting of CO2 emissions. 
Proceedings of the National Academy of Sciences of the United States of America, 
107(12), 5687–5692. http://doi.org/10.1073/pnas.0906974107 

Dietzenbacher, E., Los, B., Stehrer, R., Timmer, M., & De Vries, G. (2013). The 
construction of world input–output tables in the WIOD project. Economic Systems 
Research, 25(1), 71–98. 

Druckman, A., Bradley, P., Papathanasopoulou, E., & Jackson, T. (2008). Measuring 
progress towards carbon reduction in the UK. Ecological Economics, 66(4), 594–604. 

Druckman, A., & Jackson, T. (2009). The carbon footprint of UK households 1990-2004: a 
socio-economically disaggregated, quasi-multi-regional input-output model. 
Ecological Economics, 7(68), 2066–77. 



91 

 

Environmental Agency of Iceland. (2011). Emissions of greenhouse gases in Iceland from 
1990 to 2009 National Inventory Report 2011. 

Environmental Agency of Iceland. (2015). National Inventory Report. Retrieved from 
https://www.ust.is/library/Skrar/Einstaklingar/Loftgaedi/2015_12_08_NIR_submitted 
Version 6.pdf 

Eora. (2016a). Eora. Retrieved November 30, 2016, from http://www.worldmrio.com/ 

Eora. (2016b). Eora FAQ. Retrieved November 30, 2016, from 
http://www.worldmrio.com/faq.jsp 

EPA. (2008). Direct Emissions from Mobile Combustion Sources. Climate Leaders 
Greenhouse Gas Inventory Protocol Core Module Guidance. Retrieved from 
http://large.stanford.edu/courses/2013/ph240/cabrera2/docs/epa-430-k-08-004.pdf 

EPA. (2016). Household Carbon Footprint Calculator. Retrieved January 8, 2017, from 
https://www.epa.gov/ghgemissions/household-carbon-footprint-calculator 

Eurostat. (n.d.). Classification of Products by Activity. Retrieved October 26, 2016, from 
http://ec.europa.eu/eurostat/ramon/nomenclatures/index.cfm?TargetUrl=LST_NOM_
DTL&StrNom=CPA&StrLanguageCode=EN&IntPcKey=839150&StrLayoutCode=H
IERARCHIC 

Eurostat. (2008). Eurostat Manual of Supply, Use and Input-Output Tables. Methodologies 
and working papers, Economy and finance. http://doi.org/http://ec.europa.eu/eurostat 

Eurostat. (2009). Manual for Air Emissions Accounts. Eurostat Working Papers. 

Eurostat, IMF, OECD, United Nations, & World Bank. (1993). System of national 
accounts, 1993. 

Finnveden, G., Hauschild, M. Z., Ekvall, T., Guinée, J., Heijungs, R., Hellweg, S., … Suh, 
S. (2009). Recent developments in Life Cycle Assessment. Journal of Environmental 
Management, 91(1), 1–21. http://doi.org/10.1016/j.jenvman.2009.06.018 

Foran, B., Lenzen, P. M., & Moran, D. (2011). The Eora MRIO: A Complete Database of 
Flows in the World Economy The Dummies Guide, (June), 1–19. Retrieved from 
http://worldmrio.com/EoraForDummies.pdf 

Gallego, B., & Lenzen, M. (2005). A consistent input–output formulation of shared 
producer and consumer responsibility. Economic Systems Research, 17(4), 365–391. 

Hammond, G. (2007). Time to give due weight to the “carbon footprint” issue. Nature, 
445(January), 256. http://doi.org/10.1038/445256b 

Harrison, A., Vitalis, V., & Upton, S. (2003). Sustaining whose development? analysing 
the international effect of national policies. OECD Roundtable on Sustainable 
Development, Organisation for Economic Co-operation and Development, November. 

Hawkins, T., Hendrickson, C. T., & Matthews, H. S. (2007). Uncertainty in the Mixed-



92 

 

Unit Input-Output Life Cycle Assessment Model of the US Economy. In International 
Input-Output Meeting 2007. 

Heinonen, J., Jalas, M., Juntunen, J. K., Ala-Mantila, S., & Junnila, S. (2013a). Situated 
lifestyles: I. How lifestyles change along with the level of urbanization and what the 
greenhouse gas implications are—a study of Finland. Environmental Research 
Letters, 8, 25003. http://doi.org/10.1088/1748-9326/8/2/025003 

Heinonen, J., Jalas, M., Juntunen, J. K., Ala-Mantila, S., & Junnila, S. (2013b). Situated 
lifestyles: II. The impacts of urban density, housing type and motorization on the 
greenhouse gas emissions of the middle-income consumers in Finland. Environmental 
Research Letters, 8(3), 35050. http://doi.org/10.1088/1748-9326/8/3/035050 

Helsinki Region Environmental Services Authority. (2016). Greehouse Gas Emissions. 
Retrieved February 11, 2017, from 
https://www.hsy.fi/en/experts/climatechange/mitigation/Pages/Greenhouse-Gas-
Emissions.aspx 

Hendrickson, C. T., Lave, L. B., & Matthews, H. S. (2006). Environmental life cycle 
assessment of goods and services: an input-output approach. Resources for the 
Future. 

Hertwich, E., & Peters, G. (2009). Carbon footprint of nations: A global, trade-linked 
analysis. Environmental Science and Technology, 43(16), 6414–6420. 
http://doi.org/10.1021/es803496a 

Hertwich, E., & Peters, G. (2010). Multiregional Input-Output Database - Technical 
Document. Open:EU. 

Hoekstra, A. Y., & Wiedmann, T. O. (2014). Humanity’s unsustainable environmental 
footprint. Science, 6188(344), 1114–1117. http://doi.org/10.1126/science.1248365 

Hoekstra, R. (2010). Towards a complete database of peer-reviewed articles on 
environmentally extended input-output analysis. In 18th International Input-Output 
Conference. 

Hoekstra, R. (2013). EIO Archive. Retrieved October 17, 2016, from 
http://www.rutgerhoekstra.com/eio/ 

Hsu, A. et al. (2016). 2016 Environmental Performance Index. New Haven, CT. Retrieved 
from http://epi.yale.edu/sites/default/files/2016EPI_Full_Report_opt.pdf 

IMF. (2016a). Exchange Rate archive by Month. Retrieved December 15, 2016, from 
https://www.imf.org/external/np/fin/data/param_rms_mth.aspx 

IMF. (2016b). Exchange Rate Archives. Retrieved October 31, 2016, from 
https://www.imf.org/external/np/fin/data/param_rms_mth.aspx 

IPCC. (2007). Changes in Atmospheric Constituents and in Radiative Forcing. Change, 
30(22), 129–234. http://doi.org/10.1103/PhysRevB.77.220407 



93 

 

IPCC. (2014). Climate Change 2014 Synthesis Report: Summary Chapter for 
Policymakers. http://doi.org/10.1017/CBO9781107415324 

ISO. (2006). ISO 14040:2006 Environmental Management - Life Cycle Analysis. 
Retrieved October 24, 2016, from 
http://www.iso.org/iso/catalogue_detail?csnumber=37456 

Ivanova, D., Stadler, K., Steen-Olsen, K., Wood, R., Vita, G., Tukker, A., & Hertwich, E. 
(2016). Environmental Impact Assessment of Household Consumption. Journal of 
Industrial Ecology, 20(3), 526–536. http://doi.org/10.1111/jiec.12371 

Jackson, T., Papathanasopoulou, E., Bradley, P., & Druckman, A. (2006). Attributing 
Carbon Emissions to Functional Household Needs: a pilot framework for the UK. In 
International Conference on Regional and Urban Modelling, Brussels, Belgium (pp. 
1–2). 

Jackson, T., Papathanasopoulou, E., Bradley, P., & Druckman, A. (2007). Attributing UK 
carbon emissions to functional consumer needs: methodology and pilot results. 
Resolve: University of Surrey. 

Jackson, T., & Senker, P. (2011). Prosperity without growth: Economics for a finite planet. 
Energy & Environment, 22(7), 1013–1016. 

Jalas, M. (2002). A time use perspective on the materials intensity of consumption. 
Ecological Economics, 41(1), 109–123. http://doi.org/10.1016/S0921-8009(02)00018-
6 

Jones, C., & Kammen, D. (2011). Quantifying carbon footprint reduction opportunities for 
U.S. households and communities. Environmental Science and Technology, 45(9), 
4088–4095. http://doi.org/10.1021/es102221h 

Jones, C., & Kammen, D. M. (2014). Spatial distribution of U.S. household carbon 
footprints reveals suburbanization undermines greenhouse gas benefits of urban 
population density. Environmental Science and Technology, 48(2), 895–902. 
http://doi.org/10.1021/es4034364 

Joshi, S. (1999). Product environmental life‐cycle assessment using input‐output 
techniques. Journal of Industrial Ecology, 3(2‐3), 95–120. 

Kanemoto, K., Moran, D., & Hertwich, E. G. (2016). Mapping the Carbon Footprint of 
Nations. Environmental Science & Technology, acs.est.6b03227. 
http://doi.org/10.1021/acs.est.6b03227 

Kanemoto, K., Moran, D., Lenzen, M., & Geschke, A. (2014). International trade 
undermines national emission reduction targets: New evidence from air pollution. 
Global Environmental Change, 24, 52–59. 
http://doi.org/http://dx.doi.org/10.1016/j.gloenvcha.2013.09.008 

Kenny, T., & Gray, N. F. (2009). Comparative performance of six carbon footprint models 
for use in Ireland. Environmental Impact Assessment Review, 29(1), 1–6. 
http://doi.org/10.1016/j.eiar.2008.06.001 



94 

 

Kitzes, J. (2013). An Introduction to Environmentally-Extended  Input-Output Analysis, 
489–503. http://doi.org/10.3390/resources2040489 

Kreyszig, E. (2010). Advanced engineering mathematics. John Wiley & Sons. 

Larsen, H. N., & Hertwich, E. G. (2009). The case for consumption-based accounting of 
greenhouse gas emissions to promote local climate action. Environmental Science and 
Policy, 12(7), 791–798. http://doi.org/10.1016/j.envsci.2009.07.010 

Lenzen, M. (2001). Errors in Conventional and Input-Output – based Life-Cycle 
Inventories. Journal of Industrial Ecology, 4(4), 127–148. 
http://doi.org/10.1162/10881980052541981 

Lenzen, M., Kanemoto, K., Moran, D., & Geschke, A. (2012). Mapping the Structure of 
the World Economy. Environmental Science & Technology, 46, 8374–8381. 

Lenzen, M., Moran, D., Bhaduri, A., Kanemoto, K., Bekchanov, M., Geschke, A., & 
Foran, B. (2013). International trade of scarce water. Ecological Economics, 94, 78–
85. http://doi.org/http://dx.doi.org/10.1016/j.ecolecon.2013.06.018 

Lenzen, M., Moran, D., Kanemoto, K., & Geschke, A. (2013a). Building Eora: a global 
multi-region input–output database at high country and sector resolution. Economic 
Systems Research, 25(1), 20–49. 

Lenzen, M., Moran, D., Kanemoto, K., & Geschke, A. (2013b). BUILDING EORA: A 
GLOBAL MULTI-REGION INPUT–OUTPUT DATABASE AT HIGH COUNTRY 
AND SECTOR RESOLUTION. Economic Systems Research, 25(1), 20–49. 
http://doi.org/10.1080/09535314.2013.769938 

Lenzen, M., Murray, J., Sack, F., & Wiedmann, T. (2007). Shared producer and consumer 
responsibility - Theory and practice. Ecological Economics, 61(1), 27–42. 
http://doi.org/10.1016/j.ecolecon.2006.05.018 

Lenzen, M., Pade, L.-L., & Munksgaard, J. (2004). CO2 multipliers in multi-region input-
output models. Economic Systems Research, 16(4), 391–412. 

Lenzen, M., Wood, R., & Wiedmann, T. (2010). Uncertainty Analysis for Multi-Regional 
Input-Output Models - A case study of the UK’s carbon footprint. Economic Systems 
Research, 22(1), 43–63. http://doi.org/10.1080/09535311003661226 

Leontief, W. (1936). Quantitative input and output relations in the economic systems of the 
United States. The Review of Economic Statistics, 105–125. 

Leontief, W. (1941). The structure of the US economy, 1919-1939. MIT Press, Cambridge 
Massachussets. 

Meng, B., Zhang, Y., & Inomata, S. (2013). Compilation and Applications of IDE-
JETRO’s International Input–Output Tables. Economic Systems Research, 25(1), 
122–142. 

Miller, R., & Blair, P. (2009). Input-Output Analysis: Foundations and Extensions (2nd 



95 

 

Editio). New York: Cambridge University Press. 

Minx, J., Baiocchi, G., Wiedmann, T., Barrett, J., Creutzig, F., Feng, K., … Hubacek, K. 
(2013). Carbon footprints of cities and other human settlements in the UK. 
Environmental Research Letters, 8, 35039. http://doi.org/10.1088/1748-
9326/8/3/035039 

Minx, J., Peters, G., & Wiedmann, T. (2008). GHG emissions in the global supply chain of 
food products. International Input-Output Meeting on Managing the Environment, 
(2006), 37. Retrieved from http://www.iioa.org/pdf/Intermediate-
2008/Papers/6d1_Minx.pdf 

Minx, J., Wiedmann, T., Wood, R., Peters, G., Lenzen, M., Owen, A., … Ackerman, F. 
(2009). Input–Output Analysis and Carbon Footprinting: an Overview of 
Applications. Economic Systems Research (Vol. 21). 
http://doi.org/10.1080/09535310903541298 

Moran, D. D., Lenzen, M., Kanemoto, K., & Geschke, A. (2013). Does ecologically 
unequal exchange occur? Ecological Economics, 89, 177–186. 
http://doi.org/http://dx.doi.org/10.1016/j.ecolecon.2013.02.013 

Moran, D., McBain, D., Kanemoto, K., Lenzen, M., & Geschke, A. (2015). Global Supply 
Chains of Coltan. Journal of Industrial Ecology, 19(3), 357–365. 
http://doi.org/10.1111/jiec.12206 

Munksgaard, J., & Pedersen, K. A. (2001). CO2 accounts for open economies: Producer or 
consumer responsibility? Energy Policy, 29(4), 327–334. 
http://doi.org/10.1016/S0301-4215(00)00120-8 

Murray, J., & Lenzen, M. (2013). The sustainability practitioner’s guide to multi-regional 
input-output analysis. Champaign, IL: Common Ground Publishing. 

Nakano, S., Okamura, A., Sakurai, N., Suzuki, M., Tojo, Y., & Yamano, N. (2009). The 
Measurement of CO2 Embodiments in International Trade. 

Norman, J., MacLean, H. L., & Kennedy, C. A. (2006). Comparing high and low 
residential density: life-cycle analysis of energy use and greenhouse gas emissions. 
Journal of Urban Planning and Development, 132(1), 10–21. 

Office of National Statistics. (2012). United Kingdom National Accounts: The Blue Book 
(Vol. 44). 

Oita, A., Malik, A., Kanemoto, K., Geschke, A., Nishijima, S., & Lenzen, M. (2016). 
Substantial nitrogen pollution embedded in international trade. Nature Geosci, 9(2), 
111–115. Retrieved from http://dx.doi.org/10.1038/ngeo2635 

Oosterhaven, J., Stelder, D., & Inomata, S. (2008). Estimating International Interindustry 
Linkages: Non-Survey Simulations of the Asian-Pacific Economy. Economic Systems 
Research, 20, 395–414. 

Orkustofnun. (2015). Iceland: A Leader in the use of renewable resources. Retrieved from 



96 

 

http://os.is/gogn/Frettir/Iceland_Leader_RenewableEnergy.pdf 

Ornetzeder, M., Hertwich, E. G., Hubacek, K., Korytarova, K., & Haas, W. (2008). The 
environmental effect of car-free housing: A case in Vienna. Ecological Economics, 
65(3), 516–530. 

Ottelin, J., Heinonen, J., & Junnila, S. (2014). Greenhouse gas emissions from flying can 
offset the gain from reduced driving in dense urban areas. Journal of Transport 
Geography, 41, 1–9. 

Ottelin, J., Heinonen, J., & Junnila, S. (2015). New Energy Efficient Housing Has Reduced 
Carbon Footprints in Outer but Not in Inner Urban Areas. Environmental Science and 
Technology, 49(16), 9574–9583. http://doi.org/10.1021/acs.est.5b02140 

Owen, A., Steen-Olsen, K., Barrett, J., Wiedmann, T., & Lenzen, M. (2014). A Structural 
Decomposition Approach to Comparing MRIO Databases. Economic Systems 
Research, 26(3), 262–283. http://doi.org/10.1080/09535314.2014.935299 

Padgett, J. P., Steinemann, A. C., Clarke, J. H., & Vandenbergh, M. P. (2008). A 
comparison of carbon calculators. Environmental Impact Assessment Review, 28(2–
3), 106–115. http://doi.org/10.1016/j.eiar.2007.08.001 

Pandey, D., Agrawal, M., & Pandey, J. S. (2011). Carbon footprint: Current methods of 
estimation. Environmental Monitoring and Assessment, 178(1–4), 135–160. 
http://doi.org/10.1007/s10661-010-1678-y 

Peters, G. (2010). Carbon footprints and embodied carbon at multiple scales. Current 
Opinion in Environmental Sustainability, 2(4), 245–250. 
http://doi.org/10.1016/j.cosust.2010.05.004 

Peters, G., Davis, S., & Andrew, R. (2012). A synthesis of carbon in international trade. 
Biogeosciences, 9(8), 3247–3276. http://doi.org/10.5194/bg-9-3247-2012 

Peters, G., Marland, G., Hertwich, E. G., Saikku, L., Rautiainen, A., & Kauppi, P. E. 
(2009). Trade, transport, and sinks extend the carbon dioxide responsibility of 
countries: An editorial essay. Climatic Change, 97(3), 379. 
http://doi.org/10.1007/s10584-009-9606-2 

Peters, G. P., Andrew, R., & Lennox, J. (2011). Constructing an environmentally-extended 
multi-regional input–output table using the GTAP database. Economic Systems 
Research, 23(2), 131–152. 

Peters, G. P., & Hertwich, E. G. (2006). Pollution embodied in trade: The Norwegian case. 
Global Environmental Change, 16(4), 379–387. 

Peters, G. P., Minx, J. C., Weber, C. L., & Edenhofer, O. (2011). Growth in emission 
transfers via international trade from 1990 to 2008. Proceedings of the National 
Academy of Sciences of the United States of America, 108(1), 8903–8908. 
http://doi.org/10.1073/pnas.1006388108 

Raa, T. ten. (2005). The Economics of Input-Output Analysis. Cambridge University Press. 



97 

 

Ramaswami, A., & Chavez, A. (2013). What metrics best reflect the energy and carbon 
intensity of cities? Insights from theory and modeling of 20 US cities. Environmental 
Research Letters, 8(3), 35011. 

Ranganathan, J., Corbier, L., Bhatia, P., Schmitz, S., Gage, P., & Oren, K. (2004). The 
greenhouse gas protocol: a corporate accounting and reporting standard (revised 
edition). Washington, DC: World Resources Institute and World Business Council for 
Sustainable Development. 

Reinaud, J. (2008). Climate policy and carbon leakage: Impacts of the European emissions 
trading scheme on aluminium. International Energy Agency, IEA. 

Reykjavikurborg. (2016a). City of Reykjavik’ s Climate Policy. Retrieved from 
http://reykjavik.is/sites/default/files/reykjavik_action_plan_carbon_neutral_by_2040_
2.pdf 

Reykjavikurborg. (2016b). Reykjavík Carbon Neutral by 2040. Retrieved October 19, 
2016, from http://reykjavik.is/en/news/reykjavik-carbon-neutral-2040 

Ricardo, A., Vita, G., Hertwich, C. E. G., Stadler, K., & Wood, R. (2014). The 
Environmental Impact of Human Needs, 1(1), 1–2. 

Rodrigues, J., & Domingos, T. (2008). Consumer and producer environmental 
responsibility: Comparing two approaches. Ecological Economics, 66(2–3), 533–546. 
http://doi.org/10.1016/j.ecolecon.2007.12.010 

Sato, M. (2014). Embodied carbon in trade : a survey of the empirical literature. Journal of 
Economic Surveys, 28(5), 831–861. http://doi.org/1467-6419 

SEPA. (2012). Consumption-based indicators in Swedish environmental policy. 

Seppälä, J., Mäenpää, I., Koskela, S., Mattila, T., Nissinen, A., Katajajuuri, J.-M., … 
Virtanen, Y. (2011). An assessment of greenhouse gas emissions and material flows 
caused by the Finnish economy using the ENVIMAT model. Journal of Cleaner 
Production, 19(16), 1833–1841. 

SFG. (2017). The Horticultural Sales Company. Retrieved January 15, 2017, from 
http://www.islenskt.is/?lang=en 

Shafiei, E., Davidsdottir, B., Leaver, J., Stefansson, H., & Asgeirsson, E. I. (2014). 
Potential impact of transition to a low-carbon transport system in Iceland. Energy 
Policy, 69, 127–142. 

Shafiei, E., Davidsdottir, B., Leaver, J., Stefansson, H., & Asgeirsson, E. I. (2015). 
Comparative analysis of hydrogen, biofuels and electricity transitional pathways to 
sustainable transport in a renewable-based energy system. Energy, 83, 614–627. 

Shafiei, E., Davidsdottir, B., Leaver, J., Stefansson, H., & Asgeirsson, E. I. (2017). Energy, 
economic, and mitigation cost implications of transition toward a carbon-neutral 
transport sector: A simulation-based comparison between hydrogen and electricity. 
Journal of Cleaner Production, 141, 237–247. 



98 

 

Shafiei, E., Davidsdottir, B., Leaver, J., Stefansson, H., Asgeirsson, E. I., & Keith, D. R. 
(2016). Analysis of supply-push strategies governing the transition to biofuel vehicles 
in a market-oriented renewable energy system. Energy, 94, 409–421. 

Shafiei, E., Stefansson, H., Asgeirsson, E. I., Davidsdottir, B., & Raberto, M. (2013). 
Integrated agent-based and system dynamics modelling for simulation of sustainable 
mobility. Transport Reviews, 33(1), 44–70. 

Shafiei, E., Thorkelsson, H., Ásgeirsson, E. I., Davidsdottir, B., Raberto, M., & Stefansson, 
H. (2012). An agent-based modeling approach to predict the evolution of market share 
of electric vehicles: a case study from Iceland. Technological Forecasting and Social 
Change, 79(9), 1638–1653. 

Statistics Iceland. (2013a). Household Expenditure Survey. Retrieved from 
http://www.abs.gov.au/ausstats/abs@.nsf/lookup/AE59C66187F4E58DCA257C0D00
0F91A9?opendocument 

Statistics Iceland. (2013b). Rannsókn á útgjöldum heimilanna 2010– 2102 (Household 
expenditure survey 2010–2012). Hagtíðindi/Statistical Series, 1–40. Retrieved from 
https://hagstofa.is/lisalib/getfile.aspx?ItemID=16009 

Statistics Iceland. (2016a). Greenhouse Gas Emissions. Retrieved October 24, 2016, from 
http://px.hagstofa.is/pxen/pxweb/en/Umhverfi/Umhverfi__lofttegundir/UMH31108.p
x 

Statistics Iceland. (2016b). Population key figures 1703-2016. Retrieved October 24, 2016, 
from 
http://px.hagstofa.is/pxen/pxweb/en/Ibuar/Ibuar__mannfjoldi__1_yfirlit__yfirlit_man
nfjolda/MAN00000.px 

Statistics Iceland. (2016c). Statistics Iceland. Retrieved October 26, 2016, from 
http://www.statice.is/ 

Statistics Iceland. (2017). Consumer Price Index. Retrieved February 12, 2017, from 
https://www.statice.is/statistics/economy/prices/consumer-price-index/ 

Steen-Olsen, K., Weinzettel, J., Cranston, G., Ercin, A. E., & Hertwich, E. G. (2012). 
Carbon, land, and water footprint accounts for the european union: Consumption, 
production, and displacements through international trade. Environmental Science and 
Technology, 46(20), 10883–10891. http://doi.org/10.1021/es301949t 

Stern, N. H. (2007). The economics of climate change: the Stern review. cambridge 
University press. 

Su, B., Huang, H. C., Ang, B. W., & Zhou, P. (2010). Input-output analysis of CO2 
emissions embodied in trade: The effects of sector aggregation. Energy Economics, 
32(1), 166–175. http://doi.org/10.1016/j.eneco.2009.07.010 

Suh, S. (2006). Are services better for climate change? Environmental Science and 
Technology, 40(21), 6555–6560. http://doi.org/10.1021/es0609351 



99 

 

Suh, S., & Huppes, G. (2000). Gearing input-output model to LCA, part i: General 
framework for hybrid approach. CML-SSP Working Paper, CML, Leiden University, 
Leiden, The Netherlands. 

Suh, S., & Huppes, G. (2005). Methods for life cycle inventory of a product. Journal of 
Cleaner Production, 13(7), 687–697. http://doi.org/10.1016/j.jclepro.2003.04.001 

Suh, S., Lenzen, M., Treloar, G. J., Hondo, H., Horvath, A., Huppes, G., … Norris, G. 
(2004). System Boundary Selection in Life-Cycle Inventories Using Hybrid 
Approaches. Environmental Science and Technology, 38(3), 657–664. 
http://doi.org/10.1021/es0263745 

The Guardian. (2016). Reykjavík: the geothermal city that aims to go carbon neutral. 
Retrieved from https://www.theguardian.com/sustainable-
business/2016/oct/03/reykjavik-geothermal-city-carbon-neutral-climate 

The Independent. (2008). Four nations in race to be first to go carbon neutral. Retrieved 
October 19, 2016, from http://www.independent.co.uk/environment/climate-
change/four-nations-in-race-to-be-first-to-go-carbon-neutral-802627.html 

Tukker, A., Bulavskaya, T., Giljum, S., de Koning, A., Lutter, S., Simas, M., … Wood, R. 
(2014). The Global Resource Footprint of Nations. Carbon, water, land and materials 
embodied in trade and final consumption calculated with EXIOBASE (Vol. 2). 
Retrieved from 
http://www.researchgate.net/profile/Stefan_Giljum/publication/264080789_The_Glob
al_Resource_Footprint_of_Nations._Carbon_water_land_and_materials_embodied_in
_trade_and_final_consumption/links/02e7e53cd0969e6723000000.pdf 

Tukker, A., de Koning, A., Wood, R., Hawkins, T., Lutter, S., Acosta, J., … Kuenen, J. 
(2013). Exiopol – Development and Illustrative Analyses of a Detailed Global Mr Ee 
Sut/Iot. Economic Systems Research, 25(1), 50–70. 
http://doi.org/10.1080/09535314.2012.761952 

Tukker, A., & Dietzenbacher, E. (2013). Global Multiregional Input–Output Frameworks: 
an Introduction and Outlook. Economic Systems Research, 25(1), 1–19. 
http://doi.org/10.1080/09535314.2012.761179 

Tukker, A., & Jansen, B. (2006). Environmental Impacts of Products: A Detailed Review 
of Studies. Journal of Industrial Ecology, 10(3), 159–182. 
http://doi.org/10.1162/jiec.2006.10.3.159 

UNEP. (2008). UNEP Unveils the Climate Neutral Network to Catalyze a Transition to a 
Low Carbon World. Retrieved October 19, 2016, from 
http://www.unep.org/Documents.Multilingual/Default.asp?DocumentID=528&Article
ID=5750&l=en 

UNEP. (2011). New Phase for UNEP’s Climate Neutral Network. Retrieved October 19, 
2016, from 
http://www.unep.org/newscentre/default.aspx?DocumentID=2661&ArticleID=8995 

UNFCCC. (2015a). Iceland’s Intended Nationally Determined Contribution. Retrieved 



100 

 

from http://www4.unfccc.int/ndcregistry/PublishedDocuments/Iceland First/INDC-
ICELAND.pdf 

UNFCCC. (2015b). UNFCCC 21st Conference of the Parties (COP21). Retrieved January 
14, 2017, from http://www.cop21paris.org/ 

United Nations Statistical Division. (2016). COICOP Classification System. Retrieved 
October 26, 2016, from http://unstats.un.org/unsd/cr/registry/regcst.asp?Cl=5 

UNSD. (2016). ISIC rev 3. Retrieved October 31, 2016, from 
http://unstats.un.org/unsd/cr/registry/regcst.asp?Cl=2 

Wackernagel, M., Kitzes, J., Moran, D., Goldfinger, S., & Thomas, M. (2006). The 
Ecological Footprint of cities and regions: comparing resource availability with 
resource demand. Environment and Urbanization, 18(1), 103–112. 
http://doi.org/10.1177/0956247806063978 

Wackernagel, M., & Rees, W. (1998). Our ecological footprint: reducing human impact on 
the earth. New Society Publishers. 

Weber, C. L. (2008a). Trade, consumption, and climate change: an input-output study of 
the United States. ProQuest. 

Weber, C. L. (2008b). Uncertainties in Constructing Environmental Multiregional Input-
Output Models. International Input Output Meeting on Managing the Environment. 

Wiebe, K. S., Bruckner, M., Giljum, S., & Lutz, C. (2012). Calculating energy-related CO2 
emissions embodied in international trade using a global input–output model. 
Economic Systems Research, 24(2), 113–139. 

Wiebe, K. S., Bruckner, M., Giljum, S., Lutz, C., & Polzin, C. (2012). Carbon and 
materials embodied in the international trade of emerging economies. Journal of 
Industrial Ecology, 16(4), 636–646. 

Wiedmann, T. (2009). A review of recent multi-region input-output models used for 
consumption-based emission and resource accounting. Ecological Economics, 69(2), 
211–222. http://doi.org/10.1016/j.ecolecon.2009.08.026 

Wiedmann, T., & Minx, J. (2007). A Definition of ‘ Carbon Footprint. Science, 1(1), 1–11. 
Retrieved from http://www.censa.org.uk/docs/ISA-UK_Report_07-
01_carbon_footprint.pdf 

Wiedmann, T. O., Chen, G., & Barrett, J. (2016). The Concept of City Carbon Maps: A 
Case Study of Melbourne, Australia. Journal of Industrial Ecology, 20(4), 676–691. 
http://doi.org/10.1111/jiec.12346 

Wiedmann, T. O., Schandl, H., Lenzen, M., Moran, D., Suh, S., West, J., & Kanemoto, K. 
(2015). The material footprint of nations. Pnas, 112(20), 6271–6276. 
http://doi.org/10.1073/pnas.1220362110 

Wiedmann, T. O., Schandl, H., & Moran, D. (2015). The footprint of using metals: new 



101 

 

metrics of consumption and productivity. Environmental Economics and Policy 
Studies, 17(3), 369–388. http://doi.org/10.1007/s10018-014-0085-y 

Wiedmann, T., Wilting, H. C., Lenzen, M., Lutter, S., & Palm, V. (2011). Quo Vadis 
MRIO? Methodological, data and institutional requirements for multi-region input-
output analysis. Ecological Economics, 70(11), 1937–1945. 
http://doi.org/10.1016/j.ecolecon.2011.06.014 

Wiedmann, T., Wood, R., Minx, J. C., Lenzen, M., Harris, R., Wiedmann, T., … Harris, R. 
(2010). A Carbon Footprint Time Series of the UK – Results From a Multi-Region 
Input–Output Model. Economic Systems Research, 22(1), 19–42. 
http://doi.org/10.1080/09535311003612591 

Wiedmann, T., Wood, R., Minx, J., Lenzen, M., & Harris, R. (2008). Emissions Embedded 
in UK Trade - UK-MRIO Model Results and Error Estimates. International Input-
Output Meeting on Managing the Environment. 

Wilting, H. C. (2012). Sensitivity and uncertainty analysis in MRIO modelling; Some 
empirical results with regard to the Dutch Carbon footprint. Economic Systems 
Research, 24(2), 141–171. http://doi.org/10.1080/09535314.2011.628302 

Wood, R., & Dey, C. J. (2009). Australia’s Carbon Footprint, 5314(October). 
http://doi.org/10.1080/09535310903541397 

Wood, R., Stadler, K., Bulavskaya, T., Lutter, S., Giljum, S., de Koning, A., … Tukker, A. 
(2015). Global sustainability accounting-developing EXIOBASE for multi-regional 
footprint analysis. Sustainability (Switzerland), 7(1), 138–163. 
http://doi.org/10.3390/su7010138 

  



102 

 

  



103 

 

Appendix A 
The COICOP classification system used in the Icelandic Household Expenditure survey, 
showing just the top two levels in the classification system. 

Categories in the COICOP classification system 

01  Food and non-alcoholic beverages 09  Recreation and culture 

01.1  Food 
09.1  Audio-visual, photographic and information processing 
equipment 

01.2  Non-alcoholic beverages 09.2  Other major durables for recreation and culture 

02  Alcoholic beverages, tobacco and narcotics 09.3  Other recreational items and equipment, gardens and pets 

02.1  Alcoholic beverages 09.4  Recreational and cultural services 

02.2  Tobacco 09.5  Newspapers, books and stationery 

02.3  Narcotics 09.6  Package holidays 

03  Clothing and footwear 10  Education 

03.1  Clothing 10.1  Pre-primary and primary education 

03.2  Footwear 10.2  Secondary education 

04  Housing, water, electricity, gas and other fuels 10.3  Post-secondary non-tertiary education 

04.1  Actual rentals for housing 10.4  Tertiary education 

04.2  Imputed rentals for housing 10.5  Education not definable by level 

04.3  Maintenance and repair of the dwelling 11  Restaurants and hotels 
04.4  Water supply and miscellaneous services relating        

to the dwelling 11.1  Catering services 

04.5  Electricity, gas and other fuels 11.2  Accommodation services 
05  Furnishings, household equipment and routine 
household maintenance 12  Miscellaneous goods and services 

05.1  Furniture and furnishings, carpets and other floor 
coverings 12.1  Personal care 

05.2  Household textiles 12.2  Prostitution 

05.3  Household appliances 12.3  Personal effects n.e.c. 

05.4  Glassware, tableware and household utensils 12.4  Social protection 

05.5  Tools and equipment for house and garden 12.5  Insurance 
05.6  Goods and services for routine household          

maintenance 12.6  Financial services n.e.c. 

06  Health 12.7  Other services n.e.c. 

06.1  Medical products, appliances and equipment 
13  Individual consumption expenditure of non-profit institutions 
serving households (NPISHs) 

06.2  Outpatient services 13.1  Housing 

06.3  Hospital services 13.2  Health 

07  Transport 13.3  Recreation and culture 

07.1  Purchase of vehicles 13.4  Education 

07.2  Operation of personal transport equipment 13.5  Social protection 

07.3  Transport services 13.6  Other services 

08  Communication 14  Individual consumption expenditure of general government 

08.1  Postal services 14.1  Housing 

08.2  Telephone and telefax equipment 14.2  Health 

08.3  Telephone and telefax services 14.3  Recreation and culture 

 14.4  Education 

 14.5  Social protection 
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Appendix B 
A comparison of the original FD block in the Eora26 model for Iceland (right) and the modified FD block (left) used in the study, in 000’s USD. 

  Households NfPSH Government GFCF CI ADV   Households NfPSH Government GFCF CI ADV 

Agriculture 79,791 
        

1,757  
                     

219  
          

1,030  
    

1,232  
             

1    
               

79,791  
        

1,757  
                     

219  
          

1,030  
    

1,232  
             

1  

Fishing 3,668  
            

53  
                      

96  
                   

1  
        

123  
             

1    
                

3,668  
            

53  
                      

96  
                   

1  
        

123  
             

1  

Mining and Quarrying 
                

9,800  
          

183  
                    

202  
             

374  
    

1,963  
             

1    
                

9,800  
          

183  
                    

202  
             

374  
    

1,963  
             

1  

Food & Beverages 
            

436,143  
    

16,983  
                          

1  
                 

-    
    

2,749  
             

1    
              

551,150  
    

21,229  
                          

1  
                 

-    
    

2,749  
             

1  

Textiles and Wearing Apparel 
             

172,720  
     

6,290  
                      

29  
          

7,543  
       

478  
             

1    
             

172,720  
     

6,290  
                      

29  
          

7,543  
       

478  
             

1  

Wood and Paper 
              

56,604  
        

1,701  
                    

887  
          

3,725  
         

551  
             

1    
              

56,604  
        

1,701  
                    

887  
          

3,725  
         

551  
             

1  

Petroleum, Chemical and Non-Metallic Mineral Products 
             

181,056  
    

14,506  
                

2,680  
          

4,254  
   

11,880  
             

1    
           

382,350  
     

18,132  
                

2,680  
          

4,254  
   

11,880  
             

1  

Metal Products 
               

11,943  
         

462  
                    

848  
        

13,804  
     

1,441  
             

1    
               

11,943  
         

462  
                    

848  
        

13,804  
     

1,441  
             

1  

Electrical and Machinery 
            

194,300  
      

4,659  
               

58,765  
      

147,958  
    

4,047  
             

1    
            

194,300  
      

4,659  
               

58,765  
    

440,980  
    

4,047  
             

1  

Transport Equipment 
            

187,640  
      

7,605  
               

44,176  
      

201,850  
    

8,647  
             

1    
            

187,640  
      

7,605  
               

44,176  
      

201,850  
    

8,647  
             

1  

Other Manufacturing 
            

277,964  
      

4,592  
                 

9,472  
        

38,810  
        

752  
             

1    
            

102,400  
      

4,592  
                 

9,472  
        

38,810  
        

752  
             

1  

Recycling 
              

41,398  
       

2,531  
                    

784  
          

5,868  
     

1,876  
   

12,656    
              

41,398  
       

2,531  
                    

784  
          

5,868  
     

1,876  
   

12,656  

Electricity, Gas and Water 
             

147,850  
     

4,982  
                          

1  
                   

1  
         

23  
           

12    
             

147,850  
     

4,982  
                          

1  
                   

1  
         

23  
           

12  

Construction 
                

3,927  
         

243  
             

122,670  
   

1,180,800  
         

22  
             

1    
                

3,927  
         

243  
             

122,670  
   

1,180,800  
         

22  
             

1  

Maintenance and Repair 
             

30,300  
       

1,285  
                    

449  
          

4,138  
          

57  
        

618    
             

30,300  
       

1,285  
                    

449  
          

4,138  
          

57  
        

618  

Wholesale Trade 
                       

-   
             

-    
              

23,363  
        

13,883  
     

2,147  
            

0    
-           

190,500  
-    

5,332  
              

23,363  
       

63,883  
     

2,147  
            

0  

Retail Trade 
           

260,635  
    

18,442  
                        

-    
                 

-    
             

1  
            

0    
           

436,880  
   

23,052  
-                   

744  
-      

35,434  
             

1  
            

0  

Hotels and Restaurants 
            

268,577  
             

-    
            

230,522  
                 

-    
             

1  
           

-      
-            

66,732  
-     

4,075  
-                

1,886  
-     

115,430  
             

1  
-  

35,176  

Transport 
             

548,159  
             

-    
              

50,000  
                 

-    
        

321  
           

-      
-           

831,810  
-   

56,577  
                 

1,034  
-     

187,770  
        

321  
-   

7,206  

Post and Telecommunications 
             

33,069  
      

8,931  
                  

4,715  
        

75,359  
         

43  
     

2,215    
            

214,600  
      

8,931  
                  

4,715  
        

75,359  
         

43  
     

2,215  

Financial Intermediation and Business Activities 
         

1,493,975  
   

36,000  
              

44,304  
       

33,030  
    

4,124  
             

1    
         

1,746,400  
   

66,826  
              

44,304  
    

330,060  
    

4,124  
             

1  

Public Administration 
             

23,834  
        

1,127  
           

636,393  
          

9,010  
         

22  
             

1    
             

23,834  
        

1,127  
         

1,852,300  
     

389,010  
         

22  
             

1  

Education, Health and Other Services 
           

489,944  
    

18,000  
           

1,157,300  
       

80,883  
          

37  
             

1    
         

1,319,300  
   

62,328  
           

1,157,300  
       

80,883  
          

37  
             

1  

Private Households 
              

20,257  
      

1,206  
                 

1,228  
                   

1  
         

22  
             

1    
              

20,257  
      

1,206  
                 

1,228  
                   

1  
         

22  
             

1  

Others 
               

23,187  
       

1,365  
                          

1  
                   

1  
         

22  
             

1    
               

23,187  
       

1,365  
                          

1  
                   

1  
         

22  
             

1  

Re-export & Re-import 
                        

0  
              

0  
                          

1  
                  

0  
            

0  
            

0    
                        

0  
              

0  
                          

1  
                  

0  
            

0  
            

0  
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Appendix C  
Greenhouse Gases included in the MRIO analysis: 
 
CO2 
N2O 
CH4 
HFC125 
HFC134a 
HFC143a 
HFC152 
HFC227ea 
HFC23 
HFC236fn 
HFC245fa 
HFC32 
HFC365mfc 
HFC4310mee 
C2F6 
C3F8 
C4F10 
C5F12 
C6F14 
C7F16 
CF4 
cC4F8 
SF6 
NF3 
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Appendix D 
The MRIO Model MATLAB Calculation Script used in the study. Green text is pseudocode 
used to explain what the code below is doing for readers not familiar with the MATLAB 
syntax. 

%% Get Matrices 
% This script calculates all IOA matrices and basic per capita footprint  
% results, from inputs of the global IOT table (T), global final  
% demand table (FD), total production based emissions vector (P) and  
% Icelandic HH expenditure for a given year. The T,P and FD matrices are 
% directly from the Eora website/Eora26/purchaser prices/YEAR. 
% This green text is notes and pseudocode - it has no effect on the  
% calculation script but simply explains the process 

  
function 

[FD,FD_country,T,X,A,Q,I,L,P_ice,P_emis_total,P_emis_total_perCap,E,E2,C_

ICE_byFD,C_HH,C_ICE_FinalAllocate,C_ICE_bySect,C_ICE_Total,C_ICE_Total_pe

rCap,C,C_ice,C_ice2,C_emis_HH, HH_share,C_HH_full]= 

get_matricesV2(T,FD,P,Y_ice) 
% Output Matrix definitions 
% FD: Final Demand. 000's USD. (4915 x 1140)  
% FD_Country: Final Demand with the 6 FD sectors aggregated together.  
%     000's USD. (4914 x 189) 
% T: Transaction matrix. 000's USD. (4915 x 4915) 
% X: Total Output. 000's USD. (4914 x 1). Row sum of T and FD 
% A: 'Technical Coefficient' matrix. Dimensionless. (4914 x 4914).  
%     A(i,j)=T(i,j)/X(j) 
% Q: Production based emissions intensity matrix. Gg/000's USD. (1 x 

4914) 
% I: Identity matrix. ones on diagonal, zeros elsewhere. (4914 x 4914) 
% L: Leontief matrix. Dimensionless. (4914 x 4914). L=I-A 
% P_ice: The production based emissions by sector for Iceland  
%     in the given year.Gg CO2eq. (1 x 26). Doesn't include direct use 
%     emissions 
% P_emis_total: Total Icelandic production based non-direct emissions.  
%     (1 x 1). Is P_ice summed. Doesn't include direct use 
%     emissions 
% E: Consumption based emissions intensity matrix. Gg/000's USD. (1 x 

4914) 
% E2: Same matrix as E but calculated without directly calculating the L 
%     inverse matrix. E should equal E2. 
% C: Consumption based emissions matrix. Gg/000's USD. (1 x 4914) 
% C_ice: The consumption based emissions by sector for Iceland  
%     in the given year.Gg CO2eq. (1 x 26). Doesn't include direct use 
%     emissions 
% C_ice2: Same as C_ice, but calculated using E2. C_ice should equal 

C_ice2 
% The remaining outputs (inside square brackets in the first line) are 
% a range of different ways to show the output, confirm its correct and 
% analyse the data differently. They are too numerous to list here. 

  
%% Specify where Iceland is in Eora Matrix 
ice_col=2003; 
ice_row=463; 

  
%% Remove discrepancy entries from T and FD matrices 
% The matrices on the Eora26 website come with a discrepancy entry, which 
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% needs to be added to total output but isn't assigned to any particular 
% country or sector. 
T_disc = T(:,4915); 

  
% This is called pre-allocation. It tells MATLAB the size of the vector 
% before it starts to calculate each entry in the for loop below, by  
% defining the matrix as a certain size and filling it with zeros. It 

saves 
% calculation time. You will see it throughout the code. 
FD_disc = zeros(4914,1); 

  
for i=1:length(FD_disc) 
    FD_disc(i)=sum(FD(i,1134:1140)); 
end 

  
% Remove any discrepancy values that are negative 
for i=1:length(T_disc) 
    if T_disc(i)<0 
        T_disc(i)=0; 
    end 
end 

  
% Same for the FD matrix, remove any negative discrepancies 
for i=1:length(FD_disc) 
    if FD_disc(i)<0 
        FD_disc(i)=0; 
    end 
end 

  
%% Discard unwanted matrix enties 
% The T, P and FD matrices have discrepancy entries which must be 

removed, and 
% we are only interested in total CO2eq emissions, so the rest can be 
% discarded 

  
% This reassigns T without the last row and column, which contain the 
% discrepancy entries 
T=T(:,1:length(T)-1); 
T=T(1:length(T)-1,:); 

  
% Same reassignment for FD, which has 1 row discrepancy and 6 column 
% discrepancy entries 
FD=FD(1:length(FD)-1,:); 
FD=FD(:,1:size(FD,2)-6); 

  
% Keep only the row with total CO2eq emissions in the production based 
% emissions matrix (P), then trim the discrepancy entry from P 
CO2eq_row=1856;           
P=P(CO2eq_row,1:size(P,2)-1); 

  
%% Remove negative values from FD matrix 
% See limitations in report for reasoning 

  
for i=1:length(FD) 
   for j=1:size(FD,2) 
      if FD(i,j)<0           
        FD(i,j)=0;     % Set any negatives to 0 value     
      end 
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   end 
end  

  
%% Sum final demand categories into 1 FD column per country 
% For some analyses, we are not concerned with investigating the 

components  
% of final demand in further detail. 
% Hence, we sum the 6 FD components of FD for each country. Negatices 

were 
% removed earlier. 

  
% pre-allocate 
FD_country=zeros(4914,189);      

  
k=1;   % Set the counter k to 1. It counts the current entry in 

FD_country 

  
for i=1:length(FD) 
    for j=1:6:size(FD,2) 
        FD_country(i,k)=sum(FD(i,j:j+5)); 
        k=k+1; 
    end 
    k=1; 
end 

  
%% Scrub Transaction Matrix 
% Due (probably) to data constraints in the IOT compilation, there a  
% number of -ve values in the T matrix. This cannot be, else A will have  
% negative values also and produce a divergent system. Hence, remove any 
% rogue negatives in the T matrix 

  
for i=1:length(T)^2 
    if T(i)<0          
        T(i)=0;            
    end 
end  

  
%% Total Output (X) 
% Calculate the total output of each sector in every country. This adds 

the  
% first row of the transaction matrix to the first row of the FD matrix, 
% plus the first row of any discrepancy values. Then proceeds to the next 
% row, and so on.  

  
% pre-allocation 
X=zeros(length(T),1); 

  
for i=1:length(T) 
    X(i) = sum(T(i,:)) + sum(FD(i,:)) + T_disc(i,1) + FD_disc(i,1); 

        
        % Here we check for any really small values created by data 

error, 
        % and set them to the smallest 'realistic' value. See limitations 
        if X(i)<10^2         
            X(i)=10^2; 
        end 
end   
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%% Technology Matrix (A) 
% Calculate the A matrix as A(i,j)=T(i,j)/X(j). We first check for any 

zero 
% entries in X so as to not create a divide by zero error. See the 
% additional script in green that fit in here to calculate the 

sensitivity 
% of individual A values on the output and convergence of A. 

  
% pre-allocation 
A=zeros(length(T)); 

                 
for i=1:length(T) 
    for j=1:length(T) 
        if X(j)==0           % Check for zero entries in X 
            A(i,j)=0; 
        else 
        A(i,j)=T(i,j)/X(j);  % Calculate A 
        end 
 % The additional script below was used to run the sensitivity analysis, 
 %  to test whether individual values in the A matrix were larger         
 %  than the variable Max_A (between 0 and 1). This is important                                             

 %  because large individual values can violate the colsum<=1         
 %  condition for a convergent series approximation        
 %      Max_A = 0.7;        
 %      if A(i,j)>Max_A   
 %      A(i,j)=Max_A;    

  
    end 
end 

                                     
%% Calculate Production based Emissions Intensity (Q) 
% Calculate Q by dividing each element in production based emissions 

matrix 
% (P) by each sector's output in (X).  

  
% pre-allocation 
Q =zeros(1,length(T)); 

  
for j=1:length(T) 
    Q(1,j) = P(j)/X(j); 
end 

  
%% Sum total Production based emissions for Iceland 

  
% This is the location (column or row number) in matrix P where the first  
% of the 26 Icelandic sectors are. P was trimmed to a (1 x 4914) vector      

  
% Assigns the 26 Icelandic sectors in P to P_ice 
P_ice=P(1,ice_col:ice_col+25); 

  
% Sums up the 26 sectors to calculate total Production based emissions, 
% excluding emissions from direct use 
P_emis_total = sum(P_ice(1,:)); 

  
% Calculate per capita production based emissions 
IcePop=318552; 
P_emis_total_perCap=P_emis_total/IcePop; 
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%% Calculate Leontief Inverse (L) 

  
% The function 'eye' creates a square identity matrix with ones on the 

diagonal and zeros 
% elsewhere. The size is the size of T, so 4914 rows and columns 
I =eye(length(T)); 

  
% The 'inv' function calculates the inverse of a matrix directly 
L = inv(I-A); 

  
%% Calculate the Consumption based emissions intensity matrix (E) 
% The (E) matrix is obtained by premultiplying the Leontief inverse 

matrix 
% (L) by the Production based emissions intensity matrix (Q) 

  
E=Q*L; 
E_full=diag(Q)*L; 

  
% Alternatively, a more accurate way of calculating the inverse 
% computationally is to use the backslash function in MATLAB. Re-

arranging 
% the equation using matrix algebra, E can be obtained without 

calculating 
% L directly.  

  
E2_trans=transpose(I-A)\transpose(Q); 
E2=transpose(E2_trans); 

  
%% Calculate Icelandic Consumption based expenditure using just Eora data 
% Separate Icelandic Final Demand from rest of FD data 

  
% Sum the 6 FD columns for Iceland into 1 matrix (26x6) 
IceFD_temp=FD(ice_col:ice_col+25,ice_row:ice_row+5); 

  
% Sum the FD categories into column (26x1) 
IceFD_temp2=zeros(26,1); 

  
for i=1:26 
IceFD_temp2(i)=sum(IceFD_temp(i,:)); 
end 

  
% Insert into FD column (4914,1) with zeros elsewhere 
IceFD=zeros(4914,1); 

  
IceFD(ice_col:ice_col+25,1)=IceFD_temp2; 

  
%% Calculate Icelandic Consumption based emissions using just Eora data 
% (C_ICE_sect_6FD, 4914x1134) 
C = diag(E)*FD; 

  
% Select just the Icelandic consumption based emissions matrix from 

within 
% the larger world CB emissions matrix C. C_ICE is (4914x6) 
C_ICE = C(:,ice_row:ice_row+5); 

  
% Create just the Icelandic CBCF matrix by Final Demand category 
C_ICE_byFD=zeros(1,6); 



111 

 

  
for i=1:6 
    C_ICE_byFD(i) =sum(C_ICE(:,i)); 
end 

  
% Create just the Icelandic CBCF matrix by product category 
C_ICE_bySect=zeros(4914,1); 

  
for i=1:4914 
    C_ICE_bySect(i) =sum(C_ICE(i,:)); 
end 

  
% finally, sum all product categories to obtain total consumption based 
% emissions for Iceland using just the Eora data 
C_ICE_Total = sum(C_ICE_bySect); 

  
% Calculate per capita emissions for Iceland  
C_ICE_Total_perCap = C_ICE_bySect/IcePop; 

  
% In order to allocate all emissions to the consuming sector in Iceland, 
% rather than as they are produced throughout the world, we also 

calculate 
% a C_26 matrix 

  
C_single=diag(E)*IceFD; 
C_ICE_FinalAllocate=C_single(ice_col:ice_col+25,1); 

  
%% Calculate Household Consumption Carbon Footprint Results 
% First insert the icelandic final demand into a full FD vector for the 
% world (Y2), then multiply by the consumption based emissions intensity 
% vector (E) to find total consumption based emissions from each sector 

and 
% country. Finally, just display the Icelandic consumption based 

emissions 
% vector (C_ice) from HH consumption, either per HH or per capita. 

  
% pre-allocate the new FD vector (from HH consumption) Y2 
Y2 = zeros(4914,1); 

  
% assign the consumption to the columns representing Iceland 
Y2(ice_col:ice_col+25,1)=Y_ice; 

  
% calculate the consumption based emissions matrix (C). The 'diag' 

function 
% takes a vector and places it on the diagonal of a matrix, with zero 
% elements elsewhere. This allows matrix dimensions to agree and 

preserves 
% the country-sector structure in the output 
C_HH=diag(E)*Y2; 

  
% store just the Icelandic consumption based emissions in vector (C_ice) 
C_ice = C_HH(ice_col:ice_col+25,1); 

  
% calculate consumption based emissions a second time using E2, which 
% doesn't rely on an explicit L calculation. Confirm these results are 
% almost the same (just numerical rounding). 
C2=diag(E2)*Y2; 
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C_ice2 = C2(ice_col:ice_col+25,1); 

  
% calculate the total emissions from Icelandic HH FD 
C_emis_HH=sum(C_ice)*IcePop; 

  
% calculate the percentage of HH emissions relative to total CB emissions 
HH_share = C_emis_HH/C_ICE_Total*100; 

  
%calculate the emissions contributions from each producing sector in the 
%world 
C_HH_full=E_full*Y2; 

 

 


