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Abstract 

The role of cities and their stakeholders in creating a sustainable low carbon society is becoming 
increasingly critical. Cities and their supply chains are responsible for almost 80% of the global energy 
consumption and over 60% of greenhouse gas emissions (GHG). It is expected that by 2050 seventy 
percent of the global population will be living in urban areas. However, in general cities still quantify 
and report only their production-based GHG emissions and fail to account for their supply chains. 
There has been much less focus on the GHG emissions associated with consumption in cities, 
including household and government consumption.  

This paper compares the production-based GHG accounting method with the consumption-based 
method for ten European cities. This is performed for a base year (2010) and two divergent future 
scenarios for 2050, a business-as-usual (BAU) scenario and a post carbon (PC2050) scenario. The 
PC2050 scenario was created by city stakeholders in the framework of the European research project 
POCACITO in (2014-2016). Consumption-based emissions are calculated using the EXIOBASE multi-
regional input-output model.  

Compared to 2010, both BAU and PC2050 scenarios show significant decreases for production-based 
emissions, falling 31% and 68% respectively. However, during this period consumption-based 
emissions increase for eight cities, rising 33% and 35% respectively. This occurs despite the modelled 
improvements in global production efficiency for 2050 and the significant production-based 
reductions under the PC2050 scenarios. The increase in consumption-based emissions is primarily 
linked to rising GDP and a corresponding increase in spending and consumption, which override the 
local and global efficiency improvements. 

Hence the results highlight a notable disparity between the traditional focus on production-based 
accounting and consumption-based accounting. This suggests that future city actions should extend 
their focus on addressing the impact of consumption in addition to local energy production and 
emissions. It also suggests that city stakeholders are generally underestimating the impact of 
consumption and the responses required.  

Keywords: carbon footprint, production-based accounting, consumption-based accounting, 
sustainable city, EE-MRIO. 
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1 Introduction 

It is well documented that the world’s population is becoming increasingly urbanised, and that by 
2050 more than 66% of people could be living in urban areas1 (UN, 2014). Europe is already highly 
urbanised with 74% of the population living in urban areas, with an expected increase to 80% by 
2050 (UN, 2014). Globally, cities are responsible for over 78% of the global energy consumption and 
over 60% of greenhouse gas (GHG) emissions. This is due to their socio-economic strength and 
related consumption (UN Habitat, 2016; C40 Cities, 2018). They are also responsible for 85% of Gross 
Domestic Product (GDP; Gouldson et al., 2015a) and are therefore of critical importance in 
addressing climate change and sustainability (C40 Cities, 2018).  

Cities have made notable progress in attempting to reduce GHG emissions with initiatives such as the 
Covenant of Mayors that has over 7000 signatories from EU cities (CoM, 2018) and C40 Cities that 
includes over 90 global megacities (C40 Cities, 2018a). There are three ways that cities can report 
their GHG emissions. Territorial-based accounting systems cover the emissions produced by activities 
within city borders and jurisdiction, whilst production-based accounting (PBA) can include emissions 
related to economic activities of households and companies whose operations may lie outside the 
city borders (EEA, 2013). Conversely, consumption-based accounting (CBA) includes upstream 
emissions from the production of all products and services consumed by citizens regardless of where 
production occurs (EEA. 2013). However, reporting of GHG emissions from cities is currently almost 
entirely focussed on territorial or production-based GHG emissions (Dahal and Niemelä, 2017). 

The importance of consumption-based emissions is increasingly highlighted in the literature (C40 
Cities, 2018b; Dahal and Niemela, 2017; Sudmant et al. 2018) and by the emergence of standards 
such PAS 2070 (BSI, 2013). This is because the activities and consumption of cities induce significant 
quantities of GHG emissions outside the boundaries of the city (Chen et al., 2016; Minx et al., 2013). 
Focussing only on territorial or production-based emissions may lead to emission reductions being 
offset by carbon leakage where carbon intensive activities are outsourced (Jiborn et al., 2018). For 
example, when embodied GHG emissions in imports are considered, Annex I countries do not meet 
their targets of the Kyoto Protocol (Kanemoto et al., 2014; Peters et al., 2011). Therefore, not only 
are cities increasingly the root of emissions, they are viewed as the “core of climate change 
mitigation” (Zhifu et al., 2019).  

Gouldson et al. (2015b) note that there is less research on GHG emissions from cities compared to 
research performed at the national and international level. Nonetheless, there is a growing list of 
literature on production-based emissions of cities (Kennedy et al. 2009; Kennedy et al. 2010; Glaeser 
and Kahn 2010; Bi et al. 2011). In addition, the literature that examines the carbon footprint or 
consumption-based emissions of cities is increasing (e.g. Jones and Kammen 2013; Lin et al. 2015; 
Minx et al. 2013; Feng et al. 2014). Recent work by Moran et al. (2018) used the Eora multi-region 
input-output (MRIO) database to help estimate carbon footprints for 13,000 cities.  

The difference from using PBA and CBA methods has also been examined in recent studies. Meng et 
al. (2017) compared the production- and consumption-based emissions for the Chinese megacities: 
Beijing, Shanghai, Tianjin and Chongqing. Whilst, Sudmant et al. (2018) compared the two accounting 
methods for cities in China, the UK and the US, finding that per capita income and population density 
are closely linked to consumption-based emissions levels. They found that for most cities 
consumption-based emissions were higher than production-based emissions. This is supported by 

                                                           

1
 As the UN (2014) note, there is currently no global definition for urban settlement, which varies widely across 

countries. The UN used data based on the concept of urban agglomeration or the population within the 
administrative boundaries of the cities. 
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Feng et al (2014) who found that 48%-82% of emissions were consumption-based for four Chinese 
megacities; Chen et al. (2017) calculated 50% for Sydney and Melbourne, whilst C40 Cities (2018b) 
obtained an average of 60% for 79 global cities. The remaining emissions arise from activities within 
the city boundaries such as heating, electricity generation and transport.  

Few studies have used MRIO or similar methods to model future emissions of cities. However, MRIO 
has been used to estimate future consumption impacts at a national level (Scott et al., 2013), and 
also the global implications of a future circular economy (Wiebe et al., 2019). Liu et al. (2018) used 
Environmentally-Extended Input-Output Simulation to model production- and consumption-based 
GHG mitigation policies for a Canadian industrial region. Production-based policies were found to 
result in larger GHG emissions reductions for primary industries, whereas consumption-based 
policies were more effective for industries at the end of industrial supply chains. In related research, 
Hertwich et al. (2015) combine life-cycle assessment input-output data to model 2030 and 2050 
scenarios for the global energy system based on renewable energy. They demonstrated that the 
higher material inputs to supply the global electricity needs in 2050 were manageable and would 
result in significant reductions in environmental impacts such as GHG emissions, freshwater 
ecotoxicity, eutrophication and particulate-matter exposure. 

A further challenge is how to model the impacts of future city development strategies on GHG 
emissions and the complex socio-economic and ecological systems (Heinonen et al. 2015). Scenario 
analysis and backcasting techniques are two approaches that can form the basis to analyse possible 
future scenarios (Swart et al., 2004). Scenario analysis has evolved since the 1950’s as a methodology 
to analyse future sustainability pathways and aid strategic decision making (Schoemaker, 2004 and 
Swart et al., 2004). Backcasting involves the definition of a desired future and ways that this can be 
achieved. “It is thus explicitly normative, involving working backwards from a particular desired 
future end-point to the present in order to determine the physical feasibility of that future and what 
policy measures would be required to reach that point” (Robinson 1990). In terms of sustainability 
science, scenarios can be described as “coherent and plausible stories, told in words and numbers, 
about the possible co-evolutionary pathways of combined human and environmental systems” 
(Swart et al. 2004).  

The aim of this paper is to compare PBA and CBA for a base year and two future 2050 scenarios, for 
ten European cities. The future scenarios compared are a Business-as-Usual (BAU) and a post-carbon 
2050 (PC2050) scenario, the latter developed by city stakeholders. To our knowledge this is the first 
research to use and compare PBA and CBA (using MRIO) for both current and future scenarios of 
cities. It seeks to answer the following research questions:  

1. What are the GHG emissions of the cities using PBA and CBA for 2010 and the future 
scenarios: BAU and PC2050? 

2. How do the GHG emissions compare across the cities using the two accounting methods? 
3. Are the post-carbon strategies developed by the city stakeholders effective at reducing GHG 

emissions for 2050? 

2 Methodology 

2.1 Background and overview 

This study covers ten European cities:  Barcelona, Copenhagen, Istanbul, Lisbon, Litoměřice, Malmö, 
Milan, Turin, Rostock and Zagreb. These were selected to provide a diverse mix of city population 
sizes ranging from 24,000 to 13.9 million inhabitants, from different European geographic regions 
(see Table 1 for an overview of key city figures). In addition, they were participants in the EU Post 
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Carbon Cities of Tomorrow (POCACITO) project where this research was performed (POCACITO, 
2014). A main aim of POCACITO was to assess the sustainability implications of a post-carbon 
strategy and resultant scenario, compared to BAU.  

Table 1: Key figures for the municipalities of the cities (for years 2012) 

 Population 

(000’s) 

GDP (EUR) Energy use  

(GWh) 

GHG/Capita 

(TCO2e) 

Barcelona, Spain 1,600 37,347 16,782 2.7 

Copenhagen, Denmark 559 63,000 8,366  5.0 

Istanbul, Turkey 13,900 9922 15,570 2.7 

Lisbon, Portugal 548  48,000 10,786  7.1 

Litoměřice, Czech Republic 24 11,800 366 5.7 

Malmö, Sweden 313 45,000 7,759 5.0 

Milan, Italy 1,324 51,754 28,167 6.0 

Rostock, Germany 203 30,678 3,776 4.1 

Turin, Italy 902 30,716 18,841 5.7 

Zagreb, Crotia 793 18,645 11,300 3.2 
Source: Harris et al. 2016a.   

The sections below describe the methodology. First the city model and its key components are 
presented. Understanding the recent trends of the key components related to GHG emissions 
formed the basis to model future scenarios and their GHG emissions. Next the PBA and CBA methods 
are described, followed by the scenario modelling. Further detail can be found in the supplementary 
material and Harris et al. (2016b). 

2.2 City emissions model 

Cities are complex dynamic systems with multiple interrelated variables that affect each other (Feng 
et al., 2013). These include variables related to energy demand and production, but also socio-
economic development and even behavioural aspects (Feng et al., 2013). For our city model, we 
divide the variables into two categories. The first consists of the main variables that have a direct 
bearing on energy GHG emissions: energy use and energy sources. Whilst the second group contain 
related variables that have a direct influence on the main variables: population, GDP, transport 
model split and energy efficiency of buildings. This is illustrated in Figure 1. This is in line with Feng et 
al. (2013) who developed a system dynamics model using the same key components to simulate the 
development of energy consumption and GHG emissions for Beijing. 
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Figure 1; Illustration of the main variables on GHG emissions, the related variables and the 

variables that were not included in the model 

An initial sustainability assessment of each city was conducted as part of the POCACITO project on 22 
key sustainability performance indicators and their recent trends (typically over 10-15 years; see 
Selada et al. 2015). This yielded significant data and provided information on recent and ongoing 
sustainability projects within the cities, which served as a background to help develop the scenarios. 
Table 2 provides further information on the key indicators for the components and the data sources.  

Table 2: City components, indicators and data sources for the analysis of recent trends 

COMPONENT KEY ASPECTS/INDICATORS MAIN DATA SOURCES FOR RECENT TREND ANALYSIS 

GHG 
Emissions and 
Energy 

Energy demand – by sector: transport, municipality and 
public services, residential, business/services and industry.  

Energy production - source of energy including: national 
grid electricity, local produced electricity and renewables,  

GHG emission – calculated from the energy production 
were available for most cities. 

GHG emissions and energy reports from the individual 
cities (references provided in supplementary data). In 
addition, reports from the Covenant of Mayors (CoM, 
2018). Selada et al. 2015 

Population  Population of municipality 

Population of greater metropolitan area 

Population trends 

Country specific statistical sources and reports from the 
city municipalities (Selada et al. 2015).  

Oxford Economics, (2015) provided population data at the 
greater metropolitan region. 

Transport  Energy demand 

Modal split  

City transport policy and projects (e.g. to increase public 
transport share) 

Data on total energy used by the transport sector and the 
modal split breakdown and trends were obtained from 
Selada et al. (2015) (which was based on individual city 
reports). 

Housing and 
building 

Share of final energy demand for residential and service 
sectors  

City wide development policies and projects. Trend in 
developing or promoting energy efficient buildings. 

Information on the status and share of energy efficient 
buildings was derived from Selada et al. 2015. This report 
also provided information  

GDP GDP 

GDP per capita for greater metro region 

Selada et al. (2015)  

Oxford Economics (2015) 

Business and 
Industry  

Industry and service share of GDP (growth or decline). 

Changes in industry structure – e.g. reduction of car 
production industry in Turin 

Selada et al. (2015). Municipality reports from each city 
also provided further information and are listed in the 
supplementary material 
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2.3 Production- and consumption-based accounting methods 

2.3.1 Production-based accounting  

The most consistent and robust data for cities is available at the municipality level which is therefore 
the focus for the production-based energy and GHG emissions calculations and modelling.  The 
methodology follows the Global Protocol for Community-Scale Greenhouse Gas Emissions 
Inventories, which was developed from the GHG Protocol (GPC, 2014). The system boundary for the 
production-based GHG emissions comprises Scope 1 GHG emissions derived from sources located 
within the city boundaries (including CO2, CH4 and N2O) and Scope 2 from grid-supplied energy, 
including those that cross city boundaries.  This consists of emissions from activities within the city 
boundaries that include heating and electricity production (used in housing and buildings), transport, 
industry and waste incineration. It does not include Scope 3 emissions (e.g. from the production of 
oil and gas) because this would be consumption-based accounting. In addition, we do not include 
emissions from water, waste or agriculture, fugitive emissions, forestry or land use changes, as no 
consistent data across the cities was available. In addition, these are not included in GHG emission 
reports published by the cities.  

For those cities that had less consistent or robust data available, we supplemented data with 
national energy production and consumption trends, as well as industry profile changes and 
population and GDP growth. 

2.3.2 Consumption-based accounting 

Consumption-based accounting “captures direct and life cycle GHG emissions for all goods and 
services consumed by residents of a city, i.e. GHG emissions are allocated to the final consumers of 
goods and services, rather than the original producers of those GHG emissions” (BSI, 2013). The 
assessment boundary includes “GHG emissions arising from production of goods and services 
consumed by households, government and business capital investment within the city boundary, 
regardless of location of production” (BSI, 2013). 

To quantify the consumption-based emissions of cities we combine household expenditure surveys 
(containing final demand of households) and government expenditure data, with Environmentally 
Extended Multi-Regional Input-Output analysis (EE-MRIO) (Millward-Hopkins et al., 2017). Combining 
household consumption with government expenditure data provides the maximum coverage for final 
demand categories (Ivanova et al., 2015).  Local industrial production is included as it is contained in 
the consumption of households and governments; and what is not included, is associated with export 
to another region. EE-MRIO is widely used to calculate upstream environmental impacts resulting 
from the complete production chains of products, using the following matrix equation (Leontief, 
1970) (equation 1): 

       (1) 

Where FP is the resulting footprint of products included in vector “y”, F is the intensity matrix 
containing environmental stressors for each economic sector per unit of sector output (rows are 
environmental stressors and columns are economic sectors), I is an identity matrix, A is the input 
technological coefficient matrix containing inputs of products per unit of sector output and y is a 
vector of final use products, which was replaced by city specific household consumption data from 
the household expenditure survey for each city. 

Several MRIO databases exist that enable the calculation of consumption-based emissions. We utilise 
the EXIOBASE database derived from the European product-by-product EE-MRIO table (Eurostat 
2008) established under the EU funded CREEA project (Wood et al., 2015). This was chosen due to its 
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high product resolution (200 product groups) and because it was specifically designed for 
environmental analysis. Household consumption data was obtained from local authority data sources 
for Milan and Turin (ISTAT, 2015) and from Oxford Economics (2015) for the remaining cities 
(purchased under a confidential commercial license). Data for government expenditure was derived 
from Agenzia per l’ Italia digitale (2015) for Italy. For the remaining cities, data contained in EXIOBASE 
on national government spending was scaled down to represent the city populations.  

2.4 Scenario modelling 

2.4.1 Scenario development and modelling of production-based BAU  

For each of the key components, the BAU modelling was performed through linear extrapolation of 
the recent trends and modified by consideration of the qualitative influencing variables. The 
relationship between these factors is illustrated in Figure 2.  

 

Figure 2: Scenario modelling structure for linear extrapolation of recent trends to BAU 2050 

Therefore, each key component was first calculated using linear extrapolation and then adjusted 
based on a careful review of the following factors: 

1. Qualitative influences – the evidence that current and ongoing policies and projects were 
inducing changes to (or likely to) energy use and GHG emissions.  

2. Related variables – how have other factors influenced the current developments and recent 
trends. For example: effects of immigration on population growth, or migration from the city 
centre to surrounding suburbs; and changes to the energy consumptions of industry sectors. 
These types of factors were identified in the comprehensive indicators assessments 
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performed for each city. Therefore, “regulating adjustments” were made where appropriate 
to incorporate these effects. 

3. Interaction of indicators – how trends influence each other and correlation between 
indicators.  For instance, has the increase in energy demand followed population growth? Or 
is a reduction in energy demand due to a decrease in energy-intensive manufacturing caused 
by a growing service sector, or the result of the financial crisis)? It was also necessary to 
make “Iterative adjustments” to ensure the production and demand of energy was balanced. 

For national energy sources, demands and GHG emissions in 2050 we used Capros et al., (2015) (this 
is based on the PRIMES model).  Population projections to 2030 for the greater metropolitan areas 
were obtained from Oxford Economics (2015) and extended to 2050 using linear extrapolation. Other 
assumptions are documented in the supplementary material.  

2.4.2 Modelling of PC2050 scenario and production-based emissions 

The quantification of PC2050 is based on qualitative scenarios developed by city stakeholders as part 
of the EU POCACITO project Breil et al. (2015b). A series of three workshops were held in each city 
with local stakeholders to create a post-carbon 2050 vision and perform a back-casting exercise to 
develop strategies, actions and milestones (Breil et al., 2015a). The average composition of local 
stakeholder groups in the first two workshops is show in Figure 3. 

 

Figure 3: Stakeholder types at first (inner circle) and second (outer circle) workshop 

The PC2050 scenarios were quantified by adjusting the key components of the BAU scenario based 
on an interpretation the ability of the PC2050 targets and actions to reduce energy use and emissions 
(see Table 11 of supplementary information). The Shared Socioeconomic Pathways (SSP’s) produced 
for the IPCC fifth assessment report published in 2014 (IIASA, 2014) were used to calculate the 
difference between BAU and PC2050 for population and GDP change (Breil et al., 2014). Further 
information on the assumptions for calculating the PC2050 projections of each component can be 
found in upplementary material (Section 1.2).  

2.4.3 Modelling of BAU 2050 in EXIOBASE 

To model the 2050 scenarios in EXIOBASE the three main blocks of the MRIO databases, the input 
coefficients, environmental extensions and final demand, were manually adjusted to account for 
expected 2050 changes. To facilitate this, the MRIO dataset for the global production system was 
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aggregated into 13 broad regions; one each for the countries of the participant cities (except for 
Zagreb, which is part of a broader region Rest of World (RoW)– Europe within Exiobase v2) and four 
rest of the world regions (Japan, Rest of EU, Norway and Switzerland; BRICS; US; and RoW). We 
assumed that with increasing levels of globalization, the efficiency of the country-specific 
technologies will converge.  Because the future trading relationships (where countries obtain 
different materials and components) between countries is difficult to predict, we assume this 
remains constant for the purposes of the modelling. These assumptions align with other leading 
(Hertwich et al. 2015). 

Each of the regions has a direct input (technological) coefficient matrix consisting of 200 products 
that stipulates how much of one product is required to produce another product. For the 2050 
scenarios each product was adjusted to account for expected changes (based on the best available 
projections for factors such as resource efficiency of production and energy use (e.g. from IEA, (2015) 
and Capros et al. (2014)). The environmental intensity matrices, which represents the emission 
profiles for the 200 products and for each region, were subsequently adjusted using the same 
methodology.  

The final demand of households in the BAU scenario was based on projections purchased from 
Oxford Economics to 2030 (Oxford Economics, 2015). This dataset was extrapolated to 2050 by 
assuming that the basic trend projected to 2030 for each product type would continue. Further 
adjustments were then made to the energy profile of the cities to align with the energy profile 
obtained from the production-based modelling.  

2.4.4 Modelling of PC2050 in EXIOBASE 

For the PC2050 scenario, we used the same underlying production system used in the BAU 
modelling, assuming that the global production systems outside the cities are the same. Total final 
demand of all products was adjusted based on the difference in the ratio of GDP for BAU and PC2050 
for each city. Therefore, it is assumed that the Kaya identity is consistent in each of the scenarios 
(Kaya et al. 1997) (equation 2):  

     (2) 

Where, F is total CO2 emissions, P is population, G is GDP, E is energy consumption. In other words, 
we assume that an increase in GDP results in an increase in final demand. After distributing the final 
demand amongst the product groups, the final energy demand was further refined to reflect the 
share of energy sources modelled in the production-based modelling.  The final demand of the non-
energy products was then adjusted for the main products where there was an anticipated difference 
in final demand between BAU and PC2050. This interpretation was based on an examination of the 
sustainability assessment of the scenarios (detailed in Harris et al. 2016). Adjustments were made by 
assuming that a moderate change from BAU to PC2050 results in a 25% variation and a substantial 

change means 50% variation (see supplementary material for further information).  

3 Results  

This section is divided into three parts.  First, the key components of the city model and the 
developed scenarios are presented to compare the current trajectory of the cities (BAU) with 
PC2050. Next, we present the production-based results, followed by the consumption-based results. 
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3.1 City model extrapolation  

The modelling results for the key components of the two scenarios compared to the current (2010) 
values are shown in Figure 4.  Figure 4(a) shows that the population increases under both BAU and 
PC2050 for most cities, apart from Litoměřice where a small decrease in population occurs (500 less 
residents). Population and GDP are generally higher in PC2050 than BAU. Whilst all cities experience 
GDP increases under both scenarios, there is a wide variation for PC2050 compared to the base year 
(from just 17% for Turin up to 194% for Istanbul). These changes reflect the use of the Shared 
Socioeconomic Pathways (IIASA 2015) as background scenarios for population and GDP. 

 

(a) (b) 

(c) (d) 

(e)  
 

Figure 4: Scenario modelling results of the main elements for the ten case study cities for current, 

BAU 2050 and PC 2050. (a) Population. (b) Energy consumption. (c) Energy use per capita. (d) 

Transport energy per capita. (e) GDP per capita. 
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Under BAU total energy use (Figure 4.b) increases for four of the cities (Copenhagen, Lisbon, Istanbul 
and Malmö) and three cities under PC2050 (Copenhagen, Istanbul and Malmö), because of the 
population increases. However, energy use per capita (Figure 1.c) declines in all cities under the 
PC2050 scenario. There is also a decrease in energy use per capita under BAU for all cities except 
Barcelona, Istanbul and Lisbon.   

3.2 Production-based accounting  

3.2.1 GHG emissions per capita 

Figure 5 shows that the production-based emissions per capita decrease considerably under BAU 
(except for Istanbul), but much more under PC2050. Barcelona, Copenhagen and Litoměřice have the 
lowest per capita emissions under PC2050, with 0.35, 0.18, and 0.36 tCO2e per capita/year, 
respectively. These cities are also the leading performers under BAU, with Copenhagen showing the 
lowest GHG emissions at 0.7 tCO2e per capita/year. Under PC2050, the other cities are between 1 to 
2 tCO2e per capita (except Istanbul and Turin).  

 

Figure 5: Production-based GHG emissions per capita for base year, BAU and PC2050 scenarios 

3.2.2 Economic output per unit of GHG emissions 

A key indicator to assess a transition to a green economy of a nation or city is economic output per 
environmental impact (UNEP, 2013). Figure 6 shows that the GHG emissions per unit of GDP (Euros) 
is expected to improve under BAU and vastly improve under PC2050, for all cities. If the indicator is 
inverted (to obtain GDP generated per GHG emission) the leading performer under PC2050 is clearly 
Copenhagen, which generates 581 Euro/ kgCO2e compared to 9.9 Euro/ kgCO2e for Istanbul (which is 
similar to the current level for Milan and Malmö).  
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Figure 6: Production-based GHG emissions per unit of GDP (Euro) 

3.3 Consumption-based accounting 

3.3.1 Consumption-based emissions compared to production-based emissions 

The consumption-based accounting results (Figure 7) show increases in GHG emissions per capita for 
eight of the cities under BAU and PC2050, which is linked to increasing affluence that results in 
increased consumptio. Milan and Turin are the only cities for which slight decreases are expected. 
The highest absolute emissions per capita in 2007 occur in Zagreb, due to high coal and gas usage as 
energy sources; the lowest in Istanbul, primarily due to lower affluence (and therefore household 
spending). In PC2050, Zagreb remains the highest, with Copenhagen next highest followed closely by 
Istanbul.  

Figure 7 also provides a comparison of the production-based emissions with the consumption-based 
emissions. It highlights that whilst production-based emissions are generally decreasing from the 
base year to BAU, and further in PC2050, consumption-based emissions are increasing. In the base 
year, 48% of the total emissions are derived from production-based emissions, but this is reduced to 
22% in BAU and only 9% under PC2050.  
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Figure 7: Comparison of production- and consumption-based GHG emissions per capita for 2007, 

BAU and PC2050 

 

3.3.2 Contribution of product groups to GHG emissions  

For the analysis, the products were grouped into six main groups based on the purpose of 
consumption: food, housing, electricity and heat fuels, transport fuels, equipment and services, other 
goods (goods not otherwise included), and other services (services not otherwise included). Four 
cities are selected for closer analysis based on their contrasting characteristics, with differences in 
population, affluence and energy profile. The contribution of the product groups to the overall GHG 
emissions for each of the scenarios is shown in Figure 8. 

 

Figure 8: Contribution of product groups to GHG emissions for the scenarios of four cities  

Despite Istanbul having the lowest emissions of any city in 2007, there are strong increases for 
electricity use, transport, and other goods and materials, again linked to rising affluence. Litoměřice 
and Lisbon both display significant reductions in electricity use from 2007 to BAU and further in 
PC2050, due to a shift to a renewable energy supply. The increase in Lisbon’s transport emissions is 
because the population continues to move to the outer suburbs increasing the need for transport.  

There are similar increases in “other services” and “other goods and materials” which represent an 
increasing share of total GHG emissions for all cities. It can also be seen that food emissions increase 
from 2007 for the future scenarios, although for Malmö and Lisbon is less for PC 2050 than BAU. This 
is due to actions in the PC2050 scenarios for sustainable local food production.  

3.3.3 Economic analysis of consumption-based emissions 

Finally, Figure 9 shows the consumption-based GHG emissions per Euro of GDP, which is considerably 
higher than for the production-based GHG emissions across the scenarios. The current average 
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consumption-based GHG emissions per Euro of GDP is 0.42 kgCO2e/Euro, compared to 0.18 
kgCO2e/Euro when considering production-based emissions. Under PC2050, the gap widens, and the 
difference is even more startling with an average of 0.03 and 0.34 kgCO2e/Euro for production-and 
consumption-based emissions, respectively.  

 

Figure 9: Consumption-based GHG emissions per unit of GDP (Euro) 

4 Discussion 

This research has sought to compare the use of two different GHG emission accounting methods: 
production-and consumption-based. To achieve this, our methodology was applied to ten European 
cities, for the base year, BAU and PC2050 scenarios. This section discusses the main findings within 
the overall structure of the research questions, looking first at the results of the base year of the 
cities, before discussing the stakeholder generated visions and strategies and finally the GHG 
emissions of the future scenarios. 

 

4.1 Base year 

1) On average consumption-based emissions are twice as big as production-based emissions  

For the base year production-based emissions are on average 52% of the consumption-based 
emissions. This is comparable to Mi et al (2019) who found consumption-based emissions account 
for 50% or more of the total GHG emissions for Chinese cities (with a similar range of 4 to 25 tCO2e).  

Among the ten cities analysed, Lisbon is an exception with a larger share of production-based 
emissions. Hence Lisbon can be described as a “producer” city, whilst the others are “consumer” 
cities with a large proportion of consumption-based emissions (Sudamt et al., 2019; Mi et al., 2019). 
This supports other research that shows that Western cities are primarily consumer cities, whilst 
regions such as China have a higher share of producer cities (Sudamt et al., 2019).  
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The economic analysis shows that the cities with a larger service sector, Copenhagen, Barcelona, 
Milan and Malmö, generate less production-based emissions per Euro of GDP. Due to their high GDP 
they also perform well for their consumption-based emissions per Euro of GDP.  

 

2) “Other goods and services” represent the largest share of consumption-based emissions  

The analysis of the six product groups for consumption-based emissions shows that the contribution 
of food across the cities is similar, but the share of electricity and transport fluctuates. In general, 
food, housing and electricity account for half of the total emissions, whilst “other services” and 
“other goods and materials” account for the other half. Since the latter two categories are related to 
consumable goods and services, this emphasises the importance of consumption resulting linked to 
disposal income. 

4.2 Stakeholders strategies and actions  

3) The stakeholder visions and actions have potential to significantly reduce production-

based emissions  

Overall, the PC2050 scenarios showed significant reductions in production-based emissions, down to 
0.7 tCO2e per capita/year for Copenhagen, and most cities less than 1.5 tCO2e per capita/year. This 
is primarily the result of actions on energy production (renewable based), transport and building 
efficiency. However, under PC2050 scenarios, consumption-based emissions increase for most cities. 
This is partly because only few actions were proposed by the stakeholders that focus on the wider 
system related to consumption-based emissions. When we consider the PC2050 scenarios generated 
from the visions and back-casting workshops within the POCACITO project, nearly all cities had a 
production-based focus – focusing on transport, energy sources and to a lesser extent housing and 
buildings. 

The workshops consisted of a broad cross-section of stakeholders and it is not possible to connect 
the individual stakeholders to the strategic actions and targets. It is apparent however, that the focus 
is on traditional responses, related to production-based accounting, which is consistent with the 
approach of many cities globally (Erickson and Tempest, 2014). Two limitations should also be noted. 
It was challenging to maintain a consistent profile of stakeholders throughout the workshop series 
and the stakeholders did not review the report on strategic visions after the workshop series.  

4.3 BAU and PC2050 scenarios 

Total energy demand increased for four cities, Copenhagen, Lisbon, Istanbul and Malmö, under BAU, 
reflecting the recent trends and the modelling technique of linear extrapolation. The energy 
increases occur for different reasons but are linked strongly with affluence and population growth. In 
Istanbul, increasing affluence and population leads to a significant increase in energy demand. 
However, Lisbon’s BAU energy use remains similar to the base year, with a high transport energy 
share due to the population moving to the suburbs and an increasing use of car transport.  

In the PC2050 scenarios, energy use is around 10 MWh per capita/year for the majority of cities, with 
Barcelona being the lowest at 6.8 MWh per capita/year. This suggests that energy efficiency 
improvements are required for most cities, even though the associated production-based GHG 
emissions are reduced.  
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4) In 2050 production-based emissions decrease (apart from Istanbul) whilst consumption-

based emissions increase (for 8 out of 10 cities). The gap between PBA and CBA widens. 

Compared to the base year, the average production-based emissions are 31% lower for BAU and 68% 
lower for PC2050. The leading performers, Barcelona, Copenhagen and Litoměřice, all have strong 
actions for the reduction of fossil fuels, with a focus on geothermal for Litoměřice, solar for 
Barcelona and wind and biofuels for Copenhagen. Istanbul is the only city with a rise under BAU, 
which illustrates the risk for rapidly growing cities, with rising incomes, to develop in ways that could 
embed high GHG emissions (Sudmant et al., 2018). This phenomenon is known as “weak leakage” 
where emissions concentrate in specific places due to lower costs (Peters et al., 2011). However, 
Istanbul’s PC2050 production-based emissions are 41% lower than BAU due to the stakeholder 
actions proposed under PC2050.  

Consumption-based emissions increase markedly for most cities under BAU and PC2050, with an 
average increase of 33% and 35%, respectively. The only exceptions are Milan and Turin, both 
displaying a slight decrease, due to more modest increases in GDP per capita. At the same time, the 
share of average production-based emissions reduces from 48% for the base year of to only 9% in 
PC2050. This highlights the growing importance of consumption-based emissions. 

The high increase in consumption-based emissions for Istanbul under both scenarios reflects findings 
shown in other research regarding increasing affluence in cities from less developed regions.  
Sudmant et al., (2017) noted that projections for Chinese urban areas suggest massive potential for 
growth of consumption-based emissions. This would be in addition to the current production-based 
emissions if production volume and associated emissions remains the same. Considering the number 
of rapidly growing cities worldwide, particularly in Asia, consumption is a major challenge for 
national and global emission targets. Research has consistently shown a strong link between income 
and consumption-based emissions (Hertwich and Peters, 2009; Moran et al., 2018). In contrast 
however, Scott and Barrett (2015) forecast falling consumption-based emissions in the UK.  

5) Economic analysis based on PBA suggests future decoupling, but CBA is less convincing.  

There is a marked reduction in production-based emissions per Euro of GDP for the future scenarios 
compared to the current year (Figure 6), with an average of 0.18 kgCO2e/Euro in the base year 
reducing to and 0.03 kgCO2e/Euro in PC2050. This suggests a decoupling of emissions from economic 
growth. However, during the same period the average consumption-based emissions per Euro of 
GDP only reduced from 0.41 to 0.34, despite considerable GDP increases (Figure 7 and Figure 9). This 
suggests a relative decoupling although is the result of a strong rise in GDP, as consumption-based 
emissions increase considerably  

6) The product groups “other services” and “other goods and materials” increase their share 

of total emissions  

The consumption-based emissions for the product groups “other services” and “other goods and 
materials” rise under both scenarios and represent an increasing share of total emissions (Figure 8). 
These categories essentially capture consumable goods and services, supporting the notion that 
consumption-based emissions rise due to increased affluence and spending.   

Litoměřice highlights that despite significant reductions in the more locally controllable emissions 
(electricity and heating fuels, and transport), total emissions rise in both 2050 scenarios due to 
increased overall spending in food, “other goods and materials” and “other services”. Lisbon reduces 
electricity and heating impacts but fails to reduce transport and housing due to the population 
moving from the city centre to the greater metropolitan region.  
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4.4 Strategies for the reduction of consumption-based emissions 

The product groups of housing, electricity and transport can be considered as being under local 
control, but under the 2050 scenarios still have a high combined contribution to consumption-based 
emissions. If we also include food, (since food products can possibly be produced locally or close to a 
city) then 40-50% of GHG emissions could potentially be reduced by means of local improvements. 
Indeed, food production could involve more locally produced food, grown in a more circular fashion, 
whereby nutrients from the city (e.g. composted food waste residue) are reused to grow more food. 
As to housing, transport and buildings, action could involve reuse of materials (e.g. in roads) and use 
of more sustainable fuels such as through electrification in transport. Electricity’s impact can be 
reduced by fostering generation based on local renewable energy sources, as well as local storage for 
peak periods.   

Cities are growing in power and are in a unique position to mobilise and influence local actors 
(Sudmant et al., 2018). There are two overall approaches, capturing the full value of imported 
components and materials through the circular economy, and fostering action in the supply chain 
(Pettersson and Harris 2016; Sudmant et al., 2018). The former can be stimulated by cities through 
the implementation of simple responses such as repair cafes, and exchange locations for used goods 
(Mont et al., 2018), through to supporting innovative circular economy companies that refurbish, 
remanufacture or recycle (EMF, 2014; Pettersson and Harris 2016). The sharing economy, such as car 
sharing (Martin and Shaheen, 2016), office sharing and tool sharing also has the potential to 
contribute to reduced consumption.  

Reducing food waste has been suggested as being much less expensive but as effective in reducing 
overall emissions (considered from a consumption perspective) as retrofitting buildings or upgrading 
transport systems (Millward-Hopkins et al., 2017). In Sweden and other parts of Europe, some of the 
value of food waste is captured through biogas production and use in transport (with the nutrient 
packed residue used as fertiliser). Product and resource efficiency standards (Kagawa et al. 2013) 
impact on embedded emissions, and similarly efficiency standards can be applied to buildings and 
infrastructure.  Finally, cities can reduce the need for  consumption impact through the urban 
planning process, in terms of the city’s form,  function and distances (Mi et al., 2019).  

5 Conclusion 

This paper aimed to compare the difference in GHG emissions for ten European case study cities 
under two 2050 scenarios, BAU and PC2050. Specifically, we aimed at understanding how much of a 
difference a near-zero carbon vision and the related set of actions would make on both production-
based and consumption-based emissions.  

The analysis suggests that the primary goal for the city visions and scenarios, which is the creation of 
low- or zero-carbon societies, would not be achieved under BAU or PC2050 for most of the case 
study cities, even considering only production-based emissions. Under BAU, only Copenhagen would 
emit under 1 tCO2e per capita, with the highest emissions reaching 5 tCO2e per capita in Istanbul. 
Most cities would remain in the range of 2-4 tCO2e per capita, which indicates significant room for 
improvement for the energy efficiency measures of the PC2050 scenarios for most cities. This could 
be achieved by embedding an energy efficiency approach in policy making that fosters concerted 
action on transport, buildings, appliances and on the planning of infrastructure. Lowering the energy 
demand would subsequently reduce the requirements for installed capacity of renewable energy and 
its storage. 
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The consumption-based emissions are a cause for concern, with projected emissions increasing 
under both BAU and PC2050 for eight of the ten cities. From a baseline average of 11 tCO2e per 
capita, the consumption-based emissions increase to an average of 14.6 tCO2e per capita  and 14.8 
tCO2e per capita for BAU and PC2050 respectively. This is primarily linked to rising GDP and a 
corresponding increase in spending and consumption that was modelled in the MIRO analysis. Our 
modelling results suggest that the expected technological and associated efficiency increases of the 
global production systems (accounted for in the model) would not compensate for the emissions 
associated with increased consumption expenditure.  

Hence the results highlight a notable disparity between the traditional focus on production-based 
emission (and local impacts) and those consumption-based emissions. Analysis that considers only 
our production-based results would conclude that an almost absolute decoupling has occurred, with 
major decrease in GHG emissions and a rising GDP. However, the consumption-based analysis shows 
significant increases in GHG emissions. This suggests that the focus of future actions should also be 
placed on addressing consumption within the city and the related production systems, in addition to 
local energy production and emissions.  

The application of the EE-MRIO framework and database to model future scenarios is challenging and 
involves some uncertainties. One improvement therefore could be to strengthen the modelling of 
the background global production model of the database and develop a method for uncertainty 
analysis.  The adjustments of each production matrix and environmental intensities needed to be 
performed manually and separately, and therefore a sensitivity analysis could not be performed 
within the scope of the project.  

In conclusion, the study suggests that most emissions are outside of the European cities that were 
studied. This finding however, does not necessarily imply that the city cannot control these 
emissions, because research is beginning to address these issues, e.g. with circular economy and 
sharing solutions. However, it does suggest that a sole focus on zero production-based emissions in 
European cities will not make a significant impact on future GHG emissions.  Further research to 
identify and support consumption-based actions is urgently required considering that ongoing 
choices in city planning and development may be embedded for decades. 
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