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1

Global warming is one of the largest threats to mankind [IPCC 2018]. Anthro-
pogenic and fossil fuel-based greenhouse gas (GHG) emissions have been iden-
tified as a main factor in furthering global warming [IPCC 2018]. Cities account 
for 70% off anthropogenic GHG emissions [IEA 2008]. Of these anthropogenic 
GHG emissions, the majority are due to the use of energy [Bruckner et al. 2014] 
Thus, the role of cities, and their impact on energy use, is crucial in GHG miti-
gation and preventing global warming. 

Within city boundaries, some cities are efficiently following national energy 
policy [e.g. Sperling et al. 2011, Nilsson & Mårtensson 2003]. Still, the need to 
further integrate energy and urban planning has been raised in numerous pub-
lications [e.g. Vandevyvere & Stremke 2012, Nystedt, Å.; Sepponen 2011, Torabi 
et al. 2017, Stoeglehner et al. 2011, Madlener & Sunak 2011, Park & Andrews 
2004]. The knowhow needed to integrate energy planning within urban plan-
ning processes has been suggested to be too limited, and it has been raised that 
tools which cities could utilize to address such issues can be rather limited [Hed-
man 2016]. In addition, cities often manage their environmental performance 
from the energy efficiency perspective, which can lead to negative rebound ef-
fects [e.g. Galvin 2014, Turner 2009, Brännlund et al. 2007, Greening et al. 
2000, Berkhout et al. 2000]. 

When extending the city boundary limits to include emissions occurring out-
side the city but caused by actions within the city, the potential for GHG mitiga-
tion has been questioned in several studies [Satterthwaite 2008, Hoornweg et 
al. 2011, Dodman 2009, Sovacool & Brown 2010]. The main reason for the lack 
of potential is due to generation of GHG emissions outside the city boundaries 
and out of city’s jurisdiction although the consumption of commodities within 
the city boundaries is the reason driving these emissions. 

Cities’ GHG accountment varies based on the selected boundaries and scope 
of emission sources. Various accountment methods and standards exist such as 
C40 Cities [C40 Cities 2019], the GHG Protocol [GHG Protocol 2014] and the 
Covenant of Mayors [Covenant of Mayors 2020]. Regardless of the standard 
used, cities often account for their GHG emissions based on production and only 
the GHG emissions which have occurred and are emitted within city boundaries 
are accounted for, potentially complemented with grid electricity and heat pro-
duction outside the city. Another method is consumption based GHG account-
ment, which includes the earlier mentioned GHG emissions outside the city 
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boundary, which is proposed as an alternative for instance by C40 Cities [C40 
Cities 2019]. This method allocates all the GHG emissions which have occurred 
due to consumption within city boundaries for the city, even if the emissions 
have occurred outside the city boundaries. 

The private sector consumption of different commodities and their GHG im-
plications is hard to control by a city when these are not directly influenced by 
municipal energy production or other infrastructure [e.g. Afionis et al. 2017]. 
This limits cities’ potential for consumption based GHG mitigation. On the 
other hand, cities are connected into national and global energy networks where 
they can perform actions which may have GHG mitigation implications and they 
may implement actions leading to carbon compensation [e.g. Laine et al. 2017]. 

To specify GHG emissions occurring within different boundaries, the GHG 
Protocol describes 3 scopes of emissions [GHG Protocol 2014]. Scope 1 GHG 
emissions are emissions from sources located within a city’s boundaries. Scope 
2 GHG emissions are emissions which have occurred due to the grid-supplied 
energy from outside the city’s boundaries. Scope 3 GHG emissions are the rest 
of the GHG emissions which have occurred as a consequence of the consump-
tion within city boundaries. These emissions include for instance emissions 
from the energy infrastructure, out-of-boundary transportation, and waste 
treatment as well as other indirect emissions. Scope 3 emissions also include 
GHG emissions from city residents’ consumption of commodities. Figure 1 il-
lustrates the scope definition in the GHG Protocol. 

 

 

 
 Globally, cities such as Berlin [City of Berlin 2019], London [City of London 

2019], Copenhagen [City of Copenhagen 2019], Stockholm [City of Stockholm 
2019] and New York [City of New York 2019] have committed to carbon neu-
trality. Of these cities New York, Berlin and London have set a target year of 
2050 to achieve this. Stockholm has set the target year of 2040 and Copenhagen 
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2025. When specifying what a carbon neutral city is, the definition by Cities C40 
[C40 Cities 2019] is often followed with the following criteria: 1. net-zero GHG 
emissions (annual emissions completely cancelled out through carbon offset-
ting or removed through carbon dioxide removal or emissions removal 
measures) from fuel use in buildings, transport, and industry (scope 1); 2. net-
zero GHG emissions from the use of grid-supplied energy (scope 2); 3. net-zero 
GHG emissions from the treatment of waste generated within the city bounda-
ries (scope 1 and 3), and 4. where a city accounts for additional sectoral emis-
sions in their GHG accounting boundary, net zero GHG emissions from all ad-
ditional sectors in the GHG accounting boundary. When following this defini-
tion of a carbon neutral city, non-energy commodities produced outside the city 
boundaries are excluded. This simplifies things and makes a city carbon neutral 
more easily achievable. The strongest focus is thus on the city’s energy supply, 
both within and outside city boundaries. The Cities C40 network also proposes 
a consumption-based approach to be used instead, but the described produc-
tion-based approach is generally utilized by cities. This dissertation practically 
follows Cities C40 production-based definition for the energy sector in carbon 
neutrality definition and considers scope 2 and scope 3 emissions with specific 
definitions defined by individual research papers. One of the research papers 
considers also consumption-based perspective. Land use, land use change and 
forest sector (LULUCF) is excluded although its role in bioenergy and carbon 
balance can be significant. Still, the use of bio-based energy and carbon balance 
has been discussed in research publication 2. 

From the central means how to reach the goal of carbon neutrality, decreasing 
of energy consumption and increasing of GHG free scope 1 energy production 
are uniform tools for all cities listed above. Copenhagen also recognizes scope 2 
energy production as a central means of reducing GHG emissions. In Finland, 
where this dissertation’s case studies’ cities are located, cities such as Helsinki 
[City of Helsinki 2019], Espoo, Vantaa [City of Vantaa 2019], Tampere [City of 
Tampere 2019], Turku [City of Turku 2019] and Oulu [City of Oulu 2019] have 
similar carbon neutral goals. The target year of 2040 has been set by Oulu, 2035 
by Helsinki, 2030 by Espoo, Vantaa and Tampere and 2029 by Turku. Similar 
central means of reducing GHG emissions have been identified, but like Copen-
hagen, Turku also sees scope 2 energy production as a central means to achieve 
carbon neutrality. These two cities both have existing municipal energy produc-
tion outside their city boundaries and have set the carbon neutral target year 
before the date set for achieving national carbon neutrality. Still, some of the 
other cities have municipal energy production outside scope 1 but are excluding 
it and its potential to lower city’s GHG emissions. 

Where these cities’ roadmaps to carbon neutrality are straightforward, they 
utilize rather simple consumption and emission data as well as bypassing exact 
plans on how to utilize carbon compensation and offsetting. Whereas municipal 
district heating is central for all of the cities, the development of large-scale elec-
tricity production generally is not. Carbon free electricity production is one of 
the corner stones for achieving a carbon neutral society and its role is likely to 
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be increased. In reality however, the implications of actions taken regarding the 
energy system can be complex and hard to predict.  

In order to calculate the GHG emissions from different sources a life cycle as-
sessment (LCA) is a practical tool to be used as it captures both the direct and 
indirect emissions [ISO 2006]. With LCA, two different approaches exist: at-
tributional and consequential forms of LCA (ALCA & CLCA). These two ap-
proaches can present two completely different outlooks [e.g. Plevin et al. 2013, 
Earles & Halog 2011]. From the perspective of energy systems and ALCA, ALCA 
depicts the potential environmental impacts that can be attributed to a system 
over its life cycle, i.e. upstream in the supply-chain and downstream following 
the system’s use and end-of-life value chain. Attributional modelling makes use 
of historical, fact-based, measurable data of known (or at least knowable) un-
certainty, and it includes all the processes that are identified to relevantly con-
tribute to the system being studied [JRC-IES 2010]. CLCA aims to identify the 
consequences that a decision in the foreground system has for other processes 
and systems of the economy, both in the ana-lysed system’s background system 
and on other systems. It models the ana-lysed system around these conse-
quences. The consequential life cycle model hence does not reflect the actual (or 
forecasted) specific or average supply-chain, but a hypothetic generic supply-
chain is modelled that prognosticates market mechanisms, and potentially in-
cludes political interactions and changes in consumer behaviour [JRC-IES 
2010]. Thus, consequential system implications for the energy system have im-
pacts on so-called marginal production technology (MEP [e.g. Zivin et al. 2014]. 
Often the production costs and GHG emissions positively correlate, which 
means that also municipal energy related actions play an emphasized role in 
national GHG emissions and in GHG emission reductions in order to achieve 
carbon neutrality. Numerous studies have been published discussing the role of 
a merit order and marginal energy technology in energy systems, life cycle as-
sessment and urban development [Holttinen & Tuhkanen 2004, Siitonen et al. 
2010, Pehnt et al. 2008, McCarthy & Yang 2010, Olkkonen & Syri 2016, Soima-
kallio et al. 2011].  However, while MEP and CLCA are well studied, their role in 
municipal GHG reduction is a rather untouched area. Especially where the re-
search of the carbon neutral cities’ generation processes is almost completely 
lacking, the need to understand and to integrate system implications with this 
perspective and ambitions exists. Understanding these system implications also 
requires a perspective which is broader than scope 1 for GHG implications as-
sessment. Figure 1 illustrates the relationships between MEP, ALCA, CLCA and 
carbon neutral cities as perceived in the dissertation. 
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Whereas for instance above mentioned GHG accounting methods propose to 
include consumption-based energy related scope 2 emissions into GHG ac-
counting, scope 3 or indirect GHG emissions are still excluded which limits the 
outlook of the actual implications within larger boundary. Also, CLCA related 
consequential implications from municipal energy related actions are not in-
cluded.  

Like vice earlier mentioned studies by Satterthwaite (2008), Hoornweg et al. 
(2011), Dodman (2009) and Sovacool & Brown 2010, scope 2 and scope 3 im-
plications from scope 2 and scope 3 has been shown remarkable in recent re-
search in cities’ GHG emission scope boundary studies.  

The importance of non-state actors is presented by Muramochi et al. (2020), 
where scope 1 and scope 2 GHG reduction operations of such actors were iden-
tified to achieve national targets until 2030 without state or national govern-
ment actors. Lui et al. (2020) presented that by global initiatives and thus scope 
3 GHG reduction implications could represent some 30% of the national GHG 
reduction targets. Also, the importance of scope 3 has been raised by Mytton 
(2020) by questioning the voluntary reporting of scope 3 emissions and thus 
being possible to hide GHG emissions with relevant actions. From highest end 
Larsen & Hertwich (2009) assessed these indirect GHG emission to represent 
93% of municipal services. From the industry point of view Hertwich & Wood 
(2018) showed that scope 3 of global industry has been growing 84% from 1995 
to 2015 where scope 1 grow only 47%. The importance of scope 3 interactions 
within city networks have been highlighted in studies such as Chen et al (2016a) 
and Chen et al (2016b). More case specific literature has been presented in dis-
sertation’s research papers. Literature reviews on the research within disserta-
tion’s research area has been carried out by searching research articles on car-
bon neutral cities, scope and boundary studies within cities and energy systems 
together with LCA studies within these areas. 
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Research within this field has thus studied several perspectives of larger than 
scope 1 boundary GHG assessment, but the research within implications within 
scope 2 and 3 boundaries occurring from municipal actions is clearly missing. 
This is still even cities share in global anthropogenic GHG emissions has been 
presented to be 70% by IEA (2008).  As current research proposes, implications 
from scope 2 and 3 for a city can be significant it can be argued that vice versa 
implications from a city to scope 2 and 3 can be significant as well. It can also 
be assumed that cities’ role as larger than scope 1 GHG emission influencer is 
much higher than what initially thought and above-mentioned research to-
gether with GHG accounting methods are missing this great potential and per-
spective. 

Mentioned literature and described theoretical framework depicted a gap in 
understanding and utilization of wider boundary system implications when 
reaching carbon neutral cities. Municipalities as administrative organization of 
a city are central stakeholders when reaching carbon neutral cities and societies 
as they hold power over municipal infrastructure such as municipal energy sys-
tems. Where municipalities tend to focus on scope 1 GHG emissions in GHG 
accounting, actual implications of municipal energy actions are far more com-
plicated and significant when widening the boundary implication assessment to 
scope 2 and 3 and when introducing the CLCA perspective. Thus, the cities’ role 
concerning the GHG implications within all the scopes is much more central 
than it seems when limiting the boundaries into scope 1. Unfortunately, this is 
poorly understood and utilized in GHG reduction actions. 

The aim of the dissertation is to illustrate the dynamics of GHG implications 
with the broadened assessment boundary of scope 2 and 3 when introducing the 
CLCA approach into municipal energy related GHG reduction actions. Munici-
pal energy systems and actors represent the largest share of the overall energy 
system in Finland. Dissertation studies municipality level actions to decrease 
GHG emissions of scope 1 and consumption-based scope 2 and to develop car-
bon neutral city by introducing scope 2 and 3 together with a CLCA approach to 
demonstrate the actual implications and potential of municipal energy related 
actions. 
 
The main research question of the dissertation is stated as follows: 
 
How does widening the boundary description for GHG emissions from the 
GHG Protocol’s Scopes 1 to Scopes 2 and 3 affect the implications of municipal 
energy related actions when aiming to achieve carbon neutral cities? 
 

The reason for the research question is due to relatively unstudied area con-
cerning the creation of carbon neutral cities and the energy system implications, 
more specifically, MEP and the GHG Protocol’s Scopes 3 implications. The re-
search question is formulated from the municipal actor perspective to identify 
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what could be done in order to efficiently further the carbon neutrality of cities 
and societies. As the scope of the research question is wide, the dissertation 
more specifically addresses the role of marginal implications and allocation 
methods of energy, how cities could participate in reducing the consumption-
based carbon footprint of individual city residents and how cities could achieve 
a carbon neutral city status by utilizing the widened scope to define GHG emis-
sions and CLCA dynamics. The dissertation thus presents terms carbon foot-
print and GHG emissions. According to Wiedmann and Minx 2008, the carbon 
footprint is a measure of the exclusive total amount of carbon dioxide emissions 
that is directly and indirectly caused by an activity or is accumulated over the 
life stages of a product. GHG emissions are emissions that trap heat in the at-
mosphere [EPA 2020] and are aggregated with 100-year global warming poten-
tial as with IPCC 2018. In the dissertation carbon footprint is used with con-
sumption-based carbon footprint of city residents in line with previous defini-
tion and GHG emissions is used commonly to present carbon equivalent emis-
sions within scopes 1-3.  

This dissertation research is based on four peer reviewed research papers. All 
the papers introduced the use of the GHG Protocol’s Scopes 2-3 boundaries and 
the CLCA approach to identify the nature of a particular phenomenon or impli-
cation. 

The first paper assessed the general consumption-based carbon footprint of 
city residents and studied the actual implications of municipal energy in the city 
residents’ carbon footprint. The purpose was to analyse the role of local munic-
ipal energy systems in the consumption-based carbon footprint of a city resi-
dent. The paper studied how energy system dynamics can change the relative 
significance of municipality energy production choices compared to the direct 
consumption-based carbon footprint evaluations currently in use. 

As the widened boundary changed the role of municipal energy in the first pa-
per, the second paper studied the uncertainties related to the allocation method 
chosen, as well as the consequential implications within the GHG Protocol’s 
Scope 2 concerning municipal energy and uncertainties related to indirect en-
ergy related scope 3 emissions of municipal energy when these indirect emis-
sions are taken into account. The purpose was to compare the choice between 
CHP and a ground-source heat pump (HP) as the energy systems of a new resi-
dential area in the light of the uncertainty of the GHG assessment. 
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As the second paper studied uncertainties related to scope 2 and 3 emissions, 
the third paper further studied scope 2 and scope 3 consequential implications 
when a city reduced its scope 1 emissions by utilizing waste heat and heat pumps 
in district heating. The case study assessed GHG emission implications within 
the GHG Protocol’s Scopes 1-3, as proposed in the previous case study. The 
CLCA perspective was included and considered within Scope 3 assessments. 
The purpose was to illustrate how the utilization of waste heat to reduce munic-
ipal-bounded GHG emissions can lead to an increase in GHG emissions within 
wider boundaries. 

The fourth paper investigated how implications and potentials found in pa-
pers 1-3 are recognized in one of the central municipal carbon neutrality 
roadmaps. The purpose of the paper was to evaluate different options for a pro-
gressive city to reach carbon neutrality in energy prior to the surrounding sys-
tem. The study focuses on the energy sector’s GHG emissions. 

Table 1 presents these papers together with the purposes of each paper. The 
table was used and updated continuously throughout the compilation part of 
the dissertation when discussing the research and introducing different per-
spectives around the research papers and completing dissertation research. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



9 

 

The summary part of the dissertation is divided into 4 sections, followed by the 
research articles. The first section has presented the background for the re-
search, the research questions and structure of the research. The second section 
presents the research methodology by explaining the research approach in more 
detail together with the research methods. The third section presents the main 
findings of the dissertation. These findings are drawn from the research paper 
findings, which are presented in more detail in the appended research papers.  
The fourth section includes the discussion and conclusions of these research 
findings. This section evaluates the results and proposes further research needs 
within the field. 
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The first sub-section presents the utilized research materials. The second sub-
section focuses on the research methods applied in the different studies. 

Dissertation research examined for case studies where Finnish cities and their 
GHG emission implications were used as a research object. The aim was to study 
GHG emission implications occurred from energy choices of a city or residential 
area of a city. 

The research materials consisted of national and city-specific statistics, simu-
lation results and documentation. All the case studies utilized a city or cities as 
a target of assessment. The first paper studied the 20 biggest cities in Finland 
and primarily utilized consumption-based input-output data together with en-
ergy statistics and simulations. The consumption data was based on the EE IO 
model of the Finnish economy. The energy statistics used in this part of the re-
search were again the official national energy statistics.  The second paper stud-
ied a new residential area in Tampere, Finland. Energy consumption simula-
tions together with energy statistics were used as research material. An energy 
consumption simulation was performed based on municipal energy system 
specifications and energy consumption modelling. The energy statistics used 
were official national energy statistics. The third paper studied the city of 
Mäntsälä in Finland and utilized actual operational energy system data from the 
municipal energy system and energy statistics from official national sources. 
The fourth paper studied the city of Vantaa in Finland and utilized process de-
scription literature of carbon neutralization of the city together with materials 
from semi-structured interviews. In addition, national energy scenarios and en-
ergy statistics were utilized in order to outline the implications. Table 2 presents 
more detailed description of the data sources and technical details of case study 
systems. 

 
 
 
 
 
 



11 

 

The research methods applied in the dissertation’s research papers include 
case studies, consumption-based carbon footprinting, semi-constructed inter-
views, content analysis and the utilisation of an LCA approach to identify system 
implications. The LCA approach utilized principals from ALCA, CLCA and hy-
brid LCA in order to identify system implications from various municipal ac-
tions which are commonly taken to reduce GHG emissions. Different LCA prin-
cipals were necessary to understand the actual system implications which can 
be expected (later described in this chapter). A standardized full-scale LCA was 
not deemed necessary as it would not have provided additional information 
from the scope and purpose point of view. The utilized LCA approach focussed 
on system implications defined by different LCA principals. The case studies 
provided real-life settings to demonstrate these implications. Consumption-
based carbon footprinting was needed to understand the role of these implica-
tions in consumption-based accounting. Documentary content analysis and 
semi-constructed interviews were needed to understand how these system im-
plications are understood from the municipal perspective. Table 3 shows the 
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research methods and materials utilized in each research paper. Table 2 is an 
updated version of Table 1 where new added information is marked in bold. The 
research method principals are presented in Sections 2.4-2.7. 
 

 

The research’s approach of this dissertation to find answers to the research 
questions was pragmatic. As a case study research is well suited for this purpose, 
the research papers utilized both single and multiple case studies to understand 
the nature of complex researched phenomena in real life contexts. Even though 
papers studied particular case settings without generalizations, their purpose 
was to illustrate the studied phenomena in order to be able to discuss the impli-
cations within a larger context and different case settings. Because of the com-
plexity and numerous variables related to the research objects, the use of case 
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studies was justified approach as also proposed by Harrison et al. [Harrison et 
al. 2017]. 

A case study approach was used to examine the studied phenomena as there 
may not be a clear, single set of outcomes [Yin 2009]. The data for the case set-
tings included a mix of qualitative and quantitative evidence as presented in Ta-
ble 2. Both single case studies (papers 1,3 and 4) and multiple case studies (pa-
per 2) were utilized. 

The boundaries of case studies need to be well defined [e.g. Flyvbjerg 2011, 
Stake 1995].  The general boundaries of all the case studies in this dissertation 
were defined as the city under analysis. In addition, the assessments considered 
energy or commodity supplies as follows:  

 
Paper 1 utilized a multiple case study design in which the consumption-based 

carbon footprint of the 20 largest cities in Finland were assessed. Thus, the gen-
eral boundary was a city. For the consumption of all the goods and commodities, 
the data was based on national economic input-output data. For the energy sys-
tem implications, the boundary was national. 
 

Although paper 2 assessed system implications for the energy choices in a new 
residential area within a city, the system implications were assessed within a 
city and thus the case study boundary from this perspective was the city of Tam-
pere in Finland. In addition, energy system implications were assessed nation-
ally when considering the electricity grid implications, so the energy supply 
boundary was set at the national level (Finland). 
 

The case study boundary for paper 3 was the city of Mäntsälä in Finland. When 
the energy system implications concerning the city’s current use of electricity 
were considered, the boundary was national. 

 
Paper 4 studied the processes involved in achieving a carbon neutral city. The 

case study boundary for paper 4 was the city of Vantaa and this boundary was 
extended to the national level when energy production was considered. 

 
The case studies followed the same approach in which ACLA and CLCA ap-

proaches were utilized in different case settings to identify system implications 
in MEP together with a broadened boundary perspective. In this way the case 
studies supported each other to provide an outlook on what kind of system im-
plications within boundaries 1 – 3 may occur in the process of reducing GHG 
emissions and carrying out municipal actions accordingly. 

Semi-structured interviews were utilized in the fourth paper which assessed 
how carbon neutrality was pursued in a city’s carbon neutrality generation pro-
cesses. Grand tour questions were utilized as proposed e.g. by Leech [Leech 
2002] and Spradley [Spradley 1979] in order for interviewed carbon neutral 
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generation process owners to be able to explain how the matter was pursued in 
practicality.  

This qualitative research approach potentially shares the respondents‘ experi-
ences and situations in their own words. The interviews conducted as part of 
this study were valuable in providing an in-depth analysis of the topic under 
research and provided a great deal more insight than the literature review per-
formed prior interviews. Although the interviewees were process owners of car-
bon neutral generation process, this approach may not provide all the infor-
mation on how large city organizations and their members are pursuing the car-
bon neutrality in their day to day activities. 

A content analysis of municipal carbon neutrality process documentation was 
performed in the fourth paper prior to the interviews in order to generate an 
understanding of the carbon neutral generation process and to generate a writ-
ten description to be used as a working platform in the interviews. A relational 
analysis is a form of content analysis to identify different contexts and their re-
lationship to each other [Busch et al. 2012]. By performing a conceptual analy-
sis, concepts related to municipal processes to achieve a carbon neutral city were 
quantified, their relationships were identified, and their coverage was assessed. 

Similarly to the case study approach, the life cycle approach was central to the 
research throughout the dissertation research papers. Where the life cycle as-
sessment is standardized by the ISO 14000 series of environmental manage-
ment standards [ISO 2006] and other sector-specific standards, there was no 
need to utilize the standards in their entirety. The scope of the research was to 
gain an understanding of the nature of the implications of various actions, so 
different kinds of LCA perspectives were needed only in order to define the out-
comes. These perspectives included an attributional LCA, consequential LCA 
and hybrid LCA approach. Table 4 summarizes which of the approaches were 
utilized in the research papers to answer particular research questions. 
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Consequential life cycle assessment 

According to the International Reference Life Cycle Data System (ILCD) hand-
book, a consequential life cycle model depicts the generic supply-chain as it is 
theoretically expected in consequence of the analysed decision. The system in-
teracts with the markets and those changes are depicted that an additional de-
mand for the analysed system is expected to have in a dynamic technosphere 
that reacts to this additional demand [JRC-IES 2010].  

CLCA aims to identify the consequences that a decision in the foreground sys-
tem has for other processes and systems of the economy, both in the analysed 
system’s background system and on other systems. It models the analysed sys-
tem around these consequences. The consequential life cycle model hence does 
not reflect the actual (or forecasted) specific or average supply-chain, but a hy-
pothetic generic supply-chain is modelled that prognosticates market mecha-
nisms, and potentially includes political interactions and changes in consumer 
behaviour [JRC-IES 2010]. 

A key step in consequential modelling is the identification of the marginal pro-
cesses, i.e. the generic supply-chain, starting from the decision and building the 
process chain life cycle model around it. Some experts identify each single mar-
ginal process, others identify a combination of several of the most likely mar-
ginal processes to obtain a more robust estimate [JRC-IES 2010]. 

For modelling changes in an energy system, the CLCA approach is crucial as 
there is only a certain amount of production capacity available from different 
sources. A major part of these sources and resources are utilized despite in-
creased consumption. This leads to earlier mentioned increase in the MEP. 
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Although no full-scale consequential life cycle assessment was carried out, the 
approach was utilized in part in papers 1, 2, 3, and 4. In first paper the CLCA 
approach was used to identify marginal system changes in the electricity system 
when additional capacity was required from it. In the second paper, the CLCA 
approach was utilized to identify system implications when municipal electricity 
replaced MEP within the grid. In the third paper, the CLCA approach was uti-
lized to identify GHG emission implications when the increased electricity de-
mand of a city increased the MEP. In the fourth paper, a CLCA approach was 
utilized to explain how cities could extend their GHG emission reductions by 
replacing MEP. 

Attributional life cycle assessment 

According to International Reference Life Cycle Data System (ILCD), an at-
tributional life cycle model depicts an actual or forecasted specific or average 
supply-chain plus its use and the end-of-life value chain. The existing or fore-
casted system is embedded into a static technosphere [JRC-IES 2010]. 

ALCA depicts the potential environmental impacts that can be attributed to a 
system over its life cycle, i.e. upstream in the supply-chain and downstream fol-
lowing the system’s use and end-of-life value chain. Attributional modelling 
makes use of historical, fact-based, measurable data of known (or at least know- 
able) uncertainty, and it includes all the processes that are identified to rele-
vantly contribute to the system being studied [JRC-IES 2010]. 

In attributional modelling the system is hence modelled as it is or was (or is 
forecasted to be). This also applies to its background processes: as background 
data, producer-specific LCI data is ideally used where specific producers pro-
vide a background good or service (e.g. a single tier-two supplier might produce 
the required bricks for a large office building). Average or generic data is typi-
cally used where the goods and services stem from a wide mix of producers or 
technologies. The change from specific to average or generic data is only done 
for practicality reasons and is a simplification that is justified from the averaging 
effect that typically occurs several steps up and down the supply-chain and value 
chain [JRC-IES 2010]. 

Therefore, its utilization in case studies and to identify system implications 
from energy system is valuable. In practice in can be seen as a potential outcome 
of longer-term system implications if a system to which chances have been made 
would attempt to recover itself from these chances and revert back to its initial 
situation. For instance, when demand increases in an energy system and MEP 
acts accordingly, cheaper, and potentially environmentally friendly production 
capacity could be established accordingly within the longer-term. 

Similarly to CLCA in this dissertation, no full-scale ALCA was performed, but 
the approach was utilized in papers 1, 2, 3 and 4. In the first paper an ALCA 
approach was utilized to assess the initial GHG emission levels of the case city 
and its district under assessment prior to added new consumption. The ALCA 
approach was used to assess the GHG implications of local CHP, also with in-
creased demand. In the second paper, an ALCA approach was utilized to gener-
ate process LCA data of the municipal energy production. In the third paper, the 
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ALCA approach was utilized to assess system implications within the GHG Pro-
tocol’s Scopes 1 and 2, and within Scope 3 when a MEP increase was not consid-
ered. In the fourth paper, an ALCA approach was the basis for all the carbon 
neutral scenarios and system implications when MEP was not raised as an ad-
ditional. 

Hybrid LCA and City residents’ consumption-based carbon foot-
printing 

The consumption-based carbon footprinting of city residents carried out in 
paper 1, followed an environmentally extended input–output (EE IO) analysis 
based on input-output economics (Leontief, 1970]. The EE IO carried out in the 
study followed same principals as described by Ottelin et al. (2015) and was fur-
ther developed into a hybrid LCA to combine both process- and environmental-
index corrected economic input-output data. Where the input-output data-
based assessments lacked in accuracy, the energy use related environmental im-
plications were based on process assessments of each case study under a multi-
ple case study assessment.  

The implications of the municipal energy use in city residents’ carbon foot-
print is essential from the dissertation perspective because individual environ-
mental awareness is increasing and cities can account their GHG emissions 
based on consumption, which means that private consumption can also be ad-
dressed. So, the capabilities of municipalities and their energy system to support 
the low carbon footprinting of individual city residents can be crucial.  

When examining the implications of the municipal energy system in the city 
residents’ carbon footprint, actual municipal energy system data was utilized. 
Process-based municipal energy system GHG implications were assessed and 
the EEIO-based carbon footprint was corrected using the data on the municipal 
energy system implications where the consumption was identified as using the 
municipal energy system rather than national level. 
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This chapter presents the results of the dissertation. First, the main contribu-
tions from each research paper are presented from the perspectives of the dis-
sertation’s research question setup and specific sub-questions. Second, these 
findings are discussed, summarized and refined to answer the main research 
question together with specific sub-research questions. 

Although the primary definition of a carbon neutral city which this disserta-
tion follows is the non-consumption-based definition by Cities C40 [Cities C40 
2019], paper 1 studied the role of municipal energy systems in the consumption-
based carbon footprint of city residents. The study strongly justified the re-
search as part of the dissertation because consumption-based carbon account-
ing more closely represents the actual environmental burden cities incur and 
thus their ability to minimize these emissions from the energy system perspec-
tive is crucial to understand. In the study, a hybrid life cycle assessment ap-
proach was utilized in order to understand actual implications of local munici-
pal energy systems from this perspective. In addition, the research paper’s re-
sults can be discussed from the perspective of compensation of other GHG emis-
sions than the stationary energy systems of the city. 

Although it was initially perceived that the role of municipal energy in direct 
municipal energy consumption accounted for less than 20% of the city residents’ 
carbon footprint (when locally produced and utilized energy was allocated for 
city residents), this share increased rapidly when different aspects were added 
and taken into account. When the municipal electricity production’s role was 
allocated for city residents as a whole, the share increased to over 30%. Finally, 
when the role of municipal electricity production within the electricity grid and 
supply system was analysed, it was found that the carbon footprints of city res-
idents would be significantly higher without municipal energy supply as the de-
mand would have to be covered then by more GHG intensive production. Simi-
larly, cities have the potential to make virtually all their residents’ carbon foot-
prints negative by replacing more GHG intensive marginal energy in the market 
and ensuring the supply of carbon free energy for their own demand. This im-
plication happens when GHG intensive marginal production is replaced by the 
excess municipal energy production which has not been used to fulfil the direct 
demand of the city residents. Figure 2 presents the carbon footprint of city res-
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idents as presented in the second research paper and Figure 3 shows the impli-
cations of the marginal system-level emission decrease as presented in same pa-
per. In Figure 2, excess energy is expressed in the brown separate columns and 
the stacked columns represent the city residents’ consumption categories. In 
Figure 3, the implications of marginal energy replacement are presented per 
city. 
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Second paper studied the uncertainties in relation to municipal heating energy 
choices’ GHG implications, the primary message was that these uncertainties 
can be so wide that it is impossible for cities to make a decision which would 
unquestionably lead to minimum levels of GHG emissions. The main reasons 
for this are the role and unpredicted changes in energy supply systems, uncer-
tainties related to the actual energy sources utilized and differences between 
various allocation methods.  

As it is impossible to identify lowest GHG emissions within the lifetime of a 
residential area by making a decision on which existing heat energy supply sys-
tems it would be connected to, the best possibility to achieve a low GHG emis-
sion outcome would be to ensure that the chosen energy supply system would 
meet the requirements of the expected upcoming GHG emission levels. This 
would broaden the focus of municipal actors from the initial energy supply sys-
tem decision to the ongoing management of the development of the chosen en-
ergy supply system. Initially this would require ensuring that there is no tech-
nological lock down in relationship to the GHG emission development goals 
within the life cycle and to ensure that the development would be financially 
feasible. As a consequence of this approach, municipal actors should systemat-
ically ensure the development of different districts and the city as a whole where 
different districts are largely integrated with each other. Potentially through 
continuous management, increased GHG reductions from marginal energy re-
placement could be achieved and ensured by a city. 

Figure 4 presents the comparison of different energy supply options as pre-
sented in the research paper. The paper utilized the lowest and highest possible 
values for the indirect life cycle emissions for different energy supply systems in 
order to illustrate the uncertainty ranges. In the figure below, on the left side, 
the lower indirect GHG emissions were assumed, while on the right side the 
higher GHG intensities were assumed. The electricity and heat consumption im-
plications were simulated with CHP and ground source heat pump options, us-
ing both benefit and energy allocation methods. Where the purely oil- and gas-
based heat pump-based energy supply options have significantly higher GHG 
emissions, they are only hypothetical because the choice of the real-life energy 
supply system and rest of the options were so close to each other that uncertain-
ties make calculations of the lowest possible GHG emissions impossible. 
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Research paper 2 addressed the scope and allocation issues of energy the most 

of the research papers. It was seen that uncertainties in scope 3 and indirect 
GHG emissions were emphasized with fossil-based electricity and these options 
cannot compete with existing CHP-based system even with lowest indirect 
emissions if the source is something else than natural gas which is relatively low 
emission energy source when indirect emissions are low. These indirect and 
scope 3 emissions were the most results impacting factors and not the allocation 
method chosen as such. The importance of an allocation method is to divide the 
emissions between heat and electricity where the difference can be relatively 
high. Results also highlighted that CHP has been relatively efficient method to 
produce energy when grid’s electricity has been relying on fossil-based sources. 
However, when electricity production increasingly utilized low-GHG energy 
sources, it is hard for it to compete without changing the energy sources as well.    

 

The third paper found that the utilization of waste heat which is commonly used 
to reduce a city’s GHG emissions, may lead extensive increases in the amount of 
GHG emissions within Scopes 3 of the GHG Protocol when the consequential 
life cycle perspective was assessed together with marginal energy implications. 
For cities which only take account their Scope 1 GHG emissions, this might not 
be evident at all as this implication is not recognized by Scope 1 the GHG Proto-
col. The results emphasize the important role of the implications of marginal 
energy production. From another perspective, this might also be seen as an op-
portunity for cities to take responsible and effective actions by examining mar-
ginal system implications, which was also identified by research papers 1 and 2. 
By following this approach, cities could reduce the actual GHG emissions within 
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a complete system by focusing on replace high GHG emitting energy production 
within the overall system. Figure 5 presents the main findings of the 3rd re-
search paper in relationship to its contribution to the dissertation findings. In 
the figure the annual implications within all scope boundaries 1 - 3, together 
with ACLA and CLCA approaches are compared. The figure highlights the con-
trast between targeted (GHG Protocol Scope 1) and potential outcomes (GHG 
Protocol Scope 3 with the CLCA approach).
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The fourth paper exemplified how the municipal energy systems could be 
seen by a city as a possible means to achieve carbon neutrality. It was identified 
that from the municipal energy system perspective, processes aiming to achieve 
a carbon neutral city included carbon removal from municipal heat supply and 
introducing distributed small-scale energy generation. In addition, major en-
ergy consumption reductions together with energy efficiency improvements 
were seen as central tools.  

Still, the role and potential of large scale GHG emission free electricity pro-
duction was not recognized. This was even when the city’s owned energy com-
pany had a relatively large amount of GHG emission free centralized electricity 
production within the national boundary as shown in Table 5. If this would have 
been recognized, it would have reduced the GHG emission levels of the city sig-
nificantly. Likewise, the potential to utilize marginal implications as described 
by research papers 1- 3 was not conserved by the cities. The city under assess-
ment relied heavily on the national development of carbon free electricity pro-
duction and the reduction of electricity consumption, which is present in the 
development assumptions in rows 3 and 4 in Table 6 which presents the carbon 
development scenarios of the city under assessment. These findings together 
with the city’s carbon neutralization process, as presented in Table 7, showed 
that the scope 3 energy system production and system implications are not well 
understood by the case city. In addition, and as presented in Table 7, only direct 
processes to achieve carbon neutrality were set for municipal district heat pro-
duction, the rest of the processes were mainly indirect and non-mandatory, lim-
iting the city’s capability to steer the process. 
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Several overarching findings were identified answering the research question 
of the dissertation: 

Firstly, the allocation method may lead to different outlooks on the matter and 
thus to unplanned outcomes in decision making.  

Secondly, the role of marginal energy and the GHG reduction potential of mar-
ginal energy systems is significant and offers extended potential for cities to re-
duce their GHG emissions also within a scope which is larger than the GHG 
Protocol’s Scopes 1 boundary. Recognition of such implications and their poten-
tial should be assumed to be missing from municipal organizations.  

Thirdly, the initial role of cities energy systems seems to be relatively low. Still 
their role in national level GHG emissions is notable. Moreover, their potential 
due to the implications of using marginal energy systems could even lead to vir-
tually negative carbon footprints of city residents if decreasing of the MEP 
would be allocated for the city and its residents. The role of municipal energy 
systems and actions put into them are central when cities aim to ensuring the 
carbon neutral cities and society.  

Fourthly, examining the implications of the marginal energy system offers an 
extensive method for cities to take responsible actions to reduce system level 
GHG emissions and potentially to compensate for their city level emissions and 
achieve the status of a carbon neutral city.  

As a conclusive finding, and in answer to the main research question “How 
does widening the boundary description for GHG emissions from the GHG 
Proto-col’s Scopes 1 to Scopes 2 and 3 affect the implications of municipal en-
ergy related actions when aiming to achieve carbon neutral cities? it can be 
stated that it was evident that the cities’ role in the GHG Protocol Scope 3 GHG 
emissions is significant. Even more so when marginal production implications 
are considered. These implications can lead to either significantly lower or 
higher system level GHG emission regardless even when the initial aim is to re-
duce GHG emissions. Examining the marginal energy system implications is a 
powerful method for cities to reduce their GHG emissions within the city and 
within wider boundaries. Examining such implications could be utilized to com-
pensate for GHG emissions within sectors which find it more difficult to take 
actions to directly reduce their GHG emissions. Still the utilization and recogni-
tion of these implications together with their potential is seen to be lacking in 
carbon neutral city processes. 
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Thus, the dissertation finding is stated as follows:  
 
Municipal energy related actions cover far more than the GHG Pro-
tocol’s Scope 1 emissions and implications. The implications of the 
GHG reductions within the GHG Protocol’s Scope 2 and 3 together 
with the potential to reduce GHG emissions is greater than when 
limiting the boundary to the GHG Protocol’s Scope 1 and ALCA. 
Thus, it is justified for cities to broaden the focus on energy system 
implications and actions to include the GHG Protocol’s Scope 2 and 
3 with a CLCA perspective and within the expected life cycle of an 
action made. 
 
Table 8 shows the contributions of each paper in relationship to the dissertation 
results.
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There is an urgent need to make the built environment carbon neutral and 
cities can adopt a key role when addressing the practical actions needed rather 
than just giving guidance. Cities have generally taken the task seriously as can 
be seen in the numerous carbon neutral roadmaps and similar municipal ac-
tions.  

Cities tend to be seen as a large group of individual users from the national 
perspective, and carbon neutral roadmaps and municipal actions are attempt-
ing to reduce the use of energy and to eliminate municipal energy system’s GHG 
emissions as such. Most of these efforts are seen as positive without questioning 
the actual outcome. This dissertation identified numerous uncertainties related 
to energy choices and thus influencing the actual outcomes of the municipal 
choice made. 

Where current research [e.g. Muramochi et al. (2020), Lui et al. (2020), Myt-
ton (2020) and Hertwich & Wood (2018)] has been focusing to implications 
from scope 2 and scope 3 into cities’ GHG emissions, theoretical framework of 
the dissertation proposed and argued that such implications has to be seen also 
vice versa and their significance can be assumed to be considerable. Based on 
the dissertation research, this hypothesis seems to be justified. 

Research question of the dissertation was “How does widening the boundary 
description for GHG emissions from the GHG Protocol’s Scopes 1 to Scopes 2 
and 3 affect the implications of municipal energy related actions when aiming 
to achieve carbon neutral cities?”. Dissertation’s finding answered the question 
by stating: “Municipal energy related actions cover far more than the GHG Pro-
tocol’s Scope 1 emissions and implications. The implications of the GHG reduc-
tions within the GHG Protocol’s Scope 2 and 3 together with the potential to 
reduce GHG emissions is greater than when limiting the boundary to the GHG 
Protocol’s Scope 1 and ALCA. Thus, it is justified for cities to broaden the focus 
on energy system implications and actions to include the GHG Protocol’s Scope 
2 and 3 with a CLCA perspective and within the expected life cycle of an action 
made.”  

Case studies of the dissertation studied efficient methods to further carbon 
neutrality, reduction of consumption-based carbon footprint and carbon neu-
trality furthering methods with wider than scope 1 implications and actions to-
gether with CLCA perspective. Thus, findings can be further elaborated based 
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on the research to give more comprehensive suggestions. The conclusive mes-
sage for cities based on the dissertation is to focus on the most meaningful issues 
which define the GHG emissions of a city and to ensure the supply of GHG free 
energy when the consumption itself is mostly beyond the city’s jurisdiction. 
More specifically, it was found that cities have even greater potential to reduce 
the GHG emissions of a society rather than cities as themselves. However, this 
requires the understanding of energy system implications and broadening the 
boundary thinking from considering the energy issues within the GHG Proto-
cols’ Scope 1 to Scope 3. In addition, current reporting methods do not include 
GHG implications from cities’ actions. Such implications can, as showed, offer 
great potential. Thus, it can be suggested that extending the reporting from cur-
rent methods to include as wide as consequential annual implications from cit-
ies’ made actions into scope 3 in order to manage the operations. Also, this 
would minimize the risk of reduction of scope 1 GHG emissions and simultane-
ously increasing overall scope 3 GHG emissions, which is unwanted outcome 
and should be recognized by cities and societies as such. Although cities are still 
part of the surrounding global ecosystem, which partly defines the GHG emis-
sions, this approach increases the potential to reduce GHG emissions greatly 
and increases the role of cities in climate mitigation actions. 

Paper number 2 presented that these uncertainties are present when trying to 
identify the most optimum energy supply for heating energy demanded at the 
municipal district level. This leads to a situation where decisions are hard to 
make, and potentially the outcomes can vary greatly from the target. 

Paper number 3 presented a similar situation in which the heating demand 
was covered by local waste heat. Even though the heat was waste, it required an 
electricity supply so it could be utilized within a higher temperature heat net-
work, and thus the most important issue became the sources of alternative en-
ergy supplies. This highlights the importance of understanding the wider 
boundary system, even when carrying out actions which might seem to be obvi-
ously reducing GHG emissions. Generally, all increased energy demands lead to 
an increased utilization of resources, so the question is to where the consump-
tion is located so that it has the minimum environmental impact and potentially 
where it could be used to reduce its environmental impacts. 

What is common to these two case studies, is that when decisions are made 
statically under the current situation and current qualities of energy supply al-
ternatives, a major part of the actual outcomes fall beyond the jurisdiction of the 
city. Both perspectives, municipal actions and scientific literature, usually take 
upcoming development into account by generating or utilizing existing scenar-
ios and therefore following the ALCA approach. What can be proposed is that 
municipalities should shift the focus from merely the initial choice of the energy 
supply to also include the ongoing development of the energy supply chosen. 
This would mean that municipalities should take care of the positive develop-
ment of carbon free electricity production if the supply relies on it. Similarly, if 
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the supply relies on other energy supplies such as a heat supply, the municipal-
ities should ensure, for instance, that there are no technological lock downs to 
limit the development of that particular energy supply in relation to the munic-
ipal goals. The methods needed to ensure the appropriate development vary 
greatly from purchasing shares in carbon free electricity production companies 
or funds and ensuring the growth of production capacity accordingly to control-
ling the municipality’s own energy company accordingly. What is also often left 
out of the planning process is the fact which the dissertation brought up that 
reducing carbon emissions within city boundary can lead to increased GHG 
emissions within larger boundaries. Therefore, participation at the national 
level in large scale energy consumption units should exist in order to reduce the 
GHG emissions within larger that city boundaries even though it could increase 
a city’s GHG emissions initially. 

Papers 2 and 3 highlighted the importance of understand the CLCA perspec-
tive and the system implications from the use of MEP. The first paper also man-
aged to shift the initially relatively low importance of the municipal energy sys-
tem in the city residents’ carbon footprint to recognised as a more significant 
factor. The possibility to reduce marginal energy with virtually GHG free energy 
supplies offers great potential for cities to take responsible and powerful 
measures. The second and third papers offered a new outlook for cities and sci-
entific audiences to shift the focus away from the initial situation to include the 
whole life cycle of the energy supply. The first paper showed how cities can ac-
tually utilize energy systems for effective carbon compensation and offsetting. 

The fourth paper studied the research area of carbon neutral cities, which is 
still a relatively untouched area and offered some first insights into practical 
carbon development processes in one of the cities committed to carbon neutral 
goals. Although paper offered one of the first insights in this field, the major 
contribution was the recognized importance of large-scale energy production 
and electricity production which can be utilized also as carbon compensation 
and for carbon offsetting by the city. The case study’s city has a carbon neutral 
target year which is set before the national goal for achieving carbon neutrality, 
which increases the role of scope 2 and 3 emissions and actions made within 
these boundaries. 

For the research studies under the dissertation, two research approaches were 
utilized throughout the research. These were the LCA and case study ap-
proaches. The LCA approach was utilized to determine the nature of the impli-
cations arising from the commonly implemented actions to reduce GHG emis-
sions. 

For the case study approach, Yin [Yin 2009] states that there are four critical 
conditions which a case study research needs to go through in order to maximize 
its quality. These are construct validity, internal validity, external validity and 
reliability. 
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4.3.1 Research validity 

Construct validity means identifying the correct operational measures for the 
concepts being studied [Yin 2009]. This dissertation research mainly utilized 
publicly available research material from various sources. This research mate-
rial was generated by multiple parties and the generation process itself contains 
numerous validity checks. Where the energy related GHG emission occurs far 
more various and specific sources than what was presented in the research pa-
pers, papers capability to identify measures to generate absolute carbon neutral 
cities is missing. However, this was not the purpose of the dissertation. Rather 
the scope was to identify the implications of different actions taken. Thus, in 
order to illustrate these implications, the case settings were justified, and it was 
made sure that the operational measures were valid from the papers’ target 
point of view. Great uncertainties are present when using CLCA approach, 
which was central approach in the dissertation. This has been presented also by 
Soimakallio et al. (2011), where uncertain marginal system implication in as-
sessment of upcoming situations were illustrated. Still, as the dissertation 
aimed to identify the magnitude of difference between scope 1 to scope 3 and 
ALCA to CLCA, this was not crucial for the research validity. However, when 
conduction assessment for the cities in order to prepare for upcoming situa-
tions, this uncertainty is highly important to recognize. Also, it is important to 
highlight that CLCA based marginal system implication within case studies were 
considering only marginal electricity production and not marginal heat produc-
tion as the heat production of the case studies were more stable from fuel sup-
plies. However, this may not be case in all the cases and this needs to be ad-
dressed when so like vice if there is a potential that reduction in demand of a 
CHP based heat eliminates this production capacity completely and changes the 
marginal implications of a system completely. 

 
Internal validity seeks to establish a causal relationship, whereby certain con-

ditions are believed to lead to other conditions, as distinguished from spurious 
relationships [Yin 2009]. It was identified that municipal energy related actions 
have a causal relationship with the GHG emissions of a city and likewise within 
larger boundaries. Similarly, when municipalities attempt to reduce their en-
ergy related GHG emissions, it leads to energy efficiency and energy production 
actions. However, the research materials utilized do not support the exact as-
sessment of causality. 

 
External validity establishes the domain to which a study’s findings can be 

generalized [Yin 2009]. In order to make sure of case studies’ external validity, 
the case studies under assessments were selected to represent typical real-world 
situations. A pre-examination was conducted in order to identify each case’s 
representativity as a typical case. However, when assessing energy-related sys-
tem implications within structures of the built environment it is highly deter-
mined by the surrounding infrastructure and by the geographic location of the 
city. Generalizations can be made to some extent to closely similar markets and 
infrastructures. Thus, the generalization is well adjusted to Finland but of the 
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complete research outcome only a part will be generalizable to different sur-
rounding infrastructures. 

4.3.2 Reliability 

Reliability demonstrates that the procedures of the study—such as data collec-
tion procedures—can be repeated, with the same results [Yin 2009]. The relia-
bility of the case studies of the dissertation were taken into account and every 
piece of source research material is well documented and available. When the 
research material was not available to the public, special efforts were made in 
order for these research material collection procedures to be presented and their 
findings documented. Most of the case study materials are publicly available 
and the study can be easily repeated.  

The research took a strongly pragmatic approach to identify ways cities can 
achieve carbon neutrality and how-to further the development of a carbon neu-
tral society by increasing their boundary thinking from including only the GHG 
Protocol Scope 1 to also including scopes 2 and 3 in protocol and by integrating 
a CLCA perspective. Together with this pragmatic approach and perspective on 
the key findings, it would be important and interesting to increase the under-
standing from several points of view. These include the consequential energy 
system implications as cities achieve the status of carbon neutrality, as well as 
understanding the consumption-based carbon neutralization potential of cities 
and the complete carbon neutrality potential of cities including all sectors and 
carbon compensation mechanisms. Based on the dissertation, great potential 
for cities to further carbon neutrality is behind their ability to influence on the 
energy system within scope 3. This mechanism can also be seen as a contribu-
tion to consumption-based carbon-footprint reduction as cities are part of larger 
consumption network and are dependent on national and global supply of goods 
and energy. Thus, cities potential for GHG reduction is global from this perspec-
tive where they can participate for instance in increasement of the capacity of 
low-GHG energy production. Same applies to LULUCF sector, where potential 
for GHG reduction actions is mainly municipal for cities, but also national and 
global where they can participate for instance to forestation programs. General 
guidance for cities from these perspectives could be to add an additional com-
ponent to GHG assessment where implications from municipal actions into 
scope 3 are assessed from annual average CLCA perspective and to focus on 
most cost-efficient and reliable GHG reduction actions which are always city-
specific and not necessarily actions within scope 1. 

As it was pointed out by this research and by a number of other studies [e.g. 
Plevin et al. 2013, Earles & Halog 2011], consequential energy system implica-
tions define the actual initial GHG impacts of different actions taken within and 
concerning the system. Thus, it would also be important to understand these 
system implications as cities change the system as a consequence of actions 
taken towards carbon neutrality and GHG emissions reduction. While carbon 



37 

neutral generation processes of cities mostly focus on making the city itself car-
bon neutral, system implications outside the city boundaries can be either pos-
itive or negative from the GHG emissions point of view. These system implica-
tions can occur for instance through a change in marginal energy technology or 
due to market price changes of particular energy sources. As the carbon neutral 
efforts of entire cities are large in scale, such system implications can be dra-
matic. 

It has been presented in several studies [e.g. Satterthwaite 2008, Hoornweg 
et al. 2011, Dodman 2009, Sovacool & Brown 2010] that consumption-based 
carbon accounting often indicates a notably larger carbon footprint than pro-
duction-based accounting. Similarly, this research studied only the carbon neu-
trality of stationary energy systems of a city and excluded other sectors which 
could be partly considered similar in their nature. 

It is proposed that cities could widen the perspective when furthering the car-
bon neutrality of society from Scope 1 to Scope 3 of the GHG Protocol. This 
would increase the potential of cities to further their carbon neutrality greatly 
and steer the focus towards the most important areas of carbon neutrality within 
larger than city boundaries. Thus, it is important that cities should increase their 
knowhow co-operate with each other and at the national level. This would in-
crease the potential of national carbon neutrality measures, by for instance op-
timizing the energy production and consumption at the national level. 

Understanding needs to be increased on how the most effective carbon miti-
gation implications throughout the whole energy system could be examined and 
how this knowledge can be utilized to reduce consumption-based and other 
GHG emissions which occur from several GHG sources globally. As it is difficult 
to make non-municipal actions mandatory, municipal actions to reduce sur-
rounding energy systems’ GHG emissions would potentially bring save munici-
pal GHG reduction potential even though these would not directly be linked to 
city’s own direct energy consumption. When aiming to achieve a carbon neutral 
city, this might even become a mandatory compensation method to be utilized. 

In addition, a more specific and comprehensive definition of carbon neutrality 
needs to be introduced. Accounting for different scopes of emissions for cities 
as well as recognition of the carbon reduction potential within all the scopes 
needs to be increased. The same also applies to carbon accounting accordingly. 
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