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Abstract 

The ever-increasing concentration of human activity in urban areas induces environmental 

problems beyond their boundaries on scales ranging from local to regional to global, such as 

resource depletion, land degradation, air and water pollution and climate change. Human-

induced climate change is widely acknowledged as one of the greatest sustainability 

challenges of the present century and it is inextricably linked to urbanization. As a response 

to climate change, urban areas around the world have committed to reach climate neutrality 

within the next decades. In this context, the deployment of new technologies can have a key 

role in achieving carbon neutrality in urban areas. As new technologies emerge, it is essential 

to assess their environmental performance considering the broader systems context in order 

to ensure that they can indeed contribute to achieving climate neutrality without 

compromising environmental sustainability.  

This thesis aims is to provide insight on the environmental performance of emerging 

technologies that can be deployed in urban areas in order to contribute to achieving climate 

neutrality. The two technologies in focus are grid-connected solar microgrids and biochar-

based systems for treatment of biomass waste and remediation of contaminated soil. The 

methods applied to conduct the environmental assessments and fulfil the aim of the thesis 

are: case studies, Life Cycle Assessment (LCA), Material and Energy Flow Analysis and 

Substance Flow Analysis. Moreover, as part of the research efforts, a spreadsheet model 

based on LCA data was developed. 

The assessment of the solar microgrid highlighted the importance of using explicit spatial 

and temporal boundaries when analyzing the environmental performance of energy 

systems, as it can increase the accuracy of the results. It also revealed that the choice of 

modeling approach can influence the results of the assessment, which motivates the 

application of different methodological approaches. Within this context, the assessment 

showed that in a short-term perspective the integration of a grid-connected urban solar 

microgrid into the Swedish electricity grid would not contribute to climate change 

mitigation, as solar electricity from the microgrid would displace grid electricity with lower 

carbon intensity. The assessment also indicated that operational and structural changes in 

the microgrid could reduce its climate change impact, albeit not to the extent to generate 

GHG emission abatements. 

The assessment of the biochar-based systems showed that these systems have many 

environmental benefits compared to incineration of waste and landfilling of contaminated 

soil. They have great potential to contribute to achieving climate neutrality, as they can 

provide net negative GHG emissions, owing mainly to carbon sequestration in the biochar. 

Between the two biochar-based systems, a system for on-site remediation can provide 

additional environmental benefits, as it can lead to more efficient use of resources. However, 

these systems also entail environmental trade-offs due to increased consumption of auxiliary 

electricity, while the extent of ecological and human health risks associated with the reuse 

of biochar-remediated soils is for the moment unknown. 

Keywords: Urban areas, climate neutrality, solar microgrid, biochar, Life Cycle 

Assessment, Material and Energy Flow Analysis, Substance Flow Analysis. 
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Sammanfattning 

Den ständigt ökande koncentrationen av mänsklig aktivitet i urbana områden orsakar 

miljöproblem utanför deras gränser på skalor som sträcker sig från lokal till regional till 

global, såsom utarmning av resurser, markförstöring, luft- och vattenföroreningar och 

klimatförändring. Mänskligt driven klimatförändring är allmänt erkänd som en av de största 

hållbarhetsutmaningarna under nuvarande seklet och den är nära kopplad till urbanisering. 

Som ett svar på klimatförändringen har urbana områden runt om i världen åtagit sig att nå 

klimatneutralitet inom de närmaste decennierna. I detta sammanhang kommer införandet 

av ny teknik ha en nyckelroll för att uppnå klimatneutralitet i stadsområden. När ny teknik 

dyker upp är det viktigt att bedöma dess miljöprestanda med hänsyn till den bredare 

systemkontexten för att säkerställa att tekniken verkligen kan bidra till att uppnå 

klimatneutralitet utan att kompromissa med miljömässig hållbarhet. 

Denna avhandling syftar till att ge insikt om miljöprestanda för framväxande teknik som kan 

användas i urbana områden för att bidra till att uppnå klimatneutralitet. De två teknikerna 

i fokus är nätanslutna solmikronät och biokolbaserade system för behandling av 

biomassavfall och sanering av förorenad mark. Metoderna för att genomföra 

miljöbedömningarna och uppfylla avhandlingens syfte är: fallstudier, livscykelanalys (LCA), 

material- och energiflödesanalys och substansflödesanalys. Som en del av 

forskningsinsatserna utvecklades dessutom en kalkylmodell baserad på LCA-data. 

Analysen av solmikronätet visade att det är viktigt att använda explicita rums- och 

tidsgränser vid analys av energisystemens miljöprestanda, eftersom det kan öka resultatens 

noggrannhet. Analysen visade också att valet av modelleringsmetod kan påverka resultatet, 

vilket motiverar en användning  av flera olika metoder. Inom detta sammanhang visade 

bedömningen att i ett kortsiktigt perspektiv skulle integrationen av ett nätanslutet urbant 

solmikronät i det svenska elnätet inte bidra till att begränsa klimatförändringen, eftersom 

solenergi från mikronätet skulle ersätta el med lägre klimatpåverkan. Bedömningen 

indikerade också att operativa och strukturella förändringar i mikronätet kunde minska 

mikronätets klimatförändrings påverkan, om än inte i sådan utsträckning att det skulle ge 

växthusgasutsläppsbesparingar. 

Bedömningen av de biokolbaserade systemen visade att dessa system har många 

miljöfördelar jämfört med förbränning av avfall och deponering av förorenad mark. De har 

stor potential att bidra till att uppnå klimatneutralitet, eftersom de kan ge nettonegativa 

utsläpp av växthusgaser, främst på grund av kolbindning i biokol. Vi jämförelse av de två 

biokolbaserade systemen så kan ett system för sanering på plats ge ytterligare miljöfördelar, 

eftersom det kan leda till en mer effektiv resursanvändning. Dessa system medför emellertid 

också miljöavvägningar på grund av ökad förbrukning av elektricitet, medan omfattningen 

av ekologiska och människors hälsorisker förknippade med återanvändning av 

biokolbehandlad jord ännu är okända. 

Nyckelord: Urbana områden, klimatneutralitet, solmikronät, biokol, livscykelanalys, 

material- och energiflödesanalys, substansflödesanalys. 
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1 Introduction  

1.1 Background 

The share of the global population living in urban areas has increased from 30% in 1950 to 

55% in 2018 (United Nations, Department of Economic and Social Affairs, Population 

Division, 2019). This trend towards urbanization is predicted to continue to increase in the 

next decades. Projections indicate that urbanization combined with the overall population 

growth could add another 2.5 billion people to the urban population by 2050, increasing the 

share of the global population living in urban areas to almost 70% (United Nations, 

Department of Economic and Social Affairs, Population Division, 2019). Due to 

urbanization, human activity is mostly concentrated in urban areas, making them the 

locations where many of the current (un)sustainability issues find their origin (Nevens and 

Roorda 2014; Sánchez Levoso et al. 2020).  

The concentration of human activity in urban areas, in combination with unsustainable 

production and consumption patterns, is a key driver of high levels of resource consumption 

and waste generation (Satterthwaite 2011). Today, urban areas account for around 75% of 

global resource use, 80% of energy consumption and 70% of global waste (Campbell-

Johnston et al. 2019), and as they are open systems, characterized by linear metabolic 

processes, they are largely dependent on their local and global hinterlands for resource 

harvesting and waste assimilation (Opschoor 2011). As a result, they induce environmental 

problems beyond their boundaries on scales ranging from local to regional to global (Bai 

2007), such as resource depletion, land degradation, air and water pollution, biodiversity 

loss, and climate change.  

Nevertheless, urbanization is not only a driver of unsustainable environmental change, but 

it is also a potential engine for sustainable development. High densities and large population 

concentrations offer significant potential for economies of scale and integrated solutions 

(Satterthwaite 2011). Furthermore, urban areas are centers of economic and social wealth, 

and hubs of innovation and knowledge. Thus, they are equipped with the required capacity 

to address key sustainable problems and support sustainable development (Mi et al. 2019). 

Hence, as urban areas represent both the problem and the solution to sustainability 

challenges (Grimm et al. 2008), they are increasingly considered as the appropriate loci for 

effectively addressing urgent issues, such as climate change (Nevens and Roorda 2014).  

Climate change driven by anthropogenic greenhouse gas (GHG) emissions is widely 

acknowledged as one of the greatest sustainability challenges of the present century (UN 

2015b). Human-induced climate change is inextricably linked to urbanization (De la Sota et 

al. 2019). Urban areas are responsible for a large share of global GHG emissions both 

directly, due to emissions generated within their boundaries, and indirectly, due to 

emissions generated elsewhere for the production of energy and goods consumed by urban 

dwellers (Satterthwaite 2011; Hoornweg, Sugar, and Trejos Gómez 2011). It has been 

reported that urban areas are accountable for more than 70% of energy-related GHG 

emissions globally (Seto et al. 2014) and up to 80% of total anthropogenic GHG emissions 

(Walsh et al. 2013). At the same time, urban areas are highly exposed and susceptible to the 

impacts of climate change (Mi et al. 2019; Sharifi 2021a). 
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Being responsible for the largest share of global GHG emissions, urban areas have a crucial 

role in mitigating climate change (Ahvenniemi and Huovila 2021). Local governments 

around the world are increasingly recognizing their potential to mitigate climate change and 

their responsibility to take action. In this context, a continuously growing number of cities 

around the world are adopting climate change mitigation strategies with ambitious emission 

reduction targets, signing collective agreements and joining global climate networks, such 

as the C40 Cities Climate Leadership Group (C40) and the Compact of Mayors (Steffen, 

Schmidt, and Tautorat 2019). 

A widely used concept around which many local governments have developed their climate 

change mitigation strategies is “climate neutrality”. Although a precise definition of the 

concept has not been established yet, there is general agreement that urban areas that aspire 

to become climate neutral need to achieve net zero GHG emissions by reducing their 

emissions (e.g. by lowering energy use and employing less carbon-intensive technologies) 

and balancing out the remaining emissions through carbon offsetting or negative emissions 

(UNECE 2011; C40 Cities 2019). In the last years, numerous urban areas around the world 

have committed to reach climate neutrality within the next decades, including Berlin - 2050, 

London - 2050 and New York – 2050 (Laine, Heinonen, and Junnila 2020). In Sweden, 

most major urban areas have made ambitious climate neutrality commitments, with nine 

municipalities (Enköping, Gothenburg, Järfälla, Lund, Malmö, Stockholm, Umeå, Uppsala 

and Växjö) signing in December 2020 the first climate contract in Europe, according to 

which they will become climate neutral by 2030 (Smart City Sweden, 2020). Achieving 

climate neutrality in urban areas requires developing and deploying a wide array of 

technologies and innovative solutions (EC, 2020). Two emerging technologies that have 

potential to contribute to achieving climate neutrality are distributed renewable electricity 

generation (DREG) and biochar-based systems (UNECE 2011; C40 Cities 2019).  

Distributed renewable electricity generation refers to small-scale renewable energy 

technologies, such as photovoltaics (PVs) or wind turbines, that generate electricity close to 

the end users. A shift to distributed renewable electricity generation is considered as a 

potential technology pathway for attaining various sustainability goals, including 

decarbonization of electricity supply (Jones et al. 2017). Distributed renewable energy 

technologies are often integrated into microgrids, which are small-scale power grids that 

integrate local renewable energy generation with consumers and, potentially, energy storage 

devices, e.g. batteries (Hu et al. 2014). They can be deployed in order to serve the electricity 

needs of remote isolated communities or to optimize electricity consumption in already 

connected communities, such as urban neighborhoods or districts (Hirsch, Parag, and 

Guerrero 2018). Amongst the different types of microgrids, solar microgrids are attracting 

increasing attention, owing to falling costs for PVs, technological developments (e.g. 

improved performance) and ease of installation. Especially, the ease of installation is an 

important advantage of these systems that makes them ideal for urban environments.  

Biochar-based systems are multifunctional systems that can be used for bioenergy and 

biochar production using an extensive range of biomass feedstocks, such as wood and wood 

waste, agricultural residues, manure, wastewater sludge, food waste and many other 

(Moreira, Noya, and Feijoo 2017; Fytili and Zabaniotou 2018). Biochar is the porous solid 

carbonaceous product obtained from the thermo-chemical conversion (e.g. pyrolysis) of 
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biomass in an oxygen-limited environment (Yuan et al. 2019). Biochar-based systems are 

now recognized as a promising negative emissions technology (NET) (IPCC 2019), as 

producing biochar and mixing it with soil is an effective carbon sequestration technique 

(Lehmann and Joseph 2009). Beyond carbon sequestration, biochar has also great potential 

for other applications, owing to its versatile physicochemical properties (Nanda et al. 2016). 

For example, it can be used as an adsorbent for water purification and wastewater treatment, 

as a replacement of coke in metallurgical processes, and for contaminated soil remediation 

(Nanda et al. 2016; Matuštík, Hnátková, and Kočí 2020). This versatility of biochar-based 

systems allows them to form the basis of integrated systems for valorizing different waste 

streams (Fytili and Zabaniotou 2018; Q. Hu et al. 2020). For urban areas, one promising 

application of biochar-based systems is for valorizing biomass waste (e.g. urban wood waste) 

and contaminated soils. In this system, biomass waste is converted, through pyrolysis, into 

heat for district heating and biochar, which is then used for remediation of contaminated 

soils in order to prevent their landfilling and enable their reuse.  

There is increasing interest, both worldwide and in Sweden, for solar microgrids and 

biochar-based systems for treatment of biomass waste and contaminated soils in urban 

areas. However, it is unknown whether the implementation of these technologies in any 

context can deliver environmental benefits. Both technologies are relatively new and their 

environmental performance have not been thoroughly analyzed in the literature. Although 

there are studies that assess the environmental performance of solar microgrids (Bilich et 

al. 2017; C. Smith et al. 2015; Wang et al. 2019; Das et al. 2018; Nagapurkar and Smith 2019), 

there is a lack of studies that analyze microgrids at the system level considering their 

interactions with the main grid (for more details see section 2.3.1). As regards biochar-based 

systems, the environmental performance of systems where biochar is used as soil 

amendment in agricultural soils has been the subject of several studies, summarized by 

Matuštík, Hnátková, and Kočí (2020). However, no study has assessed the environmental 

performance of biochar-based systems where the produced biochar is used for remediation 

of contaminated soils in an urban environment. In general, biochar-based systems like this 

are expected to provide GHG emission savings, owing to carbon sequestration in the biochar. 

However, the magnitude of these savings needs to be estimated considering also direct GHG 

emissions from the entirety of these systems in order to evaluate their potential to contribute 

to climate change mitigation. Moreover, it is necessary to examine whether these systems 

entail other environmental trade-offs or co-benefits.  

Hence, it is important to assess the environmental performance of these technologies taking 

a systems perspective to consider the broader systems context in the assessment. The 

application of a systems perspective can be achieved through the application of Industrial 

Ecology (IE) tools, such as Life Cycle Assessment (LCA), Material Flow Analysis (MFA) and 

Substance Flow Analysis (SFA) (Petit-Boix and Leipold 2018). The application of the tools 

can provide an holistic view of the assessed systems that can reveal potential adverse 

environmental impacts in other systems with which the assessed systems interact.  
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1.2 Aim and objectives 

The overarching aim of this thesis is to provide insight on the environmental performance 

of emerging technologies that can be deployed in urban areas in order to contribute to 

achieving climate neutrality. The two studied technologies are grid-connected solar 

microgrids and biochar-based systems for treatment of biomass waste and remediation of 

contaminated soil. The specific research objectives are to: 

1. Assess the climate change impact of a grid-connected solar microgrid system from a 

life cycle perspective in the context of a Swedish urban area. 

2. Assess environmental impacts of biochar-based systems for treatment of biomass 

waste and remediation of contaminated soil from a life cycle perspective in the 

context of a Swedish urban area. 

The above research objectives are address in the two appended papers of this thesis. The 

first objective is addressed by Paper I and the second by Paper II.  

 

1.3 Thesis structure 

This thesis is composed of this cover essay and the two appended papers. Chapter 1 of the 

cover essay presents a short background to the study and the aim and objectives of the 

research work. Chapter 2 establishes the theoretical context of thesis, discussing key 

theoretical concepts. Chapter 3 provides an overview of the research methodology followed 

in this thesis, describing the research setting and the methods used in the appended papers. 

Chapter 4 presents the main results from the two appended papers. Chapter 5 discusses the 

key findings from the two papers in a broader context. It also presents some reflections about 

the research methodology followed and provides recommendations for further research. 

Finally, Chapter 6 presents the conclusions of this research work.  
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2 Theoretical context  

2.1 Sustainable urban development  

The concept of “sustainable development” was popularized in 1987 by the UN World 

Commission on Environment and Development (WCED) (also known as the Brundtland 

Commission) with the publication of the report “Our Common Future”. The Brundtland 

report defined sustainable development as "development that meets the needs of the present 

without compromising the ability of future generations to meet their own needs" (WCED, 

1987, p.16). This renowned report was the first to emphasize the need for a new paradigm in 

human development where environmental, societal and economic aspects are balanced to 

create intra- and inter-generational equity. The institutionalization of the concept continued 

with the Earth Summit in Rio in 1992 where the world’s political leaders pledged their 

commitment to advance sustainable development (Purvis, Mao, and Robinson 2019).  

Since the Brundtland report and the Rio Summit, governments, businesses and 

organizations have widely embraced sustainable development as a desirable goal (Drexhage 

and Murphy 2010). However, there is still ambiguity and lack of clarity about the concepts 

of sustainable development and sustainability, as they were from the beginning vague and 

left much room for different interpretations and meanings (Koglin 2009). Due to this 

definitional vagueness the two terms are often used interchangeably, even though there is a 

semantic difference between them (Purvis, Mao, and Robinson 2019). Thus, their distinction 

needs to be clarified. According to Jahnke and Nutzinger (2003), “sustainability” can be 

considered as a general regulative idea that enables a process of learning and searching, 

while “sustainable development” can be considered as a more concrete concept enabling 

practical actions. In this regard, sustainability is considered in this thesis as the desired goal, 

while sustainable development is regarded as the continuous process, consisting of multiple 

pathways, to attain this goal.  

Despite the on-going debate on the actual meanings of sustainability and sustainable 

development, one conceptualization, that of three-pillars, has become the prevalent 

description of sustainability (Purvis, Mao, and Robinson 2019). This conceptualization is 

commonly illustrated by three intertwined circles representing the three pillars (social, 

economic, and environmental), with sustainability being placed at their intersection. The 

three-pillar conceptualization has been criticized for lacking theoretical underpinnings 

(Purvis, Mao, and Robinson 2019) and for endorsing the dominant global economic 

paradigm where economic growth is not constrained by environmental limits (Robinson 

2004; Gómez-Baggethun and Naredo 2015). However, it is simple to understand and 

communicate, can capture the attention of different audiences (McCormick et al. 2013), and 

can be adapted to a broad range of different contexts (Geissdoerfer et al. 2017). These are 

probably the main reasons why it has become widespread and it has been incorporated into 

important political, business, or other strategic documents (Moldan, Janoušková, and Hák 

2012), including the 2030 Agenda for Sustainable Development (UN 2015b). 

The 2030 Agenda, which was adopted by the United Nations General Assembly on 25 

September 2015, established the Sustainable Development Goals (SDGs) framework. The 17 

SDGs, with their 169 targets, represent a globally agreed agenda to eradicate poverty and 

hunger, protect the planet, achieve prosperity for all and build peaceful, just and inclusive 
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societies (UN 2015b). Even though the three pillars of sustainability do not constitute any 

part of the SDGs framework, they are explicitly embedded in it (Purvis, Mao, and Robinson 

2019). In the 2030 Agenda, it is clearly stated that the SDGs: “are integrated and indivisible 

and balance the three dimensions of sustainable development: the economic, social and 

environmental” (UN 2015b, p.1). The SDGs offer a more integrated approach to attain 

sustainability, by enabling actions in a broad range of interlinked thematic areas of critical 

importance for humanity and the planet (Le Blanc 2015). One of the thematic areas that are 

prioritized by the SDGs is cities, or more generally, urban areas. 

There is no universally accepted definition of what constitutes an urban area and the 

definitions vary significantly according to national or local context, or research discipline 

(Lutzkendorf and Balouktsi 2019). This thesis embraces the definition by the European 

Environment Agency (EEA) (2015, p.14) according to which urban areas are “are social, 

ecological and economic systems characterized by a particular settlement pattern, a 

critical mass and density of people, and man-made structures and activities”. This is a 

more a generalized definition that encompasses cities, towns and suburbs1.  

Today, urban areas are the locations from where a significant share of (un)sustainability 

issues originates (Nevens and Roorda 2014). Urban areas are embedded within the global 

economic system that has been dominated by the linear ‘take-make-waste’ model of 

production and consumption (Sánchez Levoso et al. 2020). The urban metabolism of most 

modern urban areas mirrors this model, as it is predominantly linear, with vast amounts of 

natural resources imported from outside the urban boundaries and huge amounts of wastes 

rejected to nature (Brunner 2007). As a result, they cause environmental problems beyond 

their physical boundaries causing unsustainable environmental change (Bai 2007; 

Satterthwaite 2011). Moroever, urban areas are foci of socio-economic problems, such as 

increasing inequalities, poverty, unemployment, economic vulnerability, segregation and 

tensions between different groups (McCormick et al. 2013; OECD 2018).  

At the same time, urban areas are widely recognized as the appropriate stage for 

implementing policies and actions aiming to promote sustainable development (Nevens and 

Roorda 2014; McCormick et al. 2013). As centers of economic and social wealth, and hubs 

of knowledge and innovation, urban areas are equipped with the required capacity to reply 

to urgent sustainability problems (Mi et al. 2019). Besides, the concentration of human 

activity and resource use in urban areas generates potentials for efficiency improvements 

and facilitates the implementation of effective and integrated solutions (McCormick et al. 

2013), such as economies of scale in citizen oriented services like public transport, water and 

sanitation, waste management, electricity supply and district heating (EEA 2015). Moreover, 

urban areas are considered as the scale at which behavioral changes of individuals can be 

better achieved (Nevens and Roorda 2014).  

                                                        
1 According to Eurostat (2016): 

− Cities are densely populated areas where at least 50% of the population inhabits in urban centers with 
a minimum population of 50,000 inhabitants, consisting of contiguous grid cells of 1 km2 with a 
population density of at least 1,500 inhabitants per km2.  

− Towns and suburbs are intermediate density areas, where at least 50% of the population inhabits in 
urban clusters with a minimum population of 5,000 inhabitants, consisting of contiguous grid cells of 
1 km2 with a population density of at least 300 inhabitants per km2.  
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The importance of urban areas in achieving sustainable development was first highlighted 

in the Brundtland report (WCED 1987) and further emphasized in Agenda 21 (UNCED 1992) 

(Sharifi 2021b). Ever since, sustainable urban development has been gaining traction with 

the scientific community and policy makers, and it has been highlighted in the literature and 

policy frameworks (ibid). The SDGs framework clearly recognizes the significance 

sustainable urban development with SDG 11, which mandates to “make cities and human 

settlements inclusive, safe, resilient and sustainable” (UN 2015, p.14). The growing interest 

on sustainable urban development is also demonstrated by the emergence of global networks 

connecting local governments around the world committed to promote sustainable 

development, such as the Local Governments for Sustainability (ICLEI) and the C40 Cities 

Climate Leadership Group (C40)  (McCormick et al. 2013).  

Despite the increasing interest in sustainable urban development, a unified definition has 

not yet been agreed, and similarly to the concepts of “sustainability” and “sustainable 

development” it has been interpreted differently by different stakeholders depending on 

their views and interests (Tatham, Eisenberg, and Linkov 2014). Amongst the different 

definitions in the literature, the one by Camagni (1998, p.6), stands out as particularly 

insightful and comprehensive. Camagni defines sustainable urban development as: 

 “as a process of synergetic integration and co-evolution among the great subsystems 

making up a city (economic, social, physical and environmental), which guarantees 

the local population a non-decreasing level of wellbeing in the long term, without 

compromising the possibilities of development of surrounding areas and contributing 

by this towards reducing the harmful effects of development on the biosphere”.  

This definition integrates elements from the Brundtland definition and the three-pillar 

conceptualization. It also reflects the systems perspective and clearly emphasizes that 

sustainable urban development requires holistic approaches to address not only local or 

regional sustainability challenges, but also global challenges, such as climate change.  

 

2.2 Climate change and urban areas 

Global climate change is unequivocal (IPCC 2014). Rising global temperatures, warming of 

oceans, more frequent and extreme weather events, glacial retreat, decreasing snow cover 

and sea level rise are evidence of climate change (Cheshmehzangi and Dawodu 2019).  

There is now strong scientific consensus on the anthropogenic nature of this change (Cook 

et al. 2016). Anthropogenic GHG emissions from combustion of fossil fuels and other human 

activities (e.g. deforestation, agriculture) have increased substantially since the preindustrial 

era, driven largely by population growth and socio-economic progress (Tollin et al. 2017). As 

a result, the concentration of GHGs in the atmosphere has increased at unprecedented 

levels. Recent measurements show that the concentration of atmospheric CO2 has already 

risen to approximately 415 ppm in early 2021 (GML, 2021), exceeding the natural range of 

180 to 300 ppm of the last 650,000 – 800,000 years (E. Jansen et al. 2007). This increase 

in atmospheric GHG concentrations drives global warming, followed by changes in other 

climatic parameters (UNECE, 2011). In the last decades, these changes in climate have 

caused negative impacts on natural and human systems, including ecosystems degradation, 
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alteration of hydrological systems, disruption of food production and water supply and 

consequences to human health and livelihood (IPCC 2014). Failing to tackle climate change 

in the near future will exacerbate these impacts undermining sustainable development.  

The need to tackle climate change and its impacts has been recognized in global policy 

frameworks like the Paris Agreement and the SDGs framework. The Paris Agreement came 

into force on 4 November 2016, and to date 195 countries have signed and 189 have ratified 

the agreement (UN n.d.). It aims to keep the increase in global average temperature to well 

below 2°C above pre-industrial levels and to pursue efforts to limit the temperature increase 

to 1.5°C (UN 2015a). The Paris Agreement also emphasizes the need to increase the nations’ 

capacity to adapt to the impacts of climate change (ibid). The need to tackle the climate crisis 

is also highlighted in the UN Agenda 2030, where climate change is specifically addressed 

by SDG 13 “Climate Action”. Moreover, the SDGs framework places climate change within 

the wider context of sustainable development establishing that it has also linkages to SDG 7 

“Affordable and clean energy”, SDG 12 “Responsible consumption and production” and SDG 

11 “Sustainable Cities and Communities” (Lutzkendorf and Balouktsi 2019).  

Although climate change has become a vital issue of global policymaking, the global response 

to the climate crisis has not been ambitious enough (de Coninck et al. 2018). In the last 

decade, global GHG emissions had been steadily increasing and, in 2019, global annual GHG 

emissions reached a record high of 52.4 Gt CO2-eq without land-use change emissions (59.1 

Gt CO2-eq with land-use change emissions) (UNEP, 2020). In 2020, a decline in the global 

emissions by 7% have been estimated, because of the lower economic activity due to the 

pandemic (IEA, 2020; Liu et al., 2020). However, this reduction is not considered as a game-

changer, as its main driver is not any structural or behavioral change, but reduced economic 

activity (IEA, 2020). Hence, GHG emissions are projected to rebound and even exceed pre-

pandemic levels in the near future, unless technological and behavioral transformations are 

implemented at all levels, i.e., individuals, industry, urban areas and countries (ibid).  

Urban areas have a key role to play in the global agenda for tackling the climate change crisis. 

On the one hand, they are major drivers of climate change as they account for up to 80% of 

global GHG emissions (Walsh et al. 2013). On the other hand, the increased concentration 

of population in urban areas renders many of them more vulnerable to the impacts of climate 

change, with urban areas built in coastal locations or riverbanks being highly exposed to 

climate-related risks, such as sea level rise and flooding (Mi et al. 2019; Sharifi 2020). At the 

same time, as it has been discussed in section 2.1, the concentration of human activity in 

urban areas offers opportunities and creates capacity to implement solutions to address 

sustainability challenges, like climate change and its undesirable consequences. Hence, 

urban areas are increasingly recognized as foci for climate change mitigation and adaptation 

efforts (Sharifi 2021a; Mi et al. 2019; Nevens and Roorda 2014).  

Recognizing their important role in tackling climate change, local governments around the 

world have committed to climate action (Salvia et al. 2021). In this context, they have signed 

international commitments and joined transnational climate networks, such as the C40 

network, the Covenant of Mayors and the Carbon Neutral Alliance (Steffen, Schmidt, and 

Tautorat 2019). Moreover, numerous local governments have developed climate action 

plans that set out strategies and targets for climate mitigation and/or adaptation (Sharifi 

2020). These plans are often developed under the auspice of the aforementioned climate 
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networks and establish the guiding framework to achieve specific mitigation and/or 

adaptation targets (Reckien et al. 2018). A widely used concept around which many of these 

climate action plans have been developed is “climate neutrality”. 

2.2.1 Climate neutral urban areas 

 “Climate neutrality” is an open and rather vague concept that has been used differently by 

policy makers, companies, scholars and other stakeholders (Brandt et al. 2014). For the 

moment, there is no widely accepted definition of the concept nor harmonized standards 

and guidelines to measure progress towards climate neutrality (Lutzkendorf and Balouktsi 

2019). At the same time, the term “climate neutrality” is often used interchangeably with the 

term “carbon neutrality”, though the former usually refers to GHG emissions and the latter 

to CO2 only (ibid). It this thesis the term “climate neutrality” is used as a synonym to the 

term “net-zero GHG emissions”, as used by the European Commission (EC) in its 2050 long-

term strategy (EC, 2018). According to IPCC (2018) “net zero emissions are achieved when 

anthropogenic emissions of greenhouse gases to the atmosphere are balanced by 

anthropogenic removals over a specified period”. 

One definition of climate neutrality with focus on urban areas is that by UN Economic 

Commission for Europe (UNECE) in the report Climate Neutral Cities: How to make cities 

less energy and carbon intensive and more resilient to climatic challenges (UNECE, 2011, 

p.3). According to the report, urban areas that aspire to become climate neutral need to: 

− “move towards net zero emissions of GHG by reducing GHG emissions as 

much as possible and by developing trade-off mechanisms to offset the 

remaining unavoidable emissions; and, 

− become climate-proof, or resilient to the negative impacts of the changing 

climate, by improving their adaptive capacities”. 

An important aspect of this definition is that it does not disregard climate change adaptation, 

as it highlights that both mitigation and adaptation are integral parts of an urban strategy 

towards climate neutrality. Another aspect that is considered both as a weakness and a 

strength of this definition is its vagueness, as on the one hand it reduces the transparency 

regarding system boundaries and assessment rules, but on the other hand it facilitates the 

implementation of new ideas (Brandt et al. 2014). 

The role of offsetting in achieving carbon neutrality is another topic that is highly debated. 

Offsets refer to GHG emissions that are avoided, reduced, or sequestered to compensate for 

emissions generated elsewhere (Butler, 2015). Several urban areas adopt offsetting 

measures as an option to fulfil their climate action plans (Lutzkendorf and Balouktsi 2019). 

However, according to Butler (2015), not all offsets should be considered as climate neutral. 

More specifically, Butler and his co-authors argue that even though avoiding or reducing 

GHG emissions offset emissions occurring elsewhere, a net release of GHGs to the 

atmosphere still occurs. The same scholars also argue that carbon sequestration is the only 

kind of offsets that should be recognized as climate neutral, though carbon sequestration 

should not be considered as a substitute for GHG emission reductions. 
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Although there is no consensus on the definition of climate neutrality and there are still 

debated issues, there is common agreement that a multifaceted approach is required in order 

to attain climate neutrality in urban areas. This approach needs to combine measures for 

improving energy efficiency, increasing the use of renewables, removing GHGs from the 

atmosphere (negative emissions), introducing innovative forms of urban governance, 

facilitating behavioral change and strengthening the adaptive capacities of urban areas (C40 

2019; EC 2020; UNECE 2011; Salvia et al. 2021). In this context, the deployment of new 

technologies will be paramount. Two emerging technologies that are considered to have 

great potential for supporting the development of climate neutral urban areas are distributed 

renewable electricity generation and biochar-based systems (C40 2019; UNECE 2011).  

 

2.3 Emerging technologies for climate neutral cities 

2.3.1 Distributed renewable electricity generation – solar microgrids 

Distributed renewable electricity generation (DREG) refers to small-scale power generation 

units that employ renewable energy sources (e.g. solar, wind, hydro, geothermal, tidal and 

bioenergy) and are located at or near the end users (Tazvinga et al. 2017). Despite problems 

with the intermittency of renewable energy, there is a growing interest in DREG 

technologies, as they have great potential to offer environmental, socio-economic and 

technical benefits when applied in the right context (Tazvinga et al. 2017; C. Smith et al. 

2015). A shift to DREG can reduce the dependency on fossil fuels; hence, it is considered as 

a potential pathway for decarbonizing electricity supply and attaining climate neutrality 

(UNECE 2011). In addition, DREG offers huge potential for electrification of off-grid 

communities in remote areas where grid-extension is technically and economically not 

feasible (Wang et al. 2019). It can also lead to efficiency improvements through reductions 

in transmission and distribution losses and mitigate congestion in the electricity distribution 

system (Manfren, Caputo, and Costa 2011).  

Microgrids have emerged as a flexible architecture for deploying both renewable and non-

renewable distributed energy generation in order to serve the wide ranging electricity needs 

of different communities, such as remote rural communities and urban areas (Hirsch, Parag, 

and Guerrero 2018). The United States Department of Energy Microgrid Exchange Group 

defines microgrid as “a group of interconnected loads and distributed energy resources 

within clearly defined electrical boundaries that acts as a single controllable entity with 

respect to the grid. A microgrid can connect and disconnect from the grid to enable it to 

operate in both grid-connected or island-mode” (Ton and Smith 2012, p.84). Microgrids are 

particularly useful for deploying renewable power technologies. They integrate local 

renewable electricity production with co-located flexible loads and energy storage devices, 

thereby allowing local balancing of supply and demand, which is essential for coping with 

the intermittent nature of renewable energy (Hirsch, Parag, and Guerrero 2018). Moreover, 

they offer opportunities for effective demand side management, improving energy efficiency 

(Aghajani, Shayanfar, and Shayeghi 2017; Haley et al. 2020), and can enhance resilience to 

supply disruption (Wang et al. 2019).  
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Amongst the different microgrid versions, solar microgrids, i.e., microgrids with PVs, have 

been gaining ground. In 2019, about 55% of the operational microgrids worldwide 

incorporated PVs, a more than five-fold increase in relation to 2009 (MGP 2020). In 

Sweden, there are two operational microgrids and both incorporate PVs; the grid-connected 

solar microgrid in Fjärås, a low-density urban area in southwest Sweden, and the semi-

autonomous microgrid with PVs and wind turbines in Simris, a rural town in southeast 

Sweden. Key factors driving the growth of solar microgrids worldwide are falling prices of 

PV panels, political support (e.g. through subsidies), technological developments that have 

improved the efficiency and lifetime of the solar cells, and modularity and ease of installation 

of PV systems (Palm 2016; Warneryd and Karltorp 2020; MGP 2020). The modularity and 

ease of installation are significant advantages of the PV technology, making solar energy 

systems, like microgrids, attractive for both urban areas and rural areas. In urban areas, the 

PV modules can be integrated with the built environment (e.g. installed on the envelope of 

buildings), thereby overcoming the issues of limited space and high land prices that can 

constrain the deployment of renewable energy technologies (Jung, Han, and Kim 2019).  

Despite the increasing interest in solar microgrids, only a limited number of studies have 

assessed the life cycle environmental performance of these systems. Smith et al. (2015), 

Wang et al. (2019) and Bilich et al. (2017) assessed the environmental impacts of 

autonomous solar or hybrid solar microgrids for electrification of isolated communities in 

Thailand, Hong Kong and Kenya, respectively. Although the three studies analyzed different 

types of microgrids and had different scopes, all three highlighted that solar microgrids have 

lower impacts in climate change than other electrification options, such as diesel generators 

and grid extension. They also indicated that while the use phase of solar microgrids cause 

negligible impacts, their upstream life cycle phases are associated with environmental 

burdens. Two studies that assessed microgrids in urban areas are those by Das et al. (2018) 

and Nagapurkar and Smith (2019). Das et al. (2018) estimated the carbon footprint of a grid-

connected solar microgrid that acts as grid backup in Indian urban areas. Even though the 

study assessed a grid-connected system, it did not analyze the microgrid at the system level 

and thus it did not take into account its interactions with the main grid. Instead, it focused 

only on the impacts from the different components of the microgrid, and verified that most 

of the impacts associated with these systems derive from the manufacturing of the PVs and 

batteries. Nagapurkar and Smith (2019) estimated the carbon footprint of an autonomous 

hybrid microgrid with PVs, wind turbines and a biodiesel generator in the context of three 

U.S cities and found that it was significantly lower than that of the grid electricity.  

This brief review of the literature indicates a lack of case studies in the literature that 

investigate the environmental performance of solar microgrids, especially of grid-connected 

systems. Grid-connected solar microgrids generate electricity that displaces electricity from 

the main grid. Thus, it is also important to analyze the environmental profile of the displaced 

grid electricity and compare it with that of the electricity generated by the microgrid. The 

only study that followed this approach is that by Nagapurkar and Smith (2019), where the 

carbon footprint of a hybrid solar microgrid was compared, with a monthly resolution, 

against the carbon intensity of the grid electricity. Hence, there is a need for more case 

studies that assess the environmental performance of grid-connected urban solar microgrids 

considering the broader systems context in the assessment. The first objective of this thesis 

aims to address this research gap. 
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2.3.2 Biochar technology 

Biochar is the highly porous solid carbonaceous material produced by thermo-chemical 

conversion of biomass in an oxygen-limited environment (Yuan et al. 2019). Biochar can be 

produced from a wide range of biomass feedstocks, such as wood and wood wastes, 

agricultural wastes (e.g. rice husk), manure, straw, food waste, wastewater sludge and 

animal waste (Moreira, Noya, and Feijoo 2017). Thermo-chemical conversion processes that 

can be used to produce biochar include pyrolysis, gasification, torrefaction and 

hydrothermal conversion (Lehmann and Joseph 2009). Pyrolysis is the most widely applied 

method for biochar production (Matuštík, Hnátková, and Kočí 2020). It is the thermo-

chemical decomposition of biomass at 200-900 0C in the absence of oxygen and depending 

on the temperature, residence time and heating rate, it can be classified into slow, fast and 

flash pyrolysis (Yuan et al. 2019). Aside from biochar, pyrolysis can also yield oil and gas 

products, known as bio-oil and syngas respectively, that can be used as energy sources 

(Moreira, Noya, and Feijoo 2017).  

Biochar production systems using pyrolysis are emerging as multifunctional systems that 

can be used for biowaste treatment and bioenergy production in addition to biochar 

production (Aller 2016). The produced biochar has an extensive range of applications thanks 

to its versatile physicochemical properties (Nanda et al. 2016). The application of biochar to 

soils is probably its most promising application, as it contributes to climate change 

mitigation through carbon sequestration while amending the structure and physicochemical 

properties of soils (Oleszczuk, Jośko, and Kuśmierz 2013). Biochar is recognized as a NET 

(IPCC 2019), as producing biochar and mixing it with soil sequesters carbon that would 

otherwise be released into the atmosphere. More specifically, the conversion of organic 

matter to biochar through pyrolysis increases the recalcitrance of C, making it more resistant 

to biological and chemical degradation (Lehmann and Joseph 2009). Hence, when biochar 

is incorporated in soil, it retards the return of biomass C to the atmosphere as CO2, thereby 

acting as a C sink (P. Smith et al. 2019).  

Beyond carbon sequestration and soil amendment, there are also other promising biochar 

applications in various sectors. Biochar itself can be used as a fuel replacing fossil fuels (Yuan 

et al. 2019). It can also be used as adsorbent for water purification and wastewater treatment 

(Ahmad et al. 2014; Moreira, Noya, and Feijoo 2017), amendment in concrete to reduce the 

amount of cement needed (Hagemann et al. 2018), substitute for coke in metallurgical 

processes and resource for developing activated carbon and novel specialty materials (e.g. 

graphene, carbon nanosheets and nanotubes) (Nanda et al. 2016). Another potential 

application is the cascading use of biochar as a feed supplement for ruminants or poultry, 

where it first improves the productivity and health of the animals, then reduces odors and 

nutrient losses from the manure, and finally serves as a slow-release fertilizer when applied 

to soil (Hagemann et al. 2018; Azzi, Karltun, and Sundberg 2019). Moroever, there is 

increasing interest in using biochar for remediation of contaminated soils (Zama et al. 2018). 

2.3.2.1 Biochar based systems for remediation of contaminated soils 

Contamination of soils from human activities is one of the most significant environmental 

challenges in the contemporary world (Zama et al. 2018). It has been estimated that there 

are about 2.8 million potentially contaminated sites in EU-28, with a significant number of 
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these sites being located in urban areas (Pérez and Eugenio 2018). In Sweden, the potential 

number of contaminated sites has been estimated to be 80,000 (Suer and Andersson-Sköld 

2011). The most widely used method for handling contaminated soils, both in Sweden and 

worldwide, is the “dig and dump” technique, i.e., to excavate and landfill the contaminated 

soil and then, depending on development needs, to backfill the excavated site with clean 

material or leave it as a hole (Hodson 2010). However, this technique is not sustainable due 

to limited landfill space, high energy requirements and limited availability of natural 

resources for backfilling (Hodson 2010). Apart from the traditional “dig and dump” method, 

there is a wide range of remediation techniques for contaminated soils, including stimulated 

bioremediation, chemical oxidation, electrical heating, steam injection and soil washing, 

which can be implemented on site, either in-situ or ex-situ, or off site (Lemming, Hauschild, 

and Bjerg 2010; Busset et al. 2012). These techniques are not always cost efficient and they 

may entail environmental burdens due to use of chemicals, energy-intensive processes, long 

transport distances and generation of contaminant-rich waste (Suèr, Nilsson-Påledal, and 

Norrman 2004; Zama et al. 2018). Thus, alternative remediation techniques with lower costs 

and environmental impacts are being sought.  

Several research studies (Beesley et al. 2011; Moreira, Noya, and Feijoo 2017; Zama et al. 

2018; Yuan et al. 2019) have reported the large sorption potential of biochar for organic (e.g. 

polycyclic aromatic hydrocarbons; PAH) and inorganic (e.g. metals) substances, owing to its 

porous structure, large surface area and cation exchange capacity. Hence, the application of 

biochar to contaminated soils with these substances is considered as a potential option for 

their remediation. The effectiveness of biochar for remediating contaminated soils depends 

on the type and concentration of contaminants and the properties of the biochar, which are 

determined by the production conditions and the type of biomass feedstock (Weber and 

Quicker 2018). As a result, the use of biochar may not be the appropriate technique for 

remediating soils with specific contaminants (Hilber et al. 2017). Moreover, in case of 

contaminated soils with multiple contaminants there may be trade-offs between positive and 

negative effects (Beesley et al. 2011). Therefore, the use of biochar for contaminated soil 

remediation requires case-specific assessments. 

In this context, the “Biochar-RE:Source” project (Enell et al. 2020) was  set up to develop 

and assess a remediation technique for contaminated soils from Swedish urban areas based 

on biochar produced from urban wood waste. The new technique is based on a biochar 

production system using pyrolysis to convert wood waste into heat for district heating and 

biochar for remediating contaminated soil in order to reuse it instead of disposing it in a 

landfill. This new technique has the potential to valorize two different urban waste streams, 

through energy recovery from wood waste and reuse of contaminated soil, and at the same 

time to sequester atmospheric CO2 through application of biochar in the soil. Despite its 

promising functions, it is yet unknown whether this technique is less environmentally 

impactful than the prevailing “dig and dump” technique. To the author’s knowledge, there 

is no study in the literature that assessed the environmental performance of this technique. 

There are several studies, summarized by Matuštík, Hnátková, and Kočí (2020), that 

assessed the environmental impacts of biochar-based systems where the biochar is used as 

soil amendment in agricultural soils. However, no study has assessed the environmental 

performance of biochar-based systems where the biochar is used for remediating 

contaminated soil. This research gap is addressed by the second objective of this thesis.  
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2.4 Industrial ecology  

Industrial Ecology (IE) is a transdisciplinary field that studies human systems, such as 

industrial systems, in conjunction with their linkages with nature (Isenmann 2003). IE is 

rooted in the biological metaphor that human systems can be restructured to emulate the 

functions of biological organisms that are especially effective at using resources (Korhonen 

2004; Lifset and Graedel 2002). This idea to conceptualize human systems from an 

organismic point of view is more than a century old (Graedel T.E. and Allenby B.R. 2010; 

Erkman 1997). However, it was largely popularized in 1989 with the publication of the  

seminal article Strategies for Manufacturing by Frosch and Gallopoulos, which introduced 

the concept of industrial ecosystem that “would function as an analogue of biological 

ecosystems” (Frosch and Gallopoulos, 1989, p.1). The publication of this article is considered 

as the starting point of the IE field (Graedel and Lifset 2016). Since then, IE has evolved from 

a metaphorical approach to a transdisciplinary field that combines conceptual approaches 

(e.g. industrial symbiosis, loop closing) with powerful tools (e.g. LCA, MFA) (Ferrão, Lorena, 

and Ribeiro 2016).  

Numerous definitions of IE have been provided in the literature in the past 30 years. In this 

thesis, the following definition by Graedel T.E. and Allenby B.R. (2010, p.41) is embraced as 

it captures well the core elements of IE:  

“Industrial ecology is the study of technological organisms, their use of resources, 

their potential environmental impacts, and the ways in which their interactions with 

the natural world could be restructured to enable global sustainability.” 

This definition highlights the potential of IE as an approach to attaining sustainability, 

something that has also been emphasized by Ehrenfeld (2008) who characterized IE as the 

science of sustainability. Moreover, it indicates that the IE paradigm requires to take a 

systems perspective in the study of technological organisms in order to avoid narrow 

analyses that disregard important aspects and lead to unintended consequences (Lifset and 

Graedel 2002). It should be also noted that the scope of IE has broadened from its initial 

focus on industrial processes to encompass also socio-economic activities (Graedel T.E. and 

Allenby B.R. 2010; Fischer-Kowalski 1998). In this regard, the term “technological 

organism” in the definition should be considered in its widest sense as representing human 

systems, ranging from industrial processes to urban areas to national economies.  

A more quantitative embodiment of the biological metaphor of IE is the concept of 

metabolism, which conceptualizes technological organisms as having metabolisms, similarly 

to biological organisms (Lifset and Graedel 2002). The metabolism of a biological or 

technical organism can be defined as the aggregate of all physical and chemical processes 

taking place within the organism that convert materials and energy into forms that are 

required for the organism to perform its function (Graedel T.E. and Allenby B.R. 2010). 

Today, IE studies three different types of metabolism: industrial, socio-economic and urban 

(C. A. Kennedy 2016). 

The concept of urban metabolism (UM), coined by Wolman (1965), is considered 

fundamental for developing sustainable urban areas (C. Kennedy, Pincetl, and Bunje 2011). 
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UM is commonly defined as “the sum total of the technical and socio-economic processes 

that occur in cities, resulting in growth, production of energy, and elimination of waste” 

(Kennedy et al., 2007, p.44). It is a metaphoric concept that has been advanced as an approach 

for describing and quantifying the flows and stocks of materials and energy in urban areas in 

order to understand the interactions of natural-human systems (Pincetl, Bunje, and Holmes 

2012). UM provides a vision for streamlining resource consumption and waste management 

by drawing analogy with the metabolic processes of biological organisms, which is essential 

in order to foster sustainable urban development (Ferrão and Fernández 2013). 

Hence, IE has the potential to contribute to sustainable urban development in two ways. First, 

it offers an intellectual framework, based on its metaphor, that provides enhanced insight on 

how urban areas function and creates a vision for a paradigm shift that can enable the use of 

nature as a source for new ideas about how to foster sustainable urban development (see 

Table 1) (Ferrão and Fernández 2013). Second, it offers a rich toolbox with various analytical 

methods and models that can be applied to study and assess the sustainability of urban areas 

and its sub-systems, taking a systems view in which each system is viewed in conjunction 

with its surroundings (ibid). Methods that have been widely used in the IE field include LCA, 

MFA, SFA, Input-Output Analysis, System dynamics and Agent-based modeling. LCA, 

MFA and SFA are applied in this thesis and are described in the following sub-sections.   

 

Table 1. Use of the IE metaphor as a source of ideas for sustainable urban development (adapted 

by Ferrão and Fernández (2013)) 

Topic Human systems Natural systems Ideas for sustainable systems 

Energy 
carriers 

Central production Distributed 
production in each 
plant through 
photosynthesis 

Distributed generation, e.g., 
building integrated photovoltaics, 
microgrids 

Economy Linear systems Circular systems Promote recycling and reuse 

Environment Material flows Cascaded use of 
materials 

Develop recycling infrastructure 

Environment Energy flows Transformation of 
materials in energy 

Energy recovery from waste, if no 
better option is available 

2.4.1 Life Cycle Assessment 

Life Cycle Assessment (LCA) is a systematic method to assess the potential environmental 

impacts throughout the life cycle of product (good or service), i.e., from raw material 

extraction to production, use phase and final disposal (ISO 2006a). It provides a 

comprehensive assessment of the environmental impacts of a product taking a life-cycle 

perspective, thus helping to avoid problem shifting from one life cycle phase to another, from 

one environmental problem to another, or from one region to another (Finnveden et al. 

2009). LCA is a decision-support tool that, among other functions, can support 

environmentally informed decisions in product development and procurement, policy-
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making and consumer choices (Hellweg and Canals 2014). Furthermore, LCA can be 

integrated with the UM approach in order to analyze the sustainability of urban areas, as it 

has been demonstrated by García-Guaita et al. (2018), Goldstein et al. (2013), González‐

García and Dias (2019), Ipsen et al. (2019), Maranghi et al. (2020) and Pincetl et al. (2012). 

The ISO standards 14040 and 14044 (ISO 2006a; 2006b) were established to provide 

guidelines for conducting an LCA. According to the standards, an LCA consists of four 

iterative stages:  

1) Goal and scope definition - the objectives of the study, the intended application, 

the intended audience and the system boundaries are defined. 

2) Inventory Analysis – the elementary flows, i.e., inputs from the environment 

(resources) and the outputs to the environment (emissions), throughout the life cycle 

of the product are quantitatively described.  

3) Impact assessment - the elementary flows from the inventory analysis are 

aggregated into potential environmental impacts. 

4) Interpretation – the results of the analysis are interpreted in relation to the goal 

and scope of the study, conclusions are drawn, and recommendations are given. 

There are two methodological approaches in LCA that answer different types of questions 

and are appropriate for different types of decision contexts (Bjørn et al. 2018). The 

attributional approach aims to estimate what share of the global environmental burdens is 

associated to the assessed product (Ekvall 2020). In contrast, the consequential approach 

aims to estimate how the global environmental burdens are affected due to a decision related 

to the product (ibid). The choice between attributional and consequential approach guides 

other methodological decisions in an LCA, including choices about the definition of system 

boundaries and the type of data used for the modeling (Ekvall 2020; Finnveden et al. 2009).  

As regards system boundaries, one significant issue when defining them is dealing with 

multifunctional processes, i.e., processes that provide more than one type of products or 

functions, as it is unclear how the environmental burdens should be allocated between the 

different products or functions (Ekvall 2020; Finnveden et al. 2009). With an attributional 

approach, multifunctional processes should according to some authors be handled by 

allocating the inventory flows between the produced products based on economic value or 

physical properties (e.g. mass and energy) (Brandão et al. 2017). With a consequential 

approach, multi-functionality is handled through system expansion, i.e., the system 

boundaries are broadened to include affected processes of other life cycles (ibid). 

Nevertheless, the ISO 14044 prioritizes system expansion over allocation to avoid 

discrepancies associated with allocation based on physical properties or economic values. As 

a result, system expansion is often used in attributional studies. In this case, the distinction 

between attributional LCA (ALCA) and consequential LCA (CLCA) is based only on the type 

of data used for modeling.  

An ALCA uses average data, while a CLCA uses marginal data. Average data for a production 

system represents the average environmental impacts due to production of a unit of the 

product in the system, while marginal data represents the effects of a change in the output 
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of products from a system on the environmental impacts of the system (Finnveden et al. 

2009). Marginal data represent marginal processes, i.e., processes that respond to an 

increase or decrease in the demand for a product. There are two types of marginal processes; 

short-term and long-term marginal processes. The former are processes that are affected as 

an immediate consequence of a decision, while the latter are the ones that are affected due 

to a decision leading to large changes in supply or demand (Bjørn et al. 2018).  

Different approaches to identify short-term marginal power generation technologies have 

been described in the literature. The stepwise approach developed by Weidema (2003) takes 

into account the scale and time of change, the market delimitation and trend, the production 

constraints and the technologies most sensitive to change to identify a single marginal 

technology (Amor et al. 2010). However, identifying one single technology cannot reflect 

accurately how generation technologies are operated and interact within a complex energy 

system, and it is likely more than one technology to respond to a change in demand (Amor 

et al. 2014; Dandres et al. 2017). Another approach is the economic modeling. It aims to 

identify the marginal technology by calculating the price of marginal electricity for different 

technologies and comparing it with electricity price (Dandres et al. 2017), and it has been 

applied by Amor et al. (2011) and Kopsakangas-Savolainen et al. (2017). Nevertheless, power 

plants are not necessarily dispatched at a given time based strictly on cost criteria and other 

factors, such as technical constraints (e.g. ramping rate constraints, transmission 

constraints) may be of influence (Dandres et al. 2017). The most widely adopted approach is 

the historical data approach. It includes models that rely on historical data and use 

probabilities, correlations or regressions to determine the marginal generation technologies 

(Ryan, Johnson, and Keoleian 2016). It has been applied by Archsmith, Kendall, and Rapson 

(2015), Dandres et al. (2017), Elzein et al. (2019), Garcia and Freire (2016), Hawkes (2010),  

Jansen, Brown, and Samuelsen (2010) and Siler-Evans, Azevedo, and Morgan (2012). Its 

main advantage is that it implicitly accounts for technical and operational constraints, 

generator costs and complexities of the grid (Ryan, Johnson, and Keoleian 2016).   

2.4.2 Material Flow Analysis and Substance Flow Analysis 

MFA is a systematic method for mapping and analysis of flows and stocks of materials within 

a system defined in space and time, aiming to connect the sources, the pathways, and the 

sinks of materials in the system (Brunner and Rechberger 2017). The basic principle of MFA 

is the law of conservation of matter, which is applied to establish the mass balance of the 

studied system. According to the terminology suggested by the International Society for 

Industry Ecology and applied by the Journal of Industrial Ecology the term materials 

denotes goods, which are defined as economic entities of matter with a positive or negative 

economic value (Baccini and Brunner 2012). If the scope of MFA is expanded to include also 

energy flows, it is defined as a Material and Energy Flow Analysis (MEFA) (Naohiro et al. 

2015).  

MFA is a key tool for IE, as it can be applied to understand the metabolism of human systems 

on all scales (Sinha 2016; Baccini and Brunner 2012). It has been applied to understand the 

metabolism of urban areas, including Limerick (Browne, O’Regan, and Moles 2009), Paris 

(Barles 2009), Lisbon (Rosado, Niza, and Ferrão 2014), Stockholm, Gothenburg and Malmö 

(Rosado, Kalmykova, and Patrício 2016). Furthermore, MFA is basic tool in resource 
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management, environmental management and waste management, where it can be used for 

analysis, monitoring, optimization, decision support and communication (Brunner and 

Rechberger 2017; Allesch and Brunner 2017). It has also the potential to support sustainable 

development assessment through the analysis of the dynamic interaction between material 

flows and environmental, social and/or economic processes (Huang et al. 2012).  

SFA is practically the application of MFA on the level of substances. A substance is any 

chemical element (e.g. N, P) or compound composed of uniform units (e.g. benzene) 

(Brunner and Rechberger 2017). SFA can identify the origins, pathways and fate of a 

substance in a defined system in a transparent and rigorous way (Wrisberg et al. 2002; 

Brunner and Ma 2009). It is therefore a practical tool for analyzing the metabolism of 

specific substances at the urban scale, among others. It has been applied to assess the urban 

metabolism of P in Singapore (Pearce and Chertow 2017) and Zhangzhou (Huang et al. 

2019), N in Paris (Barles 2007), Cu in Vienna and Taipei (Kral et al. 2014), and organic 

pollutants and heavy metals in Stockholm (Jonsson et al. 2008; Månsson, Bergbäck, and 

Sörme 2009). Moreover, it is a valuable decision support tool for waste management, as it 

can provide reliable data about waste composition helping to assign waste streams to the 

best-suited technologies and to design new waste treatment processes (Brunner and Ma 

2009; Brunner and Rechberger 2017; Allesch and Brunner 2017).  
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3 Research methodology 

In this chapter, the methodological approach followed in this thesis is described. In Section 

3.1, the research setting is presented. In sections 3.2 to 3.4, an overview of the methods 

applied to address the research objectives is provided.  

 

3.1 Research setting 

The research presented in this Licentiate thesis was carried out in the context of two research 

projects (between 2018-2020); the “On, off” project and the “Biochar-RE:Source” project, 

both funded by the Swedish Energy Agency. The “On, off” project aimed to promote and 

accelerate the transition to a sustainable energy system by paving the way for an increase in 

the share of renewable and small-scale electricity production. A specific objective of the 

project was to assess the environmental performance of a new solar microgrid from a life 

cycle perspective. The “Biochar-RE:Source” project aimed to develop a remediation 

technique using biochar from wood waste to stabilize contaminated soil and increase soil 

quality in order to reduce waste and environmental risks. One of the objectives of the study 

was to investigate the ability to apply the biochar technique in urban environments and 

assess the environmental performance of different biochar-based system alternatives from 

a life-cycle perspective. 

The study carried out in the context of the “On, off” project addressed the first research 

objective of this thesis and it is described in the appended Paper I, while the study 

conducted within the “Biochar-RE:Source” project addressed the second research objective 

and it is described in Paper II. A combination of methods was used to address the two 

research objectives. An overview of the applied methods is provided in Table 2.  

 

Table 2. Overview of the research objectives and the methods used in the appended papers. 

Paper Research Objective LCA MEFA SFA Spreadsheet 

model  

Case 
study 

I To assess the climate change impact 
of a grid-connected solar microgrid 
system from a life cycle perspective 
in the context of a Swedish urban 
area. 

√   √ √ 

II To assess environmental impacts of 
biochar-based systems for 
treatment of biomass waste and 
remediation of contaminated soil 
from a life cycle perspective in the 
context of a Swedish urban area. 

√ √ √ √ √ 
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3.2 Case studies 

Yin (2018) defines a case study as “an empirical method that investigates a contemporary 

phenomenon (the “case”) in depth and within its real-world context, especially when the 

boundaries between phenomenon and context may not be clearly evident”. It is a research 

method that is used both in social and natural sciences in exploratory, descriptive and 

explanatory studies. It allows an in-depth analysis of a phenomenon and is considered as a 

particularly attractive approach for context-dependent knowledge development (Flyvbjerg 

2006; Yin 2018).  

The research work in this thesis is based on two different case studies. In both cases, IE tools 

were applied to assess emerging technologies that can contribute to achieving climate 

neutrality in urban areas. In the case described in Paper I, a solar microgrid located in a 

low-density urban area was assessed, and in the case described in Paper II, biochar-based 

systems for treatment of biomass waste and remediation of contaminated soil in urban areas 

were analyzed. Both technologies are relatively new and have not been examined before, 

especially within the Swedish context. The two cases studies are described below.  

3.2.1 Case 1: Solar microgrid in Fjärås 

Paper I took its empirical starting point in a solar microgrid system located in Fjärås, a low-

density urban area in Kungsbacka municipality, south-west Sweden. The microgrid was 

inaugurated in early 2018 and is operated by Eksta Bostads AB housing company. It is a 

grid-connected microgrid consisting of PV arrays, an energy storage unit, a real-time 

monitoring and controlling system, and local loads from a substation and four residential 

buildings with 16 apartments. The PV arrays are installed on the sloping roofs of two of the 

buildings and the substation. The energy storage unit consists of lithium-ion batteries and it 

is used to store surplus electricity when solar electricity generation exceeds consumption. 

The microgrid in Fjärås is a grid-connected system. Thus, assessing the environmental 

impacts of the microgrid without considering its interactions with the main grid would not 

provide a comprehensive picture and understanding on its environmental performance. In 

this regard, it was deemed important to take a systems perspective in order to consider the 

broader systems context in the assessment, and thus it was decided to assess the 

environmental profile of the displaced electricity. The assessment was done with high spatial 

and temporal resolution for two reasons. First, to provide a more accurate portrayal of the 

environmental profile of the grid electricity. Second, to exploit high-resolution data from the 

monitoring system of the microgrid in order to study within-day hourly variations of solar 

electricity generation and battery storage and explore potential impacts of operational 

changes. Nevertheless, this was a complex and challenging task that required the application 

of different methodological approaches and the use of large datasets. Hence, it was decided 

to narrow the scope of the assessment down to climate change impact. 

3.2.2 Case 2: Biochar-based systems in Helsingborg 

In Paper II, the case study location is the urban area of Helsingborg in southern Sweden. 

The specific study site is the waste management (WM) facility in the area, which is operated 

by the municipal company Nordvästra Skånes Renhållnings AB (NSR AB). Two waste 
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streams handled at the facility are contaminated soil from excavation works in Helsingborg 

and urban garden waste. The soil is contaminated with metal(loid)s and PAH and is disposed 

in the landfill located at the site. The garden waste is segregated into wood waste and green 

waste through shredding and sieving. The wood waste is transported 125 km north to an 

incinerator in Falkenberg, where it is combusted for district heating. The green waste is 

composted on-site. NSR has recently decided to build a new pyrolysis plant that will convert 

wood waste into biochar and heat for the local district heating network. For the biochar, one 

application under consideration is to mix the biochar with the contaminated soil in order to 

stabilize contaminants and, at the same time, sequester carbon in the soil. Two soil 

remediation options with biochar are considered; off-site remediation, where the 

contaminated soil is mixed with biochar in the WM facility, and on-site remediation, where 

the soil is mixed with biochar at the excavation site.  

This case provided a suitable context to address the second research objective of the thesis. 

The biochar technique under consideration is perhaps an environmentally sound alternative 

to landfilling of contaminated soil and incineration of wood waste. Nevertheless, it is a 

relatively new technique that has not yet been investigated within the Swedish context. 

Hence, there is a need to assess potential environmental impacts and benefits associated 

with this technique and compare them with landfilling and incineration, in order to 

understand whether its implementation and potential scaling up can be beneficial from an 

environmental point of view. This type of assessment requires an holistic approach that 

examines the potential of biochar to remediate contaminated soils and, at the same time, 

evaluates impacts at the systems level.  

 

3.3 Methods applied to case 1: Solar microgrid 

3.3.1 Standalone LCA 

The starting point of Paper I was an attributional standalone LCA of the solar microgrid 

system in Fjärås that was carried out in the context of a master thesis by Farzad (2019), who 

co-authored Paper I. The goal of the LCA was to assess the life cycle environmental impacts 

of the microgrid in Fjärås, without considering its interactions with the main grid. As part of 

the LCA, the climate change impact of the microgrid was estimated. 

3.3.2 Spreadsheet model  

The stand-alone LCA estimated the climate change impact of the microgrid without taking 

into account the impacts from displacing grid electricity. Therefore, in order to assess 

whether the microgrid could provide GHG emission abatements the carbon intensity of the 

grid electricity was estimated. For this purpose, a spreadsheet model was developed in MS 

Office Excel using LCA data for energy generation technologies, and transmission and 

distribution infrastructure. The model estimates GHG emission factors (EFs) (in kg CO2-

eq/MWh) describing the carbon intensity of grid electricity delivered at low voltage for 

consumption, applying both an average and a short-term marginal approach. An overview 

of the methodological approach used for developing the model is provided below.  
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System boundaries 

The Swedish electricity system is divided into four bidding areas (SE1, SE2, SE3, and SE4) 

with different electricity supply mixes. The microgrid in Fjärås belongs in SE3. Svenska 

Kraftnät collects hourly data on the power generation mix in each area and Nord Pool 

collects hourly data on electricity trading between these areas, and also between these areas 

and other countries. Thus, it was possible to set the SE3 area as the spatial boundary of the 

analysis and estimate the EFs with hourly time resolution. The EFs were estimated for 2018, 

which was the first year of operation of the microgrid, and for each season of the year in 

order to capture potential seasonal variations in the EFs. 

Average approach 

The average approach assumes that a change in electricity demand is met by the average 

contribution of all electricity generators to the grid. With an average approach, average 

emission factors (AEFs) are estimated based on average electricity mix data for a specific 

region and period of time. In Paper I, the AEFs in SE3 were estimated based on the method 

proposed by Nilsson, Stoll, and Brandt (2017) and with a consumption perspective, i.e., 

taking into account GHG emissions associated with electricity imports and exports, and 

electricity transmission and distribution. For the estimation of the AEFs, life cycle EFs for 

power generation technologies were used in combination with hourly datasets from Svenska 

Kraftnät (2019), Nord Pool (2019) and the European Network of Transmission System 

Operators for Electricity (ENTSO-E) transparency platform (ENTSO-E 2019). The EFs for 

electricity generation technologies were taken from the literature or estimated with the 

Brightway2 LCA software (Mutel 2017) using the Ecoinvent v.3.5 (cut-off) database (Wernet 

et al. 2016) and the CML impact assessment method. 

Marginal approach 

The marginal approach (short-term) assumes that existing power plants operating at the 

margin of the electricity system are more likely to adjust their production in order to respond 

to a change in electricity demand. With a marginal approach, marginal emission factors 

(MEFs) are estimated using marginal data. In Paper I, the MEFs were estimated applying 

the method described by Dandres et al. (2017). The method is based on historical hourly data 

and consists of two steps. In the first step, the share (mi,h) of each source in the marginal 

supply mix in a specific hour h is estimated using the equation: 




,

,i h

h

i h

S

S
m    (1) 

where ΔSh is the change in total supply between a specific hour and the next one, and ΔSi,h is 

the corresponding change in supply from a specific source i. In the second step, hourly MEFs 

are estimated multiplying the share of each source in the marginal supply mix for a specific 

hour by the respective EF, and then summing the resulting values. 

In the above-described method, both fossil and non-fossil generation technologies are 

considered as potential marginal sources. However, Dandres et al. (2017) applied the 

method excluding electricity trade from their calculations, mainly due to limited data 
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availability. Nevertheless, about 40% of the electricity supply in SE3 is from electricity 

imports and, hence, the likelihood of marginal electricity being imported from other areas is 

not negligible. Moroever, hourly datasets on electricity trading between SE3 and other areas 

is available through Nord Pool. Thus, electricity imports were also considered as potential 

marginal sources in Paper I. Hence, the marginal supply mix in SE3 was calculated using 

hourly datasets for the generation mix from Svenska Kraftnät (2019) and hourly datasets for 

electricity imports from Nord Pool (2019). This approach required the estimation of the 

marginal supply mix in the exporting areas. This was also done using the method by Dandres 

et al. (2017) assuming that the electricity imported in SE3 derives only from the generation 

mix of the exporting areas, i.e., the imports of the imports were not considered. After the 

marginal supply mixes had been identified, MEFs were estimated using the same life cycle 

EFs used for estimation of the AEFs and taking into account GHG emission impacts due to 

transmission and distribution of electricity. 

The estimated AEFs or MEFs from the model were used to estimate the climate change 

impact from the integration of the microgrid into the main grid. More specifically, the life 

cycle EF of the microgrid was subtracted from the hourly AEFs or MEFs for every hour in 

2018. The resulting values were multiplied by the respective amounts of the displaced 

electricity. The overall climate change impact of integrating the microgrid into the grid was 

then calculated by adding the products of the multiplications. 

Moreover, different scenarios were created in order to investigate the impact of operational 

and structural modifications in the microgrid. The influence of spatial variations in 

electricity supply on the findings of the analysis was also explored. In particular, the 

spreadsheet model was used to estimate AEFs and MEFs in the other electricity areas in 

Sweden (SE1, SE2 and SE4). The EFs were then used in combination with the life cycle EF 

of the microgrid to estimate the climate change impact of integrating a microgrid in these 

areas, under the assumption the EF of microgrid in Fjärås is representative of a solar 

microgrid in the Swedish context.  

 

3.4 Methods applied to case 2: Biochar-based systems  

In Paper II an environmental assessment of three different systems for managing 

contaminated soil and wood waste from urban areas was conducted combining LCA with 

MEFA and SFA. Three scenarios were developed to describe the three alternative systems 

(Figure 1). Scenario 1 (S1: “Dig and dump”) depicts the current situation at the NSR site in 

Helsingborg as described in 3.2.2, and, in essence, it reflects the prevailing techniques for 

managing contaminated soils and wood waste in Sweden. In S1, excavated contaminated soil 

is disposed in the landfill, while wood waste is incinerated for energy recovery. Scenario 2 

(S2: “Off-site remediation with biochar”) and Scenario 3 (S3: “On-site remediation with 

biochar”) depict the new biochar-based systems under consideration, where wood waste is 

converted through pyrolysis into heat and biochar, and the latter is then used for 

remediation of contaminated soil. In S2, the excavated contaminated soil is transported to 

the WM facility for mixing with biochar, and the remediated soil is then transported to the 

surrounding area for reuse. In S3, the biochar is transported to the excavation site where it 

is mixed with the contaminated soil, and the remediated soil is then reused on-site as backfill 
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material. The next sections provide an overview of the methods that were applied to assess 

the systems described in the scenarios.  

 

Figure 1 Flowcharts depicting the system boundaries of the LCA of the three scenarios (Adapted 

from Paper II). 
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3.4.1 Material and Energy Flow Analysis 

The goal of the MEFA was to map and quantify the flows and stocks of material and energy 

in the systems described by the three scenarios. The system boundaries included all the 

processes for managing wood waste (e.g. pyrolysis, incineration) and contaminated soil (e.g. 

excavation, landfill, remediation). However, they excluded the leaching of contaminants 

from the landfilled contaminated soil or from the reused remediated soil. Instead, the 

leaching of metal(loid)s and PAH was investigated separately through an SFA (see section 

3.4.3). The time boundary of the analysis was annual. The material and energy flows were 

quantified combining primary data and data from the literature, and applying the mass and 

energy balance principles to resolve data gaps. 

3.4.2  Comparative LCA  

An attributional comparative LCA of the three systems for managing contaminated soil and 

wood waste was conducted in Paper II. The goal of the LCA was to assess the life cycle 

environmental impacts of the three systems, using the three defined scenarios (S1, S2 and 

S3). The system boundaries included the impacts of the same processes included in the 

system boundaries of the MFEA. They also included the impacts from capital goods (e.g. 

machinery, buildings), upstream impacts from the production and transportation of backfill 

material, and downstream impacts from the disposal of bottom-ash from wood waste 

incineration. Regarding the time boundary, a 100-year time horizon was defined for the 

impact assessment. 

S1, S2 and S3 describe three multi-functional systems that provide three functions; wood 

waste treatment, energy production (heat for district heating) and management of 

contaminated soils. In this context, the functional unit was defined as 1 year of operation of 

the pyrolysis plant (800 kg/h dry wood, 1250 t/year biochar), which equates to the treatment 

of 5,650 t of wood waste for district heating production and the management of 12,240 m3 

of contaminated soil. It was estimated that the incineration (S1) of 5,650 t of wood waste 

could generate 58,218 GJ of heat for district heating, while the pyrolysis (S2 and S3) of this 

amount of wood waste could generate 36,005 GJ of heat. Hence, in order to keep the 

functional unit constant and ensure that the three different systems deliver the same 

function, the system expansion approach was applied (Figure 1).  

The LCIs of the three scenarios were modelled in the LCA software Brightway2 (Mutel 2017) 

using the Ecoinvent version 3.6 (cut-off) database (Wernet et al. 2016). Several, new 

activities were modelled, based on primary data and data from the literature, in order to 

simulate activities that were not available in the Ecoinvent database. Moroever, activities 

from the database were modified to reflect local conditions in the case study area. In this 

context, the spreadsheet model developed in Paper I was used, following the average 

approach, in order to estimate the environmental impacts of the electricity mix in the region 

where the WM facility is located (SE4 area).  

For the LCIA, the ILCD 2.0 (midpoint) impact assessment method (European Commission, 

Joint Research Centre, Institute for Environment and Sustainability 2012), as implemented 

in Brightway2, was used. From the impact categories in ILCD 2.0, the toxicity-related impact 

categories Freshwater ecotoxicity, Carcinogenic effects, and Non-carcinogenic effects were 
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excluded from the scope of the LCA, as the fate of metal(loid)s and PAH in the contaminated 

soil was studied separately in the SFA, in a life cycle perspective (see section 3.4.3). Hence, 

the following 12 impact categories were used: 1) Climate change, 2) Freshwater and 

terrestrial acidification, 3) Freshwater eutrophication, 4) Marine eutrophication, 5) 

Terrestrial eutrophication, 6) Ionizing radiation, 7) Ozone layer depletion, 8) Photochemical 

ozone creation, 9) Respiratory effects, inorganics, 10) Fossils, 11) Land use, and 12) Minerals 

and metals.  

For the interpretation of the results, the contribution of each process in the three scenarios 

was analyzed. Moreover, two sensitivity analyses were performed to evaluate the influence 

on the results of modeling assumptions. The first one assessed how the assumptions on the 

type of fuels used by machinery and trucks affect the results. The second sensitivity analysis 

evaluated the influence of the assumption on the electricity mix.  

3.4.3 Substance Flow Analysis 

The goal of the SFA was to map and quantify the flows and stocks of PAH and metal(loid)s 

present in the contaminated soil handled in the systems described in the three scenarios. 

The system boundaries were the same as in the LCA, i.e., the flows of PAH and metal(loid)s 

from all background processes in the modelled scenarios were included. Moreover, they 

included leaching of PAH and metal(loid)s from the landfilled contaminated soil in S1 and 

from the reused remediated soil in S2 and S3. LCI emissions of contaminants from the 

different processes in the three scenarios were extracted using the LCA software Brightway2. 

The amounts leaching from landfilled soil and the remediated soil were estimated based on 

data from leaching experiments with samples of the soils. In particular, data from the 

experiments was extrapolated to a 100-year timeframe based on the liquid to solid ratio 

(L/S-ratio) and under the assumption that the leaching of contaminants from the soils will 

remain steady within the assumed timeframe. The L/S-ratio for the landfilled soil was 

estimated applying the method described by Birgisdóttir et al. (2007). For the reused 

remediated soil, the L/S-ratio was estimated based on generic assumptions for certain 

parameters (e.g. water infiltration), as the final application of the remediate soil was not 

known. A sensitivity analysis was carried out to evaluate the influence on the results of the 

assumption about water infiltration in the reused remediated soil.  
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4 Results and analysis 

This chapter summarizes the key findings of the two papers appended to this thesis. The 

results obtained in the two papers are presented and analyzed in relation to the two research 

objectives of the thesis in turn.  

4.1 Climate change impact of a grid-connected solar microgrid  

Paper I aimed to address the first objective of the thesis: “to assess, from a life cycle 

perspective, the climate change impact of a grid-connected solar microgrid system in the 

context of a Swedish urban area”.  

As a first step, the life cycle climate change impact of a solar microgrid was estimated 

through a standalone LCA and without considering its interaction with the main grid. The 

climate change impact of the system was estimated 97.3 kg CO2-eq/MWh, with PV panels 

being accountable for 56% of the impact, the monitoring and controlling system for 26%, 

and the lithium-ion batteries for 18%. The energy-intensive manufacturing of the 

components of the microgrid was identified as the main source of the GHG emissions 

Although the estimated climate change impact of the solar microgrid is relatively low 

compared to fossil-based electricity generation technologies (for more information see Table 

1 of Paper I), it was shown in Paper I that in a short-term perspective the integration of 

the system into the main grid in SE3 would not provide any GHG emission abatements. The 

reason was that the solar electricity from the microgrid displaced grid electricity with lower 

carbon intensity.   

The application of the average and the marginal approach for EFs from grid electricity 

resulted in two different emission profiles for the electricity supplied in SE3, shown in 

Figures 2 and 3. The AEFs fluctuated slightly during the day and with relatively similar 

patterns between different seasons, and they were in general higher during winter and lower 

during summer. For the MEFs, there was high variability in their hourly values over both 

season and time of the day. Even though the two emission profiles differ, the common 

denominator is that both the AEFs and the MEFs were mostly lower than the EF of the solar 

microgrid.  

The EFs of electricity supply was low in SE3, as most of the electricity generated and 

imported in the area was from non-fossil based generation technologies. Figure 2 illustrates 

the average supply mix in SE3 that was used to estimate the AEFs. The average supply mix 

comprises mostly nuclear power and imports from SE2, where electricity generation relies 

largely on hydropower. Both generation technologies have very low carbon footprints and, 

as a result, the estimated AEFs were very low. Figure 3 shows the marginal supply mix in 

SE3 that formed the basis for the estimation of the MEFs. The marginal electricity sources 

were mainly imports from SE2 and Norway (NO1 area), where most of the electricity is 

produced by hydropower. However, imports from Denmark (area DK1) and Finland had 

often a considerable share in the marginal supply mix. These two countries rely more than 

Sweden on fossil-based technologies, which were frequently identified as marginal sources 

using the spreadsheet model. For this reason, the estimated MEFs had higher values than 

the AEFs, albeit not higher than the EF of the microgrid.  
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To assess the influence of regional differences in the electricity supply mix on the findings of 

the study, the climate change impact of integrating a solar microgrid into the grid of the 

three other electricity areas in Sweden (SE1, SE3 and SE4) was estimated. For this purpose, 

the AEFs and MEFs of electricity supply in the three areas were calculated. For SE1 and SE2, 

both the AEFs and MEFs were lower than those in SE3 and the EF of the microgrid. For SE4, 

the average and the marginal EFs were considerably higher than the other three areas, with 

MEFs being higher than the AEFs. The main reason for the increased EFs in SE4 is that a 

share of the electricity imports in the areas comes from countries that rely on fossil based 

generation technologies, like Germany and Poland. Based on the AEFs it was estimated that 

the integration of a solar microgrid would not generate GHG emission savings, although it 

would cause less emissions than in SE3. However, based on the MEFs it was found that the 

integration of the microgrid in SE4 could even provide GHG emission abatements.   

Moreover, the impact of operational and structural modifications in the microgrid was also 

assessed based on different scenarios. The analysis showed that if all the produced solar 

electricity were consumed directly by the households of the microgrid without charging and 

discharging the batteries, the climate change impact of the microgrid would only slightly 

decrease. It also revealed that in case the microgrid was not equipped with batteries, its 

carbon footprint would be lower, albeit still higher than the carbon intensity of the grid 

electricity. Overall, the analysis highlighted that there are generally no strong daily peaks in 

AEFs or MEFs; hence, the installation of batteries in the microgrid did not create significant 

opportunities to save GHG emissions by shifting the consumption of solar electricity to 

hours when the carbon intensity of the grid electricity is high.  

 

 

Fig. 2. Mean hourly values of the average emission factors (AEFs) and the electricity supply mix in 

SE3 in each season of 2018 (adapted from Paper I).  
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Fig. 3. Mean hourly values of the marginal emission factors (MEFs) and the electricity supply mix in 

SE3 in each season of 2018 (adapted from Paper I).  

 

4.2 Environmental impacts of biochar-based systems 

Paper II aimed to address the second objective of the thesis: “Assess, from a life cycle 

perspective, environmental impacts of biochar-based systems for treatment of biomass 

waste and remediation of contaminated soil, in the context of a Swedish urban area”.  

The assessment was performed in the context of the three scenarios that reflected three 

different systems for managing wood waste and contaminated soil from urban areas. Two 

scenarios (S2: off-site remediation and S3: on-site remediation) depicted biochar-based 

systems where wood waste is converted to heat for district heating and biochar used for 

contaminated soil remediation, either off-site or on-site. The other scenario (S1: “dig and 

dump”) depicted a conventional system where wood waste is combusted to produce heat for 

district heating and the contaminated soil is disposed in a landfill, and it was used as 

reference scenario. 

A MEFA was carried out to map and quantify the material and energy flows of the three 

systems. The mass and energy balances from the application of MEFA not only formed the 

quantitative basis for the application of the LCA, but also offered valuable insight into the 

functioning of the assessed systems. The mass balances revealed that on-site remediation 

with biochar (S3) can provide large fuel and virgin soil (gravel) savings compared to off-site 

remediation (S2) and the “dig and dump” technique (S1). The energy balances highlighted 

that the pyrolysis of wood waste for biochar and syngas production in S2 and S3 entails an 

energy penalty, as the combustion of syngas generates less heat than incineration and the 

pyrolysis process requires a fair amount of auxiliary electricity.  
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The LCA showed that both biochar-based systems (S2 and S3) performed better than the 

“dig and dump” technique (S1) in 10 of 12 selected environmental impact categories (see 

Figure 3). Between on-site and off-site remediation, the former performed better than the 

latter in all impact categories, mainly because it provides large fuel and virgin soil savings. 

It is noteworthy that both off-site and on-site remediation achieved net negative GHG 

emissions, owing mainly to carbon sequestration in the biochar. More specifically, carbon 

sequestration was 2.3 larger than direct greenhouse gas emissions in the off-site remediation 

and 4.5 times larger in the on-site. The two biochar-based systems caused more impacts than 

the “dig and dump” technique only in the categories Ionizing radiation and Fossils. The main 

reason for this is the high consumption of auxiliary electricity in the pyrolysis plant, as a 

large share of the electricity in Sweden is produced from nuclear power that is a major 

contributor to these two impact categories. 

Besides consumption of auxiliary electricity, other environmental hotspots in the biochar-

based systems were the pyrolysis of wood waste and heat substitution due to lower heat 

production from the pyrolysis plant. More specifically, pyrolysis of biomass generates less 

energy than incineration, as part of the initial biomass energy content remains in the 

biochar. Hence, additional heat needs to be produced in order to compensate for the reduced 

heat production (heat substitution), causing additional environmental impacts. For the off-

site remediation, another hotspot was the transportation of materials. As regards the “dig 

and dump” system, transportation of materials together with wood waste incineration are 

the two main environmental hotspots. 

Two sensitivity analyses were conducted out in order to assess the influence of modeling 

assumptions on the robustness of results. The first analysis indicated that if diesel fuel were 

used instead of biodiesel in certain processes in the three systems, the ranking of the 

scenarios would remain mostly unchanged. However, the analysis revealed that the use of 

biodiesel entails trade-offs between lower climate change impact and higher impacts on 

eight impact categories. The second sensitivity analysis showed that if fossil electricity were 

used instead of the electricity mix in the region (SE4), the GHG emission savings in the 

biochar scenarios would be considerably lower, while the impacts on ionizing radiation 

would decrease. Nevertheless, the ranking of the scenarios remained again almost 

unchanged.  

The leaching of contaminants from the landfilled contaminated soil or from the reused 

remediated soil was not included in the scope of the LCA and it was analyzed through an 

SFA, instead. In the SFA, emissions of contaminants (PAH and metal(loid)s) from the 

landfilled and remediated soils were compared with emissions from the rest of the life-cycle 

at the inventory stage, i.e., before aggregation to the impact level. The SFA showed that for 

most of the metals, the leached amounts from the landfilled (S1) or remediated soils (S2 and 

S3) are much lower than the life cycle emissions from other processes in the three systems. 

On the contrary, the leached amounts of PAH are higher than the life cycle emissions, 

although only a small amount of the initial content of PAH leaches out. Moreover, the SFA 

showed that leaching of PAH from the remediated soil was lower than the landfilled soil, 

indicating that the remediation of contaminated soil with biochar can stabilize these 

contaminants. For metal(loid)s, the SFA showed that remediation with biochar reduced the 

leaching of metals that exist as cations, but for other metal(loid)s the remediation with 
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biochar does not have the same positive effects. A sensitivity analysis indicated that results 

about PAH were not sensitive to the assumption about the degree of water infiltration in the 

remediated soil, contrary to the results about metal(loid)s that showed high sensitivity.  

 

 

Figure 3. Life cycle environmental impacts of the three scenarios with process contributions. S2 

and S3 are normalized to S1 (S1=100%). Net total values for each scenario are listed to the right 

(Source: Paper II). 
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5 Discussion 

 

5.1 Discussion of the main findings 

5.1.1 The potential of a grid-connected solar microgrid to contribute to achieving 

climate neutrality and sustainability in Swedish urban areas 

Paper I indicated that the potential of a grid-connected solar microgrid to contribute to 

climate change mitigation depends strongly on the context. Previous studies (C. Smith et al. 

2015; Bilich et al. 2017; Wang et al. 2019) have demonstrated that using solar microgrids 

instead of diesel generators or grid extension for the electrification of off-grid communities 

could create significant GHG emission savings. These systems could also provide GHG 

emission abatements if they were integrated into the main grid of regions where the carbon 

intensity of electricity is high. However, in the short-term, the integration of a solar 

microgrid in the main grid of SE1, SE2 and SE3 would not provide any GHG emission 

abatements, as the carbon intensity of the displaced grid electricity in these areas is low. 

Nevertheless, it should be noted that the findings of Paper I are only applicable in the short-

term and do not capture the potential of solar microgrids to contribute in attaining climate 

neutrality in the medium to long term. Previous studies (R. Frischknecht et al. 2014; Raugei 

and Frankl 2009) have reported that foreseeable developments in the PV industry, energy 

sector, material supply and end-of-life management of PVs are likely to reduce the climate 

change impact, as well as other environmental impacts, of PV electricity. Technological 

advancements are also expected to reduce the life cycle climate change impact of batteries 

(Science for Environment Policy 2018). Hence, the carbon footprint of future solar 

microgrids is very likely to decrease in the medium to long-term and become comparable to 

that of other non-fossil generation technologies. This does not negate the findings of the 

analysis carried out in this study, which are applicable for existing solar microgrids or 

systems that will be installed in the short-term. It simply highlights importance of temporal 

aspect in this type of assessments.  

Another important issue is that the Swedish electricity system is in transition. The phase-

out of nuclear power, which accounts for approximately 40% of electricity production today, 

seems inevitable, as the existing nuclear reactors will reach the end of their designed lifetime 

within the next decades and there is not enough political support for building new ones. The 

Swedish government strongly supports renewable energy and has set a target of 100% 

renewable electricity production by 2040 (Kan, Hedenus, and Reichenberg, 2020). This 

requires a massive deployment of renewable energy technologies throughout the country. It 

has been estimated that the share of wind power will increase from approximately 10% today 

up to 30% in the next two decades, while solar power will increase from 0.5% to 2-5% 

(Byman 2016; Nordic Energy Research 2016; Svenska Kraftnät 2021). This large penetration 

of intermittent renewable energy is likely to increase the requirements for dispatchable 

backup generation capacity (mostly natural gas) and energy storage, and to increase the 

dependency on imported electricity (Hong, Qvist, and Brook 2018). In this context, grid-

connected solar microgrids with batteries would have the potential to contribute in 

balancing the system, thereby limiting, to a certain degree, the dispatch of natural-gas 
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backup generators and electricity imports that could increase the carbon intensity of 

electricity supply. Assessing the future role and environmental performance of solar 

microgrids within this context requires an analysis with a long-term perspective. 

Overall, the assessment performed in Paper I indicated that grid-connected solar 

microgrids, with or without batteries, may not have the potential to contribute to achieving 

climate neutrality in Swedish urban areas, in the short-term. However, this should not be 

the sole criterion for drawing conclusions whether these systems have potential to help 

attaining sustainable urban development. Previous studies have reported that microgrids 

can provide significant environmental (e.g. zero on-site pollution), social (e.g. enhanced 

resilience in supply disruption) and economic (e.g. cost savings) benefits (Hirsch, Parag, and 

Guerrero 2018; Manfren, Caputo, and Costa 2011). A more comprehensive sustainability 

assessment would be required in order to evaluate whether these claims are applicable in 

the Swedish context.  

5.1.2 The potential of biochar-based systems to contribute to achieving climate 

neutrality and sustainability in Swedish urban areas 

Paper II confirmed that biochar-based systems where the biochar is added to soil have 

great potential to contribute to achieving climate neutrality. In the studied case, both off-site 

and on-site remediation of contaminated soil with biochar delivered net negative GHG 

emissions mainly because of carbon sequestration in the biochar. In quantitative terms, off- 

and on-site remediation with biochar could lead to GHG emission reductions of 1618 kg CO2-

eq/t biochar produced and 1845 kg CO2-eq/t biochar produced, respectively. These values 

are within the range of values reported in previous LCAs (Muñoz et al. 2017; Ibarrola, 

Shackley, and Hammond 2012; Rajabi Hamedani et al. 2019) for biochar-based systems 

where biochar from wood feedstock is applied to soils. More specifically, Ibarrola, Shackley, 

and Hammond (2012) reported GHG emission reductions of 1020 kg CO2-eq/t of biochar 

from green waste, Muñoz et al. (2017) reductions of 2736 kg CO2-eq/t of biochar from 

forestry waste, and Rajabi Hamedani et al. (2019) reductions of 2090 kg CO2-eq/t of biochar 

from willow. However, it should be highlighted that these studies assessed systems where 

biochar is used as an amendment for agricultural soils and it is produced from different 

wood feedstocks and under different conditions. Moreover, the assessments were based on 

different assumptions and methodological choices about system boundaries and impact 

assessment methods. Nonetheless, they are mentioned here as they demonstrated, like 

Paper II, that biochar-based systems have great potential as NETs.  

Apart from carbon sequestration in the biochar, remediation with biochar could provide 

additional GHG emission savings compared to the conventional “dig and dump” technique. 

The application of biochar to contaminated soil could stabilize soil contaminants, thereby 

enabling its reuse. In the case of on-site remediation, it was assumed that the remediated 

soil is reused to backfill the excavated site. This could prevent the extraction and 

transportation of virgin soil for backfilling, saving GHG emissions from the combustion of 

fossil fuels in these processes. Moreover, on-site remediation prevents the transportation of 

large amounts of soil to the WM facility, thereby saving additional fossil fuels. By contrast, 

off-site remediation cannot provide these savings, as it involves the consumption of large 
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amounts of fossil fuels for transportation of materials and, moreover, it does not prevent the 

extraction and transportation of virgin soil for backfilling.  

The assessment performed in Paper II was not only focused on climate change impact, but 

it also assessed the impacts of the studied systems in other environmental impact categories. 

In this way, it was identified that the biochar-based systems perform better than the “dig 

and dump” technique in 10 out of the 12 impact categories, indicating that the 

implementation of these systems can provide additional environmental benefits. However, 

the production of biochar through pyrolysis entails also trade-offs. The pyrolysis process 

results in increased impacts in the categories ionizing radiation and fossils, as it requires a 

considerable amount of auxiliary electricity coming from nuclear power. This is a general 

trade-off associated with nuclear power, which on the one hand can generate low-carbon 

electricity, but on the other hand entails other environmental impacts and risks.  

Although the LCA performed in Paper II demonstrated that biochar-based systems for 

remediation of contaminated soils can contribute to climate change mitigation and provide 

additional environmental benefits, there are still outstanding issues. More specifically, the 

SFA showed that the application of biochar in the soil is an effective technique for stabilizing 

PAH. However, for metal(loid)s, the results of the analysis were more varied and dependent 

on modeling assumptions and, hence, no straightforward conclusions could be made. It is 

therefore important to investigate further the efficacy of biochar for remediating soils 

contaminated with metal(loid)s in order to ensure that the implementation of these systems 

can contribute to achieving environmental sustainability, in addition to climate neutrality.   

 

5.2 Reflections on research methodology and limitations 

5.2.1 Research setting 

The research work presented in this thesis was part of two research projects (between 2018-

2020); the “On, off” project and the “Biochar-RE:Source” project. Both research projects 

entailed close collaboration between researchers from different disciplines and stakeholders 

from industry and different public agencies. In the context of “On, off” project, a 

multidisciplinary group of researchers was formed to ensure the coordinated 

implementation of the different tasks through collaborative efforts. In addition, the project 

involved frequent presentation of results to project stakeholders and societal actors, like the 

operators of the microgrid and the residents of the households connected through the 

system. In the context of the “Biochar-RE:Source” smaller working groups with researchers 

or practitioners from various fields were formed, which interacted through workshops and 

meetings in order to exchange information and analyze preliminary results. Moreover, a 

reference group with representatives from the industry and public agencies was established 

in order to give feedback on the main findings of the working groups and to disseminate the 

project outputs to its network.  

This research setting created great opportunities for knowledge and ideas exchange and 

facilitated the data collection process. It also allowed synergies between different research 
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groups, as it is demonstrated by Paper II, which was a collaborative effort of our research 

group in KTH and an environmental chemist from the Swedish Geotechnical Institute.  

5.2.2 Case studies 

The two research objectives of this thesis were addressed in the context of two case studies. 

Both case studies are considered to be representative of the investigated technologies in the 

Swedish context. The first case study considers the grid-connected solar microgrid in Fjärås, 

which is one of the two operational microgrids currently in Sweden. The second one 

considers biochar-based systems for valorization of contaminated soil and urban wood 

waste in Helsingborg, which are unique, as no similar system exists in Sweden. The use of 

the case study approach in the thesis allowed an in-depth analysis of these technologies 

within their real-world contextual environment. The findings of the case studies provided 

better understanding about the potential of these technologies to contribute to achieving 

climate neutrality and to deliver other environmental benefits. Nevertheless, it should be 

highlighted, that the findings of the two case studies are specific to the Swedish context and 

thus they cannot be easily generalized. This limitation, however, does not prevent the use of 

the findings and lessons learned from the two case studies as input for knowledge 

development and methodological advancements in different areas, including climate change 

mitigation, sustainable urban development and IE.  

5.2.3 Methodological approach followed in Paper I 

A methodological approach based on LCA was followed in Paper I. The stand-alone LCA 

assessed the life cycle climate change impact of the solar microgrid without considering its 

interactions with the main grid and revealed that there is a burden-shifting from the use 

phase to the upstream phases of the solar microgrid. In particular, it showed that the energy-

intensive manufacturing of the microgrid’s components generate GHG emissions that are 

not negligible and make its carbon footprint higher than other low-carbon electricity 

generation technologies like wind, hydro and nuclear power. One limitation of the LCA in 

Paper I is that it did not include the end-of-life in its scope, as it is yet unknown how its 

components will be handled after their end-of-life. Recycling and reuse of microgrid’s 

components would probably generate GHG emissions savings, thus reducing its overall 

carbon footprint. Nonetheless, the estimation of the magnitude of these savings is for the 

moment very difficult. 

The spreadsheet model was developed based on LCA data in order to estimate GHG EFs for 

electricity consumption in Sweden applying both an average and a short-term marginal 

approach. An important feature of the model is that it included impacts from electricity 

trading in the estimation of EFs. Moreover, it estimated EFs with explicit spatial and 

temporal boundaries in order to better portray their spatial and temporal patterns. This 

approach can be considered both as a strength and a limitation of the spreadsheet model. 

One the one hand, it can provide a more accurate estimation of the EFs, allowing a more in-

depth analysis. For instance, the use of explicit spatial boundaries revealed that the EFs in 

SE4 are considerably higher than those in the other bidding areas. One the other hand it 

requires the use of large datasets that increases the modeling complexity and makes its 

application time consuming. This was the main reason why the assessment in Paper I was 
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focused only on climate change impact, as it was not feasible to assess other environmental 

impacts within the timeframe of the research project.  

The GHG EFs for electricity consumption in Sweden were estimated both with an average 

(attributional) and a short-term marginal (consequential) approach. It was decided to apply 

both approaches as there is no scientific consensus on which approach is more appropriate 

for this type of assessments. The International Reference Life Cycle Data System (ILCD) 

Handbook (European Commission, Joint Research Centre, Institute for Environment and 

Sustainability 2010), as well as Rolf Frischknecht and Stucki (2010) and Ryan et al. (2018), 

attempted to link the two different modeling approaches to different types of decision 

contexts, taking also into account the scale of consequences due to decisions. However, the 

recommendations by the ILCD Handbook have been criticized (Ekvall et al. 2016) and 

according to a review of LCA studies by Laurent et al. (2014) it seems that they have not been 

widely adopted by LCA practitioners. In this context, applying both approaches seemed to 

be the most robust option for the case study in Paper I.  

In order to identify the marginal generation technologies and estimate the MEFs, the short-

term instead of the long-term marginal approach was applied. The short-term approach was 

chosen as the study in Paper I aimed to assess the immediate consequences on the 

operation of the existing electricity production capacity due to the integration of the studied 

microgrid. Another reason for this methodological choice was that the study aimed to assess 

whether potential operational and structural changes in the studied microgrid could 

generate emission savings within the current context. Nonetheless, it should be noted that 

any change in the demand of a product can cause a combination of short-term and long-

term effects (Ekvall and Weidema 2004). For instance, changes in electricity demand 

because of the operation of the microgrid could affect not only the operation of the existing 

electricity production capacity, but also potential investment decisions for new power plants 

in the long-term (Ekvall, 2020). However, assessing full marginal effects requires complex 

modeling using optimizing dynamic energy system models with a long-term time horizon 

that entails large uncertainty and requires significant resources (ibid.). Modeling both short-

term and long-term effects was not feasible within the timeframe of the research study in 

Paper I and thus only a short-term perspective was taken, as it was more relevant to the 

goal and scope of the study. 

The short-term marginal approach used in Paper I was the historical data approach, as it 

has the advantage to implicitly account for operational and technical constraints, costs and 

complexities of the grid (Ryan, Johnson, and Keoleian 2016). Moreover, it allows for a 

flexible temporal resolution (Garcia and Freire 2016) and can provide transparent results 

(Yang 2013). A limitation of this approach is that historical data may not accurately 

represent the present-day power mix (Dandres et al. 2017). For instance, the reliance on 

historical data may lead to an overestimation of the role of generation technologies operating 

in the past and an underestimation of the role of expanding technologies (Vandepaer 2019). 

To alleviate this limitation, the most recent data available at the time of the study was used.  

5.2.4 Methodological approach followed in Paper II 

In Paper II, LCA was coupled with MEFA and SFA in order to assess and compare the 

environmental performance of the three studied systems. The application of the MEFA 
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provided a comprehensive analysis of the flows and stocks of materials and energy in the 

three systems, which gave insight on the functioning of these systems. The findings from the 

MEFA clearly highlighted that on-site remediation of contaminated soil with biochar can 

lead to more efficient resource use. However, a limitation of the MEFA is that all material 

and energy flows are assessed based only on their mass or energy content, which may not be 

representative of their impact on the environment (e.g. 1 t of gravel vs 1 t of uranium). Hence, 

application of the MEFA alone does not allow to draw definitive conclusions on the 

environmental performance of the assessed systems. Coupling of MEFA with LCA can 

address this limitation, as it was demonstrated in Paper II. Nonetheless, it be should 

highlighted that MEFA (or MFA in general) should not be regarded as a tool that can only 

provide the quantitative basis for the application of LCAs. Instead, it as a valuable tool for 

transparent and open communication of quantitative information to researchers and 

stakeholders that can shed light on the functioning of different technical or socio-economic 

systems, thereby fostering further research and supporting decision making. 

The application of the LCA provided a comprehensive view on the impacts of the studied 

systems. By contrast, to the assessment in Paper I, which was focused only on climate 

change impact, the LCA in Paper II included 12 impact categories. The LCA highlighted 

that both biochar-based systems perform better than the conventional “dig and dump” 

technique in 10 out of 12 impact categories, especially in climate change, where they can 

deliver net negative GHG emissions. However, these two systems also entail environmental 

trade-offs, as they contribute to ionizing radiation and resource depletion (fossils). It should 

be highlighted that the modeling of the systems in the LCA was based on specific 

assumptions to reflect Swedish conditions (see Paper II for details). Due to this approach, 

the results of the assessment are specific to the Swedish context. The influence of the 

modeling choices is manifested, for example, in the electricity mix. As it was also shown in 

Paper I, the carbon footprint of electricity supply in Sweden is low and thus the climate 

change impact due to increased electricity consumption in the pyrolysis plant was not as 

high to cancel out the GHG emission savings from carbon sequestration in the biochar. 

However, as the sensitivity analysis in Paper II showed, if the electricity supply were 

generated from fossil-based technologies, the GHG emission savings would be significantly 

lower, whereas the impacts on ionizing radiation and fossils depletion would be lower. The 

importance of LCA is that it has the capacity to pinpoint this type of trade-offs.  

The purpose of the LCA in Paper II was to assess potential environmental consequences 

from a decision to develop one of the three systems for treatment of urban wood waste and 

contaminated soil. In this context, the consequential modeling approach seems conceptually 

appropriate for this decision situation. The system expansion approach from CLCA was 

indeed applied to handle multi-functionality in the foreground systems, as the definition of 

the system boundaries based on this approach can more accurately reflect potential changes 

due to the implementation of the systems. However, for the modeling of the background 

systems, average data was used. The main reason for this decision is the limited availability 

of databases with marginal data. To the author’s knowledge, the only available database with 

marginal data is the Ecoinvent 3, Consequential System Model (Wernet et al. 2016). 

Nevertheless, there is high uncertainty related to this database. The database was compiled 

based on a wide variety of energy scenarios that were developed using different types of 

energy system models that are inherently uncertain and imperfect (Vandepaer, 2019). 
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Moreover, the development of the scenarios was based on inconsistent methodological 

choices and assumptions, while many of the assumptions are difficult to trace back, thus 

decreasing the transparency and reproducibility of the underlying system model (ibid). 

Another limitation is that imports are not taken into account in the composition of electricity 

supply mixes (Ecoinvent n.d.)  Therefore, the Ecoinvent, Cut-off System Model database 

(Wernet et al. 2016), which includes average data, was used. In this regard, the modeling 

approach followed for the LCA in Paper II could be characterized as attributional that 

borrows the system expansion approach from CLCA.  

The LCA in Paper II did not include toxicity-related impact categories in its scope due to 

lack of site-specific data and limitations of existing impact assessment methods mentioned 

in the paper. Instead, a SFA was conducted. The purpose of the SFA was not assess potential 

risks to ecosystem quality and human health due to flows of contaminants from biochar-

treated or untreated soil. This type of assessment cannot be done using SFA. The SFA aimed 

to explore the efficacy of biochar as a remediation technique for contaminated soil with PAH 

and metal(loid)s and compare it to the “dig and dump” technique. The analysis provided a 

thorough quantitative description of substance flows throughout the studied systems and 

indicated that biochar has potential as a remediation method, as it can stabilize PAH and 

certain metal(oid)s. Nonetheless, it should be noted that the SFA was based on data from 

measurements with lysimeters installed in test beds with the soils. Hence, it may not be 

representative of site-specific conditions. Moroever, as the final uses of the biochar-treated 

soil were unknown, the modeling required various assumptions that increased the 

uncertainty on the results. Due to these reasons, the results of the SFA cannot be used to 

draw generalized conclusions. This is a limitation of the study in Paper II, which highlights 

the need for further research on this issue.  

 

5.3 Recommendations for future research  

The environmental assessments of the two emerging technologies presented in this thesis 

provided results that are specific to the Swedish context. Hence, there is a need for more 

case studies that will assess the environmental performance of these technologies in 

different contexts. The insights presented in this thesis, along with methodological 

approaches demonstrated in the two papers, can underpin these studies.  

The main limitation of the study described in Paper I was that the scope of assessment was 

limited to climate change impact. Future research could expand the scope of the assessment 

and include additional environmental impacts to provide a more comprehensive picture of 

the environmental performance of the solar microgrid. It could also include socio-economic 

aspects to provide a holistic sustainability assessment of this technology. Another 

recommendation for future research is to assess what would be the impacts from a large-

scale penetration of the technology in Sweden in the long-term.  

As regards the biochar-based systems studied in Paper II, further research is required to 

assess the magnitude of potential environmental and health risks associated with the reuse 

of biochar-remediated soils in urban environments. In this context, a next step could be a 

comprehensive risk assessment of different uses of the remediated soils based on site-
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specific data from applications of these soils. Moreover, further research could shed light on 

various sustainability aspects associated with these systems.  

This thesis provided insights on the environmental performance of two specific technologies 

that are considered as potential options to contribute to achieving carbon neutrality. More 

case studies aiming to investigate the environmental performance and other sustainability 

aspects of additional emerging technologies is suggested in order to develop a knowledge 

base of sustainable technologies that could be implemented in urban areas aspiring to 

become carbon-neutral. 

In the wider context of urban sustainability, achieving climate neutrality is a necessary, but 

not sufficient, requirement to attain sustainable urban development. Urban sustainability is 

a multi-dimensional issue and thus sustainable urban development requires the adoption of 

multiple approaches, including circular economy and urban metabolism, to address urgent 

sustainability challenges. Further research in these areas is required to understand whether 

and how the implementation and potential integration of multiple approaches could 

contribute to achieve urban sustainability.   
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6 Conclusions 

The overall aim of this thesis is to provide insight on the environmental performance of 

emerging technologies that can be deployed in urban areas in order to contribute to 

achieving climate neutrality. The two studied technologies are a grid-connected solar 

microgrid and biochar-based systems for treatment of biomass waste and remediation of 

contaminated soil. The main conclusions of the thesis are presented below in relation to the 

research objectives.  

i. Assess the climate change impact of a grid-connected solar microgrid system from 
a life cycle perspective in the context of a Swedish urban area. 

Paper I demonstrated the importance of using explicit spatial and temporal boundaries 

when estimating the carbon intensity of grid electricity, as it can better portray GHG 

emissions from electricity use, thereby supporting more accurate assessments of energy 

systems. It also revealed that the choice of modeling approach can influence the results of 

the assessment, which motivates the application of different methodological approaches. 

Within this context, the assessment in Paper I showed that in a short-term perspective the 

integration of a grid-connected solar microgrid into the Swedish electricity grid would not 

contribute to climate change mitigation, as solar electricity from the microgrid would 

displace grid electricity with lower carbon intensity. The assessment also indicated that 

operational and structural changes in the microgrid could reduce its climate change impact, 

albeit not to the extent to generate GHG emission abatements.  

ii. Assess environmental impacts of biochar-based systems for treatment of biomass 
waste and remediation of contaminated soil from a life cycle perspective in the 
context of a Swedish urban area. 

The environmental assessment in Paper II showed that, in the studied context, biochar-

based systems for treatment of biomass waste and on-site or off-site remediation of 

contaminated soil have many environmental benefits compared to incineration of waste 

and landfilling of the soil. It is noteworthy, that both biochar-based systems have great 

potential to contribute to achieving climate neutrality, owing to carbon sequestration in the 

biochar. Between the two biochar-based systems, a system for on-site remediation can 

provide additional environmental benefits, as it can lead to more efficient use of resources. 

Nevertheless, it should be highlighted that these systems also entail environmental trade-

offs due to increased consumption of auxiliary electricity. Moreover, further research is still 

required in order to assess the extent of ecological and human health risks associated with 

the reuse of biochar-remediated soils.  

Overall, the scientific contribution of this thesis is threefold. First, it contributes with 

insights on the environmental performance of emerging technologies that could enrich the 

existing literature, underpin further research, foster potential improvements in these 

systems and support decision making. Second, it confirms that it is extremely valuable to 

take a life cycle perspective when assess the environmental performance of different 

systems, as it can analyze environmental impacts in a broader context. Third, it 

demonstrates how different IE tools can be applied to conduct environmental assessments 

in different contexts, providing insights that could underpin similar assessments and inspire 

potential methodological advancements.  
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