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jätteen tuotto kaupungeissa aiheuttaa yhä pahenevia ympäristövaikutuksia 

maailmanlaajuisesti. Kaupunkitason kiertotalousjärjestelmää on ehdotettu mahdolliseksi 

ratkaisuksi näihin ongelmiin. Tämä diplomityö tarkastelee kuinka urbaani kiertotalous 

suljettuine paikallisine resurssikiertoineen voi tukea kestävän liikennejärjestelmän luomista. 

Lisäksi se tutkii minkälaisia vaikutuksia liikenteen ja liikkumisen alueella tehdyillä 

toimenpiteillä on Espoon kaupungin kestävyystavoitteiden saavuttamisessa. 

 

Diplomityö totesi, että liikenteeseen liittyvät kestävyystavoitteet ovat keskeisiä Espoon 

pyrkimyksissä saavuttaa hiilineutraaliuus vuoteen 2030 mennessä. Kestävien kulkutapojen 
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osuus voidaan hyödyntää muilla alueilla. 
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Rapidly advancing urbanization and the associated increased resource use and waste 

generation in cities causes escalating environmental problems globally. The creation of a 

city-level circular economy has emerged as a potential solution in meeting these challenges. 

This thesis examines how an urban circular economy, with its local, closed-loop resource 

flows, can be implemented on a neighborhood level to support a sustainable transport 

system. Furthermore, it looks at the impacts of actions taken in the transport and mobility 

sector in achieving the overarching sustainability objectives of the City of Espoo, Finland. 

 

The thesis found that transport-related sustainability targets are central in Espoo’s 

transitioning into a carbon neutral city by the year 2030. Encouraging the adoption of 

sustainable modes of transport and the uptake of low- or no-emission vehicles, fueled by 

local resource flows, reduced carbon emissions significantly. However, limited land 

availability was found to be a barrier in achieving self-sufficiency in energy generation in 

an urban environment. Higher energy self-sufficiency was also directly correlated to higher 

carbon emissions. Therefore, the reduction of the overall energy demand in the transport 

sector is the best way to ensure the sufficiency of local resources in meeting transport 

demand, with excess production conferring additional benefits in other sectors. 



4 

 

TABLE OF CONTENTS 

 

ABBREVIATIONS ............................................................................................................... 6 

1 INTRODUCTION ................................................................................................. 7 

2 URBAN CIRCULAR ECONOMY ..................................................................... 11 

2.1 Antecedents of the circular economy .................................................................... 11 
2.2 The circular economy and its underlying principles ............................................. 14 
2.3 Circular city conceptions ....................................................................................... 16 
2.4 Transport and the circular urban form .................................................................. 19 

2.5 The urban energy-food-water nexus ..................................................................... 22 
2.5.1 Energy, food, and water in a circular city ......................................................... 25 
2.6 Circularity indicators ............................................................................................. 28 

3 METHODOLOGY .............................................................................................. 34 

3.1 Scenario analysis method ...................................................................................... 34 
3.2 Scenario analysis of Kera ...................................................................................... 36 

3.2.1 GHG emissions as an indicator ......................................................................... 39 

3.2.2 Self-sufficiency as an indicator ......................................................................... 40 

3.2.3 Land use as an indicator .................................................................................... 41 

4 CASE STUDY: KERA ........................................................................................ 43 

4.1 Circularity targets of Espoo .................................................................................. 43 
4.1.1 Transport ............................................................................................................ 46 
4.1.2 Energy ................................................................................................................ 47 

4.1.3 Food ................................................................................................................... 47 
4.1.4 Water ................................................................................................................. 48 

4.1.5 Emissions ........................................................................................................... 48 
4.2 Background on scenarios ...................................................................................... 49 

4.2.1 Modal shares of transport .................................................................................. 50 
4.2.2 Passenger cars .................................................................................................... 51 

4.2.3 Public transport .................................................................................................. 52 
4.2.4 Transport energy consumption and emissions .................................................. 53 
4.2.5 Energy demand of buildings and infrastructure ................................................ 53 
4.2.6 Recycling rates and waste-to-energy ................................................................. 53 
4.2.7 Ground source heat pumps ................................................................................ 55 

4.2.8 Biogas generation .............................................................................................. 55 
4.2.9 Photovoltaic electricity ...................................................................................... 55 
4.2.10 Tomato consumption ......................................................................................... 56 
4.2.11 Wastewater treatment ........................................................................................ 57 
4.3 Scenario set-up ...................................................................................................... 57 

4.3.1 Scenario 1: No change from present ................................................................. 57 
4.3.2 Scenario 2: Achieving set targets ...................................................................... 61 

4.3.3 Scenario 3: Moving beyond targets ................................................................... 65 



5 

 

5 RESULTS ............................................................................................................ 69 

6 DISCUSSION ...................................................................................................... 78 

6.1 Targets ................................................................................................................... 80 
6.2 GHG emissions ..................................................................................................... 81 

6.3 Self-sufficiency ..................................................................................................... 83 
6.4 Land use ................................................................................................................ 86 

7 CONCLUSIONS ................................................................................................. 88 

REFERENCES .................................................................................................................... 91 

 

APPENDICES 

 Appendix I. Background data on the scenarios. 



6 

 

ABBREVIATIONS 

 

CC Circular city 

CE Circular economy 

CHP Combined heat and power 

COP Coefficient of performance 

EFW Energy-food-water 

GHG Greenhouse gas 

HSL Helsinki Regional Transport Authority 

HSY Helsinki Region Environmental Services Authority 

PV Photovoltaic 

SECAP Sustainable Energy and Climate Action Plan 

WtE Waste-to-energy 

 

 



7 

 

1 INTRODUCTION 

Rapid urbanization is one of the most significant megatrends shaping the future of the world. 

Currently, 55% of the global population lives in cities, and by 2050, this number is projected 

to have reached 68%. Historically urbanization has been associated with positive 

development trends: the short geographical distances between a variety of stakeholders 

(businesses, government, citizens) has enabled innovation, economic growth, and the 

provision of essential services such as roads, clean water and electricity.  However, poor 

urban planning, unsuccessful policies, and detrimental patterns of production and 

consumption can contribute to urban sprawl, pollution, and environmental degradation. 

(United Nations Department of Economic and Social Affairs 2019) Presently, cities account 

for between 71% and 76% of energy-related global CO2 emissions, and between 67% and 

76% of global energy use (Seto et al. 2014). Higher urbanization rates of a nation are also 

positively correlated with higher waste generation per capita (Kaza et al. 2018). At an 

equivalent level of wealth, an urban resident produces twice as much waste as a person living 

in the countryside; taking into account the fact that urban citizens are often richer, the 

difference is four-fold (Hoornweg et al. 2013). 

In 2016, the United Nations adopted the New Urban Agenda (United Nations 2017), which 

is aimed at responding to the growing challenges posed by rapid urbanization. It is connected 

to Goal 11 in the UN 2030 Agenda for Sustainable Development (United Nations 2015), on 

safe, inclusive, resilient, and sustainable cities. The New Urban Agenda is meant to act as a 

roadmap to making cities socially, economically and environmentally sustainable, setting a 

number of commitments for the United Nations member states. Some of these include: 

reducing greenhouse gas emissions and air pollution, improving resilience against natural 

disasters, increasing city livability through the inclusion of green public spaces in urban 

planning, and supplying basic services for all citizens. (United Nations 2017) Regional 

action plans and frameworks include the Urban Agenda for the EU (European Commission 

2016a), the Regional Action Plan for the implementation of the New Urban Agenda in Latin 

America and the Caribbean (Economic Commission for Latin America and the Caribbean 

2018), the African Urban Agenda (Pieterse et al. 2015), and the Arab Strategy For Housing 

and Sustainable Urban Development (League of Arab States n.d.). 
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In recent years, the creation of a city-level circular economy (CE), resulting in a circular city 

(CC), has been repeatedly suggested as a potential solution to urban sustainability problems 

(Ellen MacArthur Foundation 2017a, European Investment Bank 2018, World Economic 

Forum 2018). A CE is an economical system where instead of exploiting limited natural 

resources in a linear “take-make-dispose” fashion, resources are kept in circulation at their 

highest value and waste is eliminated (Ellen MacArthur Foundation et al. 2015).  

The New Urban Agenda (United Nations 2017) gives it an explicit mention: a transition to 

a CE is invoked within a commitment to improve sustainable management of resources 

(including land, water, food, energy), to minimize waste, pollutants and greenhouse gas 

emissions, and to facilitate the conservation and regeneration of ecosystems. CE is also one 

of the themes of the Urban Agenda for the EU (European Commission 2016a), with focus 

placed on waste management, sharing economy and resource efficiency, and guided by the 

Circular Economy Action Plan (European Commission 2015). On the national level in 

Finland, the Finnish Innovation Fund Sitra published their Roadmap to a Circular Economy 

in 2016 (Sitra 2016), targeting the transformation of the country into a leader in CE by 2025. 

One of the central actors identified by Sitra in this transformation process is municipalities, 

the other three being citizens, enterprises, and the central government (Sitra 2020). 

Some few cities have already created their own CE roadmaps, for example Amsterdam 

(Circle Economy et al. 2016), Brussels (UNEP 2018), Paris (Mairie de Paris 2017), London 

(LWARB 2017), and Peterborough, UK (Morley et al. 2018). In Finland, at least the cities 

of Ii, Jyväskylä, Rovaniemi, Porvoo, Riihimäki and Vantaa have published CE roadmaps as 

a part of the EU-funded CIRCWASTE project that includes ten Finnish municipalities in 

total (CIRCWASTE 2020). The roadmaps outline a number of varying targets, action plans 

to reach those targets, as well as a timeline of implementation for the actions. Many target 

the year 2030 for the achievement of their goals; with shorter-term goals set for, for example, 

the next five years, it is clear that the process is still underway. 

Urban transport is known to be a major contributor to the sustainability challenges cities 

face. Globally, the transport sector final energy consumption was 20% of all consumption in 

2018, while accounting for 24% of all greenhouse gas emissions (IEA 2019). In urban areas, 

20-50% of all final energy consumption goes into transport, with continuous growth 



9 

 

expected. Furthermore, 90% of all air pollution in cities is caused by vehicle emissions. 

(Ellen MacArthur Foundation and ARUP 2019a) 

Cities, then, are in a critical position in advancing transport systems toward sustainability, 

as also acknowledged by The New Urban Agenda. It highlights the creation of a sustainable 

and accessible urban transport system several times in a number of contexts, calling for the 

construction infrastructure to support public transport, walking, and cycling, better land-use 

planning to reduce the need for traveling and enhance connectivity, and efficient urban 

freight logistics (United Nations 2017), and it is also one of the priority themes of the Urban 

Agenda for the EU, with the three sustainable modes of travel, accessibility, and good local 

and regional connectivity mentioned there as well (European Commission 2016a). Some of 

the CE roadmaps developed by cities feature mobility as an area of action; this is true 

especially for the Finnish cities (CIRCWASTE 2020). 

The central research question this thesis aims to answer is: how significant is the role of the 

transport and mobility sector in attaining the large-scale sustainability goals of a city? 

Furthermore, it looks at how local, circular resource flows can be harnessed in supporting 

the creation of a sustainable transport system. This thesis examines the urban metabolic 

flows of and the linkages between the three resources of energy, food, and water on an urban 

district level. It looks at the possibilities for using various technologies in order to strengthen 

the links of the three resources in what is known as the energy-food-water nexus and to work 

toward realizing a sustainable transport system. Three explorative scenarios are formed to 

analyze varying levels of adoption of different CE-advancing technologies in the urban 

district of Kera, a new neighborhood development in the City of Espoo, Finland. The first 

scenario is based on present day values, the second on the CE-related targets of Espoo, and 

the third is focused on achieving carbon neutrality in Kera. The outcomes of the scenarios 

are evaluated using the three indicators of greenhouse gas (GHG) emissions, energy 

production self-sufficiency, and land use of photovoltaic (PV) solar panels.      

The thesis is organized in the following way. Section 2 contains a literature overview of the 

theoretical underpinnings of the themes, while section 3 provides a description of the 

methodology, scenario analysis, used in this thesis. Section 4 introduces the case study of 
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Kera, the results of which are given in section 5. The results are discussed in section 6, and 

section 7 gives a summary and conclusions of the thesis.  
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2 URBAN CIRCULAR ECONOMY 

The literature review in this section begins by introducing the concept of a CE in general, 

starting with an overview of its roots in related, older concepts. Its application on the urban 

level is explored next, followed by a description of the concepts of urban metabolism as well 

as the urban energy-food-water nexus. The prerequisites of a circular urban form is 

introduced in the following section, and finally metrics to measure a CE are presented. 

2.1 Antecedents of the circular economy 

The sum of all human activity exerts ever intensifying pressure on the global environment, 

both in terms of resource demand and waste generation. During the 20th century, global gross 

domestic product increased 23-fold, while resource use rose by a factor of eight (UNEP 

2013). The Global Footprint Network (2020) estimates that the human population uses 1.75 

Earths’ worth of resources on an annual basis, with this number having been steadily 

growing since the 1970s, when global resource use first exceeded the planet’s regenerative 

capacity, both in terms of the natural resources consumed and the natural reserves required 

to assimilate the waste generated. In 2011, the International Resource Panel, working under 

United Nations Environment Programme, warned that at the current rates of growth, global 

annual resource extraction would triple from present levels by 2050. In order to prevent this, 

economy-wide decoupling is required. (UNEP 2011) 

Decoupling means severing the link between growth of prosperity and increasing resource 

use and environmental deterioration. UNEP (2011) identifies two types of decoupling: 

resource decoupling, where primary resource input per unit of economic output is reduced, 

and impact decoupling, where negative impact output (such as GHG emissions or destruction 

of species diversity) is decreased while economic growth continues. The former type 

addresses resource scarcity and reduces rate of depletion, and the latter involves using 

resources more cleanly and smartly. Achieving this will necessitate novel technologies, new 

governmental policies, and significant change in corporate and consumer behavior. In other 

words, a system-level innovation is called for. (UNEP 2011) 
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The creation of a CE to replace the old linear economic model of profligate resource use and 

subsequent disposal has been suggested as such an innovation in order to achieve decoupling 

(Ellen MacArthur Foundation et al. 2015). This idea has truly risen into prominence within 

the 2010s, with the rapidly expanding interest not having been hindered by the fact that there 

is no one set definition CE in existence (CIRAIG 2015). However, the development of the 

concept can be traced through a number of related approaches through several decades, some 

of which include general systems theory, sustainable development, industrial ecology, 

cradle-to-cradle, and the performance economy.   

The roots of CE can be found in the general systems theory, first proposed by Ludwig von 

Bertalanffy in the 1930s, which posits that all organisms should be viewed as systems, 

characterized by the feedback links between their constituent components. The individual 

elements cannot be analyzed separately in order to form a picture of the whole; on the 

contrary, the theory suggests that the dynamics of the whole must be considered in order to 

understand the parts. (Ghisellini et al. 2016) Interactions between the components on the 

system level can create emergent effects, which cannot be explained by examining the 

behavior of the individual elements.  Organized complexity in a system is created due to its 

openness to the surrounding environment, while the system constantly breaks down and 

replaces its own components, leading to adaptation and heightened self-organization. (Van 

Assche et al. 2019) 

Perhaps the most widely applied umbrella term when discussing CE is “sustainable 

development,” which was first defined in 1987 by the World Commission on Environment 

and Development as “development that meets the needs of the present without 

compromising the ability of future generations to meet their own needs” (WCED 1987). 

Sustainable development is seen as encompassing the three functional dimensions of the 

environmental, the social, and the economic. These three spheres are considered 

interdependent and of equal importance, and thus should be considered holistically, instead 

of pitting one issue against another. Intra- and inter-generational equity, i.e. improving the 

quality of life for the world’s poorest while recognizing the rights of future humans, is 

deemed paramount. At the same time, economic growth should not come at the cost of 

environmental degradation. (Drexhage and Murphy 2010) As such, the concept of 
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sustainable development addresses the matter at the very heart of decoupling: growth of 

prosperity to increase social well-being while reducing the associated ecological impacts. 

The closely related concept of “sustainability” can be defined as the state the ideal world 

exists in, while sustainable development is the process comprising the numerous actions 

taken and goals established in order to reach that state (Diesendorf 2000). 

The regenerative capacity of the world’s ecosystems has been invoked in connection to a 

viable economy at least since the 1940s, which was also when the notion of industrial 

ecology first emerged (CIRAIG 2015). The term was concretized by Robert Frosch and 

Nicholas Gallopoulos in 1989 in their Scientific American article, in which they envisioned 

“an industrial ecosystem” in which “the use of energy and materials is optimized, wastes and 

pollution are minimized and there is an economically viable role for every product of a 

manufacturing process” (Frosch and Gallopoulos 1989). Conceiving industry in terms of 

natural ecosystems means that materials are not depleted, but are transformed from one form 

to another in a circular fashion, using the waste and by-products from one process as the raw 

material in another: a closed cycle (Frosch and Gallopoulos 1989). This concept finds its 

application through an industrial symbiosis, where industrial facilities or companies, often 

located close to one another, collaborate to exchange resources (such as energy, water or 

materials) which otherwise would have to be supplied from outside the area or treated as 

waste. In practice, these types of networks often are found in eco-industrial parks, which are 

purposefully built to foster the creation of symbiotic models. (Nilsson 2016) 

Cradle-to-cradle thinking, also known as regenerative design, was formalized by Michael 

Braungart and William McDonough in the 1990s (CIRAIG 2015). The three principles this 

approach rests upon are eliminating the concept of waste, using renewable energy, and 

celebrating diversity. The first of the principles entails designing products and materials that 

are non-toxic and suitable for reuse, as well as separating biological nutrients from technical 

ones, i.e. materials flowing into the biosphere from materials that can be recovered after use. 

The third principle calls for supporting social engagement, technological innovation, as well 

as biodiversity. The aim of cradle-to-cradle design is to emulate nature’s metabolism, where 

materials cycle endlessly and which runs on renewable energy. The ultimate goal is to 
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become “more good,” not just “less bad,” to achieve “a beneficial footprint for human society 

and the environment.” (McDonough Braungart Design Chemistry 2016) 

Walter Stahel introduced the concept of the performance economy in his eponymous book 

(Stahel 2010). The performance economy is a business model where material use is 

decreased and creation of waste prevented through improving product lifespan by integrating 

maintenance, repair, refurbishment and/or remanufacturing activities in order to preserve 

value. Companies retain ownership over the goods, and provide their customers with 

services rather than products. The responsibility for the materials incorporated in the product 

remains with the company, giving them an incentive to prolong its longevity. The 

performance economy aims to generate wealth while creating jobs and reducing the 

consumption of resources, linking it to the three spheres of sustainable development. (Stahel 

2010) 

The term “circular economy” itself was coined in 1990 by David W. Pearce and R. Kerry 

Turner (Pearce and Turner 1990). Basing their theories on environmental economics, they 

see the law of thermodynamics, the inevitable degradation of matter and energy, 

necessitating the transformation of a linear economic system into a circular one. The 

environment provides three economic functions – a life support system, a sink for waste and 

emissions, and a resource base for the economy – and their use should come with a price. 

Regulations, environmental taxes or voluntary measures such as extended producer 

responsibility can be used to internalize the externalities into the price of products and 

services. (Ghisellini et al. 2016) 

2.2 The circular economy and its underlying principles 

Though by no means an exhaustive list, the concepts described above provide the foundation 

on which the framework of a CE was built. The Ellen MacArthur Foundation, an early 

pioneer in the advocacy for and research of CE, has formulated perhaps the most widely 

cited model for a CE, based on circular, cascading resource flows. This model rests on the 

three central principles of a CE: designing out waste and pollution by identifying and 

eliminating the negative externalities – damage to human health or the natural environment 

– of production systems; keeping products and materials in use at their highest value by 
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designing for reuse, repair, and recycling; and regenerating and preserving natural systems 

by, for example, returning nutrients into soils and using renewable resources. (Ellen 

MacArthur Foundation et al. 2015) 

The Ellen MacArthur Foundation explicitly credit some of the above approaches in the 

creation of their own framework. Systems thinking has influenced many disciplines besides 

CE; in fact, CIRAIG (2015) identify it as a core component of all the other schools of thought 

described above. In regards to CE specifically, through the lens of the general systems 

theory, the economy is seen as a complex adaptive system, closely linked to ecological 

systems in an open manner (Heinrich and Jamsin 2017). A systems thinking mindset is 

needed to facilitate long-term planning integrating several components within the system, 

and to understand the feedback loops which may result in unintended consequences (Ellen 

MacArthur Foundation 2013). The lifecycle interactions of products and services with the 

wider economic and ecological systems must be considered in their design. Furthermore, in 

understanding the change that takes place in complex systems enables the creation of the 

right kind of conditions to engender that change. (Heinrich and Jamsin 2017)  

In a general sense, CE is conceived as a means to contribute to the process of sustainable 

development. As a new type of economic model, which eliminates waste and minimizes 

resource input, it can enable growth while preserving the limited regenerative capacity of 

the planet, thus working toward the state of sustainability between the economy and the 

environment. However, the third component of sustainable development, the society, may 

receive less attention than warranted. In their analysis of 114 definitions of a CE found in 

academic literature, Kirchherr et al. (2017) note that most authors see economic prosperity 

as the central objective of a CE, followed by environmental concerns, while social and 

intergenerational equity is rarely mentioned. 

The cradle-to-cradle approach can be seen as lying at the heart of the development of the CE 

concept. It gives CE many of its central components: elimination of waste, use of renewable 

energy, and the ultimate goal of creating an industrial economy that is regenerative by 

design. CE explicitly borrows several terms from cradle-to-cradle, such as the separation of 

biological and technical nutrients, technical metabolism as an analog to biological 

metabolism, and upcycling. (CIRAIG 2015) Finally, diversity in systems is required to build 
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resilience against external shocks; CE advocates for modularity, versatility, and adaptivity. 

(Ellen MacArthur Foundation 2013) 

Similarly to industrial ecology, CE studies the flows of materials and energy, and strives for 

closed loops, using waste of one process as input another, scaling these precepts up to 

economy-wide practices. From the performance economy, in turn, CE inherits the idea of 

creating a service-based economy, where manufacturers and retailers retain ownership over 

the product, and provide it for use rather than for consumption. Enabling the possibility for 

refurbishment (i.e. replacing and repairing parts in a product to return it to good working 

condition) and remanufacture (i.e. disassembling a product and using the components in a 

new one) in product design also originates from the ideas presented by the performance 

economy concept. (Ellen MacArthur Foundation 2013) 

Synthesizing the above schools of thought into a single description, the Ellen MacArthur 

Foundation define CE as: 

[A]n economy that is restorative and regenerative by design and aims to keep products, 

components, and materials at their highest utility and value at all times, distinguishing 

between technical and biological cycles. It is conceived as a continuous positive 

development cycle that preserves and enhances natural capital, optimises resource 

yields, and minimises system risks by managing finite stocks and renewable flows. It 

works effectively at every scale. This economic model seeks to ultimately decouple 

global economic development from finite resource consumption. (Ellen MacArthur 

Foundation 2015) 

Other writers arrive at similar, even if less expansive, definitions of CE, for example 

(Geissdoerfer et al. 2017, Kirchherr et al. 2017, Geisendorf and Pietrulla 2018, Korhonen et 

al. 2018, Prieto-Sandoval et al. 2018). 

2.3 Circular city conceptions 

Scaling CE principles down to the urban level in order to support a city’s sustainability goals 

is still a relatively recent development. Likewise, not much research has been done in the 

area, and thus a single, conclusive definition of the term “circular city” is still lacking 

(Williams 2016, Prendeville et al. 2018).  
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UNEP (2013) see cities as fertile ground for the creation and spread of sustainability-oriented 

technologies, in particular with their remarkable potential for infrastructure-level 

innovations in mobility, energy use, and the water cycle to bring about decoupling. They 

specify three necessary city-level actions for achieving decoupling: improving resource 

efficiency (i.e. improving material output while decreasing material input), switching from 

finite resources to renewable resources and ecosystem services, and re-using waste. 

Resource efficiency increases can be attained through demand-side management measures, 

for example by necessitating the use of electricity-saving consumer appliances or lighting, 

or through supplying less resource intensive services, for example by ensuring the 

maintenance of the water network to prevent leakages. However, the use of finite resources 

in a more sparing way only holds off their inevitable exhaustion for so long, and thus a switch 

to renewable resource use (for example solar energy or biomass) is paramount. Rethinking 

waste as a resource expands these possibilities even further, by using waste from one process 

as an input in another. (UNEP 2013) 

As detailed in the previous section, these three elements are ones that also play a central role 

in a CE, but here applied to the urban level. In their vision, Ellen MacArthur Foundation 

(2017a) in fact regard decoupling as one of the aims of an urban CE. They base their 

definition of a CC on the three principles of CE mentioned in the previous section – 

designing out waste, keeping materials cycling at their highest value, and restoring 

ecosystems: a CC, integrating these principles across all its functions, is a regenerative 

system that eliminates waste and keeps products and materials in circulation. They cite 

additional criteria for a CC: it is accessible and abundant, enabled by digital technology, it 

creates prosperity and livability for its residents, and improves resilience. (Ellen MacArthur 

Foundation 2017a) 

Resilience could also be viewed as one of the central components of the CC definition by 

Prendeville et al. (2018), based on interviews conducted with city managers. They describe 

the activities undertaken in a CE – cycling resources in closed loops – as a means to achieve 

“a future-proof city”.  Their definition also contains collaboration with the city’s 

stakeholders as an element, thus taking into account the social aspect that seems to often be 

missing in the conceptualizations of a CE. (Prendeville et al. 2018) This was emphasized 
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even more clearly in a workshop held for academics, consultants, policy-makers, and think-

tanks involved in CE-related activities, as recounted by Williams (2016). The participants 

opined that decoupling is the primary goal of a CC, but social issues – community 

engagement as well as intergenerational justice – were also deemed important, as was the 

necessity for the city to function in a regenerative manner. 

In their turn, the researchers at Circular Cities Hub (University College London 2020), 

established at the Bartlett School of Planning of University College London, view a CC in 

terms of “systems integration, flexibility, intelligence, cooperative behaviour, localization, 

recycling and renewable resources”. Furthermore, they posit that in a CC resources can be 

circulated between urban activities, with cycles contained within city regions, and the 

infrastructure can be designed to allow for reuse and recycling. (University College London 

2020) 

Based on these few definitions of a CC, then, it seems as though at the urban level, the social 

sphere of sustainable development is regarded as more important in the creation of a CE than 

in more general frameworks of the concept. This is reasonable considering that a city is 

primarily characterized by its population. The few CC roadmaps in existence certainly aim 

at increasing citizen well-being, mostly in the form of new job opportunities, but also, for 

example, in surplus food distribution, positive community activity through urban farming, 

better health outcomes due to less pollution, and recreational benefits of green areas. 

(LWARB 2017, Mairie de Paris 2017, UNEP 2018, CIRCWASTE 2020) 

Combining the common elements in the above conceptualizations, then, gives the following 

definition: a CC is an urban area where resource use and waste generation are minimized 

through smart infrastructure planning and novel business models, facilitating the creation of 

local, closed flows, while favoring renewable resources and regenerating local ecosystems, 

with the aim of creating a better, more livable city.  

Even if a precise, commonly shared definition is still missing in the literature on CC, there 

is a clearer consensus on why cities, in particular, are well-positioned to implement CE 

principles in their design and governance. First, the high population density and geographical 

proximity of supply and demand assist the creation of markets and application of innovative 
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business models. Material and resource flows within cities are substantive enough to make 

a business case for their cycling, in effect creating economies of scale. (Ellen MacArthur 

Foundation 2017a) Additionally, urban population agglomerations enable the creation of 

citizen networks, which can propel bottom-up change. These groups can drive for initiatives 

such as urban food programs, community-level energy systems, or participation in sharing 

schemes. (Nordregio 2017) 

Cities also simplify communication, which facilitates the spread of information and 

awareness to prompt behavioral changes among inhabitants. Local knowledge about CE 

processes, often spurred by the presence of universities or research centers, is also crucial in 

formulating effective policies. (ESPON 2018) Futhermore, municipal governance is often 

agile enough to make quick decisions in setting those policies. Transition toward urban 

sustainability requires a large number of actors, which cities are well in place to connect to 

one another. Finally, municipal governments can lead by example in prioritizing CE 

principles in procurement processes. (European Investment Bank 2018).  

2.4 Transport and the circular urban form 

The urban form of a city determines how resources flow, accumulate, and recycle in a city, 

and how people and goods move around. The urban form can cause lock-ins in terms of 

housing, mobility, and population behavior, and urban planning decisions should therefore 

include CE principles from the start. (Ellen MacArthur Foundation 2019a) The emissions of 

a city, both operational (i.e. originating from, for example, traffic or industry) and embodied 

(i.e. caused by the construction of buildings and infrastructure), are dependent on the urban 

form, as is the overall energy and material use, waste generation, and system efficiencies. 

Density, land use mix, connectivity, and accessibility are the central aspects of urban form 

affecting the energy use and emissions of a city. These aspects are strongly interlinked and 

must be considered in aggregate when pursuing emission or energy use reductions. (Seto et 

al. 2014)  

The long lifetime of infrastructure can lead to lock-in of unsustainable modes of production 

and consumption. For example, further development of the fossil fuel infrastructure would 

lead to 2,986-7,403 Gt of cumulative CO2 emissions for the rest of the 21st century. 
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Furthermore, according to a scenario where the global population grows to 9.3 billion by 

2050, and developing countries reach the current global average in the extent of their built 

environment and infrastructure construction, the production of the materials alone will 

generate another 470 Gt of CO2 emissions. The largest potential for urban GHG reduction 

can therefore be found in new or expanding developments. (Seto et al. 2014)  

Spatial planning, i.e. the coordinated and systematic management of urban growth, plays a 

key role in ensuring the sustainability of future urban infrastructure. Spatial planning can be 

done at several levels: macro (regions and metropolitan areas), meso (sub-regions, corridors 

and districts), or micro (communities, neighborhoods and streetscapes). At the smaller 

scales, on the micro level, emission reduction and energy conservation potentials are not as 

high as at the larger scales, but ultimately the future development of urban areas is 

determined by design decisions at the neighborhood level. (Seto et al. 2014) Moreover, a 

single building can be optimized in regards to its resource needs, but design at the district or 

neighborhood level is required to create truly sustainable and decentralized communities that 

in aggregate bring about the regenerative city. Districts also provide the ideal scale for 

experimentation and testing innovative solutions that can then be scaled up to city-wide 

policies. (Thomson and Newman 2018) 

Compactness is a central aspect of a circular urban form aiming at the reduction of resource 

use. Developing previously undeveloped urban land or redeveloping already developed sites 

or subdivisions increase density, which minimizes the transport distance of resources and 

people, decreases demand for additional infrastructure construction, and permits the 

possibility for district heating or combined heat and power systems. This efficient form of 

land use also decreases the encroachment of urban areas into the surrounding countryside. 

(Jabareen 2006) 

Compactness of an urban area plays an especially crucial role in decreasing the energy use 

and emissions of the transport sector. In combination with mixed land use, i.e. the colocation 

of residential, commercial, industrial and institutional activities – placing homes, jobs and 

services close to one another – it encourages the use of sustainable forms of transport such 

as walking, cycling, and public transport. (Jabareen 2006) A dense urban form enables the 



21 

 

creation of a mobility system that is multi-modal, electrified, and accessible, designed for 

sharing and ease of maintenance (Ellen MacArthur Foundation 2017a). 

To move transport toward more sustainable modes, it is important to recognize the three 

urban fabrics that city environments are composed of: the car-oriented, transit-oriented, and 

walking-oriented fabrics. In the densely built walking city, most travel can be done by foot, 

but travel by bicycle, public transport or car is also possible. In the public transport city, the 

range of services accessible by foot is more limited, but transit options facilitate a car-free 

lifestyle. In the car city, owning a car is a necessity. The fabrics are determined by population 

and job density, the proximity of daily services such as grocery stores, and the supply of 

public transport options. (Mäntysalo et al. 2019) 

Thomson and Newman (2018) analyze the urban metabolism of Perth, Australia, based on 

the three different urban fabrics. They conclude that the construction of walking urban fabric 

in combination with regenerative urban design can make the urban efficiencies nearly twenty 

times higher in the same city with a car-oriented fabric. They see the regenerative potential 

of carefully realized urban fabric design beyond transport-related concerns: in energy (for 

example using available sites for solar, wind and geothermal energy production), water (for 

example through rain water collection and wastewater recycling), biodiversity (for example 

construction of green roofs, green walls and water sensitive design to create new habitats), 

and waste (for example returning nutrients back into the surrounding ecosystems). 

Urban planning considerations come into play in transitioning the mobility system toward 

higher levels sustainability in several ways besides compactness of the urban form. By 

developing the electric vehicle charging station and energy storage infrastructure, a city 

administration can encourage low-emission private vehicle uptake. The mobility 

infrastructure should also be designed adaptability in mind, for example in enabling the 

promotion of certain types of vehicle use at certain times of day. The regenerative principle 

can be taken into account by, for instance, using permeable pavement to let rainwater filter 

through, or using lighter-colored pavement to allow for natural cooling. In using renewable 

or recycled materials in infrastructure, a city can boost the demand for these types of 

materials, while also reducing carbon emissions from road construction. (Ellen MacArthur 

Foundation and ARUP 2019a) 
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Beyond the impacts that the urban form has on transport sustainability, it is in a key role in 

pursuing the creation of a CC in several other ways as well. The spatial planning of industrial 

or residential areas is crucial in enabling local, circular material flows and self-sufficiency. 

Many CE business models can prove to be financially infeasible if they are dependent on the 

existent logistics capabilities. Furthermore, the CE requires heightened cooperation and 

communication throughout the value chain, to which the currently existing infrastructure, 

designed according to the needs of the linear economy, is poorly suited. (ESPON 2018)  The 

possibility for the future effective reuse, collection, and redistribution of resources such as 

water, industrial by-products, and household recyclable waste is secured at the urban 

development planning stage, by preventing the dispersion of resources which would render 

their collection inefficient (Ellen MacArthur Foundation and ARUP 2019b). Integrated 

energy, water and waste management systems in an area strengthen the connections between 

these resources and increase the capacity and flexibility of the systems. Reinforcing the local 

ecology and the closed biocycle of a site, in turn, requires taking an integrated landscaping 

approach. (Ellen MacArthur Foundation 2019a)  

2.5  The urban energy-food-water nexus 

Sustainable urban growth necessitates the sustainable governance of three essential 

resources on which all human activity relies: energy, food, and water. They are closely 

interlinked in a way that can be conceptualized as the energy-food-water (EFW) nexus, 

which describes the main interactions between parts of a system or multiple systems. The 

EFW nexus approach aims at integrated resource management processes, which will 

increase resource use efficiency while minimizing waste. Some connections between the 

three sectors of the nexus include: energy inputs in the operation of water supply and 

wastewater treatment as well as agricultural systems, food waste and wastewater sludge 

utilization in biogas production through anaerobic digestion, and water inputs in energy 

production and agriculture. (Xue et al. 2018) The existent infrastructure in cities, as 

discussed above, is critical to the way the EFW nexus manifests in them (UNEP 2013). 

The EFW nexus perspective entails taking an integrated approach in managing these separate 

resources, as opposed to the more common siloed management manner, which may result in 

their interdependencies going unexamined and opportunities for utilizing their connections 
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unseized (Bazilian et al. 2011). Decision-making in one sector may have unexpected 

consequences in another, and thus their holistic management is paramount (Zhang et al. 

2019).  

The global urbanization trend places an even more intense pressure on EFW resources, since 

growing cities cause a change in land use and population distribution patterns. Cities act as 

loci of intense EFW distribution and consumption, and to a more limited degree, production. 

(Artioli et al. 2017) Taking an integrated approach to EFW management at the urban level 

can bring about numerous benefits. For example, Toboso-Chavero et al. (2019) developed 

scenarios for using rooftops in a neighborhood in Barcelona for combined rainwater 

harvesting, greenhouse or open-air farming, and solar PV and thermal energy production. 

They found that, depending on the configuration of the different elements, these systems can 

avoid up to 157 tons of CO2-eq emissions per year, and meet the local demand for 17-35% 

of tomatoes, 7-10% of energy, and 34-50% of hot water. 

The framework proposed by Laspidou et al (2018) defines a direct interlinkage between two 

components of the nexus as a change in the status of one component (for example, energy) 

caused by a change in the status of another (for example, water), with the assumption that 

all other components of the nexus remain in a constant state and do not have an impact on 

these two components. An example of a direct interlinkage between water and energy would 

be waste heat recovery at a wastewater plant: the amount of incoming wastewater affects the 

amount of waste heat available. 

The transformation to a CE requires a system perspective that enables the analysis of the 

current state and of the changes necessary for the transformation to take place. The 

circulation of the EFW resource flows is one of the core components of a CE, and thus 

acquiring knowledge about their movement through systems is crucial. At the city level, 

urban metabolism analysis can be used in this capacity. (Kalmykova and Rosado 2015) 

Urban metabolism is defined by Kennedy et al. (2007) as “the sum total of the technical and 

socioeconomic processes that occur in cities, resulting in growth, production of energy, and 

elimination of waste.” Analyzing the metabolism of a city in practice involves accounting 

for “the inputs, outputs, storage of energy, water, nutrients, materials and wastes for an urban 
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region” (Kennedy et al. 2011), and so is relevant to the purpose of a CE to promote the 

recirculation of these resources. Studying urban metabolism can reveal the excessive use of 

non-renewable materials in a city, and thus inform urban planning decisions (ESCAP 2016). 

Scholars of urban metabolism have explicitly called for a shift toward a circular model to 

replace the currently prevalent linear one (Kennedy et al. 2011, Girardet 2017). 

The urban metabolism concept can be likened to an ecosystem, comprising a multitude of 

subsystems, and itself a part of a larger whole. As Kennedy et al. (2011) point out, “natural 

ecosystems are generally energy self-sufficient, or are subsidized by sustainable inputs, and 

often approximately conserve mass, through recycling by detrivores.” This correlates 

strongly with the stated goals of a CE-based city. Strongly implied is the “system” part of 

the term ecosystem; Reed (2007) sees a necessary transformation of the consumer society 

from “a fragmented to a whole systems model” in order to support the regenerative city. 

Whole systems thinking is needed to understand the complex interconnectedness of natural 

systems, human social systems, and the conscious forces behind their actions. Through the 

built environment, humans have a direct and indirect impact on both the immediate 

community and the larger global systems. (Reed 2007) 

The circularity of urban metabolic flows and the sustainable management of the urban EFW 

nexus can be enabled through the well-planned application of technological solutions, as 

modeled by Villarroel Walker et al. (2014). They studied the urban metabolic flows of water, 

energy, and nutrients in London, finding that food waste collection in sewers in combination 

with algae cultivation at wastewater treatment plants could create opportunities for biofuel 

production to bring environmental and economic benefits to the city, and thus demonstrating 

the advantages of improving circular urban metabolism of the EFW resources. (Villarroel 

Walker et al. 2014) 

Taking the nexus approach supports the creation of a CE by making connections between 

sectors visible, enabling the reuse of waste and by-products of processes as inputs in other 

processes, and keeping all materials at their highest value at all times. A CE, in turn, can 

reduce the pressure placed on limited resources, reducing energy consumption and 

emissions. (Del Borghi, Moreschi, and Gallo 2020) In fact, Laspidou et al. (2018) see 
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“circular economy, resource efficiency and sustainability issues […] at the centre of the 

Nexus.” 

2.5.1 Energy, food, and water in a circular city 

Implementing energy efficiency measures is the first step for cities to take in moving toward 

an energy system based on the CE principles. The largest potential for energy savings comes 

from buildings, and to this end, the EU Energy Performance of Buildings Directive 

(Directive 2010/31/EU 2010) decrees that all new buildings should follow near-zero energy 

building standards from 2021 onwards. In Finland, municipalities can commit alongside 

companies to the voluntary Energy Efficiency Agreement (Motiva Oy 2020), agreeing to 

undertake energy saving measures in all city-owned buildings and vehicles, outdoor lighting, 

water and waste management, and public transport, and moreover to promote renewable 

energy use in the city’s area, and particularly in the municipality’s own operations. 

After reducing energy demand to the highest degree possible, the remaining demand should 

be met by renewable resources. Decentralized renewable energy production options – which 

can help a district to work toward becoming energy self-sufficient – include solar PV panels 

and solar thermal collectors, biomass boilers, heat pumps, while larger centralized 

installations can be based on solar, wind, bioenergy, geothermal, or hydropower. (IRENA 

2016)  

In Finland, even though only a small part of the total electricity supply, solar power 

generation is increasing rapidly, with an 82% increase in capacity from 2017 to 2018. Only 

one solar power plant with over 1 MW capacity currently exists in the country, with the total 

grid-connected capacity at 120 MW in 2018 (Energiavirasto 2019). The potential for solar 

PV in Finland is relatively good, at the same level as parts of Central Europe. Façade 

installations of PV panels work especially well in Finnish conditions, because during the 

winter months the sun shines from a low angle, and snow on the ground increases light 

reflecting on the panels. (LUT University 2019) 

District heating, producing almost half of building heating energy in Finland, is a cost-

effective centralized way to deliver heat energy to a city’s buildings. District heating based 

on renewable energy can be provided by using bioenergy, geothermal, solar, or waste heat 
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recovery from other processes, such as wastewater treatment. (IRENA 2016) Most district 

heating facilities in Finland are combined heat and power (CHP) plants, which produce both 

heat and electricity simultaneously, achieving high levels of energy efficiency. (Motiva Oy 

2019a) 

In Finland, most of the waste generated is directed into energy production through 

incineration; in 2018, this share was at 57%, while recycling was at 42%, and landfilling 

0.7% (Statistics Finland 2020). In its aspiration to eliminate waste, the CE adheres closely 

to the waste hierarchy where certain waste management methods are prioritized over others: 

prevention, preparing for re-use, recycling, other recovery (such as energy recovery) and 

disposal (Directive 2008/98/EC 2008). This is sometimes expanded to the “6R approach”: 

reduce, reuse, recycle, recover, redesign, and remanufacture (Jawahir and Bradley 2016), 

which leaves out energy recovery and disposal altogether. 

Transport and mobility are closely related to energy consumption. Energy conservation in 

this sector is accomplished both through technological innovation, such as electric vehicles, 

and modal shift by promoting more sustainable transport, such as public transport, walking, 

and cycling. Establishing viable public transport networks is more feasible in cities as 

compared to less densely populated areas, and cities can also encourage the move away from 

passenger car use by, for example, banning them from certain parts of the city. The main 

options for renewable energy in the transport sector is electric-powered trains and light rail, 

or electric, biofuel (either liquid or gaseous), or hydrogen-powered road vehicles. Beyond 

improving the charging infrastructure, cities can play a role in promoting the uptake of 

electric private cars by providing parking benefits or access to carpool lanes, and city-owned 

vehicle purchasing. (IRENA 2016) 

The creation of a sustainable food system is a part of the Finnish Circular Economy Roadmap 

(Sitra 2016), and CE is also mentioned in the government report on food policy, which sets 

a national vision of a food system in the year 2030, based on “tasty, healthy and safe Finnish 

food that has been produced sustainably and ethically” (Ministry of Agriculture and Forestry 

2017), with the ultimate aim of ensuring food security and good nutrition for all citizens. 
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The food sector of the EFW nexus allows for less possibility of urban self-sufficiency than 

the energy sector. Even taking full advantage of indoor agricultural technologies such as 

vertical farms and aquaponics, only one third of the total urban food requirements can be 

provided, due to limited land availability and the unsuitability of most food types to 

production through urban farming. However, produce such as leafy greens and herbs, 

vegetables and some fruits can successfully be cultivated within urban greenhouses. 

Furthermore, seeing as 40% of the world’s croplands are located within 20 km of cities, these 

peri-urban areas can provide significant amounts of food. Shortening food supply chains can 

deliver several benefits: support for local biodiversity by favoring traditional foods, less 

opportunity for the generation of waste, and reduced packaging needs, while strengthening 

the connection consumers feel to the food production system. (Ellen MacArthur Foundation 

2019b)  

The CE principle of elimination of waste plays a major role in the food sector, which should 

be implemented throughout the whole food supply chain. The actors on this chain located in 

cities can take measures ranging from retailers discounting products approaching their best-

by dates to city governments supporting redistribution schemes to food-insecure 

populations. Higher up the supply chain, it is inevitable that food production and processing 

cause waste and by-products. Cities should ensure that systems are in place to take advantage 

of the materials within these streams and keep them in circulation at their highest possible 

value. Composting, anaerobic digestion and wastewater treatment can all be used to recover 

nutrients from organic waste and by-products, which can then be recycled back into the 

agricultural activities supporting the city. Furthermore, the biogas produced in the anaerobic 

digestion and wastewater treatment processes can be collected and used for heating, 

electricity production, or as fuel for gas-powered vehicles. (Ellen MacArthur Foundation 

2019b) 

In Finland, the renewal rate of water resources significantly exceeds water withdrawal rates, 

but at a local level scarcity in the supply of quality domestic water can occur. Water supply 

and sewerage service in the country is largely at the responsibility of municipalities, so they 

also answer for any efficiency improvements in its management. A high level of 

maintenance is required to prevent leakages and losses. The high quality of wastewater 
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treatment should be ensured in order to enable the safe release of the treated water back into 

the environment or in use in agricultural irrigation. Moreover, cities can encourage water 

conservation and efficient use by consumers and industries through economic measures, or 

through general awareness raising in order to engender water-wise communities. Finally, 

public procurement can take into account resource efficiency regarding water as well as other 

natural resources, and promote green technology and environmentally beneficial agricultural 

practices. (Salminen et al. 2017). 

Wastewater treatment produces waste heat and biogas, both of which can be recovered 

(ARUP et al. 2019). Energy recovery in this capacity has the potential to offset the energy 

required for treatment. Furthermore, after additional treatment the nutrients contained within 

the wastewater sludge can be recycled, as either agricultural fertilizers or soil amendment 

agents. (Ellen MacArthur Foundation 2017b). 

The nexus concept is sometimes extended beyond the three resources discussed here, such 

as the water-food-energy-climate (Bazilian et al. 2011, World Economic Forum 2011), the 

water-food-energy-land (Ringler et al. 2013), or even the water-land-food-energy-climate 

nexus (Laspidou et al. 2018). This expansion of scope can be well justified: for example, 

35% of all annual global GHG emissions originate from the energy sector, while agriculture 

accounts for 14% of the total. The ever-higher concentrations of GHG in the atmosphere 

propel the rapidly advancing global climate change, which, in turn, will have numerous 

effects on the availability and quality of the EFW resources. Water scarcity is projected to 

increase due to the reduction of renewable surface and groundwater reservoirs, while food 

security will be negatively impacted due to decreased crop yields. (IPCC 2014) Land use is 

similarly closely linked to EFW resource availability, for example through the competing 

demand for agricultural land of food crops versus energy crops (Ringler et al. 2013). 

2.6 Circularity indicators 

The transition to a CE necessitates monitoring of the transformation process in order to 

determine what has been achieved and where additional actions are still required. To this 

end, indicators are needed. The OECD defines an indicator as “quantitative or qualitative 

factor or variable that provides a simple, and reliable, means to measure achievement, to 
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reflect the changes connected to an intervention, or to help assess the performance of a 

development actor” (OECD 2014). As CE is still a relatively young concept, no commonly 

agreed upon measurement methodology yet exists. In fact, Morage et al. (2019) assert that 

no single metric is capable of capturing the full image of a CE. To bridge this gap, various 

actors have been developing their own sets of indicators in the recent years. 

Under their Action Plan for the Circular Economy (European Commission 2015), the 

European Commission published their own monitoring framework comprising ten indicators 

and sub-indicators grouped into four categories: production and consumption, waste 

management, secondary raw materials, and competitiveness and innovation (European 

Commission 2018). Building on the previously existing Resource Efficiency Scoreboard 

(European Commission 2016b) and Raw Materials Scoreboard (European Commission 

2016c), the monitoring framework is focused on materials, including waste generation, 

recycling rates, and material self-sufficiency, while other resources (such as energy, food, 

and land) are not part of the framework.  

As a part of The Urban Agenda for the EU (European Commission 2016a), The Partnership 

on Circular Economy mapped out a number of CE indicator frameworks (Urban Agenda for 

the EU 2019). Based on this work, they suggested a number of additional indicators to the 

ones presented by the EU Action Plan for the Circular Economy, for application specifically 

at the city level. Their longlist of identified indicators shows a larger diversity than the 

original ten indicators, including: water use in production processes, energy recovery from 

food waste, and CO2-eq emissions. However, since the suggested indicators are based on the 

EU framework, emphasis remains on materials.  

Several cities with CE ambitions have developed indicator sets to monitor their own 

development. Table 1 provides a cursory look at the indicators used by six Finnish cities 

with CE roadmaps (CIRCWASTE 2020), as well as those of Brussels (UNEP 2018), 

Peterborough (Morley et al. 2018), Amsterdam, and London (Urban Agenda for the EU 

2019). Only indicators employed by more than one city have been included. 

Table 1. Indicators used by ten cities in measuring CE in their area.  

 Indicator Unit City 
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M
at

er
ia

ls
 

Amount of waste 

generated 

kg/cap, t/household Ii, Rovaniemi, Riihimäki 

(CIRCWASTE 2020), 

London (LWARB 2017), 

Brussels (UNEP 2018) 

Municipal solid waste 

recycling rate 

% Ii, Rovaniemi, Porvoo, 

Vantaa (CIRCWASTE 

2020), London (LWARB 

2017), Peterborough 

(Morley et al. 2018), 

Brussels (UNEP 2018) 

Amount of virginal raw 

materials used 

tons, % Ii, Vantaa (CIRCWASTE 

2020), Amsterdam (Circle 

Economy et al. 2016) 

Utilization rate/number of 

shared vehicles, facilities 

%, number Ii, Vantaa (CIRCWASTE 

2020), Peterborough 

(Morley et al. 2018) 

Amount of landmass 

reused in construction 

tons Ii, Rovaniemi, Porvoo, 

Vantaa (CIRCWASTE 

2020) 

Share of construction and 

demolition waste reused / 

Demand for imported 

construction materials 

%, t/cap Porvoo, Vantaa 

(CIRCWASTE 2020), 

Brussels (UNEP 2018) 

E
n
er

g
y

 

Share of renewable fuels 

in energy production 

% Jyväskylä, Rovaniemi, 

Porvoo (CIRCWASTE 

2020), Peterborough 

(Morley et al. 2018), 

Brussels (UNEP 2018) 

Energy/electricity 

consumption 

GWh/a, kWh/cap/a Jyväskylä (CIRCWASTE 

2020), Brussels (UNEP 

2018) 
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GHG emissions tCO2-eq/a, tCO2-eq/cap Jyväskylä, Rovaniemi, 

Riihimäki (CIRCWASTE 

2020), London (LWARB 

2017), Peterborough 

(Morley et al. 2018), 

Brussels (UNEP 2018), 

Amsterdam (Circle 

Economy et al. 2016) 

T
ra

n
sp

o
rt

 

Share of sustainable 

transport modes 

% Jyväskylä (CIRCWASTE 

2020), Peterborough 

(Morley et al. 2018) 

Number of low-emission 

vehicles 

number/a, % Jyväskylä, Rovaniemi, 

Porvoo (CIRCWASTE 

2020) 

F
o
o
d

 

Share of food waste in 

municipal catering 

% Jyväskylä, Rovaniemi, 

Porvoo, Vantaa 

(CIRCWASTE 2020) 

Share of local food in 

municipal catering 

% Jyväskylä, Rovaniemi 

(CIRCWASTE 2020) 

W
at

er
 

Water use l/cap/d Jyväskylä (CIRCWASTE 

2020), Brussels (UNEP 

2018) 

State of surface and 

groundwater 

- Jyväskylä (CIRCWASTE 

2020), Brussels (UNEP 

2018) 

E
co

n
o
m

y
 

Number of CE 

jobs/enterprises 

number, share, person-

year 

Ii, Vantaa (CIRCWASTE 

2020), London (LWARB 

2017), Peterborough 

(Morley et al. 2018), 

Brussels (UNEP 2018) 
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Number of procurement 

tenders based on CE 

principles 

number/a Jyväskylä, Vantaa 

(CIRCWASTE 2020), 

London (LWARB 2017) 

 

Using the indicators of what these cities wish to measure as a basis to extrapolate what they 

deem important when it comes to CE, it seems as though materials and waste are a priority. 

Waste recycling rates and share of virginal materials from total use reflect the CE principle 

of closed loops, while waste generation rates in general can be used to measure an overall 

reduction in material use, a shift toward preferring services over products or reusable 

products over single-use ones. By the same token, shared-use schemes, quantified here as an 

overall number or as a rate of utilization, reduce demand for new products. Reuse of 

construction and demolition waste and landmasses is especially relevant for urban areas 

where plenty of construction takes place. To the degree this is achievable speaks to the non-

toxicity and traceability of building materials, as required by CE tenets.  

Most of the cities are also aiming to monitor their GHG emissions as per the CE principle of 

minimizing negative impacts. A reduction in emissions demonstrates efforts in the energy 

and transport sectors, for which most of the cities have outlined indicators additionally. 

Renewable energy generation is central to a CE, so its monitoring is justifiable, while 

changes in overall energy consumption can give a picture of achievements in improving 

energy efficiency. Similarly, changes in the shares of sustainable transport modes (public 

transport, cycling, walking) and low-emission passenger vehicles will show as changes in 

GHG emissions. 

Food-related issues are measured where the city governance has control: municipal catering 

services (schools, hospitals, day care centers, and so forth). Food waste minimization is 

emphasized, while a few cities deem the localness of food in their services important. 

Measuring water quantity (use per inhabitant) and quality (changes in the state of 

surrounding waterbodies, affected by city operations or by level of wastewater treatment) is 

only undertaken by two cities.  
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Various economical indicators show up in the cities’ lists; Table 1 only includes the ones 

receiving the most mentions. As much of the responsibility for the creation of a CE rests on 

the private sector, it is reasonable to keep track of the number of enterprises or startups in 

this area, indirectly also reflected in the number of CE jobs. Public procurement based on 

CE principles has been recognized as one of the central ways a municipal government can 

advance CE in their city, so measuring this can be considered valuable.  
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3 METHODOLOGY 

This research was performed as a scenario-based case study of Kera, a new urban 

development site in Espoo, Finland, that will be constructed according to CE principles. This 

section first introduces the concept of the scenario-based analysis method, and then delves 

into how this method was applied in this thesis. 

3.1 Scenario analysis method 

Scenario analysis is a technique of modeling possible future situations and the courses of 

development leading up to these future states. Unlike a simple description of a hypothetical 

future state of being, scenario analysis involves also detailing the driving forces and 

dynamics resulting in the specific scenario being examined. (Kosow and Gaßner 2008) 

Scenarios can be set very narrowly, based on one or two variables, or they can present a 

complex web of a large number of components (Eurofound 2003). 

Techniques for setting a scenario are typically divided into the categories of “explorative” 

and “normative.” Explorative scenarios present a “what if” question taking the present as 

their starting point, and looking at the possible outcomes should a certain event take place 

or a specific trend continue. Normative scenarios, in their turn, pose a “how” question by 

forming an image of the future, and then investigating which circumstances and events 

would have to take place to lead to that situation. (Eurofound 2003)   

A scenario is not meant to present a complete image of the future state, but to purposefully 

focus on a certain segment of reality by including certain factors while leaving others out 

and drawing links between these various elements. Selecting which elements to incorporate 

in the scenario is based on a largely subjective assessment, even if it is one supported by the 

available data and experience gathered in the past and present. Decisions on which 

development trends will persist and which circumstances will change are always based on 

assumptions. Thus a scenario does not represent a conclusive, inevitable future, but simply 

one possible configuration of the factors under consideration, with the implication that other 

outcomes would have been equally possible if different choices had been made regarding 

the construction of the scenario. (Kosow and Gaßner 2008) 
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Multiple scenario analysis presents an opportunity to compare the combination of different 

factors leading up to various possible future states (Eurofound 2003). Generating scenarios 

from different perspectives – optimistic, pessimistic, and most likely – allows for the testing 

of strategic plans of action which otherwise may ignore possible threats. Working with two 

or three scenarios is ideal, with a larger number creating unnecessary complexity. (Aaker 

and McLoughlin 2010) 

Scenario-based models can be used to various ends. They can give in-depth understanding 

of current conditions and development trends, while also revealing the gaps in and limits of 

present knowledge. They can be used communicatively, to convey information about 

prioritized topics, to create shared understanding around them, and to stir discourse 

concerning them. Moreover, scenario-setting can be used to guide present action and 

decision-making by revealing the possible futures to which different strategies may lead, and 

in this manner testing the effectiveness of policies. (Kosow and Gaßner 2008) 

The five phases of the scenario analysis process, as identified by Kosow and Gaßner (2008), 

are: 1) scenario field identification, 2) key factor identification, 3) key factor analysis, 4) 

scenario generation, and optionally 5) scenario transfer.  

In the first phase, identifying the scenario field, the central issue is defined. This phase 

establishes the problem to be addressed, what to include in the analysis, and what to leave 

out, setting the timeframe and the boundaries of the study. The second phase, identifying the 

key factors, determines the variables, trends, developments, and so on, which constitute the 

scenario field, influencing the field itself or providing a means for the field to influence the 

surrounding world. The key factors are sometimes identified through empirical and 

theoretical research, and sometimes through a participatory process, via workshops or 

surveys.  The third phase, analyzing the key factors, the potential future development paths 

regarding the key factors are mapped out; creativity and intuition are employed in visualizing 

the possibilities. In the fourth phase the scenarios themselves are generated by bringing 

together the selected key factors, in a process that may involve anything from literary 

narration to formalized mathematical methods. A decision is made regarding the number of 

scenarios to be created, for example, by adhering to the following criterion: as many as is 

required to present a comprehensive image of future possibilities, but not so many as to make 
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the process unwieldy. Finally, in the last optional phase of scenario transfer, potential 

applications for the developed scenarios are described. (Kosow and Gaßner 2008)  

3.2 Scenario analysis of Kera 

The development of the scenarios for this thesis followed the method as described above in 

section 3.1.  

The first phase, scenario field identification, involved forming the research question: what 

are the impacts of applying CE-advancing technological solutions on a neighborhood level? 

This question was to be studied via three explorative scenarios. The area of analysis was 

limited to Kera, a neighborhood for 13,300 residents under development, with 2030 set as 

the period of time for analysis. The research was performed from the EFW nexus 

perspective, effectively omitting other resources, such as waste, except where relevant for 

the purposes of the analysis, such as organic waste going into digestion for creating biogas 

for energy production. The concept of urban metabolism was applied in examining the flows 

of the three resources in Kera. Several technological solutions were studied in order to 

establish possible nexus connections within the neighborhood; these and the connections 

identified between them are shown in Figure 1.  
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Figure 1. The potential technologies for Kera and connections between them. (H & E: heat and electricity.) 

The residential, commercial, and office buildings represented a major point of heat and 

electricity demand. The facilities located in the area – a waste-to-energy (WtE) combined 

heat and power (CHP) plant, an organic waste digestion plant, a wastewater treatment plant, 

ground source heat pumps, and solar PV panels, both building-integrated and as a free-

standing solar power plant – were proposed to meet this demand in varying capacities. The 

residents of the area also generated waste (organic and otherwise) and wastewater, which 

were assumed to be treated at the local facilities. These facilities as well as local greenhouses 

acted as smaller sites of energy demand.  

On the transport side, electric vehicles were identified as a significant method for emission 

reduction in transport, because they are considered to have zero emissions in operation (VTT 

Technical Research Centre of Finland 2017). Vehicles in this category included passenger 

cars, buses, and trains. Gas-powered vehicles produce tailpipe emissions, but can be run on 

biogas, which in turn can be generated by digestion of locally generated organic waste and 

locally treated wastewater sludge. Biogas can also be used in electricity and heat production. 

In this work, it was assumed that the demand of the local gas-powered vehicles would be 
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prioritized, and the remaining portion of generated biogas would be used for heat and 

electricity. Only gas-powered passenger cars were included, with buses omitted. 

The non-recycled waste fractions generated by the residents of the area were assumed to be 

incinerated at the WtE plant for heat and electricity production. The wastewater treatment 

operations receiving sewage from the inhabitants produced waste heat, which could then be 

retrieved using heat pumps, and fed into the local district heating network. Individual ground 

source heat pumps were integrated into the buildings for an additional source of heating. 

Solar PV was selected as the main method of clean electricity production in the area. Tomato 

cultivation in local greenhouses was chosen as a representative of urban agriculture potential 

in the area. Naturally, demand for tomatoes exemplifies only a very small portion of total 

food demand, but the analysis was limited to this single produce for the sake of simplicity. 

Greenhouse cultivation also generates a certain amount of waste, which was an addition to 

the organic waste already going into biogas generation. 

For the purposes of this work, a local wastewater plant, a biogas production plant, and a WtE 

plant were assumed, even though no such facilities are a part of the plans for the area, and 

in fact would likely be infeasible considering the low amount of sewage and waste produced 

by the area’s 13,300 inhabitants. In reality, Kera’s wastewater and waste will be treated at 

large centralized plants located outside the neighborhood. 

The second phase of the scenario-setting process, identification of key factors, was 

performed based on the stated CE targets of the City of Espoo. These are described more in 

detail in section 4.1. It was assumed that the targets and the subsequent actions taken by 

municipal authorities informed by them would act as the key guiding factors in various levels 

of adoption in Kera for the technologies described above. Identifying the key factors was 

done based on an extensive literature review, as described in section 2, in order to determine 

which targets listed were relevant from the point of view of forming a CE. This lead to the 

third phase of key factor analysis, expanding the study to cover a wider array of targets set 

by a number of parties, in order to determine limits of feasibility for the identified key 

factors. 
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In the fourth phase the three scenarios themselves were generated, based on three levels of 

ambition. These are presented in section 4.2. The year 2030 was chosen as the time period 

for the analysis, because most of the CE targets identified had set this as their goal year. Data 

for setting up the three scenarios were collected from literature. As construction in Kera has 

not yet begun, no real-life data concerning its activities yet exist, and indeed may never exist, 

as such data collection is rarely done on a sub-city level. Therefore, several assumptions 

were made in establishing values for the scenarios. Much of the data were derived from other 

larger scales, such as the Helsinki metropolitan area, and scaled down to the size of Kera. 

Some background data were gathered from expert analysis reports specifically concerning 

Kera.  

Given that no single metric exists that can measure the full scope of a CE in an area, three 

were chosen to express the outcomes of the scenarios: total GHG emissions, energy self-

sufficiency, and land use needed for energy production. These are described in more detail 

in the following subsections. 

3.2.1 GHG emissions as an indicator  

The water-energy-food-land use-climate nexus framework by Laspidou et al. (2018) links 

climate to the other components therein through climate change mitigation measures, i.e. 

GHG emission reduction and storage, expressed in CO2-equivalents (CO2-eq). CO2-eq 

emissions are defined by the IPCC (2014) as “the amount of carbon dioxide (CO2) emission 

that would cause the same integrated radiative forcing, over a given time horizon, as an 

emitted amount of a greenhouse gas (GHG) or a mixture of GHGs.” Converting all GHG 

emissions to the CO2-eq unit allows for their accounting in aggregate rather than as separate 

components with differing physical properties. Global warming potential values are used in 

the conversion process, which vary according to the timeframe studied; for example, 

methane has a global warming potential, i.e. cumulative forcing effect, 84 times that of CO2 

over 20 years, and 28 times over 100 years. (IPCC 2014)   

Since cities are producers of significant emissions and thus also show a large potential for 

their reduction, total GHG emissions, with CO2-eq as the unit, was chosen as one of the 

indicators.  The reduction of negative externalities such as emissions and waste is also one 
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of the cornerstones of a CE. Furthermore, monitoring GHG emissions is justified from the 

EFW perspective, given the interlinkages between the three resources and global climate 

change (Laspidou et al. 2018). 

The City of Espoo has set carbon neutrality by 2030 as one of their central sustainability 

targets (Mäkelä et al. 2019), and so the need to keep track of their GHG emissions is self-

evident. The GHG emissions in each scenario was expressed as a percentage of Kera’s 

Sustainable Energy and Climate Action Plan (SECAP) target, discussed below in section 

4.1.5. 

3.2.2 Self-sufficiency as an indicator  

The theory of an urban ecological footprint, as introduced by Rees and Wackernagel (1996), 

contends that cities are self-organized, open systems embedded in larger systems on which 

their continued existence is entirely dependent. Cities require large areas of productive land 

and water to provide them with the resources they consume, and to assimilate the wastes 

they produce. Global trade has enabled regions to expand beyond their local carrying 

capacities, stretching their ecological footprints across the world. This spatial displacement 

means the disruption of natural systems such as the cycling of nutrients, degrading 

agricultural lands while causing nutrient loading in waterbodies.  (Rees and Wackernagel 

1996) 

Rees and Wackernagel (1996) suggest that one solution for an urban region to shrink its 

ecological footprint is to strive to become more self-reliant by restoring their own natural 

capital stocks, to make use of local fisheries, farmlands, and forests to a higher degree. At 

the same time, they acknowledge complete self-sufficiency is not feasible for most cities; 

they calculate, for example, that Vancouver manifests an ecological footprint 178 times the 

size of the city itself. This is a global phenomenon: richer, larger cities exhibit bigger 

footprints. (Rees and Wackernagel 1996) 

CE calls for closed, local loops of materials and energy, where reliance for raw material 

imports is reduced (ESPON 2018). Even if attaining full self-sufficiency is implausible for 

any urban area, a CE can advance self-sufficiency by first reducing overall demand through 

improvements in efficiency (such as fuel-efficient vehicles), and secondly by recycling 
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materials or by-products, or through local renewable energy generation,. The locality aspect 

is especially relevant in a city context, where distances between supply and demand can be 

minimized. Urban areas can reduce their extensive ecological footprints by making use of 

local resources and thus increasing their self-sufficiency.  

This thesis examined Kera’s self-sufficiency in energy production in each of the three 

scenarios, expressed as a percentage of total heat and electricity demand. Furthermore, the 

local utilities (waste incineration, organic waste and wastewater treatment) were seen as 

promoting the goal of self-sufficiency. 

3.2.3 Land use as an indicator  

The water-energy-food-land use-climate nexus framework as proposed by Laspidou et al. 

(2018) gives the following definition for land: “A natural resource, land use, with quantity 

and quality intensity and land footprint. Land and soil are affected by human use, either on 

purpose – land management, agriculture – or as a (negative) side effect, e.g., erosion and 

degradation, sealing, salinization.” Moreover, land is seen as “a geographical phenomenon, 

‘room’ for living, acting and transport e.g., urbanization, industrial areas, roads, including 

spatial planning.” Finally, the framework considers land as a repository of organic matter 

and nutrients, and as a habitat for terrestrial species. (Laspidou et al. 2018) 

Built-up areas, i.e. cities and infrastructure, currently take up 1% of the total global land area 

(Ritchie and Roser 2020). Of this, the land footprint of energy extraction activities depends 

on the source, with fossil fuels and nuclear requiring less area in general than renewables. 

On the EU level, for example, coal requires 0.2 m2/MWh and nuclear 1.0 m2/MWh, while 

solar PV takes up 8.7 m2/MWh, geothermal 2.5 m2/MWh, wind 0.7 m2/MWh, and crop-

based biomass 450 m2/MWh. It must be noted, however, that non-renewable energy has 

disruptive impacts on water and soil beyond the physical area they occupy, while land taken 

up by renewable energy production can often offer additional uses, such as grazing or 

cropping under wind or solar farms. The area demand of solar PV systems, in particular, 

depends on the level of insolation, with higher latitudes requiring more area per power output 

than latitudes closer to the equator. In order to conserve actual land area, solar PV can be 
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integrated into buildings, i.e. installed on rooftops or façades, and PV has even been installed 

into highway noise barriers and into the surfaces of roads. (Fritsche et al. 2017) 

For this thesis, land use by solar PV to meet the electricity demand (buildings, facilities, and 

transport) of Kera was chosen as one of the indicators. Some electricity was generated at the 

WtE plant and by biogas retrieved from wastewater and organic waste digestion, as 

described above. The rest of the demand was met by solar PV, and the ground area of these 

panels was calculated. This value was converted to a percentage of Kera’s total area. 

As an illustrative example of a neighborhood with 100% of its electricity demand being met 

by remote solar PV is the new development of Ilokkaanpuisto, in the city of Tampere, 

Finland, consisting of six apartment buildings with 62 apartments. The solar power plant is 

located 25 km away, and the electricity generated is fed into the grid, which acts as a storage 

for the households in Ilokkaanpuisto to draw out of as demanded. The local electricity 

company buys the electricity at the same price as their customer pays for the electricity they 

consume, which enables the customer in effect to take advantage of the surplus electricity 

generated in the summer months in the middle of the winter. The solar power plant has been 

sized to generate each Ilokkaanpuisto household the amount of electricity they consume 

within a year on average. This project is the first of its kind in Europe. (Tampereen 

Sähkölaitos 2019) 
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4 CASE STUDY: KERA 

This section introduces the case study of Kera and the three scenarios constructed for its 

possible future. First, the CE-related goals set by the City of Espoo, on which the scenarios 

are based, are introduced. Then the background data for the scenarios are given, and finally 

the three scenarios are mapped out.  

4.1 Circularity targets of Espoo 

The City of Espoo drafted a Sustainable Espoo development program, based on the city 

strategy for the city council term 2017-2021 (Mäkelä et al. 2019). The program was released 

in 2018 and updated in 2019. The central stated goal of the program is to support the 

achievement of carbon neutrality in the city by 2030. In addition, the city aims to retain its 

position as the most sustainable European city, as determined by a 2016 benchmarking study 

(Zoeterman et al. 2016) comparing 145 EU cities. The five target benefits as identified in the 

program relate to using smart solutions in Espoo’s development, diversified transport and 

mobility, emission-free and smart energy production, responsible behavior by the city’s 

residents, and improving recreational opportunities in the local nature areas (Mäkelä et al. 

2019). 

In 2019 Espoo released their Sustainable Energy and Climate Action Plan (SECAP) under 

the Covenant of Mayors (CoM), an initiative in which local governments commit to the 

climate and energy objectives set by the EU (Covenant of Mayors Office 2019). The SECAP 

defines Espoo’s carbon neutrality goal by 2030 as an 80% reduction of GHG emissions from 

1990 levels, which would mean total emissions of 245 ktCO2-eq in 2030, as compared to 

1,224 ktCO2-eq in 1990 (Sjöblom et al. 2019). The main actions to achieve this goal will 

involve decreasing energy consumption, as well as improving energy efficiency and the use 

of renewable energy sources. The emission calculations cover all the energy-related 

emissions from municipal buildings and operations, service buildings and operations, 

residential buildings, street lighting, traffic and waste treatment. Central are the measures 

aiming to decrease emissions from electricity consumption, district heating, and transport. 

(Sjöblom et al. 2019)  
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One of the stated aims in the Sustainable Espoo program is to construct a new neighborhood, 

Kera, into an internationally recognized example of a circular urban district, based on digital 

platform solutions (City of Espoo 2019). Espoo is planning to build homes for about 14,000 

residents and provide 10,000 new jobs in Kera, with the construction slated to start sometime 

in the early 2020s and to be complete by 2035. The creation of conditions that will enable 

carbon-neutral living and working in Kera is one of the main guiding principles of 

construction in the area, as is the preservation of the local identity by taking the local 

conditions into account in the planning process. (Espoon kaupunkisuunnittelukeskus 2016) 

Currently Kera is mainly in industrial use, with Nokia being the largest employer in the area 

(City of Espoo 2019). Plans involve utilizing a portion of the existing buildings in new ways 

and reusing demolition material in new construction. A train stop in Kera connects the area 

to downtown Helsinki in 16 minutes and to Leppävaara, the largest of Espoo’s five city 

centers, in 4 minutes. (Espoon kaupunkisuunnittelukeskus 2016) 

Mobility-related issues have been taken into account in the planning stage. The center of 

Kera, constructed around the railway station, will be compact, mixed-use and pedestrianized, 

with basic services and many jobs locally available to residents. Cycling and walking will 

be promoted as the main modes of transport within the area, with the goals of increasing 

their share from the present day and making them more appealing options than travel by car. 

Public transport – a train, buses, and a possible future streetcar line – will connect Kera to 

other parts of Espoo. (Espoon kaupunkisuunnittelukeskus 2016) 

Construction will follow near-zero energy standards. Planning involves the integration of 

renewable energy production modes and a high degree of energy self-sufficiency. Rooftops 

and façades can be utilized for solar PV and solar thermal. Decentralized geothermal energy 

production has been suggested, as has the construction of a local bioenergy-fueled heat or 

CHP plant. Most of the heat energy will be provided by the district heating network already 

in place in Kera, which will be carbon neutral by 2030 as per the City of Espoo’s plans. 

(Espoon kaupunkisuunnittelukeskus 2016) 

Other targets deemed relevant from the point of view of both CE and the EFW nexus have 

been collected in Table 2. Targets from the Sustainable Espoo program (Mäkelä et al. 2019) 
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have been supplemented by ones from other programs and action plans that are pertinent to 

Espoo. These have been described below.  

Table 2. Transport and EFW nexus-related targets relevant to Espoo. 

 Target Target 

year 

Source 

Transport    

 15% share of bicycling 2024 Sustainable Espoo program / SECAP 

(Mäkelä et al. 2019, Sjöblom et al. 

2019) 

 30% of bus fleet electric 2025 HSL (HSL Helsinki Region Transport 

2019a) 

 Emission-free public 

transport 

2030 Sustainable Espoo program (Mäkelä 

et al. 2019) 

 70% sustainable modes of 

transport 

2030 MAL 2019 (HSL Helsingin seudun 

liikenne 2019a) 

 Potentially 20% of 

passenger cars electric 

2030 MAL 2019  / National (Työ- ja 

elinkeinoministeriö 2017, HSL 

Helsingin seudun liikenne 2019a) 

 50% emission reduction of 

all transport from 2005 

levels 

2030 MAL 2019 / National (Työ- ja 

elinkeinoministeriö 2017, HSL 

Helsingin seudun liikenne 2019a) 

 1.1% annual increase in 

public transport use 

- SECAP (Sjöblom et al. 2019) 

 Improving charging 

station infrastructure 

- SECAP (Sjöblom et al. 2019) 

Energy    

 60% recycling rate 2025 HSY (HSY Helsingin seudun 

ympäristöpalvelut 2018a) 

 Renewable, emission-free 

energy production 

2030 Sustainable Espoo program (Mäkelä 

et al. 2019) 
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 Carbon-neutral, emission-

free district heating 

2030 Sustainable Espoo program (Mäkelä 

et al. 2019) 

 10% of energy demand of 

new buildings met through 

self-production 

- SECAP (Sjöblom et al. 2019) 

Food    

 Promotion of urban 

farming 

- Sustainable Espoo program (Mäkelä 

et al. 2019) 

 Promotion of vegetarian 

food in city catering 

- SECAP (Sjöblom et al. 2019) 

Water    

 Sustainable storm water 

management 

- Sustainable Espoo program (Mäkelä 

et al. 2019) 

 

4.1.1 Transport 

Espoo has set a target of emission-free public transport by 2030 (Mäkelä et al. 2019). In 

practice, this means transport running fully on electricity, since all other types of fuel 

(gasoline, diesel, natural gas, and biogas) produce emissions. In addition, the MAL 2019 

strategic land use, housing and transport plan for the Helsinki region (HSL Helsingin seudun 

liikenne 2019a), establishes a goal of reducing all transport emissions by 50% from 2005 

levels by 2030. 

The deployment of additional electric buses is one of the goals of the Sustainable Espoo 

program to support its emission-free public transport, even though the program does not 

specify a number. However, the Helsinki Regional Transport Authority (HSL), which 

operates in Espoo in addition to the neighboring cities, has set a goal of electric buses 

comprising 30% of its bus fleet by 2025 (HSL Helsinki Region Transport 2019a). 

The Sustainable Espoo program sets a generic goal of reducing the share of private cars as a 

mode transport, but does not explicate this with a number or percentage. However, the MAL 

2019 plan, sets a target of 70% for sustainable modes of transport, i.e. walking, cycling, and 
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public transport, by 2030 (HSL Helsingin seudun liikenne 2019a). The SECAP, in turn, sets 

a target of increasing the share of bicycling to 15% by 2024, and 1.1% annual increase in 

public transport use (Sjöblom et al. 2019). 

Espoo plans to promote low-emission private cars. It aims to do this by improving the electric 

vehicle charging station infrastructure by supporting private construction and adding new 

charging stations on city owned properties (Sjöblom et al. 2019). In addition, the MAL 2019 

plan (HSL Helsinki Region Transport 2019b) suggests that adhering to the nationally set 

goal of 250,000 electric, hybrid, and hydrogen fuel cell cars in the country by 2030 (Työ- ja 

elinkeinoministeriö 2017), the share of these types of passenger cars in the Helsinki area 

would be 20%.  

4.1.2 Energy 

Espoo aims at fully renewable as well as emission-free energy production, and emission-free 

and carbon neutral district heating by 2030. The Sustainable Espoo program also mentions 

the potential of energy storage solutions in creating new business opportunities. The efficient 

use of waste is brought up in the program, with a plan to divert waste fractions unsuitable 

for recycling into energy production. The program does not expound upon what it considers 

“efficient” use of waste, or set recycling targets. (Mäkelä et al. 2019) Helsinki Region 

Environmental Services Authority (HSY), responsible for the waste management activities 

in Espoo as well as the nearby cities, has set a 60% recycling rate target by 2025 (HSY 

Helsingin seudun ympäristöpalvelut 2018a). This will inevitably reduce the amount of waste 

directed into energy recovery. 

The aim to increase energy self-sufficiency and utilization of solar energy is touched upon 

briefly in the program, but this aim is not enumerated. The SECAP report sets a goal of 10% 

of the energy demand of new buildings being self-produced (Sjöblom et al. 2019).  

4.1.3 Food 

Food production is mentioned in the Sustainable Espoo program in a general way of 

promoting urban agriculture. Food consumption is touched upon through the aim of adding 
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the share of vegetarian food in the city’s own catering, with an overall aim of reducing the 

climate impacts of food. (Mäkelä et al. 2019) 

4.1.4 Water 

An undefined aim for the sustainable management of storm water is the only mention of 

water in the Sustainable Espoo program (Mäkelä et al. 2019).  

4.1.5 Emissions 

As stated above, to achieve their carbon neutrality goal by 2030, Espoo will have to cut their 

emissions to 20% of 1990 levels (Sjöblom et al. 2019), which equals 245 ktCO2-eq. The 

population of Espoo is predicted to keep growing, although at a slowing pace (City of Espoo 

2019). Assuming an annual population growth rate of 4,000 people until 2030, this would 

come to 328,000 people in Espoo. This equals approximately 0.75 ktCO2-eq per person. 

Multiplied by the projected 13,300 people of Kera, this would give a total of 9,926 tCO2-eq 

of GHG emissions allocated to the area. Figure 2 shows the share of emissions in each of the 

SECAP sectors for which 1990 data was available (Sjöblom et al. 2019), assuming a similar 

split between categories as in 1990.  

 

Figure 2. The GHG emissions of Kera in 2030 in a carbon-neutral Espoo. Based on (Sjöblom et al. 2019). 
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Three types of emissions are included in the SECAP calculations: first, direct emissions due 

to final energy consumption in the city, split into the two categories of “buildings” and 

“transport.” Second, indirect emissions related to grid-supplied energy (electricity, heat or 

cold), produced inside or outside the city, but consumed within the area, also reported under 

the two categories of “buildings” and “transport.” Finally, non-energy related direct 

emissions within the area. (Joint Research Centre 2018) 

The “buildings” category comprises residential buildings, tertiary buildings (such as offices 

of private companies, commercial activities, private schools etc.), and municipal buildings 

and facilities, including waste and wastewater treatment plants. The “transport” category 

contains city-owned vehicles, public transport, and private and commercial transport. (Joint 

Research Centre 2018) In addition to these, Espoo has decided to report on waste and 

wastewater emissions not related to energy consumption, such as wastewater treatment 

plants emitting methane and nitrous oxide (Sjöblom et al. 2019). 

4.2 Background on scenarios 

Three scenarios for the possible development paths of Kera were drafted based on the set 

targets as seen in Table 2, as well as additional calculations and assumptions. Table 3 

summarizes each scenario. This section describes the reasoning behind the targets chosen 

for each scenario, and presents the background data for the current state of things. The 

following subsections start from providing data on transport, then energy, then food, and 

finally water. 

Table 3. Parameters set for the three possible future scenarios of Kera. 

 Scenario 1: No 

change from present 

Scenario 2: 

Achieving set targets 

Scenario 3: Moving 

beyond targets 

Overall transport 50.5% sustainable 

modes of transport 

74.8% sustainable 

modes of transport 

90.3% sustainable 

modes of transport 

Public transport 1.5% of bus fleet 

electric 

30% of bus fleet 

electric 

100% of bus fleet 

electric 
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 No annual increase 

in public transport 

use 

1.1% annual increase 

in public transport 

use until 2030 

1.5% annual increase 

in public transport 

use until 2030 

Bicycling 6% share of 

bicycling 

15% share of 

bicycling 

25% share of 

bicycling 

Passenger cars 2.9% of passenger 

cars electric 

60.4% of passenger 

cars electric 

90% of passenger 

cars electric 

 0.7% of passenger 

cars gas-powered 

8.2% of passenger 

cars gas-powered 

10% of passenger 

cars gas-powered 

Waste recycling 

rate 

48.5% recycling rate, 

rest to waste 

incineration 

60.0% recycling rate, 

rest to waste 

incineration 

89.0% recycling rate, 

rest to waste 

incineration 

Food No increase in 

demand for local 

tomatoes 

10% increase in 

demand for local 

tomatoes 

20% increase in 

demand for local 

tomatoes 

 

Scenario 1 represents the present day situation, with an assumption of no increase in any of 

the values. Scenario 2 reflects the targets as outlined in Table 2. Scenario 3 is the most 

ambitious one, with the ultimate goal of carbon neutrality. 

The tables referred to in the following subsections can be found in Appendix I. 

4.2.1 Modal shares of transport 

Table I.1 shows the estimated number and distance of trips per mode of transport in the 

Helsinki region (comprising Helsinki, Espoo, Vantaa, Kauniainen, and 10 other neighboring 

municipalities) in 2016 (WSP Finland Oy 2018), with train including numbers for train, 

subway and streetcar, and passenger car for both drivers and passengers. 

For Scenario 1, it was assumed that the overall share of sustainable modes of transport 

(walking, biking and public transport), 50.5%, will not increase from the 2016 numbers in 

the Helsinki area. 
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For Scenario 2, the share of sustainable modes of transport was set at 74.8%. This includes 

the share of public transport in the Helsinki area in 2016, 17.9% (Table I.1), and takes into 

account the projected 1.1% annual increase of its modal share, resulting in 33.3% by the 

year 2030. Then the target of 15% modal share of cycling was added, and the current share 

of walking in the Helsinki area, 26.5%. This equals 74.8% for the three modes of transport. 

For Scenario 3, this share was set at 90.3%, following the same method of calculation. The 

projected annual increase in public transport use of 1.5% from 17.9% would increase this 

number to 38.9%. Adding the current level of walking, plus the target of 25% of cycling, 

gives a total of 90.3%. 

In each scenario and for all modes of transport, only trips taken by the residents of Kera were 

considered, whether within the neighborhood or outbound or inbound. Trips taken by, for 

example, people with their workplace in Kera but who live outside of the area, were not 

included here. 

4.2.2 Passenger cars 

The number of registered passenger cars in Espoo in 2018 was 122,185 (Traficom 2019a), 

while the population at the end of the year was 283,632 people (Tilastokeskus 2019). This 

equals 431 passenger cars per 1,000 people. This was used as the level of car ownership in 

Scenario 1. 

It can be presumed that the ownership of passenger cars will decrease as the share of other 

modes of travel increase. For Scenario 2 the estimate by Strafica Oy (2016) of 309 cars per 

1,000 people in Kera from the “OYK M14” scenario was used, and for Scenario 3 the number 

was 290 cars per 1,000 people as per the “OYK M20” scenario in that report. 

Table I.2 shows the numbers and shares of each type of passenger car in Espoo in 2018 

(Traficom 2019a). 

The Ministry of Transport and Communications published an action program aiming at 

carbon-free transport in Finland by 2045 (Liikenne- ja viestintäministeriö 2018). In order to 
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achieve this goal, the program suggests that by year 2030, there should be a total of 670,000 

electric vehicles and 130,000 gas-powered vehicles in the country.  

Table I.3 calculates the share of these two types of passenger cars in Espoo, if the targets 

outlined above are achieved, and if their shares in Espoo of the total in the country remains 

the same as it was in 2018. The report by Strafica Oy (2016) estimates that in 2040 the rate 

of passenger car ownership in Espoo will be higher than in Kera specifically, at 410 cars per 

1,000 people. Estimating the population of Espoo will grow by 4,000 people annually until 

the year 2030 to 328,000 people (City of Espoo 2019), this would come to 134,480 passenger 

cars. 

Scenario 1 assumed the 2018 shares of each type of vehicle, as shown in Table I.2: 0.7% of 

gas-powered cars and 2.9% of electric and hybrid vehicles. The shares shown in Table I.3 

were assumed for Scenario 2, 8.2% for gas-powered and 60.5% for electric and hybrid 

vehicles. Since the target of 670,000 of electric vehicles given by the Ministry of Transport 

and Communications report (Liikenne- ja viestintäministeriö 2018) does not separate fully 

electric from plug-in hybrids, half of the electric vehicles were assumed to be hybrids. 

Scenario 3 predicted even higher levels of adoption, with 90% share of fully electric (no 

plug-in hybrids) and 10% of gas-powered passenger cars. 

4.2.3 Public transport 

Scenario 1 predicted no increase in the modal share of public transport. Scenario 2 took 

Espoo’s own target of 1.1% annual increase of the modal share of public transport between 

2016 and 2030 (Sjöblom et al. 2019). From 17.9% in 2016, this would result in 33.3% in 

2030. Scenario 3 used a higher rate of annual growth of 1.5%, resulting in 38.9% modal 

share.  

At the end of 2019, there were 3,238 buses in traffic in the Uusimaa area (Traficom 2019b). 

Of these, 50, or 1.5%, were electric buses. This was the share of electric buses in Scenario 

1. As can be seen in Table 2, HSL has set a target of electric buses comprising 30% of its 

fleet by 2025 (HSL Helsingin seudun liikenne 2019b). This was assumed for Scenario 2, 

while Scenario 3 proposed that the whole fleet will run on electricity, based on Espoo’s 

vision of achieving a fully emission-free public transport system. 
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For Scenarios 2 and 3 it was assumed that the share of bus trips of the total public transport 

use is 30%, and the share of train trips is 70%. This is because Kera is centered on the already 

existing train stop, and the train service is expected to be the most significant form of public 

transport in the area (Arkkitehtuuritoimisto B&M Oy 2017). 

4.2.4 Transport energy consumption and emissions 

Values for energy consumption and emissions of each mode of transport were obtained from 

VTT Technical Research Centre of Finland (2017). In this work, the energy consumption 

for electric vehicles is relevant. Table I.4 shows these values. 

For passenger cars, values representing the average between highway and urban driving were 

selected. Hybrid plug-in car values were estimated using a share of 25% gasoline and 75% 

electric-powered driving. Similarly, 75% of the total energy consumption was allocated to 

electricity. For buses, the values are for arterial road urban driving, with 18 passengers 

onboard. The electricity demand of train travel was left out of the calculations, while the 

electricity demand of buses was included. 

4.2.5 Energy demand of buildings and infrastructure 

The energy consumption in Kera will consist mostly of the electricity use of public service 

utilities and residential, commercial and office buildings, heating and cooling of spaces and 

ventilation, and generation of domestic hot water. Kera will be constructed according to 

near-zero energy principles. As a result, it was calculated that the total heating demand for 

Kera, once completed, will be 43 GWh per year, electricity demand 30 GWh per year, and 

cooling demand 4 GWh per year. (Arkkitehtuuritoimisto B&M Oy 2017) These values 

remained the same for each scenario. 

4.2.6 Recycling rates and waste-to-energy 

In a CE waste is considered a resource, and its reuse at its highest value is prioritized. Using 

waste for energy recovery is lower in the waste hierarchy, so in this work higher recycling 

rates are regarded as more preferable. 
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Estimates of waste generation in the Helsinki metropolitan area vary by source. For this 

work, data for the year 2018 from HSY for the whole Helsinki region were used (HSY 

Helsingin seudun ympäristöpalvelut 2020) as seen in Table I.5. Recycling rates were derived 

from a report by Helsinki Region Environmental Services Authority (HSY Helsingin seudun 

ympäristöpalvelut 2019a), which in turn are based on national statistics. The first row, 

“mixed waste,” indicates non-separated fractions of waste, while the rest have been collected 

separately. “Organic waste” also contains the category of “garden waste,” and “SER” the 

category of “batteries.” 

Waste generation per person was 595.3 kg/cap. Of this, 288.5 kg/cap, or 48.5%, was 

recycled. The rest, 306.8 kg/cap, was diverted into energy recovery (51.1%) or landfilling 

(0.4%). Largest share of this non-recycled material was mixed waste, at 255.3 kg/cap. Table 

I.6 shows the amounts of non-recycled material, and the composition of mixed waste in the 

Helsinki area (HSY Helsingin seudun ympäristöpalvelut 2018b). The total additional 

potential was calculated by adding together the amount of separately collected material not 

already recycled (assuming that 100% of all fractions besides “wood” and “other” are 

recyclable) and the potential recyclable material in mixed waste (assuming that 100% of all 

fractions making up mixed waste besides “mixed waste,” “wood,” and “other” are 

recyclable).  

The total additional potential, 241.2 kg/cap, added to the already recycled material as seen 

in Table I.5, 288.5 kg/cap, equals 529.7 kg/cap. This gives a recycling rate of 89.0%. This 

was selected as the target for Scenario 3, while Scenario 1 presumed no change to the current 

recycling rate of 48.5%. Scenario 2 assumed the 60% recycling rate target set by HSY (HSY 

Helsingin seudun ympäristöpalvelut 2018a). 

The WtE energy generation potential was calculated using the values shown in Table I.7, 

with the lower heating value for mixed waste from (Pöyry Energy Oy 2009) and for the other 

waste fractions from (Koskimaa 2016). Production efficiencies were estimated based on 

(Haapio 2020), and the emission factor comes from (Pöyry Management Consulting Oy 

2015). 



55 

 

4.2.7 Ground source heat pumps 

The preliminary city plan of Kera (Arkkitehtuuritoimisto B&M Oy 2017) includes an 

analysis of the potential for local energy generation potential, performed by SkenarioLabs. 

One of the things the analysis looked at was geothermal energy providing the heating for the 

buildings by estimating the thickness of the soil cover and found that most all the heat 

demand in the area could be met by geothermal, either by constructing energy piles where 

the cover is thicker and drill holes where it is shallower. The overall heat demand of the 

buildings located on top of the shallower soil cover is 20.1 GWh in total. 

(Arkkitehtuuritoimisto B&M Oy 2017) For this work, it was assumed that this amount of 

heat energy would be provided by ground source heat pumps. The coefficient of performance 

(COP) of the heat pumps was assumed to be 3 (Holopainen et al. 2010), giving them an 

annual energy electricity consumption of 6.7 GWh. 

4.2.8 Biogas generation 

To calculate the biogas generation potential in Kera, values from 2018 of the currently 

operating Ämmässuo waste treatment center in Espoo were used, shown in Table I.8. Values 

for organic waste received, biogas generation, and heat and electricity production were 

derived from a Helsinki Region Environmental Services Authority report (HSY Helsingin 

seudun ympäristöpalvelut 2019b), while rates of biogas generation per organic waste input, 

and energy production per biogas input were calculated. Electricity and heat demand values 

come from (YTV Pääkaupunkiseudun yhteistyövaltuuskunta 2009). It was assumed that all 

organic waste recycled goes into biogas production. 

For each scenario, it was assumed that biogas use in transport is prioritized, and hence the 

demand by the gas-based passenger cars will be met before directing the remaining biogas 

into electricity and heat generation operations. 

4.2.9 Photovoltaic electricity 

To calculate the electricity output of the building-integrated solar PV, as well as to estimate 

the solar power plant area needed to meet the electricity demand of Kera, the online PVGIS 

calculator (European Commission 2019) was used.  
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The preliminary city plan of Kera (Arkkitehtuuritoimisto B&M Oy 2017) includes an 

analysis of the potential for solar PV electricity production in the area, performed by 

SkenarioLabs, by using the south, southeast, and southwest-facing rooftops as well as some 

building façades facing open areas for PV panel installations. The analysis gives an estimate 

of potentially usable non-shaded rooftop areas, 30,000 m2, but not of wall areas. For the 

purposes of this work, it was estimated that the available façade area is roughly one fourth 

of the rooftop area, or 7,500 m2, with the estimated area of windows, 8.5% (Dzhigit et al. 

2013), subtracted from the total. Rounded to the nearest one hundred, this gives 6,900 m2.  

Table I.9 presents the values used to estimate the solar PV electricity production potentials 

of the two types of building-integrated panels. The irradiation values are given by PVGIS 

(European Commission 2019) for Espoo. The value for efficiency is an average for 

crystalline silicon panels (Paavola 2012). The system loss is a default value given by PVGIS 

(European Commission 2019). When estimating the total area required by the solar power 

plant, this value was assumed to include the losses caused by self-shading of panels. All 

solar PV electricity production potentials were calculated on an annual level, ignoring 

seasonal variability and assuming a grid connection similar to the case as was described in 

section 3.2.3.  

4.2.10 Tomato consumption 

Nationally, tomato consumption was 10.7 kg/cap in 2009, and 11.8 kg/cap in 2018 

(Luonnonvarakeskus 2018). This represents an increase in demand of 10.3%. This has been 

a trend over the past several years, not only for tomatoes but all other vegetables and plant-

based products as well, due to increased awareness of health and environmental issues 

related to food consumption (STT 2019). Local food products are also growing in popularity; 

54% of respondents expressed interest in them in a 2018 survey, citing reasons such as 

supporting local producers, employment and economy, and freshness of the products 

(Sillanpää et al. 2018). 

For Scenario 1, it was projected that the 11.8 kg/cap demand of 2018 will not increase. For 

Scenario 2, this increase in demand was another 10% by year 2030, as has been the trend. In 

Scenario 3, this was 20%. 
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Table I.10 presents data for greenhouse tomato cultivation in Finland in 2017. Yield and 

greenhouse area values are from (Luonnonvarakeskus 2016), data on electricity and heat 

consumption from (Silvenius et al. 2019), and waste from (Luonnonvarakeskus 2020). These 

values remained constant in each scenario. 

4.2.11 Wastewater treatment 

Values for the currently operating Suomenoja wastewater treatment plant in Espoo (HSY 

Helsingin seudun ympäristöpalvelut 2014) as shown in Table I.11, were used for the 

calculations related to the local wastewater treatment plant. Information on waste heat 

recovery comes from (Fortum Oyj 2013). Heat pumps with a COP of 3 was assumed for the 

waste heat recovery process (Valor Partners Oy 2016). Calculation of emissions from 

wastewater treatment was based on Suomenoja data from 2017 (Graan et al. 2018), taking 

into account methane, carbon dioxide and nitrous oxide emissions and converting these to 

CO2-eq by using their 100-year global warming potential values (Greenhouse Gas Protocol 

n.d.). Only gaseous emissions generated during the wastewater treatment process itself were 

taken into account here. 

Table I.12 presents the calculated values for the projected 13,300 inhabitants of Kera. These 

values remained a constant in each scenario studied. 

4.3 Scenario set-up 

4.3.1 Scenario 1: No change from present 

Table 4 shows the modal shares of transport of Kera in Scenario 1, which remained the same 

as in 2016, shown in Table I.1, and the category of “other” added to passenger car. The 

number of daily trips per person, 2.91, was divided according to the share of each type of 

transport. Daily distance traveled per person was calculated by multiplying the daily trips 

per person with the average trip length, which remains the same as in 2016 (Table I.1). The 

total distance traveled per day was calculated by multiplying the daily distance traveled per 

person by the number of inhabitants in Kera, 13,300. 
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Table 4. Scenario 1 modal shares of transport, daily trips and distance per person, and total distance traveled. 

  Share of 

all modes 

of 

transport 

[%] 

Daily trips 

per person 

[trip/cap/d] 

Daily 

distance 

traveled per 

person 

[km/cap/d] 

Total 

distance 

traveled per 

day [km/d] 

Foot 26.5 0.77 1.16 15,361.5 

Bicycle 6.2 0.18 0.72 9,576.0 

Train 8.9 0.26 3.58 47,605.1 

Bus 8.9 0.26 3.85 51,178.4 

Passenger car 49.5 1.44 30.24 402,192.0 

Total 100.0 2.91 
 

524,913.0 

 

The passenger vehicle base in this scenario, shown in Table 5, was based on 2018 shares as 

seen in Table I.2. The annual energy use and emissions were calculated by taking the total 

daily distance traveled by all passenger cars in Kera (Table 4), converting this to annual 

distance by multiplying by 365, multiplying this by respective shares of each type of vehicle, 

and then by their respective energy consumption or emission generation rates (Table I.4). 

Table 5. Scenario 1 passenger car base, and its annual energy use and emissions. 

  Share [%] Number of 

vehicles 

[cars] 

Annual 

energy use 

[MWh/a] 

Annual 

emissions 

[tCO2-eq/a] 

Passenger car, gasoline 69.5 3,981 37,741.0 9,588.4 

Passenger car, diesel 26.9 1,544 13,844.5 3,283.1 

Passenger car, gas 0.7 37 306.8 39.5 

Passenger car, plug-in hybrid 2.4 138 592.5 83.1 

Passenger car, electric 0.5 29 74.5 0.0 

  100.0 5,729 
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The annual biogas consumption of a gas-powered passenger car is dependent on the annual 

distance it travels. As shown in Table 4, the total daily distance traveled by the 5,729 cars in 

Kera is 402,192.0 km. This gives an annual distance of 25,621.9 km per car. Currently, the 

average fuel consumption of a gasoline-powered car is 6 liters per 100 km (VTT Technical 

Research Centre of Finland 2017), while one cubic meter of gas is equivalent in energy 

content to about 1.1 liters of gasoline (CO2-raportti 2009). In this scenario, then, the biogas 

demand of a single gas-powered vehicle comes to 1,397.6 m3 per year. 

Table 6 presents the public transport base. In 2019, the great majority of buses in the 

Uusimaa area (98%) ran on diesel, with the rest using electricity, liquefied petroleum or 

compressed natural gas, or gasoline (Traficom 2019b). Since HSL has not set a target to 

increase the share of gas-powered buses in their fleet, the portion of buses in this scenario 

not assumed to run on electricity, or 98.5%, were diesel-based.  

Annual energy use and emission calculations followed the method of passenger cars. 

Table 6. Scenario 1 public transport base, and its annual energy use and emissions. 

  Share [%] Annual energy use [MWh/a] Annual emissions [tCO2-eq/a] 

Bus, diesel 98.5 3,112.1 677.3 

Bus, electric 1.5 47.6 0 

  
   

Train, electric 100 1,233.7 0 

 

The WtE potential was determined using the waste amounts as shown in Table 7, which in 

turn were based on the current amounts as seen in Table I.5. The category of “other” was 

added to “mixed waste.” The totals were calculated by multiplying the amounts per person 

by Kera’s population. 

Table 7. Scenario 1 waste amounts to WtE. 

 Annual amounts 

per person 

[kg/cap/a] 

Annual total 

amount [kg/a]  
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Mixed waste to incineration  266.3 3,541,682.4 

Organic waste to incineration 11.3 150,849.0 

Paper and cardboard waste to incineration 10.3 137,233.2 

Wood waste to incineration 13.5 178,928.6 

Plastic waste to incineration 5.4 71,535.2 

 

The fuel power of the waste directed into WtE (Table 8) was calculated by multiplying the 

amounts of each waste fraction by their respective lower heating values, seen in Table I.7, 

and adding these together. Annual electricity and heat produced was calculated, in turn, by 

multiplying this by their respective production efficiencies, and the annual emissions by the 

emission factor, also seen in Table I.7. 

Table 8. Scenario 1 WtE energy potential and emissions generated.  

Fuel power [MWh/a] 12,550.2 

Electricity produced [MWh/a] 3,137.6 

Heat produced [MWh/a] 8,785.1 

Emissions generated by electricity production  [tCO2-eq/a] 451.8 

Emissions generated by heat production [tCO2-eq/a] 1,265.1 

 

Greenhouse tomato cultivation and relevant numbers are presented in Table 9. The area and 

energy requirements were calculated by multiplying the total annual demand with values 

shown in Table I.10. 

Table 9. Scenario 1 greenhouse tomato demand, area and energy requirements and emissions to meet this 

demand, and organic waste from cultivation. 

Annual tomato demand per person [kg/cap/a] 11.8 

Total annual demand [kg/a] 156,940.0 

Area requirement to meet demand [m2/a] 4,160.0 

Electricity requirement to meet demand [MWh/a] 521.0 

Heat requirement to meet demand [MWh/a] 1,544.3 
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Organic waste from cultivation [t/a] 39.2 

 

Table 10 presents values pertaining to the biogas generation operations. Organic waste 

recycled was the same as in 2016 (Table I.5), with the total amount calculated by multiplying 

this with Kera’s population, and adding organic waste originating from the greenhouses 

(Table 9). The total biogas from organic waste digestion was calculated by multiplying this 

with the biogas generation rate of 193 m3 of gas per ton of organic waste, shown in Table 

I.8, and the biogas generation from wastewater sludge digestion, as in Table I.12, was added 

to this. Electricity and heat demand of the biogas generation operations was calculated using 

the energy demand values from Table I.8. The annual biogas demand of Kera’s passenger 

cars was calculated by multiplying the number of gas-powered cars, 37 (Table 5), by the 

biogas demand of a single passenger car, 1,397.6 m3 per year. 

Table 10. Scenario 1 biogas generation, with amount of organic waste recycled, electricity and heat demand of 

biogas generation operations, and biogas demand of passenger car base. 

Organic waste recycled [kg/cap/a] 102.1 

Total organic waste including greenhouse [t/a] 1,396.6 

Biogas generated [m3/a] 269,061.5 

Total biogas generated including from wastewater [m3/a] 429,708.3 

Electricity demand [MWh/a] 24.9 

Heat demand [MWh/a] 132.7 

Biogas demand of passenger cars [m3/a] 52,296.2 

 

4.3.2 Scenario 2: Achieving set targets 

The modal shares of transport for this scenario are shown in Table 11. The share of bicycling 

was increased to 15% and public transport to 33.3% with a 70-30 split between train and 

bus. These increased shares were taken from the share of passenger cars. Other values were 

calculated as in Scenario 1. 
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Table 11. Scenario 2 modal shares of transport, daily trips and distance per person, and total distance traveled. 

  Share [%] Daily trips per 

person 

[trip/cap/d] 

Daily distance 

traveled per 

person 

[km/cap/d] 

Total distance 

traveled per day 

[km/d] 

Foot 26.5 0.77 1.16 15,361.5 

Bicycle 15.0 0.44 1.75 23,221.8 

Train 23.3 0.68 9.33 124,084.2 

Bus 10.0 0.29 4.30 57,170.6 

Passenger car 25.3 0.74 15.44 205,386.1 

Total 100.0 2.91 
 

425,224.2 

 

The passenger car base is as shown in Table 12. The increase in electric and gas-powered 

vehicles was derived equally from the other two types of cars. Energy and emission 

calculations were done as in Scenario 1. 

Table 12. Scenario 2 passenger car base, and its annual energy use and emissions. 

  Share [%] Number of 

vehicles 

[cars] 

Annual 

energy use 

[MWh/a] 

Annual 

emissions 

[tCO2-eq/a] 

Passenger car, gasoline 22.6 927 6,256.8 1,589.6 

Passenger car, diesel 8.7 359 2,295.1 544.3 

Passenger car, gas 8.2 338 1,973.7 254.1 

Passenger car, plug-in 

hybrid 

30.2 1,243 3,796.4 532.6 

Passenger car, electric 30.2 1,243 2,266.5 0.0 

  100 4,110 
  

 

The biogas demand of a single passenger car in this scenario was 995.0 m3/a. The annual 

distance traveled by one car was 18,241.2 km, and the calculations were like in Scenario 1. 
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The public transport base and its energy consumption and emissions are presented in Table 

13. As in Scenario 1, the portion of buses not running on electricity was assumed to be diesel-

based. Energy consumption and emission calculations also were done as in Scenario 1.  

Table 13. Scenario 2 public transport base, and its annual energy use and emissions. 

  Share [%] Annual energy use [MWh/a] Annual emissions [tCO2-eq/a] 

Bus, diesel 70 2,483.2 540.5 

Bus, electric 30 1,064.2 0 

  
   

Train, electric 100 3,215.6 0 

 

To reach the recycling rate of 60% set as a target for this scenario, an additional 68.7 kg/cap 

of waste must be recycled, to bring the total from the current 288.5 kg/cap (Table I.5) to 

357.1 kg/cap. It was assumed that the addition comes from improved source separation of 

mixed waste, and is distributed evenly among the seven categories of “organic waste,” 

“cardboard,” “paper,” “glass,” “metal,” “SER,” and “plastic.” Table 14 shows the waste 

fractions by their end use in this scenario, with the waste incineration column containing the 

previously non-recycled fractions as seen in Table I.6.  

Table 14. Scenario 2 waste amounts by fractions and their end uses. 

 Generation per 

person [kg/cap] 

Material 

recycling 

[kg/cap] 

Waste to 

incineration 

[kg/cap] 

Annual total to 

incineration 

[kg/a] 

Mixed waste 256.2 0.9 197.6 2,628,264.2 

Organic waste 113.4 111.9 11.3 150,849.0 

Cardboard 71.2 75.6 5.4 71,820 

Paper 64.5 69.4 4.9 65,140 

Glass 20.1 29.9 0.0 - 

Metal 19.6 29.4 0.0 - 

SER 16.4 26.2 0.0 - 

Wood 13.5 0.0 13.5 178.928.6 
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Other 11.6 0.6 11.0 146,405.2 

Plastic 8.8 13.2 5.4 71,534.2 

Total 595.3 357.1 238.1  

 

Calculations of fuel power, energy production, and emission generation, seen in Table 15, 

followed the method described for Scenario 1. The heating power of the category of “other” 

was calculated using the value of “mixed waste.” 

Table 15. Scenario 2 WtE energy potential and emissions generated. 

Fuel power [MWh/a] 9,759.2 

Electricity produced [MWh/a] 2,439.8 

Heat produced [MWh/a] 6,831.4 

Emissions generated by electricity production  [tCO2-eq/a] 351.3 

Emissions generated by heat production  [tCO2-eq/a] 983.7 

 

Local tomato demand and inputs and outputs for its cultivation are shown in Table 16, with 

calculations for area, electricity, heat and emissions done as in Scenario 1. 

Table 16. Scenario 2 greenhouse tomato demand, area and energy requirements and emissions to meet this 

demand, and organic waste from cultivation. 

Annual tomato demand per person [kg/cap/a] 13.0 

Total annual demand [kg/a] 172,634.0 

Area requirement to meet demand [m2/a] 539.5 

Electricity requirement to meet demand [MWh/a] 573.1 

Heat requirement to meet demand [MWh/a] 1,698.7 

Organic waste from cultivation [t/a] 43.2 

 

The biogas generation operations are presented in Table 17. Calculation methods were as in 

Scenario 1. 
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Table 17. Scenario 2 biogas generation, with amount of organic waste recycled, electricity and heat demand of 

biogas generation operations, and biogas demand of passenger car base. 

Organic waste recycled [kg/cap/a] 111.9 

Total organic waste including greenhouse [t/a] 1,531.0 

Biogas generated [m3/a] 294,956.4 

Total biogas generated including from wastewater [m3/a] 455,603.3 

Electricity demand [MWh/a] 27.2 

Heat demand [MWh/a] 145.6 

Biogas demand of passenger cars [m3/a] 336,428.9 

 

4.3.3 Scenario 3: Moving beyond targets 

Table 18 shows the breakdown of the total travel done in Kera in this scenario. Shares for 

each mode were determined as outlined in section 4.2.1, with pedestrian traffic remaining 

constant from 2016, bicycling at 25%, 70% share of the 38.9% total public transport going 

to train and 30% to bus traffic, and the final part for passenger car.  

Table 18. Scenario 3 modal shares of transport, daily trips and distance per person, and total distance traveled. 

 
Share [%] Daily trips per 

person 

[trip/cap/d] 

Daily distance 

traveled per 

person 

[km/cap/d] 

Total distance 

traveled per day 

[km/d] 

Foot 26.5 0.77 1.16 15,361.5 

Bicycle 25.0 0.73 2.91 38,703.0 

Train 27.2 0.79 10.90 144,970.5 

Bus 11.7 0.34 5.02 66,793.7 

Passenger 

car 

9.7 0.28 5.91 78,599.0 

Total 100.0 2.91 
 

344,423.7 

 

The passenger car base is shown in Table 19, and public transport base in Table 20. 
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Table 19. Scenario 3 passenger car base, and its annual energy use and emissions. 

  Share 

[%] 

Number of 

vehicles [cars] 

Annual energy use 

[MWh/a] 

Annual emissions 

[tCO2-eq/a] 

Passenger car, 

gas 

10 386 918.0 118.2 

Passenger car, 

electric 

90 3,471 2,581.9 0 

  3,857   

 

Table 20. Scenario 3 public transport base, and its annual energy use and emissions. 

 Share [%] Annual energy use [MWh/a] Annual emissions [tCO2-eq/a] 

Bus, 

electric 

100 1,901.6 0 

    

Train, 

electric 

100 3,756.9 0 

 

In this scenario, a single passenger car traveled an annual distance of 7,437.47 km. Following 

the calculation method as in Scenario 1, this gave a biogas demand of 405.7 m3 per year for 

a single gas-powered car. 

Waste ending up in incineration, which in this scenario comprising only mixed and wood 

waste, is shown in Table 21. Since all other portions of mixed waste were assumed to have 

been recycled in this scenario, as detailed in section 4.2.6, the amount of mixed waste left 

over is 14.4% of the original 255.3 kg/cap not recycled (Table I.6). The amount of mixed 

waste shown in Table 21 also includes the category of “other” that goes into incineration. 

Table 21. Scenario 3 waste amounts to WtE. 

 Annual amounts 

per person 

[kg/cap/a] 

Annual total 

amount [kg/a]  
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Mixed waste to incineration 47.8 635,325.1 

Wood waste to incineration 17.8 236,648.3 

 

The calculations for fuel power, energy production and emissions of WtE (Table 22) were 

done as described in Scenario 1. 

Table 22. Scenario 3 WtE energy potential and emissions generated. 

Fuel power [MWh/a] 2,828.7 

Electricity produced [MWh/a] 707.2 

Heat produced [MWh/a] 1,980.1 

Emissions generated by electricity production  [tCO2-eq/a] 101.8 

Emissions generated by heat production  [tCO2-eq/a] 285.1 

 

Table 23 presents the greenhouse tomato demand, energy and area requirements and 

emissions to meet the demand, as well as the waste from the greenhouses. 

Table 23. Scenario 3 greenhouse tomato demand, area and energy requirements and emissions to meet this 

demand, and organic waste from cultivation. 

Annual tomato demand per person [kg/cap/a] 14.2 

Total annual demand [kg/a] 188,328.0 

Area requirement to meet demand [m2/a] 4,992.0 

Electricity requirement to meet demand [MWh/a] 625.2 

Heat requirement to meet demand [MWh/a] 1,853.1 

Emissions from meeting demand [tCO2-eq/a] 489.7 

Organic waste from cultivation [t/a] 47.1 

 

Biogas generation, associated energy consumption, and vehicle biogas demand Table 24 

were calculated as in Scenario 1. Amount of organic waste recycled was calculated by adding 

together the amount recycled originally, 102.1 kg/cap (Table I.5), and the amount retrieved 

from mixed waste after improved recycling, 111.4 kg/cap (Table I.6). 
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Table 24. Scenario 3 biogas generation, with amount of organic waste recycled, electricity and heat demand of 

biogas generation operations, and biogas demand of passenger car base. 

Organic waste recycled [kg/cap/a] 213.5 

Total organic waste including greenhouse [t/a] 2,886.3 

Biogas generated [m3/a] 556,047.2 

Total biogas generated including from wastewater [m3/a] 716,694.1 

Electricity demand [MWh/a] 51.2 

Heat demand [MWh/a] 274.2 

Biogas demand of passenger cars [m3/a] 156,475.5 
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5 RESULTS 

Table 25 compares the electricity demand and Table 26 the heat demand of the three 

scenarios. 

Table 25. Electricity demand of the different sectors for each scenario. 

 
Scenario 1 

electricity demand 

[MWh/a] 

Scenario 2 

electricity demand 

[MWh/a] 

Scenario 3 

electricity demand 

[MWh/a] 

Buildings 30,000 30,000 30,000 

Transport 566 6,178 4,483 

Ground source heat 

pumps 

6,700 6,700 6,700 

Organic waste 

treatment 

25 27 51 

Tomato production 521 573 625 

Wastewater 

treatment 

558 558 558 

Wastewater heat 

recovery 

4,342 4,342 4,342 

Total 42,712 48,378 46,759 

 

Table 26. Heat demand of the different sectors for each scenario. 

 
Scenario 1 heat 

demand [MWh/a] 

Scenario 2 heat 

demand [MWh/a] 

Scenario 3 heat 

demand [MWh/a] 

Buildings 43,000 43,000 43,000 

Organic waste 

treatment 

133 145 274 

Tomato production 1,544 1,699 1,853 
 

44,677 44,844 45,127 
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Figure 3 shows these data in a graph form, omitting buildings, which at their 30,000 MWh 

annual electricity demand and 43,000 MWh annual heat demand dwarf the other categories. 

 

Figure 3. The electricity and heat demands in each scenario. 

Table 27 and Table 28, in turn, present the electricity and heat generation potentials, 

respectively, in each scenario. The demand of biogas-powered passenger cars in each 

scenario has been subtracted from the total potential of energy production from biogas. 

Table 27. Electricity generation by production technology in each scenario. 

 
Scenario 1 

electricity 

generation 

[MWh/a] 

Scenario 2 

electricity 

generation 

[MWh/a] 

Scenario 3 

electricity 

generation 

[MWh/a] 

Biogas 981 1,040 1,636 

Waste-to-energy 3,138 2,440 707 

Building-integrated PV 4,940 4,940 4,940 

Total after meeting transport 

gas demand 

8,572 7,285 6,925 
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Table 28. Heat generation by production technology in each scenario. 

 
Scenario 1 heat 

generation 

[MWh/a] 

Scenario 2 heat 

generation 

[MWh/a] 

Scenario 3 heat 

generation 

[MWh/a] 

Biogas 1,012 1,073 1,688 

Waste-to-energy 8,785 6,831 1,980 

Wastewater heat recovery 13,025 13,025 13,025 

Ground source heat pumps 20,100 20,100 20,100 

Total after meeting transport 

gas demand 

42,421 39,859 36,425 

 

These are also shown below in Figure 4. 

 

Figure 4. The electricity and heat generation in each scenario. 

The calculated flows of the resources as identified in Figure 1 are shown in Figure 5, Figure 

6, and Figure 7 for Scenarios 1, 2 and 3, respectively. 
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Figure 5. Resource flows in Scenario 1. (B: biogas E: electricity H: heat OW: organic waste T: tomatoes W: 

waste WW: wastewater) 

 

Figure 6. Resource flows in Scenario 2. (B: biogas E: electricity H: heat OW: organic waste T: tomatoes W: 

waste WW: wastewater) 
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Figure 7. Resource flows in Scenario 3. (B: biogas E: electricity H: heat OW: organic waste T: tomatoes W: 

waste WW: wastewater) 

Additional energy production needed to meet demand and the total area required by solar 

PV panels to meet the remainder of the electricity demand is shown in Table 29. The solar 

PV area was calculated using the PVGIS online calculator (European Commission 2019) as 

described in section 4.2.9. 

Table 29. Electricity and heat deficits in each scenario, and the area required by solar PV to meet the electricity 

demand. 

 Scenario 1 Scenario 2 Scenario 3 

Electricity deficit 

[MWh/a] 

-34,140 -41,093 -39,834 

Heat deficit 

[MWh/a] 

-2,256 -4,985 -8,703 

Solar PV peak 

power needed to 

meet electricity 

deficit [kW] 

37,660 45,330 43,941 



74 

 

Solar PV area 

needed to meet 

electricity deficit 

[m2] 

235,375 283,313 274,634 

 

The annual emissions resulting from each scenario are shown in Table 30, as well as in 

Figure 8. 

Table 30. Annual GHG emissions of each scenario. 

  

Figure 8. The GHG emissions in each scenario. 
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Scenario 1 

emissions [tCO2-

eq/a] 

Scenario 2 

emissions [tCO2-

eq/a] 

Scenario 3 

emissions [tCO2-

eq/a] 

Transport 13,671 3,461 118 

Wastewater 

treatment 

2 2 2 

Waste incineration 1,717 1,335 387 

Total 15,391 4,799 508 
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For comparison, Figure 9 below shows the GHG emissions in a situation where the 

remaining electricity and heat after the local potential has been exhausted is provided by the 

national grid instead of a solar power plant. In this calculation, the emission factors of the 

Finnish electric grid, 158 kgCO2-eq/MWh, and the district heating grid, 164 kgCO2-

eq/MWh, were used (Motiva Oy 2019b). Kera’s SECAP emission target, shown in Figure 2 

in more detail, is also presented. Here the emissions from waste incineration heat production 

and electricity production, shown separately in Figure 8, have been included in the overall 

heat and electricity emissions, respectively. 

  

Figure 9. The GHG emissions in each scenario, with electricity and district heat provided by the national grid. 

Table 31 compiles data from the above tables and presents the results as defined by the three 

indicators chosen, GHG emissions, self-sufficiency, and land use. As calculated in section 

4.1.5, Kera’s annual GHG emissions to reach Espoo’s carbon neutrality target as outlined by 

their SECAP report, is 9,356 tCO2-eq/a. Kera’s total land area, in turn, is 787,862 m2 

(Arkkitehtuuritoimisto B&M Oy 2017). 

Table 31. GHG emissions of total SECAP target, energy self-sufficiency, and PV land use of total Kera area 

in each scenario. 

 Scenario 1 Scenario 2 Scenario 3 

0

5,000

10,000

15,000

20,000

25,000

S1 emissions S2 emissions S3 emissions Kera in 2030

G
H

G
 e

m
is

si
o

n
s 

 [
tC

O
2-

eq
/a

]

GHG emissions including national grid

Waste & wastewater treatment Transport Heating Electricity



76 

 

GHG emissions 

[tCO2-eq/a] 

15,401 5,030 508 

GHG emissions of 

SECAP target 

155% 51% 5% 

    

Energy demand 

[MWh/a] 

87,389 93,222 91,887 

Energy generation 

[MWh/a] 

50,993 47,144 43,350 

Energy self-

sufficiency 

58% 52% 48% 

    

Solar PV land use 

[m2] 

235,375 283,313 274,634 

Solar PV land use of 

total area 

30% 36% 35% 

 

Figure 10 charts energy self-sufficiency against GHG emissions, while Figure 11, in turn, 

compares energy self-sufficiency and PV land use. 
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Figure 10. Energy self-sufficiency compared to GHG emissions in each scenario. 

  

Figure 11. Energy self-sufficiency compared to PV land use in each scenario.  
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6 DISCUSSION 

A CC is a new way of viewing and organizing a city and its activities. Linear processes 

accelerating resource use and waste generation due to growth both in wealth and in urban 

populations can be replaced by circular processes characterized by connections between 

flows. Involving CE principles from the very beginning, the planning stages of an urban 

area, ensures the right infrastructure is in place to allow for local resource cycles and 

generation of renewable energy and supports the development of a low carbon, low energy 

consuming urban fabric, with the associated benefits of reducing the energy demand and 

emissions of the transport sector. 

Essential is the understanding of the city as a system, one comprising a number of 

subsystems and itself an integral part of the larger surroundings, not reducible to its 

components but created through their interactions. Studying the metabolic resource and 

energy flows of an urban area induces thinking where the city is seen as a self-sustaining 

ecosystem where there is no waste, only resources. Adopting a system-oriented nexus 

mindset reveals connections between flows and prevents actions taken in one sector from 

having negative consequences in another. 

The definition of a CC as drafted in this thesis, described in section 2.3, can be used as the 

basis for creating a sustainable urban transport system. Resource use and waste generation 

are minimized by adopting modes of transport that require less energy and generate fewer 

emissions. This, in turn, is enabled by smart spatial and infrastructure planning. Local, 

circular resource flows can be utilized in fueling low-emission vehicles, while favoring 

renewable resources. A cleaner, multi-modal, accessible transport system bolsters the 

creation of a better, more equitable city and, ultimately, society. 

The planning of Kera has been well informed by principles supporting the creation of an 

urban CE. It will be a compact area with readily accessible services and jobs and based on 

good public transport connections – a versatile urban fabric. Renewable energy potential in 

the area – solar PV electricity and geothermal and biofuel-based heat – has been examined 

in the preliminary city planning stage. Materials from the existing infrastructure in the area 
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will be used in new construction to the highest degree possible. (Arkkitehtuuritoimisto B&M 

Oy 2017) 

Since the completion of Kera is still far in the future, it is as of yet unknown what kind of 

CE-supporting initiatives, if any, will be taking place within the neighborhood. At this 

preliminary stage, plans remain vague, yet ambitious: after all, the aim is to make a Kera 

into an “internationally renowned example of CE”. It is yet unknown whether Espoo will 

promote the creation of local, closed resource flows there, and if they will, what form these 

will take. 

Estimating Kera’s urban metabolic flows from a nexus perspective can reveal opportunities 

for the creation of loops or resource savings. Making these calculations ahead of time, before 

the completion of Kera – for example through scenario analysis – can inform planning 

decisions, possibly prompting the construction of facilities to take full advantage of local 

resources. Naturally, as Kera will be a residential area, the resource flows will be very 

different than they would be in an industrial district. Resource consumption and waste 

generation patterns will be different than they would be in an industrial region, and the 

creation of conditions where waste from one local process can be used as input in another is 

limited. The analysis in this thesis shows that household or greenhouse organic waste and 

wastewater could act as such inputs in the generation of biogas. Whether the biogas is then 

directed into transport or energy production is dependent on the local priorities.  

The active participation of the local inhabitants is needed in achieving sustainability in an 

urban area. Close involvement of local stakeholders is required in the successful 

implementation of CE initiatives, and new business models succeed only if consumers are 

engaged. The compact, mixed-use urban form and a flexible public transport system 

facilitate behavioral change for inhabitants, for whom sustainable modes of travel may 

appear more convenient than in a sprawling, less connected urban development. Providing 

infrastructure for electric vehicle charging or biogas fueling stations can encourage the 

uptake of these types of cleaner passenger cars. It is plausible that most of Kera’s future 

residents will be people for whom sustainability-related issues are important. After all, they 

have made the conscious decision to move to an area that has been explicitly branded as a 
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neighborhood based on CE principles. As such, they may also be open to any new types of 

CE business initiatives in the area, for example vehicle or space sharing services. 

6.1 Targets 

The circularity-related targets of the City of Espoo and the surrounding region, as identified 

in Table 2, manifest the centrality of transport and mobility in any local government’s pursuit 

of sustainability. This is also outlined in the Sustainable Espoo program (Mäkelä et al. 2019), 

where one of the target benefits is specifically centered on transport. Heat and electricity 

generation receives attention in the program as well, although the targets set are not as 

concrete as with transport. Food and water, on the other hand, are not a high concern for the 

local officials based on the goals they have set. Urban farming receives a single mention in 

the Sustainable Espoo program, with no actual target set, so local food production seems to 

not be a priority. Water is only mentioned in the context of storm water management, which 

is relevant considering local water quality. Matters relating to water quantity do not show up 

at all, likely because there are no water scarcity issues in Finland. In another city located in, 

for example, Southern Europe, measures such as rainwater collection or graywater reuse 

might be more prominent. 

Since the three scenarios set in this thesis reflect the targets set by Espoo and the Helsinki 

region in general, transport and mobility took a central position when examining the local 

energy flows in Kera. Meanwhile, food and water played only a small role. There were no 

targets in Espoo’s program that were suitable for examining these two resources from the 

urban metabolism perspective, and therefore only wastewater generation and its connection 

to energy as well as small-scale greenhouse tomato production activities were studied. Had 

the thesis also included material flows, the food production aspect could have been linked to 

issues such as nutrient cycling. 

Overall, more concrete targets with set numerical goals and specific indicators to measure 

progress toward them might be beneficial for Espoo. Their two overarching ambitions are 

achieving carbon neutrality by 2030 and retaining the title of “the most sustainable city in 

Europe” (Mäkelä et al. 2019), and to succeed in these large-scale aspirations, they have to 

implement several smaller measures across all sectors of the city. Since Espoo’s population 
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is projected to keep growing, their targets can be seen as promoting the ultimate goal of 

decoupling resource use from growth, even if they are not explicitly labeled as such. The 

creation of neighborhoods such as Kera can go a long way to help achieving their goals. 

After all, within the current infrastructure in Espoo there exists more limited potential for 

GHG reduction actions than in completely new areas.  

6.2 GHG emissions 

Scenario 1, representing the present day situation with its GHG emissions at 155% of the 

SECAP target, shows that much work remains to be done if Espoo wants to reach their 

carbon-neutrality goal. Of course, given that in this thesis utilities (wastewater treatment and 

waste incineration) were included that will not be a part of the finished Kera, and thus their 

emissions will not be accounted for in the final calculations, the emissions of the area will 

likely be lower than what this work shows. Only emissions generated within the area are 

included in the SECAP calculations (Joint Research Centre 2018); in the actual finished 

Kera, these emissions will be externalized to Espoo. 

However, this does not negate the fact that transport accounted for almost 90% of all 

emissions in this scenario (Figure 8). The number of trips per person and the average length 

of trips were based on present day Helsinki region values (Table I.1), which may differ from 

the patterns of travel emerging in a densely built area such as Kera and with options such as 

remote working and telecommuting reducing the travel needs of the residents. Lower values 

in these categories would lower overall emissions even if modal shares of transport and 

passenger car base remained the same as today. However, it is unlikely that the effect would 

be large.  

Scenario 2, reflecting the currently set targets (Table 2), remains comfortably below the 

carbon-neutrality limit at 51%, provided that Espoo is able to expand their carbon-free 

energy production by a significant amount. Here, too, a majority of the emissions, nearly 

three fourths, originate from transport. Scenario 3 is the only one whose outcomes are 

significantly below the carbon-neutrality target at 5%, with waste incineration operations 

having surpassed transport as the largest emitter. Even if Kera were not able to produce all 

of its own electricity locally and emission-free, which indeed would be a rather ambitious 
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goal, the emissions are so low that the national electricity and district heating grids could 

provide the rest of the demand and still be below the carbon-neutrality target (Figure 9).  

The emission factors used to calculate the emissions of the grid-connected electricity and the 

district heating network were present-day ones. It is likely that both factors will keep 

decreasing in the next ten years, as energy production moves toward using cleaner sources. 

This is true both on the national level, but especially for district heating in Espoo; after all, 

one of the targets shown in Table 2 is completely emission-free district heating by 2030. 

Given that Kera will be constructed on top of an existing district heating network, this will 

likely be the main heating source in use, eliminating all emissions from that sector altogether. 

Another source of heating, this one a localized 30 MW biofuel-based heat plant, is identified 

as an option by Kera’s preliminary city plan (Arkkitehtuuritoimisto B&M Oy 2017). This 

would be an emission-free source as well, since biofuel is considered carbon-neutral (IPCC 

2020). 

Transport is clearly the greatest source of emissions in all scenarios. In Scenario 1 this is due 

to the combination of low adoption of sustainable modes of transport and of high share of 

internal combustion engine passenger cars. People do most of their daily travel by passenger 

car and generate plenty of emissions in the process. In Scenario 2 a higher portion of trips 

are done by bicycle, and more people are traveling by public transport every year. Public 

transport is cleaner than in Scenario 1, with 30% of the buses at zero emissions. People have 

also switched largely to lower emission private vehicles. These factors mean that the 

transport emissions of Scenario 2 are only one fourth those of Scenario 1. 

In Scenario 3 transport emissions have truly diminished.  Only one in ten of all trips are done 

by passenger car anymore, and only 10% of these, the gas-powered ones, produce any 

emissions at all. Over half of all trip are done by walking or bicycling. This may be 

reasonable considering the compact urban structure of Kera, because residents will be more 

likely to walk or bicycle shorter distances. However, it also assumes that there is low need 

among residents to travel outside the area, which may be unrealistic. The train will be used 

for the most part when traveling further, and with both rail and bus travel being fully 

electrified, this adheres to Espoo’s target of 100% emission-free public transport by 2030. 
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6.3 Self-sufficiency 

The energy self-sufficiency values, 58% for Scenario 1, 52% for Scenario 2, and 48% for 

Scenario 3, reflect a balance between local energy supply and demand.  

The buildings display by far the largest demand for heat and electricity in the area. These 

values came from the estimate in the preliminary city plan (Arkkitehtuuritoimisto B&M Oy 

2017), which was, in turn, based on the near zero energy building standards according to 

which Kera will be constructed. However, standards may be tighter as construction in the 

area begins, and energy efficiency requirements may end up lowering the overall energy 

demand. The behavior of the local residents, who, as mentioned, will likely be 

environmentally conscious, may also have an effect on decreasing energy consumption in 

the area. 

In comparison, the local utilities – organic waste and wastewater treatment, as well as the 

greenhouses – have relatively small energy demands (Figure 3). Most of the electricity here 

is consumed by the heat pumps, either by the decentralized ground source ones, or the 

sewage waste heat recovery ones. A heat pump is a highly efficient way of generating heating 

energy, so the electricity directed into this use ends up producing the majority of the heating 

in the area. Electricity and heating demand in the greenhouse tomato production naturally 

increases with increased demand for the produce itself, with heating demand playing a larger 

role in a cool climate such as Finland. These estimates were based on average greenhouse 

agricultural practices in Finland, and more advanced indoor agricultural methods, such as 

hydroponics, could reduce energy needs in this sector. Overall heating demand rises from 

one scenario to the next, due to the higher greenhouse heating demands. However, electricity 

demand is highest in Scenario 2, due to the transport sector. 

In fact, the transport side is where the biggest differences in energy demand are to be found. 

With the low adoption of electric private cars and electric buses, Scenario 1 shows by far the 

lowest transport electricity demand. The vehicles in Scenario 2 have the highest electricity 

demand, while Scenario 3 is somewhat lower. This is despite the bus fleet being fully 

electrified in Scenario 3, as well as 90% of the private car base. This reflects well the 

importance of shifting mobility toward the more sustainable modes; in Scenario 2, one fourth 
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of all travel is done by passenger car, whereas in Scenario 3 this is at one tenth. Overall 

energy use decreases when people travel by foot, bicycle, or public transport.  

This factor rises in importance considering that a city government has limited influence on 

the choice of private vehicles. They can provide suitable infrastructure to encourage the 

adoption of low- or no emission passenger cars, for example by constructing electric vehicle 

charging stations. However, other overriding considerations may hinder the wider adoption 

of these types of vehicles, such as their higher cost in comparison to internal combustion 

engine cars or their restricted range. Therefore, it is important for municipal decision-makers 

to focus on promoting and developing the modes of transport they have more control over. 

Mainly this will be public transport, but walking and bicycling can be encouraged through 

gearing spatial planning toward creating compact, mixed-use urban areas and improving 

pedestrian and bicycling routes. 

Most of the impacts of the fuel extraction and processing activities required to power the 

vehicles in Kera were outside the boundaries of the area, most significantly all impacts 

related to fossil fuels. As the thesis was defined, only the impacts of the energy demand of 

the low-emission vehicles were considered. Had the extended effects of gasoline- and diesel-

powered cars and buses been a part of the study, Scenarios 1 and 2 would have undoubtedly 

compared to Scenario 3 much more unfavorably than they did now.  

With the energy generation values in the case of wastewater heat recovery, building-

integrated solar PV, and ground source heat pumps remaining constant in each scenario, the 

differences on the supply side are struck between energy generated by biogas and by waste 

incineration, both of which are determined by the recycling rates that differ from scenario to 

scenario (Figure 4). 

Waste incineration acts as a significant source of both heating and electricity in Scenario 1, 

where half of all waste ends up in the WtE plant. Scenario 2, with its slightly more ambitious 

recycling target, receives slightly less energy from the plant, while in Scenario 3 the WtE 

plant is considerably less significant. Due to CE’s prioritization of using material at its 

highest possible value – which, according to the 6R principle discussed above (Jawahir and 

Bradley 2016), does not include incineration for energy – this cannot be considered a 
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negative thing. The 89% recycling rate, however, may be regarded as an unrealistic goal, 

even if the local residents were overly vigilant in their source separation activities, as there 

are additional economic considerations to take into account (Andersen 2007). 

In Scenario 3, more biogas is directed into energy production than in the other two scenarios. 

This is due to the combination of high overall biogas generation and low share of gas-

powered cars. Scenario 1 shows an even lower biogas demand for passenger cars, because 

they comprise such a small part of the passenger vehicle base. In Scenario 2 the biogas 

demand by vehicles is nearly double that of Scenario 3. This is largely because of the 

considerably longer annual distance a single car travels in Scenario 2, while in Scenario 3 

people do not use their cars very much. As such, the estimate of 290 cars per 1,000 people 

derived from Strafica Oy (2016) may not be very realistic given the ambitious transport 

targets of Scenario 3. 

The amount of wastewater-sourced biogas remains constant in each scenario, but due to the 

high recycling rate of Scenario 3, much more organic waste is treated at the digestion plant. 

A slightly higher amount of organic waste is also generated in the greenhouses in the 

scenarios with higher tomato production, but this is minor in comparison to the overall waste 

generation rates. This additional biogas-sourced energy narrows the gap between Scenario 3 

and the other two scenarios in regards to overall energy production potential, but the waste 

incineration operations wind up providing more heat and electricity so that Scenario 1 shows 

the most energy generation potential and Scenario 3 the least. 

In summary, Scenarios 1 and 2 have higher self-sufficiency values due to their lower 

recycling rates. Therefore, this case shows that a higher value for a given indicator may not, 

against initial expectations, be desirable after all, depending on the targets set and their 

underpinning principles. Here the importance of adopting a nexus perspective is highlighted: 

a benefit attained in one sector comes at the cost of a tradeoff in another.  

Charting the energy self-sufficiency values against GHG emissions (Figure 10) shows a 

direct correlation between the two as defined in this thesis. More waste incineration produces 

more heat and electricity, but also more GHG emissions. If the concept of self-sufficiency is 

expanded to cover the operations of the local utilities, this has a heightening effect on the 
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area’s emissions as well, since operations that otherwise would have taken place outside the 

boundaries of the area are now located inside it. The exception to this trend is Scenario 2, 

where electricity production self-sufficiency is lower than in the other two scenarios due to 

higher demand, which the additional electricity production from waste incineration as 

compared to Scenario 3 and from biogas as compared to Scenario 1 is not enough to negate. 

Requiring more imported electricity raises the emissions here a great deal. 

6.4 Land use 

The land area required by the solar PV panels to meet the remainder of electricity demand 

of Kera’s total area are 30%, 36% and 35% for Scenarios 1, 2, and 3, respectively. These 

rather sizable solar power plants would have to be located outside the borders of Kera, 

considering the fact that the buildings alone will take up 49% of the total land area in the 

finished neighborhood (Arkkitehtuuritoimisto B&M Oy 2017). At their peak power capacity 

of about or over 40 MW each, they are considerably larger than any current utility-scale 

power plant in Finland; they would add a full third of to the currently existing solar power 

capacity in the country (Energiavirasto 2019). Since Kera will be constructed in an area 

currently in industrial use which is not densely built, utilizing any possible nearby 

brownfield sites, ones whose soils may be contaminated and thus might not be suitable for 

other uses, might be an option.  

In practice, at the current level of technological development, it is impossible for an urban 

area to become 100% self-sufficient, with land area being the limiting factor; there is no 

space for all the agricultural, water extraction, and energy production activities required to 

meet the local demand. In this thesis, the relationship between solar PV land use and energy 

self-sufficiency was found to not be entirely linear in the three scenarios (Figure 11). 

Scenario 2 shows the highest land use requirement due to its highest electricity demand, 

because of the high consumption in the transport sector as discussed above. A large-scale 

electrification effort has been identified as an important way to reduce carbon emissions 

across all sectors of an economy (IRENA and State Grid Corporation of China 2019), and 

as outlined in section 6.2, this certainly was the case in the transport sector in this thesis. The 

three indicators are therefore tied to one another: in an effort to lower the GHG emission 
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value, an urban area can pursue electrification, which, if energy production self-sufficiency 

is desired to be kept at a higher level, will require activities taking up more land. 

In this work, fewer sources for local electricity production were identified than were for 

heating. Land use restrictions in an urban area pose significant barriers in this area, as 

centralized solutions require much space. Decentralized solutions can be viable to an extent, 

and using rooftops and possibly façades for solar PV electricity production can go some 

ways in meeting an area’s demand. However, as estimated in section 4.2.9, the annual 

electricity output of 4,940 MWh of building-integrated PV would be enough to meet only 

10% to 12% of the total electricity demand, depending on the scenario. This is largely due 

to Espoo’s northern location. In a city closer to the equator, the prerequisites for attaining 

electricity generation self-sufficiency would undoubtedly be more favorable. 

The best way to decrease the land use requirement then may be to push for energy efficiency 

measures in the area to lower the overall electricity generation needs. Since, again, the 

utilities included in this thesis will not be a part of the finished Kera, the overall electricity 

consumption will likely be lower than calculated. The same principle applies here as with 

GHG emission calculations: the drawing of the boundaries of the area under examination 

determines which flows are included. 
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7 CONCLUSIONS 

This thesis has examined the role the transport and mobility sector play in achieving the 

large-scale sustainability targets of the City of Espoo, and how this sector can be supported 

by creating a neighborhood-level CE. It took a nexus perspective in studying the metabolic 

flows of resources in and between different components in Kera, a neighborhood constructed 

according to CE principles. In this, it employed the scenario analysis method, setting three 

scenarios with varying levels of technological adaptation and behavioral modes of 

inhabitants. The first scenario was based on present day, the second on sustainability targets 

of Espoo and the surrounding region, and the third on achieving carbon neutrality. The 

results from the scenarios were presented using three indicators: GHG emissions, energy 

self-sufficiency, and solar PV land use. 

Espoo has set themselves the ambitious target of becoming carbon neutral by the year 2030, 

a goal with a very specific definition: cutting GHG emissions by 80% from 1990 levels. 

Their sustainability program features transport-related targets prominently, attesting to their 

acknowledgement of the centrality of this sector in achieving their goals. This thesis found 

that transport and mobility played a key role in lowering GHG emissions, in the level of 

energy self-sufficiency, and in solar power generation land use demand. The three scenarios 

showed, first, that the present-day situation is yet far from Espoo’s carbon neutrality goal; 

second, that their current targets are sufficient in reaching said goal, but only if they have 

the resources to expand their emission-free energy production by a great deal; and third, 

setting even more ambitious targets, especially in the transport sector, could ensure the 

achievement of carbon neutrality. 

The creation of localized, circular flows of the EFW nexus resources can be used to support 

a more sustainable transport system. The thesis found that more than enough biogas could 

be created from the organic waste and wastewater generated in Kera to supply the gas-

powered passenger cars in each scenario, with the remainder usable in energy production. 

With expanded local food production activities and the associated higher levels of 

greenhouse waste generation biogas production could be increased even further. Locally 

generated renewable electricity could be used to power electric vehicles, both private cars 

and buses. 
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The thesis determined that to create a neighborhood with low carbon emissions and high 

levels of energy self-sufficiency while not pushing land use requirements to infeasible levels, 

encouraging the adoption of sustainable modes of transport – walking, cycling, and public 

transport – should be prioritized over the promotion of wider use of cleaner passenger cars. 

This decreases the need for directing electricity or fuel into this sector, freeing these 

resources for other uses, boosting the energy self-sufficiency of an area and lowering the 

land area needed for energy production activities. Other methods of decreasing overall 

energy demand in transport that were not examined as a part of this thesis – such as digital 

solutions and new business models to reduce the number and length of trips taken – should 

be implemented additionally.  

The transport sector energy demand was small in comparison to the overall electricity and 

heat demand of the buildings in all scenarios, with operations required to provide that energy 

(electricity for heat pumps) also surpassing the transport side. Locally placed utilities – 

wastewater treatment, organic waste digestion, and waste incineration – had only small 

energy demand in comparison to both transport and the buildings. However, there are likely 

other considerations, such as economic ones, to take into account when mapping out the 

suitability of such facilities at such a small scale. Placing them outside the boundaries of the 

neighborhood would lessen the “locality” of the resource flows, but might still be used to 

support local sustainability targets. 

In employing the scenario analysis method, this thesis has examined three possible 

development paths for Kera. Studies such as this can be used by municipal governments to, 

first, determine the gap between the current situation and the desired state of things, second, 

to test the appropriateness of various planned actions in reaching stated goals, and, third, to 

assess the feasibility of further actions. Since the number of key factors and their 

combinations is practically limitless, decision-makers can study the effects of wildly 

optimistic cases, such as the large-scale electrification of the transport sector as examined in 

this thesis. Moreover, by taking the resource nexus perspective in setting their scenarios, 

decision-makers can obtain a systems-level view, enabling the optimal utilization of local 

flows and preventing the change in the status of one component of the nexus from having 

unexpected negative effects in another.  
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To strengthen the link between the three indicators used, GHG emissions, land use, and self-

sufficiency, a possible area for further research could be to study the total land area needed 

to produce all the food, energy, water, and possibly materials needed to sustain an urban area 

or neighborhood, in the manner of an urban ecological footprint study (Rees and 

Wackernagel 1996), and then determine which modes of production would cause the least 

amount of GHG emissions taking into account the local conditions. 

Espoo is a growing city. It has the opportunity to decouple this growth from increasing 

resource use and waste generation through careful urban planning and basing the 

development of new areas on CE principles. Transport is in key role in achieving urban 

sustainability, and local resource flows can be harnessed in bolstering sustainable mobility 

solutions, with additional benefits in a number of other areas at the local level. 
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Background data on the scenarios 

Table I.1. Number and distance of trips taken in the Helsinki region in 2016. 

 
Trips per 

day 

[trips/day] 

Share of 

total [%] 

Daily trips 

per person 

[trips/cap/d] 

Daily 

distance 

traveled per 

person 

[km/cap/d] 

Average trip 

length 

[km/trip] 

Foot 1,037,284 26.5 0.77 1.2 1.5 

Bicycle 242,482 6.2 0.18 0.7 4.0 

Train 350,251 8.9 0.26 4.2 13.8 

Bus 350,251 8.9 0.26 3.8 14.8 

Passenger 

car 

1,859,029 47.4 1.38 27.0 21.0 

Other 80,827 2.1 0.06 2.4 39.0 

Total 3,920,127 
 

2.91 
  

 

Table I.2. The passenger car base in Espoo in 2018 by driving power. 

 
Number of passenger cars in 

Espoo in 2018 [cars] 

Share [%] 

Gasoline 84,900 69.5 

Diesel 32,923 26.9 

Gas 798 0.7 

Electric and plug-in hybrid 3,564 2.9 

Total 122,185 
 

 

Table I.3. The number electric and gas-powered cars in Finland in 2018, and the potential shares in Espoo in 

2030. 

 Electric and hybrid cars Gas-powered cars 
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Number of vehicles in Finland in 

2018 [cars] 

29,365 9,376 

Number of vehicles in Espoo in 

2018 [cars] 

3,564 798 

Share of Espoo from the total in 

Finland in 2018 [%] 

12.1 8.5 

Number of vehicles in Espoo in 

2030 [cars] 

81,317 11,064 

Share of total cars in Espoo if 

670,000 EVs nationally in 2030 

[%] 

60.5 - 

Share of total cars in Espoo if 

130,000 gas-powered nationally 

in 2030 [%] 

- 8.2 

 

Table I.4. Energy consumption and emissions of the various modes of transport. 

 
Energy consumption 

[kWh/pkm] 

Emissions [CO2-eq 

/pkm] 

Passenger car, gasoline 0.37 94 

Passenger car, diesel 0.35 83 

Passenger car, gas 0.32 41.2 

Passenger car, plug-in 

hybrid 

0.17 23.5 

Passenger car, electric 0.1 0 

Bus, diesel 0.17 37 

Bus, gas 0.17 33 

Bus, electric 0.08 0 

Train, electric 0.07 0 

 

Table I.5. Waste generation and material and energy recovery rates in the Helsinki region in 2018. 
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Generation per 

person [kg/cap] 

Material 

recycling rates 

[%] 

Energy recovery 

rates [%] 

Material 

recycled 

[kg/cap] 

Mixed waste 256.2 0.4 98.4 0.9 

Organic 

waste 

103.3 90.0 9.6 102.1 

Cardboard 71.2 92.4 7.6 65.8 

Paper 64.5 92.4 7.6 59.6 

Glass 20.1 99.9 0.0 20.1 

Metal 19.6 100.0 0.0 19.6 

SER 16.4 100.0 0.0 16.4 

Wood 13.5 0.3 99.6 0.0 

Other 11.6 5.1 91.1 0.6 

Plastic 8.8 38.9 59.9 3.4 

Textile 0.0 92.6 7.4 0.0 

Total 595.3 48.5 51.1 288.5 

 

Table I.6. Non-recycled waste, mixed waste composition, and additional material recycling potential in the 

Helsinki region in 2018. 

 
Material not 

recycled [kg/cap] 

Mixed waste 

composition [%] 

Potential for 

recycling in 

mixed waste 

[kg/cap] 

Total additional 

potential 

[kg/cap] 

Mixed 

waste 

255.3 14.4 - - 

Organic 

waste 

11.3 39.2 100.1 111.4 

Cardboar

d 

5.4 7.0 17.9 23.3 

Paper 4.9 11.3 28.8 33.8 
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Glass 0.0 2.7 6.9 6.9 

Metal 0.0 2.2 5.6 5.6 

SER 0.0 0.9 2.6 2.3 

Wood 13.5 1.7 - - 

Other 11.0 - - - 

Plastic 5.4 14.7 37.5 42.9 

Textile 0.0 5.8 14.8 14.8 

Total 306.8 
  

241.2 

 

Table I.7. Lower heating values of waste fractions, energy production efficiencies, and emission factor of the 

WtE plant. 

Mixed waste lower heating value [kWh/kg] 3.06 

Organic waste lower heating value [kWh/kg] 1.25 

Paper and cardboard lower heating value [kWh/kg] 2.64 

Wood lower heating value [kWh/kg] 3.75 

Plastic lower heating value [kWh/kg] 7.08 

Electricity production efficiency [-] 0.25 

Heat production efficiency [-] 0.7 

Emission factor [gCO2-eq/kWh] 144 

 

Table I.8. Ämmässuo waste treatment center operations in 2018. 

Organic waste to digestion [t/a] 22,012 

Biogas production [m3/a] 4,240,696 

Biogas per organic waste amount [m3/t] 193 

Biogas to energy production [m3/a] 3,886,916 

Electricity from biogas [MWh/a] 8,870 

Heat from biogas [MWh/a] 9,153 
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Electricity per biogas amount [kWh/m3] 2.28 

Heat per biogas amount [kWh/m3] 2.35 

Electricity demand per digested waste amount [kWh/t] 17.75 

Heat demand per digested waste amount [kWh/t] 95.00 

 

Table I.9. Total area, irradiation, efficiency and annual electricity production of rooftop and façade PV panels 

in Kera. 

Non-shaded rooftop area [m2] 30,000 

Non-shaded wall area [m2] 6,900 

Irradiation, 40° [kWh/m2/a] 1,123 

Irradiation, 90° [kWh/m2/a] 841 

Efficiency [-] 0.16 

System losses [-] 0.14 

Installed peak power for rooftops [kW] 4,800 

Installed peak power for façades [kW] 1,104 

Rooftop PV annual electricity production 

[MWh/a] 

4,216 

Façade PV annual electricity production 

[MWh/a] 

723 

 

Table I.10. Inputs and outputs of greenhouse tomato cultivation in Finland in 2017. 

Yield in 2017 [t] 39,386 

Greenhouse area in 2017 [1000 m2] 1,044 

Yield per area in 2017 [kg/m2] 37.7 

Waste portion of total yield [%] 25 

Waste per area [kg/m2] 9.4 

Electricity consumption in 2017 [kWh/kg] 3.3 

Heat consumption in 2017 [kWh/kg] 9.8 
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Table I.11. Data on the operations of the Suomenoja wastewater treatment plant in Espoo in 2014. 

Inhabitants in the area [cap] 310,000 

Average wastewater flow [m3/d]  100,000 

Wastewater design flow [m3/d]  110,000 

Municipal wastewater [m3/d] 101,200 

Industrial wastewater [m3/d] 8,800 

Wastewater per person [m3/d/cap] 0.3 

Annual biogas production [m3/a] 3,700,000 

Biogas production per wastewater amount 

[m3/ m3] 

0.1 

Annual power consumption [GWh/a] 13 

Power consumption per wastewater amount 

[kWh/m3] 

0.4 

Annual waste heat recovery [GWh/a] 300 

Waste heat recovery per wastewater amount 

[kWh/m3] 

8.2 

Annual emissions [tCO2-eq/a] 20,674.6 

Emissions per wastewater amount [kgCO2-

eq/a] 

0.6 

 

Table I.12. The inputs and outputs of a potential wastewater treatment plant in Kera. 

Average wastewater flow [m3/d] 4,342 

Annual biogas production [m3/a] 160,647 

Annual energy consumption [MWh/a] 558 

Annual waste heat recovery [MWh/a] 13,025 

Annual energy consumption of heat 

recovery [MWh/a] 

4,342 

Annual emissions [tCO2-eq/a] 2.4 

 


