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1. Introduction 

1.1 Motivation 

The need to mitigate climate change has put pressure for international cooperation 
in tandem with local, national, and regional policies on many distinct matters [IPCC, 
2014]. The European Commission (EC) has reacted to the mitigation need by set-
ting climate policy targets for the year 2020 as so-called 20-20-20 targets so as to 
reduce greenhouse gas emissions by 20%, raising the share of renewable energy 
sources use by 20% and improving energy efficiency by 20% [European Parliament 
and Council, 2008]. In 2014, the EC updated the climate policy targets in an inte-
grated policy framework towards a low-carbon economy for the period up to 2030 
[EC, 2014a]. The 2030 framework [EC, 2014a] aims to reduce EU domestic green-
house gas emissions by 40% below the 1990 level by 2030, and hence, to ensure 
the cost effective path towards cutting carbon emissions by at least 80% by 2050. 
It also aims to increase the share of renewable energy to at least 27% of the EU's 
energy consumption by 2030, and increase energy savings by 30% for 2030 [EC, 
2014a]. The climate policy targets have been distributed among the Member coun-
tries according to their relative wealth [EC, 2014b].  

As a consequence, Finland has set long-term climate and energy strategy target-
ing to 2020 [Government of Finland, 2008] and beyond towards 2050 [Government 
of Finland, 2009]. This strategy mainly seeks to cut Finland’s carbon emissions by 
80% from the 1990 level by the year 2050, which requires the adaptation of energy 
and transport systems to nearly zero emission level and an increase in the use of 
renewable energy. It also strives to improve energy efficiency, including stricter 
building standards leading towards the zero energy buildings. Energy system goals 
also include better balance between energy use and supply, and development to-
wards a zero-emission energy system with a gradual reduction of carbon emissions 
[Government of Finland, 2009]. The strategy [Government of Finland, 2009] also 
states that ICT can support emission reductions, and its utilisation potential and the 
required means need to be explored. The Finnish climate and energy strategy was 
updated in 2013 [Government of Finland, 2013], and it envisaged that Finnish urban 
regions could be forerunners in the development of low-carbon communities though 
realising bold goals and experiments. 
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The local government sectors have already introduced many energy- and cli-
mate-related cooperation agreements and schemes both in Finland [Motiva, 2015; 
Hinku, 2015] and internationally [Covenant of Mayors, 2015; Sperling et al., 2011; 
Brandoni and Polonara, 2012]. Over 40% of Finnish municipalities are engaged to 
systematic climate efforts, and some third of them have a climate strategy [Govern-
ment of Finland, 2013]. For example, the City of Tampere aims to reduce its CO2 
emissions by 40% by 2025 [Tampere, 2013], Helsinki aims to reduce carbon emis-
sions 30% by 2020 [Helsinki, 2013], and Porvoo has decided to invest in eco effi-
cient urban planning and favours renewable energy sources [Porvoo, 2010]. Some 
examples of sustainability targets set by European cities include, for instance, the 
City of Stockholm (Sweden), which aims to be fossil fuel-free by 2050, and Copen-
hagen (Denmark), which seeks to be carbon-neutral by 2025 [Kramers et al., 2013]. 
Also Malmö (Sweden), Freiburg (Germany) and Hamburg (Germany) are seeking 
to reduce their CO2 emissions by 40% by 2020 [Kramers et al., 2013].  

When one begins to realise the climate and energy targets, commitment is 
needed from many levels: the international [EC, 2014b], and national, regional and 
local city level [Neves and Leal, 2010]. The city authorities and local energy utilities 
play a key role in reducing local carbon emissions through decision making, plan-
ning and management of actions in the short, medium and long term, including 
among others land use, energy supply and transport planning [Neves and Leal, 
2010]. The Finnish climate and energy strategy encourages municipalities to plan 
energy efficient, high-quality communities, and it states that planning and assess-
ment tools employed to this end are needed, as well as coherence of emissions 
calculations in regional climate efforts and supporting tools for municipalities and 
municipal residents in making energy- and material-efficient choices [Government 
of Finland, 2013]. Similarly, among others Azevedo et al. [2013] have recognised 
the significant role of city authorities in the organising the energy supply and de-
mand in cities and the need for a methodology for the evaluation of cities’ energy 
and climate performance e.g. based on local energy consumption and CO2 emis-
sions. This dissertation contributes to these recognised needs. 

1.2 Research problem 

The overall aim of this dissertation is to provide the means for improving the sus-
tainability and energy efficiency of districts. Districts are considered as an optimal 
scale for combining energy efficiency activities with promising energy strategies im-
plementation [e.g. Marigue and Reiter., 2014; Neves and Leal, 2010; Mohareb and 
Kennedy, 2014], for example with the advanced and efficient utilisation of local re-
newable energy sources [Manfren et al., 2011; Bhatt et al., 2010].  

This dissertation studies holistic energy planning and its’ impacts on the overall 
energy efficiency of districts. The research builds on many energy scenario anal-
yses for real life urban planning cases in Finland and abroad.  
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The research expectation is that the assessment of district’s energy performance 
and its environmental impacts would support improving urban plans through identi-
fying the best possible opportunities for developing a high-quality, sustainable and 
comfortable urban area with high energy performance. This expectation is sup-
ported by recent research findings that those energy systems that are planned and 
managed with holistic coordination have higher energy efficiency, and their emis-
sions can be reduced more significantly [e.g. Yamagata and Seya, 2013; Mirakyan 
and De Guio, 2013; Sperling et al., 2011; Bhatt et al., 2010]. 

1.3 Scope of the research  

This dissertation focuses on energy efficiency of districts, including the entire energy 
chain from energy supply to distribution and demand in urban areas. On the energy 
demand side, the focus is primarily on buildings, including residential, service and 
office buildings. Some case studies also include the energy demand of waste and 
water management. Energy demand of passenger transportation is included in 
some cases. Consumption of goods is excluded from the study. Regarding energy 
supply, the main focus is on the local scale solutions, e.g. district heating and local 
and on-site energy production systems. The interconnections to broader energy 
systems are considered, e.g. to national electricity system. Figure 1 illustrates 
the research scope focusing on the energy systems of districts. 

The main research problem is: What makes districts energy efficient and low 
carbon? How much and by which means can districts’ energy efficiency  and 
sustainability be improved?  

 How could district energy and emission analysis support designing 
more sustainable and energy efficient districts? How to make it fast 
and practical to use, but still keep the appropriate level of detail?  

 How to organise new district energy business concepts with hybrid 
energy sources?  
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Figure 1. The scope of the study, including energy production (blue), distribution 
(green) and demand (red) in urban areas.   

1.4 Outline of the dissertation 

The literature review in Section 2 describes the factors affecting to the energy effi-
ciency and sustainability of districts, and the potential means for improving it. 
The used research approaches and methods are summarised in Section 3.  

According to the research questions, this dissertation focuses on analyses and 
business models for district energy systems. Firstly, district energy and emission 
analyses of 14 real life case studies are summarised in Section 4, describing the 
energy performance and supply scenarios. These results provide the foundations 
for developing a framework and tool for district energy analysis supporting urban 
planning, as presented in Section 5. Secondly, the new business opportunities for 
energy service and management are identified based on stakeholders’ require-
ments in Section 6. Concluding lessons and recommendations for energy efficient 
districts and their energy systems are given in Section 7.   



13 

2. Literature review of energy efficient districts 
and their energy systems 

This dissertation studied how to achieve a holistically designed and operated district 
energy system, and how it can be part of sustainable urban planning. Here it is 
crucial to take into account the entire energy chain [Kılkış, 2014]. The key elements 
for the integrated planning and operation of district energy systems are presented 
in Figure 2. Previous research has addressed these elements from different view-
points as summarised in following chapters. At the end of the literature review, 
the state of the art and related research gaps are summarised (in Section 2.7 in 
Table 1).   

 

Figure 2. The key elements of efficient district energy systems  

Marigue and Reiter [2014] proposed the following targets for local communities 
when aiming to improve their sustainability: 1) improve energy efficiency of the build-
ing stock, 2) minimise the energy demand of buildings and transportation through 
occupant behaviour, 3) maximise the on-site renewable energy production, and 
4) use off-site renewable energy production. Similar principle is used in this re-
search.  

2.1 Sustainable urban development  

“Sustainability is a continuous process of balancing the environmental, economic 
and social aspects related to the living environment and their systematic improve-
ments” [Rad, 2010].   
 
Large urban regions have a central position in both causing and mitigating climate 
change, and hence they need to bear their share of the global responsibility, while 
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ensuring vitality, well-being and sustainability in the long term [Government of Fin-
land, 2013]. Hassan and Lee [2015] studied the recent trends in the context of sus-
tainable urban development, and identified the following most relevant topics: 
(1) A balanced approach to sustainable urban development (from the viewpoints of 
environment, economy and social issues), (2) Socio-cultural awareness, (3) Urban 
sprawl, (4) Economic urban development, (5) Transportation, (6) Urban renewal, 
(7) Mitigating greenhouse gases (GHG), (8) Urban vegetation, (9) Assessment sys-
tems, and (10) City structure and land use.  

The Finnish climate and energy strategy [Government of Finland, 2013] states 
that the development of urban areas should now focus on cohesive urban structure 
through land use planning and construction management so as to create a high-
quality living environment. The sufficient population base in built-up areas is needed 
to ensure the economic municipal infrastructure, public transport and the availability 
and access to services. The development of land use, housing and transportation 
should support walking, cycling and public transport and to reduce the dependence 
on private cars. One of the keys here is to focus the housing construction in areas 
near efficient public transport connections. [Government of Finland, 2013] 

Sustainable and ecological urban developments have been studied in Finland 
among others by Lahti et al. [2008], and many Finnish pilot cases exists, e.g. in Eco 
Viikki district in Helsinki [Hakaste et al., 2005], and in the Vuores area in the City of 
Tampere [Paiho et al., 2013]. The Finnish city planning process is described in Pa-
per III [Hedman, Sepponen and Virtanen, 2014]. 

2.1.1 Sustainable urban planning  

The spatial planning and land use policies can be a viable instrument in mitigating 
and adapting to the climate change issues, if they are implemented effectively [Ku-
mar and Geneletti, 2015]. Municipal authorities play a key role in affecting local 
greenhouse gas emissions through decision making and various development ac-
tions, including urban and transport planning, and used energy sources [Neves and 
Leal, 2010]. For example, municipalities can promote the use of renewable energy 
through urban plans and building permits. Energy efficiency can be increased by 
raising the awareness of residents and guiding stakeholders on how to improve a 
city’s infrastructure, systems, and building performance. [Monni and Syri, 2011; 
Mickwitz et al., 2011]  

The significance of urban area density for sustainability has recently been dis-
cussed a great deal in Finland and internationally. Heinonen [2012] claimed that 
“the urban structure has a direct impact only on the emissions related to private 
driving, whereas the emissions from other consumption activities closely follow 
the overall consumption”. Heinonen [2012] argues that “while the environmental, 
social and functional importance of high urban density and the building type have 
been demonstrated in a number of studies, from the climate change perspective 
these factors are not decisive and they are not sufficient measures for effective city 
level carbon management”. However, for example Yamagata and Seya [2013] indi-
cated that compact (/dense) urban areas may reduce the electricity demand from 
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the residential sector compared to a dispersed urban area, but on the other hand 
dispersed areas with detached houses have more potential for solar electricity sup-
ply due to a greater availability of suitable photovoltaic panel installation area in 
respect of the total building floor area. Also Bhatt et al. [2010] stated that emissions 
can be influenced through changes in land use patterns, which affect living, working, 
and transportation patterns.  

Many significant decisions at the very beginning of the planning process have 
effects on the energy system of the district. Some examples of these decisions in-
clude the location of services, links to the existing (regional) urban infrastructure, 
size and the form of transportation networks, and accessibility to jobs and services. 
Urban planners’ other decision points are related to defining the land use and layout 
of the area, the scale and type of buildings, as well as specifications of transporta-
tion and other urban networks. [Yeo et al., 2013] 

Mohareb and Kennedy [2014] state that there is no clear or simple strategy that 
could be applied universally for cities on the pathway to a low-carbon future, but 
instead cities need to identify suitable strategies within their individual context, and 
that those actions should be swift and aggressive in their approach so as to achieve 
the planned significant low carbon reduction targets by 2050. Localisation is also 
crucial for the assessments of urban areas [Haapio, 2012]. 

2.1.2 Links between urban planning and energy systems 

Zaron and Verones [2012] stated that urban and spatial planning and the energy 
system planning should be closely linked together early on the urban planning pro-
cess, since the energy consumption and potential local energy sources are strongly 
connected to the urban plans. Eicker et al. [2015] also recognised that cities have 
difficulties in effectively evaluating the most suitable urban energy planning con-
cepts, and they proposed a methodology for evaluating building energy perfor-
mance and PV potential in Munich, Germany. They concluded that the achievement 
of zero energy balances often requires combining the energy efficient buildings and 
their PV supply with other, more centralised renewable resources such as deep 
geothermal, solar or biomass heat or cogeneration plants.   

When local communities are realising the sustainable energy initiatives related to 
increasing decentralised sustainable energy supply, development of a shared vision 
and concrete goals is an important starting point [van der Schoor and Scholtens, 
2015]. The further development of organisation structures and viable visions for lo-
cal energy governance are required to achieve long-term results [van der Schoor 
and Scholtens, 2015].  

2.2 Toward a highly energy efficient built environment 

The energy efficiency of buildings has been studied already for a long time starting 
in the 1950s, and many supportive active and passive technologies and solutions 
have been developed since. However, due to the long life cycle of the building stock, 
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the changes are slow. Some of the recent Finnish research activities in the field 
have been summarised e.g. in Airaksinen [2012]. One of the long term performance 
examples of energy efficient buildings with on-site renewable energy production in 
Finland is the so-called IEA5-building built in Pietarsaari in 1994 [Thomsen et al., 
2005]. This singly family building and especially its solar energy supply system has 
been performing as planned for 20 years now, and it still fulfils the requirements for 
EC’s nearly zero energy building in EBPD [Thomsen et al., 2005]. 

Due to the need to reduce buildings’ energy demands, the EC adopted the En-
ergy Performance of Buildings directive (EPBD) in 2010 [EC, 2010/31] for adopting 
highly efficient nearly zero energy building performance requirements for both new 
and existing buildings. The directive requires that by 2021 all new buildings are so-
called ‘nearly zero energy buildings’, and public sector buildings already by 2018. 
As a consequence, the directive guides towards an increase in on-site distributed 
energy production. Zero energy buildings are already piloted also in Finland, e.g. 
a zero energy apartment building for the elderly in Järvenpää was built in 2011 and 
a zero energy building for student housing in 2010 in Kuopio [Järvenpään mestari-
asunnot, 2011]. Also, nearly zero energy buildings are piloted, as for example an 
elderly home in Lahti (constructed 2011-2014) [Nieminen, 2011].   

According to Marszal et al. [2011], the most frequently used definition for zero 
energy buildings is that their annual energy balance is zero, in other words they 
have annually as much energy production as they are demanding. The detailed def-
inition work for a nearly zero energy building is still on-going in Finland and Europe, 
but in general the aim is to maximise buildings’ efficient energy utilisation, and on 
the other hand to produce some amount of the energy required on-site or in the vi-
cinity of the building. However, it is not yet clear how the vicinity is actually defined. 
In 2012, the EPBD was supplemented with a regulation about setting up a compar-
ative methodology framework for calculating cost-optimal levels of minimum energy 
performance requirements for buildings and building elements [EC, 2012]. The goal 
is that the nearly zero energy buildings would be defined and designed by their 
optimum cost efficiency level of total costs for investment and operation.  

In the longer term, zero energy buildings are seen an integral part of a future 
smart city contributing among others to an increased share of renewable energy 
sources use and intelligent energy management as an active part of a smart grid 
and the city’s energy system [Kyliki and Fokaides, 2015]. Recently, the research 
focus has also been broadening from zero energy buildings to zero energy neigh-
bourhoods and districts, as can be seen e.g. from Ala-Juusela et al. [2014] and 
Marigue et al. [2014]. 

2.3 Paradigm shift from centralised to hybrid energy supply  

Traditionally, most of the electricity and heat supply is based on centralised energy 
supply plants [Sampaio et al., 2013]. Energy markets are dominated by a few large 
energy providers and they often use long-term energy contracts. It has been 
straightforward, and big production units do have higher process efficiency than for 
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smaller and distributed production units. Typically, most of the energy sources used 
are mainly fossil fuels, as can be seen in Figure 3 for Finnish electricity supply.  

 

Figure 3. Energy sources of electricity supply in Finland in 2013 [Finnish Energy 
industries, 2014a]. 

The energy sources used buildings’ space heating is shown in Figure 4 and the fuel 
use of district heating and CHP in Finland in Figure 5. District heating is widely used 
in Finland, and 74% of it is produced with CHP, and the remainder in separate dis-
trict heating utilities [Finnish Energy Industries, 2014b]. However, the traditional en-
ergy supply is acquiring new alternatives in the near future.   



 

18 

 

Figure 4. Market share of space heating in residential, commercial and public build-
ings in Finland [Energy industries, 2014b]. 

 

Figure 5. Fuel consumption in production of district heat and CHP in 2013 [Finnish 
Energy Industries, 2014b]. 

A paradigm shift is expected from centralised energy supply and one-way energy 
distribution to hybrid energy source supply with an increase in the share of distrib-
uted energy supply from buildings and districts [Manfren et al., 2011]. This develop-
ment is also strongly supported and driven by the expected decreasing of invest-
ment costs of renewable energy production systems such as solar photovoltaic pan-
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els [IEA, 2014; Baker et al., 2015]. Manfren et al. [2011] state “that the energy sys-
tem transition comprises a very high level of complexity at both local and global 
scale” and it is very hard to predict the real effects of measures and actions, and 
that there still exists “barriers at the infrastructural, economic, regulatory, political 
and administrative level”. 

Overall, local and renewable energy production systems in districts can be im-
plemented at different levels: as a part of the city’s system, or as a district level 
system, or in smaller units in blocks of buildings or even separately in individual 
buildings [Nystedt et al., 2012]. Solar collectors and their integration into district 
heating with thermal energy storage applications have been studied by e.g. Flynn 
and Sirén [2015], Carpaneto et al. [2015] and Paiho et al. [2015]. Different kinds of 
heat pump integrations into the district heating systems have been studied from 
different viewpoints [e.g. Soltani et al., 2015, Alavy et al., 2014].    

2.4 Integrated approach to district energy systems 

The realisation of cities’ low emission and sustainability targets requires an inte-
grated approach targeting significant improvements in the overall energy efficiency 
of urban areas through efficient land use planning, sustainable energy systems and 
transportation [Yamagata and Seya, 2013], but without compromising the comfort-
able living environment for citizens [Government of Finland, 2013]. Bhatt et al. 
[2010] state that municipal energy systems need to be considered as a whole, in-
cluding possible interactions and interdependencies among the system compo-
nents. This will ensure having a comprehensive view of the overall complex energy 
system and its long-term performance with respect to different assumptions and 
influences [Bhatt et al., 2010].  

Manfren et al. [2011] conclude that, in the transition to more efficient energy sys-
tems, key elements that have to be taken into account are: “the optimal matching of 
energy supply and demand, the optimal mix of uses in the built environment (for 
balancing different energy demands and loads) the use of energy cascades and 
polygeneration systems and, of course, the peculiarities related to local available 
energy, economic and environmental resources”. 

According to Zinck Thellufsen and Lund [2015], system effects and possible syn-
ergies of various energy savings can be identified through analysing the entire en-
ergy system. For this, they propose the following approach: identifying energy sec-
tors with possible interconnections; creating scenarios analysing the interconnec-
tions; and analysing the scenarios to identify the synergy possibilities. As a result, 
coordination possibilities for the saving initiatives and the energy system can be 
identified so as to achieve the synergy benefits between them [Zinck Thellufsen and 
Lund [2015].   
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2.4.1 Integrated energy planning 

The importance of integrated urban energy planning has been recognised e.g. by 
Mirakyan and De Guio [2013], Sperling et al. [2011] and Bhatt et al. [2010]. Mirakyan 
and De Guio [2013] defined the integrated long-term, model-based energy planning 
as “Regional (sub-national) integrated energy planning is an approach to find envi-
ronmentally friendly, institutionally sound, social acceptable and cost-effective solu-
tions of the best mix of energy supply and demand options for a defined area to 
support long-term regional sustainable development. It is a transparent and partici-
patory planning process, an opportunity for planners to present complex, uncertain 
issues in structured, holistic and transparent way, for interested parties to review, 
understand and support the planning decisions”. 

Mirakyan and De Guio [2013] have presented a generic integrated energy plan-
ning procedure with four main phases. The phases suggested for the planning pro-
cedure reflects the decision-making process and the working phases: 1) Prepara-
tion and orientations, 2) Model design and detailed analysis, 3) Prioritization and 
decision, and 4) Implementation and monitoring. These phases and steps are inter-
linked, and they are therefore not necessarily performed in a predetermined se-
quence, but rather as step iterations [Mirakyan and De Guio, 2013].  

According to Bhatt et al. [2010], traditionally every subsystem of an urban energy 
system is studied and planned individually, and is eventually combined into an over-
all energy plan. Typically, this leads to a suboptimal system, because the various 
interdependencies between energy system components are ignored [Bhatt et al., 
2010]. Energy systems would greatly benefit from a systemic approach and long-
term strategic planning due to the following characteristics [Bhatt et al., 2010]:  

 Many different actors are carrying out the planning and operation of energy 
systems, with the possibility of conflicting goals. Also, other local stakehold-
ers may have different opinions about the optimal energy supply system.  

 Changes and responses in the energy systems often take a long time, be-
cause they consist of long-lasting infrastructures (with life-times up to 50 
years). For this reason, it is important to consider long-term developments in 
relation to the current and future framework conditions, such as energy 
prices, economic growth, socioeconomic changes etc.   

 The energy system includes many interdependent subsystems, and 
changes in a subsystem can affect to the other subsystems. There are many 
different options for energy supply technologies to fulfil the energy demands 
and services.  

 Energy efficiency-related changes in the demand side can compete with 
the measures on the energy supply side. As both capital and human re-
sources are scarce, the overall energy efficiency improvements should be 
directed to the most effective measures.  

 The profitability of the investments must be evaluated in the context of un-
certain socioeconomic issues (e.g. general economic development, energy 
prices, taxes and legislation).  
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 The energy system planning interacts with strategic planning in other fields. 
For example, urban and land use planning, environmental planning or trans-
portation planning affects the energy system.  

 Changes in the energy system have large impact to the urban environment, 
through the impacts to residents, local industries, and the environment. 

Bhatt et al. [2010] also argue that investments in local renewable energy sources 
(biomass, wind, solar energy, hydroenergy, waste heat, etc.) are often expensive 
and need a stable, long-term demand and commitment to justify the investment. 
However, currently the situation is changing, as the distributed renewable energy 
production systems are declining [IEA, 2014; Baker et al., 2015]. Local conditions 
affect to the profitability of the systems significantly, as e.g. district heating produc-
tion from biomass has been very competitive choice in Finland for a long time al-
ready.  

Numerous tools and models are already available for communities’ energy plan-
ning [Prasad et al., 2014; Huang et al., 2015]. Nevertheless, planners would still 
benefit from new systematic and effective assessment indicators and methods for 
analysing the community energy systems, when they are setting energy consump-
tion goals and putting forward energy efficient proposals [Huang et al., 2015].  

2.4.2 Energy system modelling and optimisation  

The paradigm shift increases the need for optimal energy planning and modelling 
in using and selecting a mix of hybrid energy sources. Early decentralized energy 
planning models and applications were reviewed by Hiremath et al. [2007]. Optimi-
sation and modelling techniques for renewable electricity systems have been 
broadly reviewed by Bazmi and Zahedi [2011]. More recently, Mirakyan and De 
Guio [2013] have reviewed methods and tools for diverse planning tasks mapped 
to a generic integrated energy planning procedure. They conclude that the methods 
and the tools have not yet been combined to manage all of the integrated energy 
planning processes and tasks, and in particular supporting planning tools are lack-
ing from the first planning phase (preparation and orientation) [Mirakyan and De 
Guio, 2013]. Also e.g. Mendes et al. [2011] have reviewed a number of energy bot-
tom-up tools for Integrated Communities Energy Systems, and they saw systems 
thinking to be a highly valuable approach for designing future energy systems.  

Adhikari et al. [2011] conclude that, in the strategic energy planning of districts, it 
is necessary to embody the main concepts of Smart Grid and virtual power plants 
frameworks. More recently, for example Sampaio et al. [2013] have considered 
a distributed energy generation systems platform composed of renewable and non-
renewable energy alternatives, and they suggested a multi-objective optimisation 
model for evaluating economic and environmental goals. Tsoutsos et al. [2009] 
have used multi-criteria analysis to assess energy alternatives for sustainable plan-
ning, and they conclude that it can offer a platform for negotiations over the strategic 
plan for sustainable energy while maintaining equivocal involvement of multiple ac-
tors. Multi-criteria analysis can also support actors through all the decision-making 
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phases by offering useful information for setting the priorities and recommending 
policy strategies for sustainable energy planning [Tsoutsos et al., 2009].   

To summarise, there are a large number of energy system models available. Ac-
cording to Bhatt et al. [2010], models have been developed for the planning of large 
energy systems at national or regional levels, capturing simple to detailed energy 
system representation and top-down or bottom-up modelling paradigms. The main 
differences in these models include the degree of detail, in which energy commod-
ities and technologies are presented, and the methodology for studying the dynam-
ics of the energy system. Models have differences also in the economic approach, 
level of disaggregation of decision variables, time horizons used in the planning, 
and geographic characteristics. Models can be based on simple spreadsheet com-
putations, or simulations of system (and subsystem) performances, and some of 
them include detailed optimisation frameworks to compare e.g. the use of energy 
resources and economic performance. Bhatt et al. [2010] state that nevertheless 
there are lots of different kinds of energy system models, but they are not compre-
hensively utilised in local level energy planning. [Bhatt et al., 2010] 

When analysing the entire energy system in many kinds of urban areas, different 
synergy benefits can be recognised for optimal energy savings and energy system 
performance [Zinck Thellufsen and Lund, 2015]. For example, Lundström and 
Wallin [2016] identified a strong link between buildings and energy networks by con-
cluding that, while energy conversation measures in buildings in general are valua-
ble, also the time of year when the energy can be saved does have an impact on 
the primary energy efficiency and emissions savings when studying the district heat-
ing system perspective. They noted that if heat energy savings are made by in-
creasing electricity consumption, they do not improve primary energy efficiency or 
mitigate global warming. Instead, energy conversation measures in buildings should 
be done with energy system-favourable heat demand profiles [Lundström and 
Wallin, 2016]. Moreover, additional integration and synergy benefits can be found 
from the other energy using city infrastructures and services, such as waste and 
water management systems, street and public space lighting, and transportation.  

2.4.3 Energy flexibility and balancing 

Many policies guide the development towards low carbon economy [e.g. EC, 
2014a], among others by increasing the share of distributed renewable energy sup-
ply in districts. The Energy Performance of Buildings directive [EC, 2010/31] drives 
buildings to become nearly zero energy buildings, which transforms the traditional 
role of buildings from energy consumers to small energy producers – so-called 
prosumers [Rathnayaka et al., 2015; Picciariello et al., 2015].  

In the transition towards sustainable overall energy systems, demand-side man-
agement plays an important role in keeping buildings’ energy demand at a sufficient 
level, as well as enabling the effective use of renewable energy matching to demand 
[Pina et al., 2012; Manfren et al., 2011]. Kyliki and Fokaides [2015] go further by 
stating that future zero energy buildings are an integral part of energy networks 
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through active participation in the operation and shifting between thermal and elec-
tric loads, and balancing of renewable energy generation and co-generation.  

The flexibility in energy demand can be used for balancing and optimising the use 
of different energy sources available locally (and/or with low price levels from the 
national electricity grid) [Heimonen et al., 2012]. Among others, Lu et al. [2015] have 
reviewed optimal design and control methods for the complex interplay of controlling 
buildings’ energy production, demand and storage systems. Di Giorgio and Liberati 
[2014] have presented a near real time load-shifting control for residential electricity 
consumers, enabling them to participate automatically in the demand side manage-
ment programmes.   

Most of the related research efforts focus on electricity balancing and trading, but 
e.g. Nystedt et al. [2006] have also studied heat trading through a district heating 
network. However, the energy matching approach seems to be relevant also in the 
district heating and cooling networks.  

2.4.4 Evaluation of urban areas and their energy systems 

To support decision-making in urban planning and sustainable urban development, 
various tools have already been developed for assessing urban environment and 
its energy performance and sustainability impacts, for example BREAAM Commu-
nities [2012], CASBEE for Urban Development [2014] and LEED for Neighbourhood 
development [2009], and other tools presented, for example, by Charoenkit and Ku-
mar [2014], Sharifi and Murayama [2013] and Loiseau et al. [2012].  

National assessment tools and frameworks for sustainable built environment are 
developed in specific projects in Finland. Typically, sustainability assessment tools 
are used only after urban plans are finalised, but as Wedding and Crawford-Brown 
[2007] conclude, it would be beneficial to use the assessment indicators already 
during the planning phase. The following are examples of tools developed to sup-
port urban planning during the planning process. Lahti et al. [2010] developed a tool 
for evaluating eco efficiency of areas in the City of Helsinki.  

Rad [2010] suggested a methodology for using energy indicators in improving 
the quality of municipal energy planning in a more sustainable manner. Energy in-
dicators can be useful in monitoring the energy trends and evaluating energy poli-
cies, and they can assist in developing local energy systems through knowledge 
exchange and learning processes between municipalities [Rad, 2010]. Eicker et al. 
[2015] developed criteria for assessing the energy performance of cities, where in-
dicators were classified into four categories: 1) Integral energy concept (holistic ap-
proach and innovativeness), 2) Induced energy demand (urban and building com-
pactness: high densities were classified as “good” in terms of building energy effi-
ciency and performance), 3) Solar access (share of buildings “with the main orien-
tation ±45° south, minimizing shading for PV modules or higher use of passive solar 
gains (in winter) were praised within the assessment”), and 4) Renewable energy 
supply (“efficient renewable heat distribution (e.g. by placing low consumption dis-
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tricts furthest away from the district heating plant)”, and “the integration of photovol-
taic panels in buildings or the maximum utilization of roof area for PV use”) [Eicker 
et al., 2015].  

Eicker et al. [2015] stated that cities have difficulties in effectively evaluating 
which urban, land use and energy concepts would be best for today and in the fu-
ture, because there is often a lack of quantitative data on building energy perfor-
mance as a function of urban density, building compactness and orientation, build-
ing use and supply options in the design of new cities or early scenario analysis for 
existing city quarters. They propose a methodology for assessing the energy de-
mand and solar electricity supply potential as a function of the availability of geom-
etry, building standard and use data for a large city extension in Munich, Germany. 
Eicker et al. [2015] learned that it is very important to analyse the building form, as 
the loss of building compactness increases “the loss of building compactness in-
creases the energy demand for heating by 10–20% while it reduces the integration 
potential of renewables by up to 50%”. Also, the addition of mutual shading of build-
ings increased the simulated heating demand by 10 %. [Eicker et al., 2015] 

According to Sampaio et al. [2013], analytical tools can benefit decision-making 
significantly when selecting the most suitable solutions for the energy mix from 
the economic and environmental viewpoints. Lotteau et al. [2015] reviewed 21 re-
cent studies for built environment LCAs on the neighbourhood scale, which all pro-
posed their own adaptations of the LCA methodology for the neighbourhood scale. 
This review shows that LCA applications in the neighbourhood scale assessment 
are not straightforward, and that this is a relatively new study field. They highlighted 
the following recommendations for the neighbourhood scale LCA [Lotteau et al., 
2015]: 
 Systematic communication of key features: i.e. number of inhabitants, number 

of non-resident users, neighbourhood area, total floor area and analysis dura-
tion.  

 The contextualisation: characteristics of the built environment and their influ-
ence on the buildings’ energy demand should be taken into account, such as 
urban morphology, presence of vegetation, choice of surface materials.  

 Uncertainty analysis related to long-term development of the key parameters 
of the neighbourhood.  

 The temporal evolution of the electricity production should be accounted for, 
especially for low energy neighbourhoods including local renewable energy 
production.  

 Full and comprehensive multi-criteria assessment of the built environment is 
already enabled by LCIA developments, and thus mono-criterion approaches 
should be avoided in order to prevent emission shifting.  

 
Recently, zero energy building development has been broadening towards neigh-
bourhoods and districts. For example, Ala-Juusela et al. [2014] have developed key 
performance indicators for evaluating the energy positivity level of neighbourhoods 
with the aim of assessing how well the neighbourhood fulfils the definition of an 
energy-positive district.  
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2.5 Energy system and service business  

As described in previous chapters, the near future changes in energy systems bring 
challenges for the energy sector from the quickly changing business and operation 
environment. Energy utilities are forced to rethink their ways of doing business and 
operating their systems, when the pressure for increasing the share of distributed 
energy production grows, and the energy system needs to adapt to using hybrid 
energy sources.  

There are already business models that could be potential for district energy sys-
tems with a high share of local, renewable and distributed energy production [Heim-
onen et al., 2012]. Heimonen [2007] presented different life-cycle models for build-
ing services in Finland. Currently used energy service models include also different 
variations of public private partnership models [e.g. Tieva and Junnonen, 2009] and 
the energy service related services, such as [EC DG JRC, 2010]: 
 Energy service company (ESCO): a company delivering energy services 

and/or energy efficiency improvement measures in clients’ facility. The service 
payment is based either as a whole or partially on the achievement of energy 
efficiency improvements and meeting of the other potential performance criteria 
set. ESCO assumes the financial risk relative to energy projects and gets pay-
ment e.g. according to the extent of realised energy savings. [EC DG JRC, 
2010] 

 Energy performance contracting (EPC): a contractual arrangement between 
the beneficiary and the provider (e.g. an ESCO) for a measure improving en-
ergy efficiency. The Investments in the measure are paid in relation to the con-
tractually agreed level of energy efficiency improvements. [EC DG JRC, 2010] 

 Third-Party Financing (TPF): a contractual agreement that involves a third 
party in addition to the energy service provider and the beneficiary of the energy 
efficiency improvement measure. The third party provides the capital for the 
measure and charges from the beneficiary a fee that is equivalent to a part of 
the energy savings achieved a result of the measure. [EC DG JRC, 2010] 

 
Boait [2009] presented energy services in three categories: business-to-business 
ESCOs, retail energy suppliers and the Local ESCOs. Boait [2009] noted that the 
utilisation of local energy sources could be maximised by adopting a new form of 
energy network charges based on the local use tariff that reflects the real use of the 
distribution network in conveying the locally generated energy. In addition, energy 
supply contracting (ESC) model has been presented by Bleyl-Androschin and Un-
gerböck [2009], in which the efficient supply of energy is contracted in energy units 
delivered.  

Good et al. [2015] noted that low-carbon technologies have the possibilities to 
reduce energy costs and carbon emissions from final energy consumers through 
coupling and optimising energy commodities from traditionally independent systems 
(e.g. electricity, heat and gas). However, this kind of transition to distributed multi-
energy system introduces complex physical and commercial interactions, and 
hence, the assessment of related business cases can be a major challenge [Good 
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et al., 2015]. Cardenas et al. [2014] highlighted the fact that consumers’ participation 
as producers or rather, as so-called prosumers, will require developing new busi-
ness models in the near future. The reason for this is that prosumers will play a key 
role in the distributed energy production and selling of the excess capacity to the 
energy companies.  

Different support instruments in EU-27 have been mapped by Klessmann et al. 
[2011]. They also studied the various barriers of renewable energy production.  

2.6 ICTs for district energy systems  

The evolution of energy infrastructures towards a more distributed, adaptive, pre-
dictive and market-based paradigm is enabled by ICT technologies [Manfren, 2011]. 
ICTs can support holistic coordination and efficient use of hybrid energy systems 
through multiple solutions, such as information exchange and protocols, interfaces, 
tools for planning, modelling and simulation, performance evaluation, collaborative 
development, etc. These requirements are closely linked to other developments of 
smart technologies, especially in the field of smart cities. A smart city can be seen 
as a large connected system consisting of several sub-systems, which are planned 
and operated in close communication and coordination among a wide range of 
stakeholders, experts, city officials, service providers, and end users [Sepponen et 
al., 2014]. 

Also, smart grid applications are part of the required ICT for district energy sys-
tems, although they typically focus only on electricity systems. In the smart grids, 
ICT is utilised in collecting information and controlling the energy system automati-
cally by using information about the performance of energy consumers and produc-
ers with the aim of improving the system efficiency, reliability, profitability and sus-
tainability of the overall energy system in smart cities [Kylili and Fokaides, 2015]. 
Smart grids support local renewable electricity production and smart electric vehicle 
charging, as well as energy storage use, demand response and grid balancing sys-
tem [Kylili and Fokaides, 2015].  

In addition to broader smart city and smart grid developments, district energy 
systems also have close links to the end user side through smart building and smart 
appliances development frameworks. Roadmaps for needed ICT research and de-
velopment have previously been identified e.g. by following projects: Roadmap for 
Energy Efficient Buildings (REEB) [Hannus et al., 2010], Roadmap for Energy Effi-
cient Buildings integrated to neighbourhood –  ICT 4 E2B Forum [Hannus and Del-
ponte, 2012], Roadmap for ICT for Energy Efficiency of smart buildings, smart grids, 
smart manufacturing and smart lighting –  REViSITE [Hannus et al., 2012].  

Karmers et al. [2014] have developed a framework for assessing and guiding the 
use of ICT solutions so as to reduce energy use in cities with identifying ICT related 
opportunities, pilots and existing solutions. Manfren et al. [2011] highlight that, be-
sides the optimal energy system sizing and dispatch strategies determination, smart 
tools have an essential role in providing valuable insights into system monitoring 
and management strategies in real life applications. Dynamic energy management 
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systems can enable the distributed control of the future decentralised energy sys-
tem, where multi-commodity network flow models enable efficient management of 
multiple commodities over the arbitrary energy networks [Manfren, 2011]. For ex-
ample, Velik and Nicolay [2015] introduced an automated optimisation approach to 
optimal energy management strategies in grid-connected, storage-augmented, 
photovoltaic-supplied prosumer buildings and neighbourhoods. These kinds of so-
lutions require suitable interfaces and protocols for the exchange of energy and in-
formation [Manfren, 2011].  

3D city models enable advanced analysis and visualisation tasks in a variety of 
application domains, such as urban planning and environmental simulations 
[Gröger and Plümer, 2012]. ICT can also support improved participatory planning 
processes for sustainable urban development by offering means for planning data 
management and citizens’, and stakeholders’ engagement [Stratigea et al., 2015]. 
The role of urban planners is crucial in this development.  

2.7 Towards integrated low carbon district energy systems  

According to the literature review, there is an urgent need to improve the sustaina-
bility of districts, and in this energy systems play a major role. At the same time, 
the operation environment of district energy systems is changing, when buildings 
are becoming more energy efficient and the use of local renewable and distributed 
energy supply increases.  

Energy systems need to be able to cope with hybrid energy sources and technol-
ogies, and as a consequence, their planning, evaluation and assessment with inte-
grated approach is crucial. Therefore, energy systems need to be taken into account 
already in the urban planning decisions. These near future changes also require 
energy utilities to react to the changing business environment, and new business 
opportunities are expected to emerge from the transition to hybrid energy systems. 
ICTs enable the planning, construction and operation of integrated district energy 
systems with the aim of maximizing the system efficiency and optimal use of energy 
sources. The key issues from the literature review are summarized in Table 1.  

The literature review shows the significant role of energy systems in improving 
districts energy efficiency and reducing environmental impacts. Following this, 
the research question is: How much and by what means can districts’ energy effi-
ciency and sustainability be improved? And more specifically, how could district en-
ergy and emission analysis support designing more sustainable and energy efficient 
districts? Even though there are many modelling and simulating district energy sys-
tems, but still in the practical work urban planners are typically making land use 
decisions without sufficient knowledge of the impacts of the different design alter-
natives to the energy efficiency and energy systems in the planned area. Urban 
planners need practical methods and tools that enable fast and easy assessment 
and comparison of different design alternatives and their impacts on the energy ef-
ficiency and greenhouse gas emissions in different case areas. These challenges 
and lack of expertise in local communities in interpreting the recommendations of 
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local energy regulation and planning instruments are also recognised e.g. by 
Manfren et al. [2011]. And furthermore, the second research aim is to propose how 
to organise new business and service concepts for district level energy solutions. 
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Table 1. Key issues and open questions summarised from the literature review. 

 Reference Key issues Open questions and further development points 

S
us

ta
in

ab
le

 u
rb

an
  

de
ve

lo
pm

en
t Mohareb and 

Kennedy, 
2014 

Cities need locally suitable carbon reduction 
strategies. 
 

Fundamental changes in energy supply and demand ser-
vices must be considered in the long-term policy goals. 
Radical carbon reduction targets needed from urban policy 
makers. 

Eicker et al., 
2015 

Cities have difficulties in effectively evaluate the 
best suitable urban energy planning concepts. 

Buildings’ zero energy balance would often require high 
energy efficiency, on-site RES & more central supply. 

Zaron and Ve-
rones, 2012  

Spatial planning strategies and policies should 
be closely linked together with urban energy ef-
ficiency actions. New objectives for planning 
practices in terms of urban quality, equity, and 
energy efficiency. 

Local level needs improved performance-based planning 
practises and solutions for including energy goals in spatial 
planning and urban policies to achieve low carbon and en-
ergy efficiency goals.  

H
ol

is
tic

 d
is

tri
ct

 e
ne

rg
y 

sy
st

em
 Sampaio et 

al., 2013 
Identification of distributed energy generation al-
ternatives and assessment their inclusion on 
city’s energy supply can support municipalities 
and even government in establishing energy 
policies. 

Analytical tools support decision making significantly in the 
choice of the most suitable solutions for the energy mix 
from the economic and environmental viewpoints. 

Mirakyan and 
De Guio, 2013 

A generic integrated energy planning procedure 
with systematic and holistic way. 

Methods and tools have not yet been combined to manage 
all of the integrated energy planning tasks. Supporting 
planning tools are lacking from the 1st phase (preparation 
and orientation). 

Huang et al., 
2015 

Numerous computer tools and models are avail-
able for communities’ energy planning already. 

Planners would benefit from new systematic and effective 
assessment indicators and methods for analysing the com-
munity energy systems, when setting goals and developing 
proposals. 
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ts
 Good et al., 

2015 
Low-carbon technologies have the possibilities 
of reducing energy costs and carbon emissions 
from final energy consumers. 

Transition to a distributed multi-energy system introduces 
complex physical and commercial interactions, and hence, 
the assessment of related business cases can be a major 
challenge. 

Cardenas et 
al., 2014 

Energy consumers becoming producers or ra-
ther, as so-called prosumers. 

Requires new business models. 

IC
T 

su
pp

or
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g 
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is

tri
ct

 e
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rg
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sy
st

em
s Manfren et al. 

2011 
A paradigm shift from centralised energy supply 
and one-way energy distribution to a hybrid en-
ergy source supply with increasing the share of 
distributed energy supply from buildings and 
districts. 

A strong need to develop innovative and interoperable 
models for energy systems design and techno-economic 
feasibility evaluation. Furthermore, these models have to 
be connected with tools and ICT solutions, e.g. for the pro-
cess monitoring and control.  

Bhatt et al., 
2010 

Municipal energy systems need to be consid-
ered as a whole, including interactions and in-
terdependencies among the system compo-
nents  a comprehensive view of the overall 
complex energy system and its performance.  

Energy systems would greatly benefit from the systemic 
approach and long-term strategic planning. 
Nevertheless, there are lots of energy different kinds of en-
ergy system models, still they are not comprehensively uti-
lised in the local level energy planning. 

Kyliki and 
Fokaides, 
2015 

ICT is utilised in collecting information and con-
trolling the energy system automatically by us-
ing information about the performance of energy 
consumers and producers with the aim of im-
proving system efficiency, reliability, profitability 
and sustainability of the overall energy system 
in smart cities. 

Zero energy buildings will become an integral part of a fu-
ture smart city with on-site renewable energy production 
and intelligent energy management as an active part of a 
smart grid and city’s energy system. 
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3. Methods 

3.1 Overview  

This chapter presents the research approach used to ascertain how to best support 
the planning and management of energy efficient and low emission district energy 
systems. The main research themes were: 1) district energy analysis (consisting of 
requirement analysis, energy scenario specifications, and energy scenario analy-
sis), and 2) business concepts for district energy systems and services. A summary 
of the overall research approach is visualised in Figure 6. All methods were based 
on theory and experience from previous research though a literature review. The pri-
mary challenge was to find practical ways to support urban area development.  

 

Figure 6. Overall research approach and the main research questions  

This dissertation consists of five published research papers I–V, which are reprinted 
in Appendices A–E. These research papers and their roles in this dissertation are 
summarised in Table 2. The dissertation summarises their results and suggests 
recommendations for the planning and organising of district energy systems and 
services.   
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Table 2. Summary of papers and their roles in this dissertation 

Objectives Research questions Methods used Paper 
Method for district energy analysis  
Analysis of building energy de-
mands 

How to assess energy saving 
potentials in buildings and dis-
tricts?  

1 case study 
Energy calculations  

I Energy saving potentials of 
Moscow apartment buildings in 
residential districts 

Comparison of district energy de-
mand and supply scenarios and 
their emissions to air 

How much and by which means 
can energy and emissions be re-
duced when renovating dis-
tricts?  

Expert analysis for the 
scenario development 
Energy and emission 
analysis in a case study 

II Energy and emission analyses 
of renovation scenarios of a 
Moscow residential district 

Assessment tool development 
District energy and emission anal-
yses 

How to assess energy efficiency 
of districts?  

Literature review, inter-
views, 6 case studies  

III Energy efficiency rating of dis-
tricts, case Finland 

Collection of business concepts 
Key performance indicators 
Barriers to business and services 

How to organise new district en-
ergy business concepts with hy-
brid energy sources? 

Stakeholder analysis 
Business canvas 
Expert workshops  

IV Development of business con-
cepts for Energy Hub systems 

Energy and emission analysis 
method and tool development 
District energy and emission anal-
yses 

How to support sustainable ur-
ban planning with energy and 
emission analysis?  

Literature review 
2 case studies 

V Low carbon urban energy 
planning in two Finnish cases 
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The research process and the main research questions are illustrated in Figure 7. 
The detailed district energy analyses are presented in Papers I–III, and in Nystedt 
and Sepponen [2011], Nystedt et al. [2010], Nystedt et al. [2012] and Paiho and 
Palos et al. [2013]. This dissertation derives learnings and conclusions from these 
14 real life urban area cases in Finland and Russia. These detailed analyses have 
been establishing the foundations for developing guidelines and recommendations 
for low carbon district energy planning in Paper V, and for district energy service 
business concepts in Paper IV. 

 

Figure 7. The research process and main research questions.  

The research methods are described in following sections. Energy analysis con-
sisted of the following three steps: requirement analysis (Section 3.2), energy sce-
nario specifications (Section 3.3), and energy scenario analysis (Section 3.4). Meth-
ods for business concept development are presented in Section 3.5.  
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3.2 District energy requirement analysis  

Users’ and stakeholders’ needs and requirements were the starting point of district 
energy analysis. The municipality representatives, such as urban planners and mu-
nicipality officials and decision makers, were interviewed to elicit their expectations 
and needs regarding the planning of districts and their energy solutions. Interviews 
also strongly supported collecting the required base data for the district energy anal-
ysis. Additional stakeholder and expert questionnaires used both for the district en-
ergy analysis, as well as in the development of business concept and the road map, 
are described in in Papers III, IV, and V in the appendices.   

The requirement analysis of district energy analysis began by forming an overall 
understanding of the district. This was done by interviewing urban planners or other 
city officials according to the general interview schema presented in Table 3.   

Table 3. The general schema of interview questions regarding overall information 
about the district. 
 

Interview questions Relation to district energy analysis 
Location of the area Retrieving climate data for analysing energy 

demand as well as solar and wind energy 
yields. 

Map of the area, visualisation 
of the district plan 

Supports acquiring an overall understanding of 
the area, and analysing the potential district 
heating network structure.  

Number of residents in the 
area (and/or number of jobs) 

Supports analysing the energy demand of the 
area. 

The areal density of the dis-
trict plan 

Supports analysing the energy demand of the 
area. 

Is it a ground water area?  Effects on potential use of ground heat pumps.  

 
Urban planners were also familiar with the status of existing and planned build-

ings in the district studied. Information about these buildings was needed for ana-
lysing the energy demand of the district. Questions used for collecting building re-
lated information are shown in Table 4.  

 For the energy supply side analysis, the interview with local energy company 
representatives was highly useful. They typically have the best understanding of the 
state of the local energy system and used energy sources and distribution networks. 
Here the main target was to describe the city’s current energy production plants, 
energy sources used and related future plans. In several cases, it was also useful 
to learn about energy suppliers’ views of future needs for ensuring a sufficient level 
of thermal energy production capacity in the city. Some renewable energy supply 
methods have also boundaries, which were discussed. For example, the boundaries 
of utilising ground or water source heat pumps were studied regarding the type of 
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soil and whether the area is located in a ground water area or not. These questions 
were also discussed with urban planners and decision makers in some cases.   

Table 4. Interview questions for urban planners related to buildings in the district. 

Interview questions Relation to district energy analysis 
What kinds of buildings 
exist now and/or are 
planned in the area? 

Needed for the energy analysis of the buildings. Exam-
ples of building types: residential buildings (e.g. apart-
ment building, row house, single family house, town-
house), office buildings, service buildings (such as 
school, hospital, day care centre, shops), and industrial 
areas (e.g. small scale industrial buildings) etc. 

When were the existing 
buildings constructed? 

Reveals the minimum level of energy efficiency of build-
ings based on building regulations at the time.  

What are the energy effi-
ciency targets for the 
new buildings?  

Supports energy demand analysis. E.g. targets required 
by building construction regulations, or better (low en-
ergy or passive level, or (nearly) zero energy buildings.  

The floor areas for differ-
ent types of buildings. 

Base data needed for the energy demand analysis. 

The number of different 
types of buildings. 

Supports energy analysis for the entire district.  

Is there on-site energy 
(usually heat) production 
in the buildings? 

Supports energy supply side analysis. 

Do the buildings have 
smart meters or real time 
energy monitoring sys-
tems? 

Supports energy demand analysis, smart meters can 
have an effect on the energy demand.  

 
In some research cases, the district energy analysis was broadened to take into 
account other energy demands in the area, such as passenger transportation, street 
and other outdoor lighting, and waste and water systems. For city infrastructures, 
the requirement analysis focused on identifying the existing and/or planned capac-
ities and needs for these city services and maintenance. To identify the passenger 
transportation requirements, the following questions were used:  
 Transportation system in the area: Are you using or planning to use any solu-

tions for increasing the share of pedestrian and cycling and use of public trans-
portation? Some examples are: separate, high quality and secure cycling and 
pedestrian routes, parking of cycles, centralised car parking, availability of pub-
lic transportation in the area (busses, trams, metro, and train). 

 What daily services exist and/or are planned nearby or in the area, such as 
grocery shops, children’s day care, schools, etc.? 
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As a result of the stakeholder requirement study, an overview and understanding of 
the studied district was formulated, and the basic structure and data needs for each 
case area were collected (see Table 5). In addition to this information set, a plan of 
the district (a map) was needed to support gaining a comprehensive understanding 
from the studied area.  

Table 5. The structure of case descriptions and required base data. 

Base data of the case Description of the base data 
Total area Total surface area of the district (in m2) 
Number of residents Estimation of number of residents (persons) 
Building types in the district Description of building types in the area 
Floor areas of buildings Total floor areas of each type building 
Number of buildings The estimated number for each building type 
Density of the district Areal density value used in urban planning, the ratio 

of total floor area of buildings to the total surface 
area of the district 

Location of the district Location information, information about local climate 
Used energy sources Available and used energy sources in the area 
In the ground water area? Is the district in the ground water area (yes or no)? 

 

3.3 District energy scenario specifications 

One of the key areas in this study was the comparison of different energy system 
scenarios based on urban plans of the area. The district energy systems of the case 
areas were analysed using different energy system scenarios. The energy scenario 
analysis included comparing scenarios for buildings’ energy efficiency levels and 
potential energy sources and technologies utilised. This enabled comparing busi-
ness-as-usual (BAU) scenario to more improved and advanced scenarios e.g. with 
higher energy efficiency in buildings and increased use of local renewable energy 
sources or other energy sources with lower emissions. An overview of the develop-
ing the specifications for district energy scenarios is shown in Figure 8.  
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Figure 8. General overview of developing energy scenario specifications. 

Energy scenarios were specified for each case starting from the energy efficiency 
level of buildings. Depending on the identified requirements of stakeholders in each 
case, the energy demand scenarios were typically based on different energy effi-
ciency levels for buildings. As an example of a typical case, energy demand is com-
pared in: 1) current or business-as-usual state (e.g. according to national building 
regulations), 2) low energy buildings, and 3) passive buildings. Some case analyses 
go beyond this by evaluating more advanced scenarios, e.g. nearly zero energy 
buildings. The energy demand analysis studied the average energy efficiency levels 
of different policies and targets for buildings’ energy efficiency. This study aimed to 
show what these different policy levels would mean in real life case areas. Some of 
the cases also included energy use of waste and water management systems, or 
the passenger transportation. 

Secondly, district energy scenarios included the comparison of potential energy 
distribution systems with varying efficiency levels, especially related to district heat-
ing systems and their network design choices. In some case studies, the require-
ment analysis exposed the need to compare different urban plans and related ef-
fects on the efficiency of energy distribution.  
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Similarly to energy demand scenario building, the energy supply scenarios in 
the energy analysis consisted of comparing current or business-as-usual state to 
other available and potential energy sources in the case area. The energy sources 
compared included electrical heating, district heating (from different energy 
sources), heat pump systems, biomass boilers, solar energy, buying electricity from 
the national grid, and wind energy. The realistic options and possibilities for different 
energy supply systems were compared based on the stakeholder requirement anal-
ysis and system boundaries of the local environment in each case study analysis.  

3.4 District energy scenario analysis 

The main targets of the energy analysis were to form an overview of the average 
energy consumption in the area, to identify available and potential energy produc-
tion resources and their capacities. As a result, the overall energy efficiency and 
potentials for improving it in the district could be evaluated. In addition, in some 
cases the analysis also included e.g. comparing of alternative urban plans for 
the case areas. 

The general district energy and emission analysis methodology is visualised in 
Figure 9. Firstly, the energy consumers in the area were assessed, including e.g. 
energy simulations of buildings, which enabled forming the state-of-the-art, or in 
other words, the business-as-usual (BAU) scenario. Secondly, different improve-
ment scenarios were defined for comparing varying levels of energy efficiency in 
buildings. Then alternative potential local energy sources were identified. The anal-
ysis continued by assessing the used and potential energy supply systems, includ-
ing e.g. energy distribution losses. And finally, the life cycle emissions were calcu-
lated for each district energy scenario. These steps are presented in sections fol-
lowing.  
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Figure 9. The basic process for making districts’ energy and emission analysis 
(Author’s own figure from Paper II: Paiho et al., 2013). 

3.4.1 Methods for buildings’ energy demand analyses 

The energy demand of buildings can be studied in many ways. An often used 
method is to simulate the energy demand of average type building models repre-
senting typical buildings with different purposes (e.g. residential, service, or office 
building) and different age and/or energy performance groups. This kind of ap-
proach is used among others in the REMA model by Tuominen et al. [2014], where 
buildings’ energy performance was simulated in-depth with IDA Indoor Climate and 
Energy (ICE) application for dynamic multi-zone simulation enabling studying of 
thermal indoor climate and the energy consumption of the entire building [IDA ICE, 
2014]. This REMA model uses the same base data for buildings’ energy demand 
as is used in Paper VI. IDA ICE enables in-depth energy simulation with short time 
steps (e.g. annual energy demand throughout the entire year).  

Papers I – III had similar base with simulating buildings’ energy demand as is 
used in the REMA model. However, instead of using IDA ICE, the energy demand 
of building scenarios are simulated with a simpler building’s energy demand esti-
mation tool called WinEtana. This tool is developed by VTT [Kosonen and She-
meikka, 1997]. The tool enables a quick calculation of energy demand based on (at 
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the minimum) following base data: floor area and shape of the building, number of 
the floors, the thermal performance of the building envelope (as U-values), air tight-
ness factor (n50), average water consumption, and electrical equipment used and 
its energy performance classes; as well as the location of the building and the local 
monthly climate conditions. The tool calculates the energy performance of the build-
ing at the monthly level, which is in many cases detailed enough for supporting 
decision making at the pre-design phase and when comparing overall energy per-
formance at the district scale.  

Paper III [Hedman et al., 2014] presented one in-depth analysis of a single case 
area, but mostly it focuses on the energy efficiency rating tool for districts on a more 
general level. The energy efficiency rating tool estimated energy efficiency based 
on building energy class certifications, and hence offered an even simpler approach, 
which enabled making of pre-design estimates, if users do not have much infor-
mation at all from the buildings planned in the area.   

3.4.2 District energy demand analysis  

Energy demand analysis at the district level included the energy demand of build-
ings (coupled with the number of each type building represented in the case area). 
Other possible energy demands were taken into account in some case studies, e.g. 
the energy demand of water and waste management systems (as in Papers I and 
II), energy demand of transportation (as in Paper V), and street lights (as in papers 
I and II). Other energy demands might come e.g. from industrial areas, but these 
kinds of districts were excluded from this study.  

One specific focal point was the energy distribution system, and its losses. 
The energy distribution losses were added up to the total amount of energy supply 
capacity needed by a district. The share of distribution losses for district heating 
were studied in Papers III and V, stating that the share of distribution losses of dis-
trict heating network varied based on the density of energy consumption in compar-
ison to the length of the areal heat distribution network. This assessment method 
seemed to be more detailed than the often used simplistic way of assessing energy 
losses of heat distribution in areal energy analysis based on average national district 
heating network losses.  

Primary energy use of districts can be evaluated with a “cradle-to-grave” analysis 
[Gustavsson et al., 2011; Johansson et al., 2007]. Another way is to use energy 
conversion factors, which are politically established on the national level, e.g. for 
Finland in the building regulations in 2012 [Ministry of Environment, 2012]. This ap-
proach is taken in Paper III employing Finnish energy conversion factors for the 
different energy sources used.  

3.4.3 Life cycle analysis for emissions and its boundaries  

Environmental impacts of energy systems were evaluated in this study with life cycle 
assessment (LCA), which is a method for assessing “environmental aspects and 
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potential impacts, (e.g. use of resources and the environmental consequences of 
releases) throughout a product's life cycle from raw material acquisition through pro-
duction, use, end-of-life treatment, recycling and final disposal (i.e. cradle-to-
grave)”. LCA study consists of four phases: 1) the goal and scope definition phase, 
2) the life cycle inventory analysis phase, 3) the life cycle impact assessment phase, 
and 4) the interpretation phase”. [ISO, 2006] 

To be more specific, the approach used in this study was attributional LCA, which 
Finnveden et al. [2009] define by “its focus on describing the environmentally rele-
vant physical flows to and from a life cycle and its subsystems”. The main approach 
used was hybrid LCA combining process-LCA to Input-Output LCA. 

The emission analysis in this study focused on energy sources used and includes 
the LCA of used or optional energy sources, needed energy supply, distribution in-
frastructure and other related processes. The emissions presented for different 
cases and scenarios did not include an LCA of buildings and their materials, nor 
emissions from transport or any other city infrastructures.  

The emission calculations for all case studies were based on emission factors 
retrieved from GEMIS software (Global Emission Model for Integrated Systems) 
[IINAS, 2014], which have a large database of many energy technologies and their 
emissions in different countries. These emission factors consisted of emissions 
caused by the significant processes and products needed for producing a unit of 
heat or electricity. Allocation of emissions to CHP plants was based on partial sub-
stitution method, as detailed in Paper II.  

The emissions included in the study were: greenhouse gases (CO2 equivalent 
emissions), SO2 equivalent emissions, TOPP equivalent emissions (tropospheric 
ozone precursor potential), and small particulates. As detailed in paper II, CO2 
equivalent emission is a total measure, in which the emissions of different green-
house gases are summed up according their global warming potential (GWP) factor. 
SO2 equivalent signifies the total acidification potential, which is the result of aggre-
gating acid air emissions. In the calculation of SO2-equivalent emissions, the GEMIS 
tool includes SO2, NOx, HF, HCl, H2S and NH3. TOPP-equivalent signifies tropo-
spheric ozone precursor potential. It is the mass-based equivalent of the ozone for-
mation rate from precursors, measured as ozone precursor equivalents. The TOPP 
represents the potentially formation of near-ground (tropospheric) O3, which can 
cause smog. TOPP includes emissions of NOx, NMVOC (non-methane volatile or-
ganic compounds), CO and CH4. Particulates have a significant effect on the local 
air quality level [EPA, 2012]. [IINAS, 2014; Fritsche and Schmidt, 2008] 
 

3.5 Development of business concepts for energy systems 
of districts  

The overall methodology for developing business concepts for Energy hub systems 
consisted of the following actions [Paper V]:  
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 An analysis of main stakeholder groups was carried out so as to understand 
the key players and their roles and needs in energy business. 

 A questionnaire was carried out so as to identify the needs of stakeholders, 
especially end users and service providers; this gave an indication of the ser-
vices and business models. 

 The analysis method was modified from the Osterwalder’s business canvas 
[Osterwalder and Pigneur, 2010]. 

 A list of possible concept level models was developed in a workshop. This list 
is called a cookbook: a collection of business concepts. The concepts were 
kept simple and focused on one stakeholder at a time. 

 The analysis was carried out for all business cases. 

3.5.1 Structure of business concept descriptions  

One of the commonly used approaches in analysing business and service concepts 
is the Osterwalder’s approach [Osterwalder and Pigneur, 2010] for describing the 
product, customer interface, infrastructure management and financial aspects in 
nine different subtopics. In this dissertation, the Osterwalder’s model was simplified 
by choosing the main elements of the model in the analysis. The selected analysis 
elements are listed in Table 6. All developed business concepts in Paper V were 
described according to this structure. In addition, each concept was visualised by 
showing stakeholders and their main interactions related to the business concept.   

Table 6. Structure of the business concepts. 

Elements Description 
Title The essence of the business model in a few words. 

Business idea / objective The objective of the business model. 

Offer / value proposition The service/product offered in a few sentences. 

Customer Who will use the service/product? 

Seller / Service provider Who will offer the service/product? 

Earnings / revenue 
model 

Who pays, where does the money come from, and 
what is bought? Who is the owner of this business?  

KPIs KPIs to measure the success of the concept. See 
4.1.2.  

Costs and benefits  What investments are needed? What are the costs and 
benefits? 

References References to similar models studied or applied.  
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3.6 Summary  

The research process with the published papers I–V and the related sections in this 
dissertation are shown in Figure 10. The literature review is in Section 2. District 
energy analyses of case studies are published in Papers I – III, and they are sum-
marised with other additional case study learnings in Section 4. These case studies 
were building the base for the ideal urban energy plan and its assessment frame-
work and related tool development, which are described in Paper VI and summa-
rised in Section 4.4. Developed business concepts are discussed in Paper V and in 
Section 5. The lessons, challenges and other issues raised are discussed in Section 
6, and the concluding recommendations are given in Section 7.   

 

Figure 10. The research process in Papers I–V and the related sections in this dis-
sertation.  
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4. District energy analyses 

The literature review confirmed the importance of integrating energy issues into ur-
ban planning and development when targeting sustainable, efficient and low emis-
sion urban areas [e.g. Zaron and Verones, 2012; Mirakyan and De Guio, 2013; 
Yamagata and Seya, 2013; and Eicker et al., 2015]. In this dissertation, energy sys-
tem and urban planning alternatives affecting the districts’ energy efficiency and 
sustainability are studied and evaluated in Papers I–III and V. Prior to these re-
search publications, Nystedt and Sepponen [2011] presented a concept for inte-
grated, ecological urban planning. This concept was developed for St. Petersburg 
in Russia, but the main elements are applicable internationally. The concept 
[Nystedt and Sepponen, 2011] aims at eco efficient, functional and comfortable ur-
ban areas through integrated urban planning. This requires that already from the be-
ginning of the urban planning process the following key elements are taken into 
account: dense structure of the urban area, local environment and basis, energy 
efficient buildings, renewable energy production, sustainable transportation solu-
tions, waste and water management and social facts, as presented in Figure 11.  

 

Figure 11. The basic elements of integrated urban planning. [Authors own figure in 
Nystedt et al., 2010].  

4.1 Overview of the analysed district energy scenarios  

The district energy analysis began with the requirement analysis (as described in 
Section 3.2), and making energy scenario specifications (Section 3.3). Then, 
the district energy scenarios were analysed, which resulted in a comparison of busi-
ness-as-usual (BAU) with improved and advanced scenarios. The work flow for 
each district energy analysis followed the process shown in Figure 12 and the meth-
odology described in Sections 3.2, 3.3 and 3.4.   



 

45 

 

Figure 12. Work flow of the district energy analysis. 

All the case analyses had an overall target to study by what means and how much 
energy demand and emissions could be reduced in the specific case area, with 
the final aim of planning efficient and sustainable urban areas. The analysis results 
compared included energy demand of buildings and the whole district, and the dif-
ferent available energy supply alternatives and their emissions to air (CO2 equiva-
lent emissions, SO2 equivalent emissions, small particulates, and TOPP emissions). 
This was done by comparing the BAU situation to more improved and advanced 
scenarios e.g. with higher energy efficiency in buildings and increased use of local 
renewable energy sources or other energy sources with lower emissions. Some of 
the cases also included energy use of waste and water management systems, or 
passenger transportation. 

4.2 Summary of the case areas  

The district energy analysis was carried out for 14 real life urban area cases in Fin-
land and Russia. The district cases studied are summarised in Table 7. The case 
studies are previously published in Papers I–III and V, and in research reports: 
Nystedt et al. [2010], Nystedt et al. [2012] and Paiho et al. [2013]. Cases 1–12 were 
building the base for developing a framework and an assessment tool for district 
energy analysis (Section 4.4), which is tested in cases 13 and 14. Examples and 
lessons of these cases are described shortly in this section to highlight their speci-
alities and different aspects.  
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Table 7. Summary of the case areas and their main characteristics. 

No. Case City Develop-
ment state 
and type 

Inhabit-
ants 

Special notes 
and highlights 

Published in 

1 Saarinen Toivakka, FI New resi-
dential area 

85  Basic energy 
analysis study  

Sepponen et al., 
2010 

2 Säynätsalon 
kouluranta 

Jyväskylä, 
FI 

New resi-
dential area 

250 District heating 
losses; effects 
of building types 

III: Hedman et al., 
2014 

3 Öijänniemi Kannon-
koski, FI 

New area, 
recreational  

100 
users 

Cottages, ef-
fects of saunas 

Nystedt et al., 
2012 

4 Kaistinmäki, 
in Kintaus 

Petäjävesi, 
FI 

New area, 
mixed use 

200 Comparison of 2 
plan alternatives 

Nystedt et al., 
2012 

5 Könkkölä Jämsä, FI New area 180 Residential area Paiho et al., 2013 
6 Kyöpeli Multia, FI New area  180 Mixed use Sepponen et al., 

2010 
7 Koukku-

ranta, in 
Vuores 

Tampere, FI New resi-
dential area 

1100 Hybrid energy 
sources  

Paiho et al., 2013 

8 Ecograd 1 St. Peters-
burg RU 

New area, 
mixed use 

20,000 
Combined en-
ergy analyses to 
eco efficient ur-
ban planning 

Nystedt and 
Sepponen, 2011 

9 Ecograd 2 St. Peters-
burg RU 

New area, 
mixed use 

11,500 Nystedt et al., 
2010 

10 Ecograd 3 St. Peters-
burg RU 

New area, 
residential 

1750 Nystedt et al., 
2010 

11 4th Micro-
rayon of Ze-
lenograd 

Moscow, 
RU 

Existing, 
renovated 
area 

13,800 Most detailed 
analysis. Street 
lightning, waste 
and water man-
agement  

I: Paiho et al., 
2013,  
II: Paiho et al., 
2014 

12 Vartiosaari Helsinki, Fi New area, 
residential 

5,000– 
7,000 

SunZEB con-
cept, Seasonal 
thermal storage 

Paiho et al., 2015 

13 Eriksnäs Sipoo, FI New/ infill 
construction 

 Test cases for 
Kurke tool (see 
also Section 5)   

V: Hukkalainen et 
al., 2017 

14 Kivistö Vantaa, FI New area  
 
Ten cases deal with districts located in Finland, and four cases are located in Rus-
sia. The first seven cases contributed to this dissertation and the development of 
the district energy and emission analysis methodology and tool by helping to create 
understanding about how to do such analysis in practical cases and what different 
aspects need to be considered. The following three cases (8 - 10) from Russia in-
creased understanding about using same approach in another country with different 
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operation environment. Case number 11 in Russia and related publications I and II 
set the base for describing the energy and emission methodology with using sce-
nario comparison approach developed. Case 12 included specially a detailed com-
parison of energy storage options. Cases 13 and 14 were used to test the developed 
energy and emission analysis tool called Kurke, as described in publication V.  
The Russian cases were also used in this dissertation to understand and show the 
potential of using this method in other countries, if appropriate base data is availa-
ble.  

4.2.1 Case 1: Saarinen, Toivakka, Finland 

The Saarinen neighbourhood is located in the municipality of Toivakka in Central 
Finland. The base data of the case is presented in Table 8, and the plan of the dis-
trict is shown in Figure 13. Municipality representatives identified that one of the 
main targets for the area was as low a carbon foot print as possible. The area was 
built between 2011 and 2013, and it had a small family house exhibition in 2013 with 
a focus on eco and energy efficiency.  

Table 8. Base data for Toivakka, Saarinen area. Abbreviations refer to Figure 13.  

Base data of the case Description of the base data 

Total area Approximately 5 ha = 50 000 m2 
Number of residents 85 residents 
Building types and floor areas 
in the district 

19 single family houses of 125 m2 (AO) and 1 row house 
of 240 m2 (3 apartments, á 80 m2) (AP). Plot areas rang-
ing from 1360–2260 m2. In addition, in the centre there 
is a small area reserved for the maintenance of infra-
structure-related services (ET) and parking for the small 
boat harbour area. 

Density of the district 0.2 
Location Central Finland. Next to Saarinen lake (depth < 2 m). 
In the ground water area? Not in the ground water area.  
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Figure 13. The plan of the Saarinen area in Toivakka [City of Toivakka, 2010].  

The energy demand scenario analysis was done for two building types: a single 
family house of 125 m2 and a row house of 240 m2 (3 apartments, á 80 m2). The av-
erage building model floor areas were defined from the stakeholder interviews. 
The building parameters are defined in Appendix F: in Tables F1 and F2 and in 
Figure F1.  

Three energy demand scenarios were studied: the current level according to 
Finnish building regulations in 2010, and low energy buildings and passive build-
ings. The energy demands of these two types of buildings were simulated using 
VTT’s WinEtana tool, [Kosonen and Shemeikka, 1997], and the building energy de-
mand results are shown in Appendix G in Tables G1 – G4. 

The energy demand of different energy efficiency level scenarios is summarised 
from the building energy simulations in Table 9. According to these simulations, the 
heat energy demand can be reduced significantly when the energy efficiency level 
of buildings is improved. This change is mostly due to reducing the space heating 
need in buildings. There are some possibilities of reducing the electricity demand 
also, but the expected savings are much smaller (approximately 6%), which is 
achieved by increasing the energy efficiency of electrical appliances and lighting. 
However, in the simulated buildings the electrical use of HVAC increases when the 
heat recovery from air exchange is improved. The district heating supply (in Table 
9) is summarised from total heating demand and district heating network losses that 
are assumed to be 9% of the total heat demand [Klobut et al., 2009]. 
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Table 9. Results of energy demand simulations for different energy efficiency level 
scenarios.  

 
 
The energy supply options studied in Toivakka are summarised in Table 10, and 

the detailed calculations are reported in Sepponen et al. [2010]. As these results 
show, if ground source heat pump system were implemented as a neighbourhood 
level system, it would require only 7–15 bore holes in total, depending on the energy 
demand level of buildings. If ground source heat pumps were used in each building 
as a separate system, it would require in total 20 bore holes, but on the other hand 
there would not be any need to build a local heat distribution grid and the total ad-
ditional electricity demand would be lower than for the neighbourhood level system. 
If small scale CHP production were utilised, then the share of electricity supplied 
from the plant reduces in the scenarios with improved energy efficiency of buildings. 
This can imply that small scale CHP might not be so favourable option in future 
efficient neighbourhoods with low heat demands, as its investment costs are also 
typically significantly high.  

District heating could be efficiently paired with solar thermal production in the 
summer, when the efficiency of the boiler is low due to low energy demand. This 
could enable raising the total heat production capacity of the boiler to cover also the 
high heat demands in the winter with appropriate efficiency of the heat boiler.    

Energy demand 
for the entire area

Heating 
demand 
[MWh/a]

Decrease in 
heating demand 
in 2010 level [%]

District heating 
supply 
[MWh/a]

Electricity 
demand 
[MWh/a]

Estimated 
district heating 
power [kW]

2010 building 225.66 - 248 107.4 138
Low energy building 136.60 39 150 100.8 97
Passive building 100.22 56 110 100.8 77
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Table 10. Summary of comparisons for energy supply options in different energy demand levels in the Toivakka case.  

Energy supply options  Comparison Notes and assumptions 
2010 
build-
ings 

Low en-
ergy 
buildings 

Passive 
build-
ings 

District heating with 
- wood chips (80% of the heat) MWh/a 
- peak load supply (20%) 

 
198 
50 

 
120 
30 

 
88 
22 

Assumption: 80% with wood chips, 20% with peak load supply 
(e.g. electricity) [Koskelainen et al., 2006, p. 323].  

Water source heat pump 
- Length of the heat collection pipe 
- Electricity demand added  [MWh/a] 

 
2,215 m 
82  

 
1,341 m 
50  

 
984 m 
36 

Heat pump for the district from the Saarinen lake, although 
this was rejected in practise due to the low depth of lake 
(less than 2 metres). 

Ground source heat pump for district 
- Number of bore holes  
- Electricity demand added  [MWh/a] 

 
15 
82 

 
8 
50 

 
7 
36 

Both neighbourhood and building level heat pump systems 
possible. Assumptions: clay ground with heat yield of 55 
kWh/a per metre of heat collection pipe. COP 3. Heat collec-
tion depth: 200 m. [SULPU, 2003]  

Ground heat pump for each building  
- Number of bore holes in total 
- Electricity demand added  [MWh/a] 

 
20 
72 

 
20 
42 

 
20 
32 

Small CHP 
-  50 % of the heat demand MWhh/a 
- 50 % from peak heat boiler MWhh/a 
- Electricity from CHP MWhe/a 
- Share of electricity demand from CHP  

 
124 
124 
62 
58% 

 
75 
75 
38 
37% 

 
124 
124 
62 
27% 

Production according to the heat demand. Perhaps with re-
newable fuels. Bigger investment costs than for district heat-
ing boiler. Wood chips as fuel. The construction rate (electric-
ity production/heat production is 0.5) [GEMIS, 2010; Ko-
skelainen et al., 2006]. 

Local biogas for a small CHP plant 
- Electricity production MWhe/a 
- Heat production MWhh/a 

 
2,310 
3,300 (10 times bigger than the 
heat demand of the area) 

Local biogas from farms available 6600 MWh/a. Suitable e.g. 
for CHP (assumed: construction rate 0.35). Challenges from 
system efficiency: most efficient to utilise the biogas on-site 
or close to farms, but the area studied is farther away. 
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Life cycle emissions from the energy production were analysed with the GEMIS 
tool (Global Emission Model of Integrated Systems [GEMIS, 2010]), including emis-
sions from manufacturing the energy production utility, fuel manufacturing and 
transportation, and the energy production process. Emissions were analysed for all 
three scenarios. Carbon equivalent emissions for electricity and heating in the Toi-
vakka case are shown in Figure 14. It shows that smallest carbon emissions are 
from biogas-based energy supply, and from the combination of district heating with 
wood chips and solar collectors. Heat pump systems have somewhat higher carbon 
emissions, while electrical heating have significantly higher emissions. These differ-
ences in heating energy supply emissions can be seen more clearly from Figure 15, 
which shows the carbon emissions only for the heat energy supply options.  

  

Figure 14. Annual carbon equivalent emissions from electricity and heating. 

  

Figure 15. Carbon equivalent emissions from heat production. 

Analysed SO2 emissions are shown for electricity and heating supply in Figure 
16 and for heating energy supply in Figure 17. Similarly, TOPP equivalent emissions 
are shown in Figure 18 and Figure 19. The small particulate emissions are shown 
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in Figure 20 and Figure 21. This case showed the importance of assessing all 
the life cycle emissions, and not just the carbon emissions, which are usually the 
only focus point related to environmental sustainability.  

 
Figure 16. Annual SO2 emissions for electricity and heating. 

  
Figure 17. Annual SO2 emissions for heating energy supply. 

 
Figure 18. TOPP equivalent emissions for electricity and heating supply.  
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Figure 19. TOPP equivalent emissions for heating supply. 

 

 
Figure 20. Small particulate emissions for electricity and heating supply. 

 

 
Figure 21. Small particulate emissions for heating supply. 

4.2.2 Case 2: Säynätsalon kouluranta, Jyväskylä 

The second case is a new residential area located in Säynätsalo in the City of 
Jyväskylä in central Finland. This case is introduced in Paper III, and is described 
in detail in a research report in Sepponen et al. [2010].  
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The draft plan of the area is shown in Figure 22, consisting of 12 large detached 
houses, 4 townhouses with 4 apartments in each, and optionally either of 40 small 
detached houses or 8 row houses with 5 apartments in each house.  

 

Figure 22. Draft of the urban plan for Säynätsalon kouluranta area in Jyväskylä 
[Jyväskylä municipality, 2010]. 

The energy analysis used is mostly similar to case 1, but the district heating losses 
were analysed in more detail. Here, district heating losses are calculated for the es-
timated district heating network lengths based on the draft urban plan. The type of 
district heating pipelines was estimated to be DN25, for which average heating 
losses in Finland are 15.8 W/m [Koskelainen et al., 2006, p. 217]. This would mean 
that annual heat distribution losses for the district heating network would be approx-
imately 0.138 MWh/m per year. Furthermore, it was assumed that, in the low energy 
and passive building scenarios, the district heating network would be designed to 
be operating more efficiently (as so-called “light district heating”) with 20% reduced 
district heating losses compared to the usual BAU design [Hagström et al., 2009].  

The district heating loss analysis is shown in Table 11. It shows a significant in-
crease of the heat distribution losses from 25% in the BAU scenario to 38 % in 
the passive building scenario. This increase is due to a significant reduction in 
the total heat demand, as the heating demand is 56% less in the passive building 
scenario than in the BAU 2010 scenario. Another conclusion from the more detailed 
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district heating loss analysis is that, when analysing quite low density neighbour-
hoods and smaller areas, such as in this case, the share of district heating losses 
can be significantly higher than the often used average Finnish district heating 
losses of 8–10%.  

Table 11. District heating loss analysis in case 2 Säynätsalon kouluranta.  

  BAU 2010 
Low energy 

buildings 
Passive 
buildings 

Heat energy demand [MWh/a]  473 284 208 
District heating losses [MWh/a] 160 128 128 
Total district heating production [MWh/a] 633 412 336 
Distribution losses from the production [%] 25 31 38 

 
Another special question in this case analysis was to compare two draft urban 

plans from the energy perspective with the choice of planning either 40 small de-
tached houses or 8 row houses with 5 apartments in each row house. The analysis 
showed as the main difference that, since row houses have relatively fewer external 
walls, their energy demand is 11–13 % lower than for the same size detached 
houses (Figure 23).  

 

Figure 23. Comparison of heating demand for detached houses and row houses. 

 

4.2.3 Case 3: Öijänniemi, Kannonkoski, Finland 

The Municipality of Kannonkoski was planning a recreational area to Öijänniemi 
area with 26 vacation cottages with time shares (Figure 24). The area is located in 
central Finland. The vacation cottages were planned to be constructed from wood 
logs. The detailed energy analysis is reported in Sepponen et al. [2010], and it had 
the same approach as in cases 1 and 2.  
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Figure 24. Land use plan of the Öijänniemi recreational area in Kannonkoski. [Mu-
nicipality of Kannonkoski, 2010] 

The first special focal point in this case analysis was related to studying energy 
efficient Finnish-style wooden external wall construction options and their impacts 
on maximising the energy efficiency of houses. The energy demands of compared 
scenarios are shown in Figure 25. 

  

Figure 25. Annual energy demands in Öijänniemi vacation cottages.  

 Secondly, special focus was put on comparing the choice between electrical and 
wooden heated saunas in the vacation houses. Electrical saunas increase the total 
electricity demand of cottages significantly (Figure 26), and their carbon emissions 
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are many times higher than for the wood-heated saunas (Figure 27, on the left side). 
However, wood-heated saunas produce significantly higher small particulate and 
TOPP emissions, affecting local air conditions (Figure 27, on the right side).  

 

Figure 26. Comparison of sauna usage and its impact on the electricity demand in 
a cottage. 

 

Figure 27. Comparison of life cycle emissions, carbon emissions on the left, and 
SO2 equivalent, TOPP equivalent and small particulate emissions on the right.  

4.2.4 Cases 4–6 in central Finland 

Case 4 was Kaistinmäki district in Petäjävesi, Finland. This was a new residential 
area under planning, and it is located in a ground water area. The plan included 45 
detached houses and 5 plots with combined residential and small industrial spaces, 
which were targeted at small and medium-sized entrepreneurs with work spaces, 
repairing facilities, etc. (Figure 28). In addition, 4 small plots were reserved for com-
mon services and spaces. The energy and emission calculations were done simi-
larly to case 2 analysis, and in addition a short overview of off-grid energy solutions 
with available energy storage options was considered in Sepponen et al. [2010] and 
in Nystedt et al. [2012]. The energy analysis also included a local wind energy sup-
ply scenario. 
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Figure 28. Land use plan of the Kaistinmäki area [Hyyti, 2011]. 

Case 5 was Könkkölä district in Jämsä. The district plan consisted of 45 detached 
houses (39 small houses of 125 m2 and 6 big houses of 220m2) and 3 already ex-
isting, old buildings that were excluded from the analysis (Figure 29). The energy 
analysis followed the same approach as used in case 2, and it is reported in Paiho 
et al. [2013, p. 83 - 86] and in Sepponen et al. [2010]. The main focus in this case 
study was to compare two optional urban plan drafts for the area from the energy 
performance and emission viewpoints.  

 

Figure 29. District plan of Könkkölä area in Jämsä. [modified from City of Jämsä, 
2010]. 
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In case 5, a district heating network already existed close to the case area, but it 
was not yet decided whether it would be expanded to the case area. The energy 
system options compared included: electrical heating, pellet boilers in buildings, 
ground source heat pumps (in each building or in groups of buildings), district heat-
ing plant, and solar thermal use with a seasonal storage. In the solar thermal sce-
nario with seasonal storage, it was calculated that the total solar collector area re-
quired for providing the total heating energy needed was approximately 1100 m2. 
Building-specific pellet boilers were ranked as the most efficient option, and second 
best option was a district heating boiler with wood chips [Paiho et al., 2013].  

Case 6 was Kyöpeli area in Multia in central Finland. The Kyöpeli area was 
planned for 39 detached houses, 2 row houses, 4 small industrial plots and 1 service 
station (Figure 30). The energy analysis followed the approach used in cases 2 and 
5 and it is reported in Sepponen et al. [2010]. The energy analysis also included a 
local wind energy supply scenario.  

 

Figure 30. Plan draft of the Kyöpeli area in Multia [Seppä, 2010]. 

4.2.5 Case 7: Koukkuranta in Vuores, Tampere  

The 7th case study was Koukkuranta neighbourhood in Vuores, Tampere in Fin-
land. The detailed analysis is described in Paiho et al. [2013, pp. 87–91]. The land 
use plan was divided into two parts: a denser area in the south with apartment build-
ings and row houses, and a less dense detached house area in the northern part 
(Figure 31). The planned gross floor area was over 50 000 m2, consisting of 40 
detached houses, 110 apartments in residential housing corporations (in row-
houses, semi-detached houses and detached houses), and 300 apartments in 
apartment houses. 
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Figure 31. Land use plan for the Koukkuranta in Vuores, Tampere [modified from: 
City of Tampere, 2011].  

The buildings in Koukkuranta were assumed to be built as low energy buildings 
according to the sustainability and efficiency targets set for the Vuores development 
project. The length of the heat distribution network was calculated on the basis of 
the district plan. The existing district heating network was planned to be extended 
to the southern part of the Koukkujärvi, and possibly also the less dense northern 
part of the area. The carbon emissions of energy supply alternatives are shown in 
Figure 32 and small particulate emissions in Figure 33.  
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Figure 32. CO2 equivalent emissions of heat supply in Vuores case.  

 

Figure 33. Small particulate emission of heat supply in Vuores case. 

4.2.6 Case 8: Ecograd 1, St. Petersburg, Russia 

Case 8, called Ecograd 1, was located close to the Peterhoff area in St. Petersburg 
in Russia. The area is located next to a local railway station, which strongly supports 
sustainable public transportation planning and easy commuting to other parts of the 
city. A draft of the land use plan is shown in Figure 34. The area was planned for 
20,000 inhabitants with an average residential area of 30 m2 per inhabitant, meaning 
in total 600 000 m2 of residential buildings. The plan had five different building types: 
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dense, low and dense, detached houses and villas. The area is planned to be built 
denser the closer the train station is, which enables more people easier connections 
to the train. Also, local services are planned near the train station, which strengthens 
the sustainable transportation further and aims to reduce the need for using private 
cars, while also making the area more attractive. The analysis is presented in 
Nystedt and Sepponen [2011] and in more detail in Nystedt et al. [2010].  

 

 

Figure 34. General plan for the Ecograd 1 area [Nystedt et al., 2010]. 

This energy analysis shared a similar approach as used in cases 1–6, but naturally 
the base data represented Russian building charasteristics. The energy demand 
was calculated in three scenarios: base case, low energy and passive building lev-
els. Heat energy demand was reduced in the passive building case to 50% of 
the base case demand, mainly due to improvements reducing space heating de-
mand. On the other hand, the demand reduction potential for hot domestic water 
and electricity use was more challenging, as they depend more on the habits of 
the inhabitants.  

Energy production comparison included a highly advanced target with using 
100 % renewable energy sources with as low emissions as possible. For this, 
ground heat pumps, solar panels and wind energy were considered. Other options 
studied included a combined heat and power production (CHP) plant fuelled with 
wood chips; or a CHP with biogas from wastes. The carbon emissions of these 
options are shown in Figure 35 compared to the current typical Russian energy 
supply from natural gas based district heating. 
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Figure 35. CO2 equivalent emissions from different energy production options in 
the Ecograd 1 case. (LE = low energy buildings, Passive = Passive buildings, HP = 
heat pump, BIPV = building integrated solar panels, CHP, wood = CHP plant that 
uses woodchips, CHP, biogas =CHP plant that uses biogas). [Nystedt et al., 2010] 

4.2.7 Case 9: Ecograd 2, St. Petersburg, Russia 

The Ecograd 2 case is located to the southeast of downtown St. Petersburg, and its 
layout is shown in Figure 36. The area was planned for 11,500 residents with a total 
residential floor area of 350,000 m2. In addition, common spaces have been re-
served for a school, a day care centre, a health clinic, commercial services and a 
fire station.  

 

Figure 36. Layout of the Ecograd 2 area. Low buildings in the centre are public 
services and commercial spaces [Nystedt et al., 2010]. 

In this case analysis, the focus was on comparing the current (base) situation to 
passive buildings (Figure 37). The energy supply scenarios compared options for 
1) as low emissions as possible and 2) supply options without extra costs compared 
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to the current situation, in which electricity is bought from the grid and district heating 
produced from natural gas. Again, life cycle emissions are compared for all energy 
demand and supply scenarios. 

   

Figure 37. The annual energy demand of BAU (1) and passive (2) buildings for each 
month of the year in the case 9: Ecograd 2 [Nystedt et al., 2010]. 

4.2.8 Case 10: Ecograd 3, St. Petersburg, Russia  

The Ecograd 3 case was called a PPP (public-private-partnership) case, and it is 
located on Vasiliyevsky Island in St. Petersburg. This area plan was for a residential 
area for 1,750 residents as a modern European style residential area targeted for 
international inhabitants. The area was planned be built on a raised waterfront, 
which makes the construction of underground facilities difficult. An illustration of the 
plan is given in Figure 38, with two building blocks. The block next to the waterfront 
consists of townhouses with two and four stores (3,840m2 and 8,680m2 per building) 
and the other building block consists of 16 store high-rise buildings (á 7,680 m2) 
with apartments, offices and consumer service spaces.   
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Figure 38. Illustration of the PPP case plan in St. Petersburg. [Nystedt et al., 2010]. 

In this case the energy analysis compared three scenarios: base situation, low 
energy buildings and passive buildings. The annual carbon emissions are shown in 
Figure 39.  

 

Figure 39. CO2 equivalent emissions for the PPP case [Nystedt et al., 2010]. 

4.2.9 Case 11: 4th Microrayonof Zelenograd, Moscow, Russia 

Case 11 is a typical, old Russian residential district in Moscow with apartment build-
ings built between 1966 and 1972. This area represents a typical Russian area with 
an urgent need for renovation and modernisation. The energy saving potentials of 
apartment buildings in residential districts in Moscow was studied in Paper I [Paiho 
et al., 2013], and this study was continued with energy and emission analyses of 
renovation scenarios in Paper II.  

The energy analysis method used follows the same approach as in previous 
cases, but the base data and the scenarios were fitted to the Russian operation 
environment. The analysis compared four scenarios: current status, basic renova-
tion, improved renovation and advanced renovation [Paiho et al., 2013]. The energy 
demands of these scenarios are shown in Figure 40.  
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Figure 40. Energy demands of building renovation scenarios [Paiho et al., 2013]. 

It was concluded in Paper I [Paiho et al., 2013] that achieving a truly efficient energy 
solution in the Moscow district requires analysing the entire energy chain and how 
improvements should be made from the holistic system viewpoint. These were stud-
ied further in Paper II [Paiho et al., 2014] by comparing the energy demand and 
emissions of building energy renovation scenarios combined with the alternatives 
for modernising the energy supply system. The district level renovation concepts 
developed can be seen from Appendix B from Table 3. These district renovation 
concepts took into account buildings, energy production options, heat and electricity 
distribution systems, outdoor lighting, water purification and waste water collection 
and treatment, waste collection and treatment, as well as the links between energy 
system and urban planning, transportation and space use [Paiho et al., 2014]. This 
case analysis showed a significant energy and emission saving potential at the 
building level, and even higher saving potentials if a holistic approach were to be 
used to modernise the entire energy supply chain. The electricity savings varied 
from 24% to 34% and annual heating demand savings from 42% to 72%.  
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Paper II [Paiho et al., 2014] showed that emissions produced relate both to the ef-
ficiency of the energy utilisation and the energy source itself. As an example, a com-
parison of carbon emissions is shown in Figure 41, and similar calculations were 
also made for SO2 and TOPP equivalent emissions and small particulates (in Ap-
pendix B Figures 3, 4 and 5). As concluded in Paper II [Paiho et al., 2014], the emis-
sions analysis showed that the amounts of each emission type produced might de-
pend on different factors. For instance, if fuel would be switched from natural to 
biogas, CO2 and TOPP equivalent emissions would fall significantly. However, this 
fuel switch would result in twice the amount of produced SO2 equivalent and small 
particulate emissions. The emission comparisons presented in Paiho et al. [2014] 
showed that there is no straightforward answer to choosing the best energy sce-
nario, not even if only considering emission reductions. It seemed that the lowest 
polluting energy supply options were different when looking at CO2 and TOPP 
equivalent emissions compared to looking at SO2 equivalent and small particulate 
emissions. Hence, it is important to have a clear understanding of the objectives of 
targeted improvements in order to make the right decisions when selecting the most 
efficient improvement scenario [Paiho et al., 2014].  

 

 

Figure 41. CO2 equivalent emissions of the district energy supply options [Paiho et 
al., 2014]. 

4.2.10 Case 12: Vartiosaari, Helsinki 

The twelfth case is an island in Eastern Helsinki with a total area of 82 hectares. 
The district is currently under planning with targets for building residential houses 
for 5,000–7,000 inhabitants with a total floor area of 300,000–350,000 m2. Detailed 
district energy analysis and results are described in Paiho et al. [2015].  

The Vartiosaari case analysis, research goals and methods used had several 
unique characteristics compared to the other cases analysed.  Firstly, it compared 
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the following two building models: 1) the 2012 building model based on current Finn-
ish building regulations, and 2) SunZEB (solar-based zero energy buildings) con-
cept developed by Shemeikka et al. [2015]. The SunZEB concept is one possible 
model that fulfils the impending nearly zero energy building requirements. In this 
concept, the basic idea is letting the sun to shine into the buildings. The comfortable 
indoor environment is maintained through summertime district cooling, which also 
recovers the excess heat with a heat pump and recycles the heat to be utilised 
elsewhere through district heating network.  

Another unique aspect in the Vartiosaari analysis was that it focused purely on 
studying solar assisted district heating and cooling solutions at the district level com-
bined with seasonal heat storages. Different options for integrating solar thermal 
supply with tank thermal energy storage and bore hole thermal energy storage were 
studied, and their impacts to energy self-sufficiency, and to CO2, SO2 and small 
particulate emissions were calculated.      

4.3 Cases 13 and 14: Eriksnäs in Sipoo and Kivistö in Vantaa 

The last two cases (13 and 14) were used to test the developed low carbon urban 
planning methodology. Both areas were typical Finnish urban areas located in 
the Helsinki metropolitan area. They represent different levels of the land use plan-
ning; Kivistö is a small new residential neighbourhood under development of a de-
tailed plan, and Eriksnäs is a larger district, for which a master plan was being de-
veloped. The details of these cases is presented in Paper V. [Paper V] 

Kivistö test area consisted of a detailed plan of a new small neighbourhood, and 
it was one of the first construction areas in a new Marja-Vantaa district under devel-
opment in the city of Vantaa. It consisted of six residential blocks, a public service 
building and a car parking area. [Paper V] 

Eriksnäs district was a part of the Sibbesborg master plan located in the munici-
pality of Sipoo. It had already a few existing buildings and a strong need for infill 
construction and development of the area. This case was in the early drafting phase, 
and the developed Kurke tool was used during the urban planning, with using 
the preliminary information about the specifications for the urban plan. Erisknäs 
area consisted of small neighbourhoods with blocks of apartment buildings and of-
fice buildings and blocks of detached buildings. Real time smart metering was 
planned for the new buildings. The areal density of Kivistö neighbourhood was 
planned to be almost double as high as in the Case 2 plan in Eriksnäs. [Paper V] 

 
 
 



 

69 

4.4 Lessons from district energy analyses  

Lessons and knowledge about performing district energy analyses are summarised 
in this section. As noted in Paper I [Paiho et al., 2013], the key questions of the dis-
trict energy analysis are:  

 How is the energy currently produced for buildings and districts? 
 What are the most efficient ways to reduce energy consumption and how 

much of it can be reduced? 
 What are the life cycle energy emissions and costs of different alterna-

tives? (Cost analysis is excluded from this dissertation.) 

4.4.1 Need for evaluating the actual impacts of design alternatives 

As highlighted in Papers II and V, it is important to consider all the different stake-
holders involved in the planning and operation of district energy systems. Besides 
required base data collection, the requirement analysis provided a solid base for 
identifying the key stakeholders and taking their varying targets and requirements 
into account. The checklists of the relevant questions for identifying the require-
ments of the district energy analysis are presented in Section 3.2 in Table 4.   

In general, the interviews done for the requirement analysis revealed a wide va-
riety of cities’ strategies and high level sustainability goals, ranging from detailed 
action plans and emission reduction targets to imprecise thoughts on increasing 
sustainability, energy efficiency or eco efficiency. Even in the cases with the detailed 
level emission reduction targets, it was still typical that urban planners, cities’ deci-
sion-makers, constructors and facility managers and energy company representa-
tives did not have a clear idea of the practical actions required for actually achieving 
the targets. Similar findings were made also e.g. by Eicker et al. [2015], Zaron and 
Verones [2012], Sampaio et al. [2013], and Huang et al. [2015], supporting the iden-
tified need for developing tools for supporting the planning of energy efficient dis-
tricts and the related decision-making for their energy solutions. Reaction to this 
need is further discussed in the next section 5, and the gap has been aimed to 
shorten by developing a framework and a tool for assessing energy performance 
and emission impacts of district energy systems.    

4.4.2 Localised energy scenarios with the holistic approach 

The value of district energy scenarios comes from showing the potential for energy 
and emissions savings, and inducing discussion about alternative energy solutions 
for districts. The district energy scenarios compared are often examples and leave 
a lot of details still open for the detailed energy system planning. Furthermore, these 
kinds of energy analyses also show the importance of a holistic approach. As con-
cluded in Papers I [Paiho et al., 2013] and II [Paiho et al., 2014], the bigger energy 
and emissions saving potentials seem to be reached through synergy benefits when 
considering broader, district level measures, instead of focusing on single buildings.  
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The district energy scenarios need to be specified locally based on the available 
energy sources and the targets for the urban area development. This supports iden-
tifying the local advantages and possibilities. The case analysed showed that build-
ings and transportation are typically the biggest energy consumers in districts, while 
the share of waste and water management systems and street lighting is quite small. 
However, waste and water systems could bring new alternatives for available local 
energy sources, supporting their inclusion in the energy supply side analysis.   

4.4.3 The different purposes of district energy analyses 

The appropriate level of detail of district scenario analyses depends on the targets 
of the work. Quite general level scenario comparisons showing energy demands 
and environmental impacts of energy sources (as in cases 1–6 in the Jyväskylä 
region of Finland and cases 8–10 in St. Petersburg, Russia) managed to give guid-
ance and knowledge for the decision makers and urban planners in the pre-planning 
phase of developing the land use plans. Cases 7 (Vuores, Tampere) and 12 (Varti-
osaari, Helsinki) included more detailed analysis focal points with the aim of provid-
ing additional knowledge both for the land use planning and the actual designing of 
a district energy system. Case 11 (renovated area in Moscow) studied the potential 
savings at a very detailed level, and thereby gave strong scientific proof of the pos-
sibilities and benefits of energy renovations of Russian residential districts [Paiho et 
al., 2014].     
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5. District energy analysis framework and tool 

Paper III presented an energy efficiency classification tool developed to support 
Finnish urban planning at a practical level. This tool was developed for estimating 
energy efficiency of the district based on buildings’ energy class certifications. It 
offers a simple and fast means for the first pre-planning estimates with very few 
base information from the planned buildings. However, this approach considers only 
buildings, available energy sources are listed only on the level of renewable or non-
renewable fuels, and there are a few options for the transportation planning. It 
seemed that there is still a gap in supporting energy efficient urban planning, and 
especially on assessing the environmental impacts of urban planning and district 
energy solution alternatives. This issue was addressed in Paper V, with a focus on 
developing a district energy analysis framework and a tool to support the energy 
efficient and sustainable district planning. 

5.1 What an ideal urban energy plan would be like? 

The development of the district energy analysis framework began by clarifying 
the needs and requirements for assessing energy efficiency and environmental im-
pacts of urban planning related decisions [Paper V]. This was achieved through an 
expert survey for urban planners and other urban planning experts. There were 19 
respondents (9 from the public and municipal sector and 10 from the private sector). 
The survey results indicated that urban planning experts felt that they had chal-
lenges in evaluating the effects of alternative design choices on the overall energy 
efficiency and carbon emissions of urban plans. [Paper V] 

There is already a wide variety of different assessment tools, but still, the survey 
responses showed that Finnish urban planners would benefit from a practical ap-
proach to assess the energy efficiency and carbon impacts of urban plans in their 
everyday work [Paper V]. More specifically, there is a need for clear recommenda-
tions, easy-to-use tools and rapid ways of evaluating the urban plan alternatives.  

Respondents were asked to describe their views on what an ideal energy plan 
would be like. They saw it as a holistic strategy for urban development with identifi-
cation of the key issues affecting to the sustainability of the area [Paper V]. Further-
more, it should include an effective transportation system and the utilisation of the 
local energy sources with their usage potential and the emission impacts [Paper V]. 
The ideal urban plan requires a holistic approach and understanding what choices 
are significant and have the major effects on emissions (see Figure 42).  
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Figure 42. Requirements for an ideal urban energy plan [Paper V].  

5.2 The framework and the tool for low carbon urban energy 
planning   

To support urban planning, a district energy and emissions assessment methodol-
ogy was developed for the pre-design phase of the urban planning in Paper V. This 
methodology and tool should be clear and easy to use, but it still needs to keep 
the appropriate level of detail to enable a sufficient comparison of the urban energy 
design alternatives. It aimed to provide information about the energy demand and 
alternative energy sources, and to show their environmental impacts for urban plan-
ners. In the end, this framework could increase urban planners’ awareness of alter-
natives to the traditional designs [Paper V]. 

The energy analysis needed to include the key elements of district energy effi-
ciency, which can be influenced in the land use planning. Similarly to Yamagata and 
Seya [2011], the entire energy chain of a district was considered, including energy 
demand in various types of buildings and passenger transportation, as well as dif-
ferent options for energy production, distribution and related energy losses [Paper 
V]. As a result, the energy analysis would show the energy demands (heating, cool-
ing and electricity) of an urban plan, and the comparison of the CO2 equivalent 
emissions for energy production and transportation system alternatives [Paper V]. 
The analysis process is shown in Figure 43, and the analysis steps are described 
in more detail in Appendix E (see Section 3.2). The analysis was implemented as 
an annual, statistical analysis. In the end, the analysis methodology was tested in 
two Finnish urban area areas. 
 



 

73 

 

Figure 43. The process for analysing the district energy demand and carbon emis-
sions. The following tool development is visualised with white arrows. 

The framework and methodology presented above was utilised in the develop-
ment of a spread-sheet-based district energy analysis tool called Kurke [Lahti, et 
al., 2012]. The tool can be used for assessing both new and existing districts. At 
first, the user needs to feed in base information about buildings in the area (Figure 
44). As an assumption, the tool provides input places for 6 different types of build-
ings, which can e.g. be apartment buildings (for new and existing), single family 
houses (for new and existing), service buildings and/or office buildings. Next, 
the user needs to fill in the base data for the area (needed for the transport calcula-
tions) (Figure 45 and Figure 46). Thirdly, the user needs to fill in the base data 
related to energy sources and production (Figure 47).   
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Figure 44. Kurke tool input 1: data for buildings in the area. 

 

Figure 45. Kurke tool input 2: base data of the area. 



 

75 

 
Figure 46. Kurke tool input 3: base data of the area for the transportation analysis. 
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Figure 47. Kurke tool input 4: energy production alternatives. 
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As a result, the Kurke tool gives a comparison of transport demand in the area and 
the comparison of the modal split in a business-as-usual situation and with improved 
transport planning options (Figure 48). The energy demands of the districts are vis-
ualised (Figure 49), and the comparison of carbon emissions per person are given 
in Figure 50. 

 

Figure 48. Comparison of transport planning options from the Kurke tool.  
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Figure 49. Kurke tool results: visualised energy demands of the district. 

 

Figure 50. An example of Kurke tool results: Comparison of carbon emissions per 
person. 

5.3 Testing of the framework and tool in Kivistö and 
Eriksnäs cases 

The methodology was tested in two Finnish urban case areas with residential and 
mixed uses. The figures from the Kurke tool given in the previous chapter were 
taken from the Eriksnäs (Sipoo, Finland) case analysis. These analyses and their 
results are showed and discussed in Paper V. 
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The analysis results in the Kivistö area in Vantaa showed a potential to reduce 
the carbon emissions of transportation 20% with improved planning choices. Im-
proving the energy efficiency of buildings could reduce carbon emissions from heat-
ing up to 24% and from electricity around 3%. It seemed that urban planning has 
better possibilities to reduce heating and cooling energy demand, while electricity 
demand is more dependent on the behaviour of users, and its reduction via city 
planning means is much more challenging. In total, the carbon reduction potential 
achieved with urban planning decisions varied from 4% to 49%, depending on 
the energy source [Paper V]. These results indicate the significant potential of urban 
planning-related choices in reducing carbon emissions.  

In addition to making the case study calculations with the Kurke tool, the testing 
phase included also collecting of feedback from the urban planners. Especially in-
teresting was to get feedback from the urban planners testing the tool in practise. 
Particularly, the transportation assessment part of the tool was considered to be 
highly useful when drafting urban plans. In general, urban planners gave positive 
feedback from both the level of the detail in the tool and the visualisation of results 
[Paper V]. It seemed that the Kurke tool raised interest to study new alternatives for 
business-as-usual energy sources and solutions.  

5.4 Assumptions and limitations of the district energy 
analysis  

The district energy analyses in this dissertation focused mainly on assessing the an-
nual energy performance of districts. The annual level was considered to be suitable 
for providing fast and easy-to-understand analysis results to support the urban plan-
ning. The district energy analysis framework and tool called Kurke (presented in 
Section 5 and in Paper V], is built on an assumption that energy demand can be 
balanced by an external electricity grid.  

As discussed in Paper V, the ultimate goal of this research was to develop a 
district energy analysis framework, which considers typical energy supply charac-
teristics in Finland. These characteristics included the large share of district heating 
and CHP production, and the good availability of biomass based fuels. Regarding 
the energy demand of transportation, typical Finnish people use private cars a lot. 
One of the additional values of Kurke district energy analysis was to inspire urban 
planners and decision makers to raise discussion about alternative options for re-
placing the need for private cars with other more sustainable transportation modes 
in urban areas [Paper V].  

District heating losses are traditionally calculated based on an assumption that 
they are either the same as the average heat distribution losses in Finland (8–10 %), 
or based on average heat distribution losses of city’s district heating system, as e.g. 
in Pesola et al. [2011]. According to Fang and Lahdelma [2014], the heat distribution 
losses can vary from 10 to 20 % in small networks and around 4–10% in large net-
works. Similar variations were also seen in the case study analyses in this disserta-
tion. The case study analyses showed a significant variation of heat distribution 
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losses of district heating networks, with losses ranging from 4 to 25%. The devel-
oped Kurke district energy analysis tool [Paper V] included a district heating loss 
assessment method, which is based on the density of the district, the density of the 
heat demand and average district heating losses in different types of districts in 
Finland. As discussed in Paper V, one potential error source in the Kurke analysis 
framework might be that in real life, the heat distribution losses can vary from this 
estimation among others due to different designs of district heating systems. But 
still, the proposed estimation seems to give more realistic results than by using av-
erage heat distribution loss values instead. The developed method for calculating 
the district heating losses was considered to be an appropriate level of detail, as 
the target was to provide a practical and fast district energy analysis methodology 
to support urban planners, who do not have specific knowledge about energy sys-
tems and energy efficiency measures [Paper V].  

It needs to be also noted that both the case studies described and the Kurke tool 
[Hukkalainen et al., 2016] have limited capabilities to truly assess the wind energy 
production potential in detail. They show an estimated potential magnitude of the 
wind energy supply, which is assessed based on the Finnish Wind Atlas web tool 
[2009]. In practice, wind energy supply is highly dependent on the local wind condi-
tions. 

In contrast to many of the case studies described in Section 4 (such as cases 1–
6 and 8–12), the Kurke district energy analysis framework and tool [Paper V] con-
siders only carbon emissions. The Kurke tool does not take into account other emis-
sions to air, such as SO2 equivalent, TOPP equivalent emissions and small partic-
ulates, which might limit its usefulness in some case areas, especially in those meg-
acities that are struggling with poor local air quality.    

Some of the case studies presented in Section 4 (e.g. case 12 in Vartiosaari, 
Helsinki) considered also more detailed energy system with the goal to give base 
information for the energy system planning at the later phase. In reality, buildings 
energy demand varies seasonally, daily, hourly and during shorter time steps. 
These are relevant questions in the detailed energy system design of districts, and 
their importance is increasing in the near future with the roll-out of energy matching 
and balancing solutions. This kind of detailed energy matching research is excluded 
from this research, as the main research question was to support urban planning 
and to increase urban planners’ basic level understanding of the magnitude of en-
ergy solutions for sustainable and low carbon districts [Paper V].  

5.5 Maximising the value of the district energy analysis 

The value of utilising the district energy analysis depends strongly on how the re-
sults are communicated to the relevant stakeholders and how they are utilised in 
the urban planning and development and in the related decision making. At their 
best, district energy analyses are done iteratively during the progressing planning 
process and to show to urban planners the effects of their decision choices. They 
could also provide sufficient base information for the decision makers regarding the 
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decisions about the land use and urban development decisions in the city. Such 
district energy analyses, as studied in this dissertation, can bring new alternatives 
for traditional design and show examples of means for implementing the cities’ high 
level strategy goals for energy saving and emission reduction.  

The energy analysis results could also encourage different stakeholders to de-
velop a shared vision and concrete goals, which van der Schoor and Scholtens 
[2015] considered to be an important starting point for realising sustainable energy 
initiatives. However, these require clear interpretation and communication of the re-
sults, and open discussion among key stakeholders effecting to the energy effi-
ciency of the district. It can vary case by case, who are these key stakeholders that 
should be involved in the discussion, but often they include at least local energy 
company and the municipality (e.g. urban planners and decision makers). The in-
volvement of end users could bring additional benefits, and e.g. the potential roles 
of energy service providers could be considered.  

5.5.1 The right metrics for the right stakeholders 

As noted in Paper V, when discussing the district analysis results with urban plan-
ners, decision-makers and other stakeholders, the choice of metrics used in 
the communication matters. The selection of key performance indicators (KPIs) to 
present the analysis results can have a significant impact on the understanding and 
interpreting the results. The visualisation of the right metrics for the right stakehold-
ers matters also. 

In this dissertation, the focus has been on comparing the impacts of design alter-
natives in a single case area, with the final aim to plan each district as energy effi-
cient and sustainable as possible. Energy demand for the entire district can be val-
uable information for the municipality and the energy utility, whereas for the bench-
marking purposes and comparison of different areas, the metrics per person and/or 
per building floor area are better [Paper V].  

The choice of used metrics depends on the targeted audience. Experts and en-
gineers in the energy companies are used to discussing directly about energy val-
ues (e.g. MWh/a) for entire districts, whereas metrics per building floor area are 
traditional and widely used in the building projects. Often, facility managers might 
be more interested about comparable metrics, such as kWh/m2/a. However, in this 
the limitation is that the effect of the size of building spaces and apartments is ne-
glected. In practise, this means that if used values are dependent on the building 
floor area, it does not matter how small or big the apartments are. This could lead 
to a conclusion that low density apartments would have lower energy consumptions 
and carbon emissions, which would not necessarily support efficient space use [Pa-
per V].  

In public communication, values per person might be easiest to understand, as 
they give a better perspective for public audience. But here the challenge can be to 
know, what this person is – are they a resident, user, worker, or visitor to the district? 
And instead of discussing about energy demands directly, it might be clearer to fo-
cus on carbon emissions, or costs.  
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The energy analysis could be further improved to show the economic impacts, 
e.g. savings in energy bills. However, the economic impact analysis has challenges 
in assuring the accurate and up-to-date cost information, which tends to vary case-
by-case [Paper V]. This is the reason why cost analysis has been excluded from 
the district energy analysis and tool development in this dissertation.  
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6. Business and operation concepts for district 
energy systems 

Sepponen and Tommis [2013] identified a clear message from the municipality rep-
resentatives that, besides developing ICT innovations and solutions for smart en-
ergy systems, emphasis should also be put to economic related challenges. Munic-
ipalities often face challenges in finding financing for energy efficiency measures 
and related ICT and other investments. Especially municipalities needed support in 
understanding the costs and benefits of solutions described with return of invest-
ment (ROI) of solutions, and concerns were raised about long pay back times. Dur-
ing the interviews, one municipality official stated that “it is hard to convince people 
that energy efficiency measures will generate revenues in the future, and pay back 
investment costs”. These comments further clarified the importance of the need for 
new business, operation and financing models for district energy systems and re-
lated energy efficiency measures.  

Paper II also concluded that the business models for modernising district energy 
solutions need to be studied further, including stakeholders’ potential benefits and 
the incentives for realising energy efficiency improvements and renovations.  

6.1 Stakeholders’ requirements and attitudes  

As presented in Paper IV, understanding stakeholders’ needs, goals and roles in 
district energy business is a prerequisite for developing business, operation and 
service concepts. Stakeholders influencing the district energy business are mapped 
in Figure 51. End users and energy service providers were the key stakeholders 
identified, as they are running the practical actions.  

The main actors’ roles are described in Table 12. The identified needs for 
the main stakeholders are [Paper IV]:  

 End users: reduction of energy bill, reduction of energy consumption, im-
provement of energy efficiency, reliability and dependability. 

 Energy network operators: balancing the network and the energy load.  
 Energy retailers: reduction of imbalance (difference between predicted use 

and real use), and optimisation of energy trade. 
 Project developers and investors: power peak shaving to limit maximum 

power and therefore reduce the investment cost of the grid.  
 Society and environment: reduction of CO2 emissions, reduction of energy 

consumption, improvement of energy efficiency, maximising use of (local) 
renewable energy production. 



 

84 

 

Figure 51. Stakeholders of district energy systems [Paper IV].  

Table 12. Actors’ roles in the energy market [Paper IV]. 

Actor Role 
Consumer To consume energy, buys energy from energy retailer 
Producer To produce energy, sells energy to energy retailer  
Prosumer1 To consume and produce energy, buys energy from an energy retailer. 
Energy retailer To buy and sell energy. Since a retailer cannot trade on the power ex-

change market, the retailer buys energy from a BRP. The retailer also 
pays fees to the BRP to cover imbalance risks. 

BRP (Balancing 
Responsible 
Party) 

To trade on the power exchange market on behalf of members of its port-
folio, among energy retailers. BRP’s that are out of balance are charged 
costs by the TSO. A BRP may have own power plants or trade energy on 
behalf of power generation parties. 

DSO (Distribution 
System Operator) 

Is responsible for the distribution of electricity, i.e. reliable and efficient 
operation of medium to low-voltage distribution systems. To prevent over-
capacity on (parts of) the grid, the DSO is interested in peak shaving. 

TSO (Transmis-
sion System Op-
erator) 

Is responsible for the transmission of electricity i.e. reliable and efficient 
operation of high and very-high voltage transmission systems.  

1 Energy consumer and/or producer 
 
The starting point for developing new business and operation concepts for district 
energy systems was based on identifying market needs and current situation of the 
business models for district level energy services, as presented in Heimonen et al. 
[2012] and in Virtanen et al. [2014]. These publications identified, what kind of new 
services end users need now and in the future, what kind of services are expected 
from a service provider and what they are currently offering or willing to offer in the 
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future. The results indicated a growing interest in smart energy systems and ser-
vices on the part of both end users and service providers [Virtanen et al., 2014].  

End users are interested in having green energy (produced by renewables, envi-
ronmentally friendly, produced ecologically) [Heimonen et al., 2012]. However, the 
energy price is still a significant issue, and end users were either not willing to pay 
any extra for it or were willing to pay only a small additional price for green energy 
(typically less than 10% extra price). End users were also interested in the options 
of having their own local energy production and smart metering, which would show 
the energy consumption and costs in their own household [Heimonen et al., 2012]. 
End users noted that they would likely use smart energy management services for 
optimising their energy consumption and costs. Furthermore, end users were inter-
ested in buying pools and demand side management pools, while the service pro-
viders were willing to offer energy efficiency services (e.g. ESCO services), bundled 
energy services (e.g. heat/cool and electricity) and services minimising energy con-
sumption and costs [Paper IV]. 

As reported in Heimonen et al. [2012] and in Virtanen et al. [2014], web survey 
respondents considered energy suppliers and distribution system operations to be 
suitable investors for the required systems, but the role of public sector was also 
raised. Additionally, the cost-benefit-based cost allocation method was proposed for 
sharing the system investment costs. According to the survey, the potentially best 
future energy service would be bundled energy services, and services for demand-
side management and controlling energy costs [Virtanen et al., 2014]. According to 
a stakeholder survey [Virtanen et al., 2014], the biggest barrier to a smart energy 
district was the reluctance of existing energy sector players to change the conven-
tional business models, but the lack of experience and knowledge about smart sys-
tems also hindered the development. Responses reflected a need for new business 
and service models that can fulfil stakeholders’ needs related to district energy mar-
kets. [Virtanen et al., 2014] 

6.2 Key performance indicators for measuring the viability of 
different business concepts in different cases 

Paper IV showed how the performance of the business and service models can be 
measured in key performance indicators (KPIs). Potential KPIs were identified and 
classified into three categories: environmental, economic and service level indica-
tors (Table 13). For each business case, the stakeholders need to select a suitable 
set of KPI’s to measure the viability of the business model based on the objectives 
and needs of the organisation at a given time [Paper IV].   
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Table 13. Environmental, economic and service level key performance indicators 
for measuring the performance of business and service models [Paper IV]. 

Environmental KPIs Finance and business KPIs Service level agree-
ment KPIs 

(Average) primary energy con-
sumption 

Total energy purchased / sold  Delivery precision 

Total energy (power, heating, 
cooling, fuels) generated 

Profitability for the different stake-
holders involved  

Response time (for a 
service request) 

Total renewable energy gener-
ated 

Total turn-over (of energy trading i.e. 
purchased/sold energy and services) 

Mean time between 
failure (time to repair) 

Total energy stored  Total profitability Reliability of energy 
provision 

Total on-site produced renew-
able energy 

Total energy costs Security of energy 
provision 

Energy saved due to conser-
vation & efficiency improve-
ments and changes to renewa-
ble energy production 

Cash flow return on investments (e.g. 
net present value (NPV), Internal rate 
of return (IRR), and Return on invest-
ment (ROI)) 

 

Total greenhouse gas (GHG) 
emissions 

Total assets   

Other emissions, such as SO2 
equivalent, small particles, etc. 

Sales per service  

GHG emissions saved (due to 
conservation & efficiency im-
provements and changes to 
renewable energy generation) 

Profit per service  
Total investments / capital expendi-
ture 

 

Total current liabilities (e.g. service 
contracts, leasing contract etc.) 

 

Number of customers / service contracts 
Customer satisfaction / reclamations 

 

6.3 The cookbook – a collection of business concepts for 
district energy services 

As described in Paper IV, a set of new potential business concepts was developed 
for districts’ smart energy solutions with a maximised use of renewable energy. 
These concepts were targeted for different actors with varying business ideas re-
lated to optimised district energy services, operation and business. The concepts 
were developed utilising a method modified from the Osterwalder approach [Oster-
walder and Pigneur, 2010] taking into account the most crucial elements related to 
the stakeholders’ needs related to the energy demand and supply. The concepts 
were kept simple and focused on one stakeholder at a time, which significantly im-
proved their clarity and enabled their further integration into energy analysis and 
simulation. [Paper IV] 

The business concepts were presented in a cookbook form, as a set of recipes 
for business and service concepts with descriptions of key ideas and interactions 
required between the main stakeholders. In addition, the offering and value propo-
sition of the model is given, describing the roles of the main stakeholders (seller and 
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buyer). In addition, the earnings and revenue model is presented and key perfor-
mance indicators for measuring the success of the model were proposed. The eval-
uation of the costs and benefits was a key element. In total, 13 business concept 
elements for district energy systems were identified [Paper IV]:  

Business concepts for offering energy demand and supply flexibility (1–5): 
1. Flexibility for the energy retailer's portfolio management. 
2. Flexibility enabling maximised utilisation of locally produced energy. 
3. Flexibility for local network management enabling maximised renewable 

energy supply. 
4. Flexibility in balancing services to the balancing responsible party and 

transmission system operator. 
5. Flexibility for local balancing at district level. 

6. Co-operative ownership of district heating network (6). 
Business concepts for energy service providers (7–9): 

7. Energy broker buying and selling energy. 
8. Flexible energy tariffs for (residential) consumers. 
9. ESCO minimising customers' energy bills and optimising energy use. 

Business concepts for energy producers and energy companies (10, 11): 
10. Heat storage utilised in district heating and/or cooling. 
11. Flexibility in electricity network by heat pump to avoid peak power. 

Business concepts for new roles (12, 13): 
12. Heat recovery of excess heat utilised in district heating and cooling. 
13. Prosumer selling self-produced energy. 

 
As described in Paper IV, the elements of the business concepts can be combined 
into more specifically focused and broader business models, service offerings and 
business networks [Paper IV]. When developing a specific district energy business 
case, the selection of the set of suitable business concepts depends on the targets 
for the benefits sought and value captured in the case. Table 14 presents the indic-
ative values that main stakeholders could capture or expect related to different busi-
ness concepts.  
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More detailed descriptions of the business concepts developed include the key 
stakeholders, their interactions and information needs for evaluating the specific 
business cases. Cost and benefit evaluations and proving of economic viability of 
the built business models are case-specific and depend on the details of each 
model. Two examples of the business concepts developed are presented in Appen-
dix D: Paper IV: Sepponen and Heimonen [2015]: 1) an energy broker, and 2) an 
integrated multi-actor concept. One example of applying the business concept ele-
ments to build business models is given in Appendix D [Paper IV] here the elements 
were used to propose possible district energy services for a district case located in 
Dalian, China. 

Energy trading and brokering theme was brought up also by Sepponen and Tom-
mis [2013], which introduced a (district) energy broker as one of the future scenarios 
for smart and energy efficient future neighbourhoods. This energy broker would sell 
and buy energy on behalf of their customers (energy consumers, prosumers, and 
distributed energy producers). Here, the broker had many means for energy bal-
ancing, including demand side management (as agreed with customers), control of 
non-fluctuating energy production sources (from renewable energy sources), and 
local energy storage (including electric vehicles). This future scenario suggested 
that energy trading could be further developed to support the new energy systems, 
increasing the share of fluctuating renewable energy sources, and the balancing 
between energy supply and demand at the district level. Energy trading inside the 
district would support local energy balancing, and reduce the needed maximum 
electricity distribution capacities between the built area and national electricity grid. 
Also, the ownership of energy distribution networks in such arrangements should to 
be rethought, as well as the pricing of energy distribution and its taxes.  

6.4 Barriers and challenges of new business concepts  

Only some of the suggested business concepts are easily feasible today, including 
the following concepts: 1, 2, 6, 8, 9, 10, 11, and 12. Other proposed concepts have 
some actors and roles that do not widely exist yet. Even if it were possible to demon-
strate, for example, an energy brokering tool in a use case, there is still a need for 
a district energy services operator, which does not exist today [Sepponen and Heim-
onen, 2016]. There is a need for demonstration cases that can give measured data 
of the success of the business models. 

The realisation of the new business concepts requires profound evaluation of 
risks and success factors, as noted in Paper IV: Sepponen and Heimonen, 2016. In 
general, it is also valuable to acknowledge the barriers to new business concepts, 
which were also evaluated in Paper IV: Sepponen and Heimonen, 2016. However, 
Szatow et al. [2012] have, for instance, argued that new energy services business 
will overcome many traditional barriers, e.g. the need for a carbon emission price or 
separating the profitability of an energy company from the growth of energy de-
mand.  
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As noted in Paper IV, a legal framework can set barriers to the real life imple-
mentation of suggested business concepts. For example, legal issues could hinder 
the competition of contracts and offered energy services. In addition, some models 
require information that is not yet publicly available. Some challenges could also 
rise from the data privacy conservation related to individual consumers’ real time 
energy consumption data. However, also solutions and guidelines for overcoming 
open data publication and use-related challenges have recently been addressed 
e.g. by Radulovic et al. [2015]. Additional ways to overcome these issues are e.g. 
for an energy company to contractually agree with its customers to access and uti-
lise the individual energy consumption data [Paper IV]. 

6.5 Why the same model does not work in all similar 
districts? 

A wide variety of sustainable energy solutions and technologies exists already, but 
for the wide-scale roll-out they need to be repackaged in a new way, resulting in 
improved energy efficiency and reduced primary energy demand and related emis-
sions [Szatow et al., 2012]. This kind of development of energy service business 
can align the interests among many stakeholders, including municipalities, end us-
ers, and energy service providers.  

New energy services can be created through different paths, but in many cases 
the building sector, e.g. housing organisations and facility managers, can have 
a significant role in identifying new alternatives for organizing and offering the en-
ergy services based on repackaging product and service combinations according to 
consumers’ needs (as so-called result- or need-oriented service model). This is also 
one of the reasons, why it is important to localise the business models, and why, in 
the end, a cookbook of business model elements was created instead of fixed busi-
ness models.  

Typically, real business models need to be unique and localised. The cookbook 
and its business concept elements are building blocks, which value comes from 
combining these into specific business models and cases. The potential stakehold-
ers benefitting from this work are mapped in Table 14, including energy companies 
and energy service providers, but also active end-uses, such as large facility man-
agers, who could find new business opportunities related to energy balancing and 
utilising of flexibility.  
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7. Conclusions and recommendations  

Achieving energy efficient and sustainable district requires holistic energy planning, 
smart energy management and optimal utilisation of various energy sources. These 
are increasingly important in the near future, when many policy frameworks are 
leading to tightening energy efficiency and emission regulations and increasing the 
share of locally produced renewable energy. These policies will cause changes to 
the planning and management of energy systems, especially at the local level. This 
will also lead to new emerging business opportunities related to the local energy 
systems. The main elements of the foreseen changes in the district energy systems 
are visualised in Figure 52.  
 

 
Figure 52. Main elements of energy efficient sustainable district energy systems. 

This dissertation studied the energy efficient and sustainable district energy sys-
tems. The main focal research areas were: 1) district energy analyses supporting 
urban planning, and 2) business opportunities for district energy services and sys-
tems. As a result of this research are the following complementary conclusions: 

 District energy planning should be included early in the urban planning 
process. Planners and decision-makers must have an understanding of 
the effects resulting from design choices and their relation to the energy 
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system and its emissions. District energy planning should optimise the en-
tire energy chain, taking into account optimal use of hybrid energy sources, 
the efficient energy utilisation in the built environment and smart energy 
balancing. 

 New potential business opportunities are foreseen in the management of 
energy systems, as well as in energy distribution, balancing and trading at 
the district level. District energy business can be arranged in many differ-
ent ways depending on the participating actors and local operation envi-
ronment. Hence, instead of fixed business models, a set of business con-
cept elements were developed in a form of a cook book. These elements 
can be combined and modified to develop localised business cases and 
models. 
 

7.1 District energy analyses as a part of sustainable urban 
planning 

City planners and municipal authorities make many design choices that impact dis-
tricts’ energy efficiency and emissions significantly during urban planning. In practi-
cal terms, they often have challenges related to the lack information about the actual 
effects of their design and decision options. They need fast and practical analysis 
methods, which would offer feedback on impacts of different urban planning options.  

The first main research aim of this dissertation was to support energy efficient 
and sustainable urban planning by analysing the energy performance of districts 
and comparing the environmental impacts of urban planning decisions to the energy 
system alternatives. Here the emphasis was on how each district could be planned 
as efficiently and sustainable as possible. This was due to the fact that the land use 
and urban plans are primarily defined according to the high level municipal needs 
and goals related to social aspects, needs for services, spaces and buildings, trans-
portation system boundaries and targets, etc.    

The district energy analysis needs to take a holistic view of the local energy sys-
tem, including different energy demands of buildings and transport. As concluded 
in Paper II [Paiho et al., 2014], better improvements are often achieved when con-
sidering the whole energy chain of districts. In general, the district energy analyses 
showed that heat demand savings can be achieved typically more easily than elec-
tricity savings, because electricity demand is more strongly related to people be-
haviour.  

 The district energy analysis methodology was developed iteratively during 14 
real life case studies. Then, based on these findings and lessons, a district energy 
and emission analysis tool was developed [Paper V] for evaluating and comparing 
the impacts of urban planning choices on the annual energy demand and the em-
bedded CO2 equivalent emissions of urban areas, as recommended e.g. by Marigue 
and Reiter [2014]. The developed tool and its base data are applicable in Finland, 
but the methodology itself can be localised to other countries, if a suitable base data 
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is available, which was shown by including 4 case analysis from Russia in this dis-
sertation.   

As urban planners and other experts required, the district energy analysis meth-
odology and the tool were kept as straight-forward as possible, with the aim to 
shorten the needed analysis time and improve the user friendliness. This required 
balancing between the appropriate level of the analysis detail in relation to the prac-
ticality and the time needed for making the analysis.  

The district energy analysis could give the highest value, if it would be utilised in 
the early urban planning phase. Then, the analysis results could aid planners and 
decision makers to see the impacts of planning choices simultaneously when de-
veloping the plans. The results of the district energy analysis can also foster discus-
sion and evaluation of alternative energy system planning choices to traditional de-
sign. The developed tool has been already used in a few Finnish municipalities with 
a good feedback from test users.   

7.2 Business concepts for district energy systems and 
services  

There exists already a wide variety of technologies enabling sustainable and smart 
energy supply in districts with a high share of local, distributed and renewable en-
ergy supply. As a consequence, one of the today’s main challenges is to find the 
best possible business models for arranging district energy service business and 
system operation.  

Paper IV [Sepponen and Heimonen, 2016] proposed a set of potential district 
energy service and business concepts in a form of a cookbook. These concepts 
were kept simple and focusing only to one seller-buyer service or product concept 
at a time. The value of these business model elements comes from combining them 
to practical business models and cases. At best, these business models are local-
ised according to the local conditions.   

Many of the suggested business concepts considered expected future trends and 
stakeholders’ requirements for emerging smart energy services. In total 5 business 
concepts were built around the energy balancing trend, where energy consumers 
and producers could take business advantage from utilising their flexibility in energy 
production and consumption.  

 

7.3 Smart district energy systems 

There is a wide variety of opportunities to improve overall energy efficiency and 
sustainability of urban areas and their energy systems by holistic design and optimal 
energy management of different energy systems. However, the near future changes 
in the energy systems can make the designing and the management of the district 
energy systems more complex. The number of stakeholders involved in the man-
agement of energy systems grows, when the energy is supplied increasingly from 
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hybrid energy sources and buildings and other energy consumers are becoming 
more active nodes in the energy system. These challenges can be (at least partially) 
supported and solved by various ICT and smart city developments.  

Smart systems are needed in maximising the overall efficiency of utilising various 
energy sources in optimal way among a wide operation network with many energy 
suppliers, distribution networks and energy utilisers. Here, ICT solutions play a key 
role, and their future requirements have been suggested e.g in following research: 
Sepponen and Tommis [2013], Sepponen et al., 2013 and Hukkalainen et al., 2015. 
These publications have studied increasing the use of fluctuating renewable energy 
sources, which increase the importance of optimising both the utilisation of energy 
sources and the energy use. As a consequence, the optimal energy system man-
agement and balancing of the energy demand and supply is important. Energy bal-
ancing methods include among others peak shifting and shaving, energy storage 
use, and adjusting of energy supply. The most important supporting ICT systems 
could include different energy system management and energy trading applications 
for building, district and city levels [Sepponen and Tommis, 2013].    

The large number of stakeholders increases the need for integrating the energy 
system and related processes. As a consequence, synergy benefits could be 
achieved e.g. from finding new energy sources and load balancing opportunities. 
Potential energy and city systems, which could bring additional energy savings and 
benefits are mapped in Figure 53. Integration solutions could ease also the collab-
oration among the planners, municipality, energy and building companies, as well 
as to support involving of end users.       
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Figure 53. A mapping of cities’ energy systems, where potential integration points 
between different energy systems have been marked with blue [Hukkalainen et al., 
2015]. 

7.4 Recommendations for stakeholders 

A wide variety of stakeholders need to be involved and collaborating, when aiming 
at sustainable, efficient and low emission districts and their energy systems. They 
can be divided to four main categories: municipality, energy sector, building sector, 
and citizens, as was done in Ready4SmartCities roadmap in Hukkalainen et al. 
[2015]. The roles and recommendations for each stakeholder group are summa-
rised here.    
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Municipalities and urban planners have the central role in effecting environ-
mental sustainability locally through decisions related to urban and transport plan-
ning, used energy sources and city infrastructures. Often, municipality needs to act 
as an enabler and starter for developing and improving sustainability of districts. It 
can set targets and goals for the urban area development and bring together differ-
ent stakeholders needed in the planning and implementation of actions. The role of 
urban planning is to create such an urban plan that enables a flexible base and sets 
the boundaries for designing and implementing different sustainable energy system 
choices. It doesn’t necessarily need to set fixed energy system and performance 
levels, but it can guide and encourage to energy efficient built environment. Most 
importantly, a good urban plan enables, or at least do not restrict, planning of energy 
efficient buildings and city infrastructure. In practise, this means e.g. that plots and 
the placing and orientation of buildings could be set with taking into account the 
maximum solar energy production potential. The role of urban planning in district 
energy systems needs also performance estimation and benchmarking of sustain-
able development.    

Energy utilities and companies are collaborating with the municipality when 
starting to plan the energy systems of districts. In this, they can also benefit from 
early stage district energy analysis results. Likely, energy companies can get 
the highest benefits with developing and deploying solutions for planning and man-
aging the local energy systems as efficiently as possible. Especially they could sup-
port holistic coordination and optimisation of the use of hybrid energy sources and 
their balancing with the energy demand. New business opportunities are foreseen 
to emerge for local energy systems and related energy services and energy trading. 
These business opportunities could be adopted either by existing or new energy 
sector operators and companies.  

Building sector operators, such as construction companies and facility manag-
ers, need to develop and adopt new energy efficient building solutions when 
the building regulations are tightening and we are approaching nearly zero energy 
building targets. In the near future, buildings need to be increasingly planned and 
managed as an active part of the energy system. The building planners and con-
struction companies will benefit from tools and systems for optimal design of build-
ing energy performance. Development of integrated design and collaboration tools 
will also support efficient building design and construction. On the other hand, facil-
ity managers bear the responsibility of managing the building and its energy system 
as efficiently as possible. Energy balancing and load control can bring additional 
challenges, but also new economic savings through optimal building performance 
management.  

End-users’ role is emphasised more and more nowadays also in the energy sys-
tems. ICT can offer means for involving end-users more efficiently, and giving them 
easy opportunities to influence and give feedback e.g. about urban plans. Support-
ing, guiding and benchmarking applications are, and will be, developed for end-uses 
and citizens to improve the energy performance or minimising their energy costs 
and/or their carbon footprint in their everyday activities 
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7.5 Towards low carbon district energy systems  

It is concluded that achieving truly low carbon, efficient and sustainable districts and 
their energy systems required wide collaboration and holistic coordination of differ-
ent city systems, buildings, infrastructure, and transport, etc. The key highlights and 
conclusions from this dissertation for achieving low carbon districts are summarised 
in Figure 54, which presents the current situation, the required changes and devel-
opments to realise the vision for low carbon districts and their energy systems.  
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a  b s  t r  a  c  t

This study  estimates the  energy  savings  potentials of Moscow apartment  buildings through different
renovations  concepts.  Also  the  reductions  of  the  district level  energy  demands resulting  from the  possible
building  level  energy  savings  were  estimated.  The  principles  of these  energy  chain  analyses are  also
described.

Most of  the apartment  buildings in  the  Soviet Union  were constructed between  1960  and  1985,  and  as
a  result  the  urban  housing  stock  today  consists mainly  of  a  few  standard  building types. Energy  efficiency
of  buildings  is  typically poor.  A  typical  residential district  was  selected for the  analyses. The  energy
consumption  of a  typical  Russian building was  estimated by  calculating  heating of  living spaces, heating  of
domestic  hot water, and  the  consumption  of  electricity. The energy  consumption  of  the  selected building
stock  was  based  on the  calculated consumptions of the  type  buildings. The present  state  of  the  district
level was  studied first,  including energy chain  analyses.  Then the  energy savings  potentials  for three
different renovations  concepts  were estimated. In addition,  non-technical  barriers to energy efficient
renovations  are discussed.

©  2013  Elsevier B.V.  All rights reserved.

1. Introduction

Energy strategy of Russia for the period up  to 2030 states that
Russia must improve its energy efficiency and reduce energy inten-
sity  of its economy to the level of countries with similar climatic
conditions such as Canada and the Scandinavian countries [1]. In
addition, it is required that Russia’s living standards must corre-
spond with those of the developed countries.

According to national statistics service the share of dilapidated
and emergency-state housing is around 3%  of the total area of
the Russian housing stock [2]. However, it is estimated that more
than 290 million m2 or 11% of the Russian housing stock needs
urgent renovation and re-equipment, 250 million m2 or 9%  should
be demolished and reconstructed [3]. Some 58–60% of the coun-
try’s total multi-family apartment buildings are in need of extensive
capital repair [4].

In  2005; the Russian residential, public, and commercial build-
ings were responsible for 144.5 Mtoe (million tonnes of oil
equivalent), i.e. 1680 TWh, of final energy use (34%) and for 360
Mtoe, i.e. 4186 TWh, of primary energy (55% of overall primary
energy consumption). The technical energy efficiency potential of

∗ Corresponding author. Tel.: +358 50 3315160.
E-mail  address: Satu.Paiho@vtt.fi (S. Paiho).

the buildings was  assessed at 68.6 Mtoe, i.e. 797,820 GWh  [5]. Res-
idential buildings are evaluated to have the largest energy savings
potential out of all building types. The largest part (67%) of the
energy savings could be implemented through the more efficient
utilization of district heating in space and water heating. An  esti-
mated 60% of the Russian district heating network is in need of
major repair or replacement [6]. The investment needs for rehabil-
itating the district heating systems is Russia are estimated at  US$
70 billion by year 2030 [7].

The  majority of Moscow housing stock is built after World
War II [2] and need modernization. Sustainability should be taken
to  account when renovating these buildings. Thus, energy effi-
ciency of buildings and districts is one of the core issues. Before
deciding any renovation solutions, the energy consumption levels
need to  be estimated. After the estimation, different renova-
tion concepts can be compared with the current situation. This
paper describes the principles of the energy analysis process, esti-
mates the present state energy consumptions of a typical Moscow
apartment building and a  typical district (neighbourhood), and
then analyses different building level energy renovation con-
cepts.

Often technical solutions exist for energy renovations of build-
ings but other obstacles hinder or delay their realization. These
non-technical barriers to energy efficient renovations of Moscow
residential districts are also described in this paper.

0378-7788/$ – see front matter © 2013  Elsevier B.V. All rights reserved.
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2. The Moscow housing stock

Construction in Russia [2] state that the total Russian housing
stock in terms of total residential floor area was 3177 million m2 in
2009. Total area of the housing stock per capita was 22.4 m2.

According to the statistics from 2004, 95% of the Moscow
dwelling space is built after World War  II,  from which 52% of the res-
idential buildings were built during 1946–1975 and 43% in 1976 or
later.  According to Rosstat [2], there were 39.801 residential build-
ings in Moscow in 2009. The amount of residential buildings equals
3,835,000 apartments and the total floor area of 214 million m2. The
average floor area of an apartment in Moscow was  55.8 m2 and the
average number of residents per apartment was 2.8. The figures do
not  account for administrative expansion of Moscow implemented
in summer 2012.

2.1.  Typical apartment buildings in Moscow

It is important to understand the general situation in the target
place before conducting energy analysis. In 2004 United Nations
published Country Profiles on the Housing Sector Russian Fed-
eration [3], which helps to form an overview of typical building
solutions in Moscow and in Russia. First of all,  the industrialization
of construction started in the Soviet Union in the 1950s, after which
the  precast concrete large-panel construction developed quickly.
Most of the apartment buildings were constructed between 1960
and 1985, and as a result the urban housing stock today consists
mainly of a few standard building types. [3]

In general, there are three basic categories for residential panel
buildings [3]:

• First  generation is five-storey buildings often called khrushchevky.
Khrushchevky have been built between 1959 and 1969 and about
10%  of residential buildings belong to  this category. Typically
their  state is quite poor nowadays and they are situated in fairly
attractive areas, not far from city centres.

• Second  generation buildings were constructed between 1961 and
1975. The number of storeys varies but nine-storey buildings are
the  most common. The buildings are long and there are usually
five  to nine staircases in each. The external walls are different
lightweight concrete structures without separate thermal insu-
lation material. The housing norms of 1963 regulated their design
and  construction. The dwellings in this category are more com-
fortable than those in the first-generation buildings.

• Third  generation buildings were built mainly after 1975 in the
suburbs. Large elements and prefabricated modules were used.
These  buildings are nine-storey or higher, tower type blocks of
flats or long, narrow buildings with four to  seven staircases.
The  external walls are usually 32–35 cm thick expanded-clay
lightweight concrete.

Natural ventilation is a typical solution in Russia [8]. District
heating networks supply heat to  about 80% of Russian residential
buildings and about 63% of the hot water used  by  Russia’s popula-
tion [6].

Energy efficiency of these apartment buildings is typically poor.
The thermal insulation of the precast panel walls does not meet
modern standards, and may  cause moisture and mould problems.
Moreover, the surroundings like streets, courtyards and parks are
usually poorly maintained. The limited variation in the urban hous-
ing stock results in suburbs of large uniformity, where individual
wishes or needs are rarely met. [3]

There is one more issue that  should be considered when study-
ing Russian buildings. It is quite difficult for researchers from
outside of Russia to  find and correctly interpret Russian data.
According to Opitz [9], the central government has a  desire to

conceal  important production and financial facts, which means
that the clarity and consistency in published statistics is often rare,
and  a lot of interesting information is simply unavailable to the
general population. Moreover, the statistical reports published in
several forms by Goskomstat (the State Committee on Statistics)
were incomplete and often inconsistent. The accounting methods
and definitions varied among sources and even within the same
source in different years. Opitz [9] states that  the data almost seem
designed to confuse. The data used for this paper was  gathered from
several sources, and cross-checked when appropriate sources were
found.

2.2.  The selected housing district

A typical residential district was selected to  be analyzed in the
project. The selected district mostly represents 4-th Microrayon
of Zelenograd, Moscow (longitude 37◦ east and latitude 55◦ north).
Zelenograd is located about 35 km to the North-West from Moscow
City  centre. The district dimensions are approximately 1 × 0.5 km.
It  represents a  typical residential district of Moscow and Moscow
region with high-rise apartment buildings constructed for the most
part in 1960s and 1970s. The district is heated with district heating.
Renovation of such buildings and districts may  be needed in the
near future.

The apartment buildings in the area can be divided into  groups
according to the building series: II-57, II-49, AK-1-8, II-18 and Mr-
60,  which are apartment buildings build between 1966 and 1972.
Each building series represents a specific building design [8]. There
are  also other apartment buildings, schools, kindergartens, shops,
a bank in the area, but since this project concentrates on modern-
ization of buildings, these newer buildings from the 90s and from
the beginning of 2000 are excluded from these energy calculations.
The more detailed data about the older apartment buildings is pre-
sented in Table 1 and these buildings were the main target of the
first calculations of this study. After the initial analysis the most
common building type II-18 was selected for further analyses.

In  total there are approximately 13,800 residents in the build-
ings that  are included in the calculations. The total floor area of the
studied buildings is 327,600 m2. The number of residents is esti-
mated based on the assumption that the average occupancy rate
per flat is 2.7 persons [3].

3. Principles of  the energy analyses

The main objective for the energy analyses was  to  form an
overview of average energy consumption, energy production quan-
tities, and energy efficiency in Moscow, Russia. The energy analysis
is  important, because it helps to  recognize the best ways of how
to improve the energy efficiency of entire districts and energy sys-
tems. The key questions are: “How the energy is currently produced
for buildings and districts?”, “What are the most efficient ways to
reduce energy consumption and how much can it  be reduced?”,
“What is the environmental impact of energy production and how
emissions caused by it can be reduced?” and “What are the life cycle
energy costs of different alternatives?”.

The general methodology of energy analyses is presented in
Fig.  1. At first the state of the art was  studied for both old  apart-
ment buildings and the entire residential district in the Moscow
region. This means that the typical apartment building parame-
ters were identified, and an  example district was selected for the
calculations. Most of the buildings in the example district are built
between 1966 and 1972. A few different typical apartment building
types was  studied: their monthly energy consumption levels were
calculated, and then from those results the energy demand of the
entire  district was calculated including also the energy demands for
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Table 1
Apartment building types and  their basic  data in the studied district.

Description Long apartment building Long apartment building Higher apartment building Apartment building Apartment building

Series II-57 II-49 AK-1-8 II-18 Mr-60
Construction year 1967–1968  1966–1969 1971–1972 1965–1966 1967–1968
Number of buildingsa 4.6  11  6 10 4
Apartments per building 358 143 102 84 111
Residents per buildingb 967 386 275 227 300
Floor area (m2) 22,827 8951 7140 4911 8042
Number of floors 9  9 17 12 16
Shape Rectangle Rectangle Rectangle Rectangle Rectangle
X/Y ratioc 0.07  0.16 0.40 0.60 0.38

a 0.6, because there is one smaller similar building.
b Assumption: an average flat has 2.7 residents (United Nations 2004).
c Shape of the building: X is width of the building and Y  is length of the building.

waste and water management and street lighting. The next step was
to  evaluate the energy saving potentials that can be achieved with
renovating these old apartment buildings. This was done by  calcu-
lating different scenarios for renovated apartment buildings. As  a
result  knowledge of total energy consumption levels in different
scenarios in the typical Moscow residential district was achieved.

The  last phase of the energy chain analyses is to study the
energy production. This part also starts with the state of the art of
the  existing or typical energy production and distribution systems.
Then improvements and renewal of these systems can be identi-
fied. Finally, the life cycle emissions for different energy production
solutions can be calculated.

4.  The state-of-the-art energy analyses

4.1. The energy consumption of buildings

The energy consumption of a typical Russian building was esti-
mated by calculating heating of living spaces, heating of domestic
hot water, and the consumption of electricity. First the current
states of the selected building districts, chosen to be renovated
or modernized, were analyzed by  means of typical buildings. The
analysis took into account structural solutions, heating, ventilation,
water and drainage, electrical and other technical systems.

The  energy consumption of the type buildings was  calculated
with WinEtana, which is a building energy analysis tool developed
by VTT Technical Research Centre of Finland. The average monthly

Fig. 1. The general methodology of the energy analyses.

temperatures in Moscow were adjusted in the calculation tool to
get more accurate results. The temperature data of Moscow region
was  retrieved from the website of EnergyPlus Energy Simulation
Software by U.S. Department of Energy [10].

Typical building parameters in Russia and in Moscow were used
in  the calculations. We used the value 18 ◦C in our calculations as
the default indoor temperature for living spaces in multi-family
buildings located within the case districts. According to Russian
construction norms on thermal performance of buildings, the value
of  building air tightness at 50 Pa pressure difference (n50) must
not exceed 2 h−1 for mechanical and 4  h−1 for natural ventila-
tion. However, based on the results of field measurements with
blower door tests [11] for a  9-storey building, which represents
closest to  the buildings in the case district –  the average values
were 7.5 h−1 (vents sealed) and 6 h−1 (vents and windows sealed).
In our calculations we used a rather conservative estimate of air
density factor n50, 6.5 h−1 so that it represented recent improve-
ments in air tightness of windows due to massive installation of
plastic-aluminium windows by residents of apartment buildings in
Russia.

Natural  ventilation is a  typical ventilation solution in Russia
[8]. Type of base floor in the buildings is assumed to  be ground-
supported slab. The typical U-values in Moscow buildings are
approximately 1.1  W/m2C◦ for wall constructions and 2.9 W/m2C◦

for fenestration (converted from transmission R values by Matrosov
et  al. [12]). Opitz et al. [8] point out that the design R values differ
minimally among older buildings built between 1954 and 1979,
and they are essentially the same among buildings even with dif-
ferent wall structures (except for recently constructed buildings
with 3-layes panel walls).

Because  Estonia was part of the Soviet Union, there still remain
numerous apartment buildings built during the Soviet era. The
typical annual Estonian water consumption is between 180–290
l/capita/day [13]. We estimated that the average water consump-
tion in the selected buildings is 272 l/capita/day, of which hot
domestic water consumption is 46%, thus 126 l/capita/day). The
hot  water consumption is based on expert estimations and average
Finnish water consumption data.

Electricity consumption of the building was estimated based
on the assumed typical electrical equipment and their energy effi-
ciency classes. It included lighting, household electrical equipment:
(laundering, dish washing machine, entertainment, computer,
stove, refrigerator, freezer, and other equipment), as well as outside
lighting, and facility electric consumption (parking slot (preheating
of cars), elevator and pumps). The average energy efficiency class of
electrical equipment was assumed to be class D (typical in Finland).

As for the part of internal heat gains, the following values
were used based on the experiences of Finnish experts [14]:
0.96 kWh/m3/month from domestic hot water (30% of the heat
demand [15] for hot water), 1.42 kWh/m3/month from electrical
equipment and 0.4 kWh/m3/month from people.
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Table 2
Annual energy consumptions per floor area of the type buildings in the selected district.

Long apartment
building

Long  apartment
building

Higher
apartment
building

Apartment  building Apartment building

Building series II-57  II-49 AK-1-8 II-18  Mr-60
Space heating (kWh/a, m2) 120 126 127 126 123
Hot domestic water (kWh/a, m2) 88  88  88 88  88
Losses (kWh/a, m2) 4  4 4 4  4
Total heating energy consumption (kWh/a, m2) 212 218 219 219 216
Total electricity consumption (kWh/a, m2) 42 45  38 47  39

The calculated energy consumptions per building floor area are
presented in Table 2. According to the calculations the average
heating energy consumption of typical old apartment buildings
in Moscow was 217 kWh/m2,a and the average electricity con-
sumption 42 kWh/m2,a. The result is quite well in line with some
reference studies, e.g. [13]. The differences in energy consumption
calculations may  result from the divergence of the base data. Rus-
sian structures and used system solutions of buildings may  vary
in different buildings (even within same building series) or even
within single buildings. Moreover, according to the Moscow city
programme [16] “Energy Conservation in Construction in the City
of  Moscow During 2010–2014 and Until 2020” the thermal insu-
lation of buildings comply with norms only ‘on the paper’, which
may  also explain the differences in results. Also the air tightness of
the  building has a big significance.

Since  the variations of the annual heating and electricity con-
sumptions were small, only the most common building type (II-18)
in  the district was chosen for the further analyses. A general pic-
ture of the energy flows going in and out of the building II-18 is
presented in Fig. 2.

4.2.  The district level energy consumption

The annual heating energy consumption of the most common
building type II-18 (Table 2) was 219 kWh/m2,a and the annual
electricity consumption 47 kWh/m2,a, respectively. Heat is dis-
tributed in the district through district heating network. In Russia,
an  estimated 20–30% of heat is lost through the heat distribu-
tion network before it reaches the end consumer [6]. So, it  was
assumed that the heat distribution loss in the network is 20%. The
transmission losses of electricity are typically approximately 10% in
Russia  [17] which was also used in the calculations. Then, the total
annual heating energy consumption of the apartment buildings in
the  selected area was 71.8 GWh/a, and the total annual electric-
ity consumption was 15.5 GWh/a. This means that  annually the
buildings in the selected district need heating energy production
of 89.8 GWh  and electricity production of 17.2 GWh.

Fig. 2. The calculated energy streams of the apartment building II-18.

Energy needed for water purification was estimated to be
7 kWh  of heating and 49 kWh  of electricity per person in a  year,
and respectively 23 kWh  of heating and 62 kWh  of electricity for
wastewater treatment [18]. Outdoor lighting was estimated to  con-
sume  350 kWh  per lamp in a  year, while a  quote of 0,167 lamps per
inhabitant was used [19,20]. Taking these into account the total
annual heating energy demand without distribution losses for the
district  is 72.2 GWh  and the total annual electricity demand with-
out transmission losses 17.8 GWh, respectively. Adding the losses
mentioned above will result in the total annual heating demand of
90.2  GWh and the total annual electricity demand of 19.5 GWh.

Heating energy in Moscow is up  to 70% generated by large scale
combined heat and power (CHP) plants and they are usually using
natural gas  [16]. Assuming that the heat and the power for the
examined district are produced by a  natural gas CHP plant, the
related annual CO2-equivalents are for the heating 24.3 ×  106 kg/a
and for the electricity 9.9 ×  106 kg/a (Table 7), respectively. These
equal to the annual total CO2-equivalent of 34.2 × 106 kg/a and
the total per person of 2.5  × 103 kg/a/p.p. As  a comparison, the
heating of buildings in Finland accounted for 3.97 ×  109 kg of CO2-
equivalents in 2009 which per citizen would correspond to  0.74 kg
in  a year. This would be less the than half of the corresponding
values for case district (1.77 kg/a/p.p).

5.  The energy analyses of alternative building renovation
concepts

Three  alternative renovation concepts were selected for closer
analysis (Table 3). The cases had different values for the follow-
ing characteristic: the U-values of building structures (outer wall,
base  floor, roof, windows and doors), ventilation type, air tightness
factor, lighting (indoor), electricity consumption/electrical equip-
ment and water consumption. The renovation cases are adjusted
in such a  way  that each of them result as an improvement from
a previous one when it comes to the total annual energy con-
sumption. The basic renovation refers to minimum, low-cost or
easy-to-do retrofit measures. The improved renovation solutions
outputs better energy or eco  efficiency. The advanced renovation
column suggests the most progressive solutions. If not otherwise
stated, the improved and advanced solutions always include the
solutions mentioned in the previous renovation.

The annual results from the simulations are shown in Table 4,
from which emerges that each case consumes less energy than the
previous one. The same goes also for heat consumption while the
consumption of electricity is higher for the Advanced-case in com-
parison with the former Improved-case. The cause of this was the
change of the ventilation system to  a  mechanical one consuming
more electricity. However, since the improved ventilation system
recovered 60% of the heat of the exhaust air that otherwise would
have been lost it resulted in energy savings in the end in form of
heat. In Table 5, there are the results presented as  percentages by
comparing each value of the cases to  the same value of the State of
the  art-case (the current case). Table 6  represents the yearly energy
consumption per  floor area for each of the cases.
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Table 3
Building level renovation concepts. If not otherwise stated the improved and  advanced concepts always include the solutions mentioned in  the previous renovation.

Technology/system Current status Basic renovation Improved renovation Advanced renovation

Structures: U-values (W/m2 K)
•Outer walls 1.1 0.5 0.32 0.15
•Base floor 1.1  – – –
•Roof 1.1  0.25 0.24 0.15
•Windows and doors 2.9  1.85 1.5 1.0
Ventilation Natural ventilation Natural ventilation, repairing

the  existing system (ensuring
sufficient  air  exchange rate)

Enhanced  mechanical exhaust Mechanical ventilation (supply
and exhaust air) with annual
heat  recovery efficiency 60%

Installing outdoor valves
Air tightness factor n50 (1/h) 6.5  4.0 2.0
Electricity consumption/electrical
equipment

Car  parking places (electricity:
max  two hour control)

Energy efficient pumps and
fans

Lifts – braking with  recovering
energy

Energy efficient household
appliances

Demand based control of
lighting of staircases and
public  spaces

Energy efficient lighting of
staircases and public spaces

Water consumption (l/day/occupant) 272/of which hot  water 126 Installation of  modern fixtures
and appliances (160)

Installation of water saving
fixtures and appliances (120)

Separate  metering (100)

Table 4
The  annual energy consumptions of the building type II-18 with  different renovation cases.

Current Basic Improved Advanced

Total energy
consumption
(kWh)/building,a

1,308,003  840,731 675,755 518,897

Heating
consumption
(kWh)/building,a

1,076,373 658,288 511,189 348,027

Space heating 620,766 (58%)  388,946 (59%)  308,833 (60%) 180,245 (52%)
Domestic hot water 434,076 (40%) 256,176 (39%)  192,132 (38%) 160,104 (46%)
Losses 21,516 (2%) 13,164 (2%) 10,212 (2%) 6,936 (2%)
Electricity

consumption
(kWh)/building,a

231,630  183,510 172,000 190,460

Table 5
Energy consumptions of different renovation cases compared to the current.

Current Basic Improved Advanced

Total energy consumption 100% 64% 52% 40%
Heating consumption 100% 61% 47% 32%
Space heating 100% 63% 50%  29%
Domestic hot water 100% 59% 44% 37%
Electricity consumption 100% 79% 74% 82%

In Fig. 3, there is a chart of the energy consumptions of the
building II-18 for different renovation cases. The total energy con-
sumption, the heating consumption, the electricity consumption,
the energy consumed for space heating, the energy consumed for
domestic hot water and the energy losses of the building are shown
in the figure. The total energy consumption is composed of the total
heating and electricity consumptions, while the total heating con-
sumption is a sum of the space heating and the domestic water
heating. The losses curve represents efficiency based energy losses
of  the heating systems.

All  the heating (total heating, domestic hot water, space heat-
ing) curves show a steep decrease from the state of the art to the
Basic renovation-case; this has to do  with the proportions in the

Table 6
The  annual heating and electricity consumptions per floor area for each renovation
case.

Current Basic Improved Advanced

Heating consumption (kWh/m2,a)  219 134 104 71
Electricity consumption (kWh/m2,a)  47  37  35  39

characteristic values. The U-values were decreased with 65% for
the outer walls, 77% for the roof and 36% for the windows from
the State of the art to  the Basic renovation case. The correspond-
ing values were 36%, 4% and 19% from the Basic to the Improved
renovation case and 53%, 56% and 33% from the Improved to the
Advanced renovation case.

Fig. 3. Energy demand graph for the different renovation cases of  the building II-18.
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Table 7
CO2-equivalents from natural gas CHP energy generation for different concepts.

Current Basic Improved Advanced

Heat (kg/a) 24,296,019 14,060,219 10,767,202 5,656,596
Electricity (kg/a) 9,913,875 7,811,025 6,851,705 6,144,183
Total (kg/a) 34,209,894 21,871,245 17,618,907 11,800,779
Total per person

(kg/a/p.p)
2477  1583 1276 854

The space heating is showing a steep decrease again between the
Improved- and the Advanced-case, partially because of changes in
the  U-value and partially since the losses are being recovered by the
ventilation system (not the same losses as  in Fig. 3). However, the
water heating curve between the same cases is behaving oppositely
which results in only a  smaller change in the total heat curve.

The  heat consumption for domestic water is corresponding
to the amount of water consumed which is decreased with
41%, 25%, and 17% from each case to another (Current, Basic,
Improved, Advanced). The electricity consumption is also the steep-
est  between the State of the art and Basic cases, since all household
appliances are changed to more energy efficient ones. Smaller
improvements are being made in the energy consumption of elec-
trical appliances between the Basic and Improved cases. The energy
consumption rises between the Improved and Advanced cases due
to  the ventilation system even though some improvements are
being made with the elevator system. However, the electricity con-
sumption in the Advanced case does not surpass the State of the art
case.

Grouping all the energy consumption together the curve is steep
from the Current to the basic case, while the development is less
steep and constant for the rest of the cases. What can be observed
from these results is that space and water heating is consuming
the larger part of the total energy. A  considered amount of the
consumption can therefore be reduced through improving insula-
tion (U-values) and reducing water consumption habits. Also, heat
recovery from the exhaust air is proven to be a  way of saving energy
significantly but results in increased electricity consumption.

In  Table 7, there are listed the CO2-equivalent greenhouse gases
for different renovation concepts assuming that the energy is pro-
duced by natural gas CHP plant. Even the Basic renovation concept
reduces the total CO2-equivalents by 36%. The reduction with the
Improved concept is 48% and with the Advanced concept 66%,
respectively.

6. Non-technical barriers to energy efficient renovations

There  are a number of obstacles that  prevent Russia from
benefiting from the existing potential of improved eco- and energy-
efficiency in buildings. Common, well-documented ones include
relatively low energy tariffs (e.g., [13,21]), higher up-front invest-
ment costs of implementing renovation solutions, as well as high
interest rates [22].

The  most important obstacle in building renovation in Russia is
outdated norms and long permission processes [23]. The norms do
not  acknowledge the existence of new efficient technologies and
materials. Even though the systems and materials can be relatively
easily certified, the old norms are used by  the authorities when
checking the acceptance of a specific design solution. It may  be
very difficult to prove that a  new type of heating system will be
able  to provide enough heat, or that connection capacity could be
reduced because thermal insulation is improved.

Apartment-specific sub-metering is required in all buildings for
electricity and hot and cold water as well as heating, although with
respect to the latter these requirements have not always been ful-
filled. In existing buildings water meters are not always installed

by  residents despite the requirement, even though the meter and
installation usually pays for itself rather quickly, the resistance to
install the meters most likely has to  do with lack of information.

In  residential buildings mechanical ventilation is neither
allowed nor prohibited, and the officials in charge of issuing build-
ing permits or  parties approving renovation plans refrain from
assuming responsibility in the absence or clear official guidance
as to  how the connection capacity of space heating system should
be dimensioned and mechanical ventilation systems designed,
installed and maintained, even when there is an understanding that
natural ventilation is less energy-efficient especially in high-rise
residential buildings than a mechanical system with heat recovery.

There are differences in operation practices that should be
considered when implementing an  eco-efficient renovation. Often
when remodelling the apartments, the owners introduce signif-
icant changes to buildings’ technical systems, e.g. they seal an
apartment from a ventilation channel, or  even block a  build-
ing’s ventilation channels, install exhaust ventilation, alter a  space
heating system (e.g. connect under-floor heating). These often ille-
gal  changes affect the proper functioning of systems during the
building’s operational phase. It is strictly prohibited for a service
company or inspectors to  enter the apartments to check whether
this kind of change was made, or  even to maintain the system. The
access is only possible with a  decision of a  court in the case when a
tenant is absent or opposes the entry. A possible solution is to  even
at  the design stage to try taking the engineering systems out of
the apartments to the extent possible and providing service access
from public areas.

6.1.  Political and administrative obstacles

The question of the liability of the state in renovating the pri-
vatized buildings constitutes one of the political obstacles. The
current legislation in this regard is ambiguous: on the one hand,
there is a decision of the High Court confirming the obligation of the
state  to implement the repairs and provisions of the Housing Code,
claiming that the residents must jointly take on all the responsi-
bilities concerning their buildings. This question is regularly raised
both by representatives of elected bodies of state power and, at a
broader level, by the community, and is tool of political struggle,
especially so in the election race. When citizens’ law suits are filed
with courts, the latter typically obligates municipal administrations
to conduct the renovation of the apartment building and hence-
society expects that the state will conduct (finance) the renovations
of  the formerly privatized apartment buildings [24].

Given  the above, it is common for municipal administrations
to conceal information on the actual technical state of residential
buildings in case they are declared as “dilapidated” or “dangerous”
as then the administrations would have to  resettle the residents
and provide them with substitute housing of comparable standard
at the expense of a regional budget where funds for this purpose
are typically insufficient. In  addition, the quality of information on
the actual technical condition of buildings is typically low: for most
of  the buildings technical inspections to assess the actual wear of
individual buildings are not conducted. Typically, the wear is esti-
mated as a  total “percentage of worn-out structures”, which does
not  provide enough information for decision-making.

The sector of residential construction is highly dependent on
administrative bodies, the system of urban planning and land use
remains the source of administrative rents [22]. Most interna-
tional assessments rank Russia as one of the most corrupt major
economies in the world. According to Transparency International,
public officials and civil servants, including the police, are seen as
belonging to the most corrupt institutions in Russia, followed by
the education system and parliament [25].
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6.2. Social aspects

In  the renovation business, social aspects are vital and need to
be  considered in advance. The distrust of apartment owners is the
first  obstacle an investor will face at the beginning of the project.
A possible solution is to partner with local authorities to  keep the
residents informed, similar to the current budget co-funded reno-
vation practice in Moscow and, ideally, involve the residents into
the planning process. This way, different kind of rumours and dis-
information of residents can be efficiently managed, despite the
fact  that it is common for Russians not to trust the authorities,
institutions, builders, etc. This distrust is also one of the causes of
passivity on the part of people in joint planning activities (e.g. public
hearings of renovation projects). Therefore, the involvement of resi-
dents, openness, transparency and the possibility of the residents
influencing the decision making is important for success.

In  cases where the need for renovation is substantial and
requires a temporary resettlement it may  turn into the biggest
obstacle, as agreement with each apartment owner would need to
be  reached [26]. Another important aspect is that income levels may
vary  among the residents of the same building, which complicates
joint decision making on building renovation.

7. Discussion

The need to modernize and upgrade buildings in Moscow dis-
tricts is evident, because only minor share of residential building
stock aged over 35 years has been renovated to date. Indoor
conditions are poor and the energy losses from buildings are signif-
icant. Energy efficiency improvements should be considered when
upgrading the districts to benefit from opportunities to reduce
energy consumption.

It  is evident that there is a  need for local knowhow when
analysing the energy efficiency of districts in Moscow. A correct
interpretation of statistics requires knowledge about Russian con-
ditions. The analysis of buildings is eased by  the fact that there are
only  a few building types, but on the other hand, in reality the used
materials and their parameters can  vary significantly also within
the same building series. In this research it also turned out that the
energy performances of the different building types are not differ-
ing significantly, and an adequate analysis can be made even by
using only one building type.

The district heating network has a big potential for improving
the energy efficiency of Moscow, because there are lots of heat
losses in the heating network present day. One important renova-
tion target is to install completely automatic individual substations
in every building and so  pass from the old four-pipe to new two-
pipe district heating systems [27] with heat exchangers enabling
control of heat distribution into  buildings and apartments based
on the actual heat demand. On  the building level, the air tightness
of the structures is one key issue that needs to be addressed in
the retrofit solutions. Based on this study, the building level energy
savings potential for the heating energy is up to 68% and for the
electrical energy up to 30% based on these calculations. In addition,
the CO2-equivalent greenhouse gases may  be reduced up to 65%.

To achieve a universally efficient energy solution in Moscow,
the entire energy chain needs to be analyzed and improvements
made bearing in mind the whole energy chain. The results of this
study showed that improved indoor conditions and reduced heat-
ing consumption often lead to increased electricity consumption.
By analysing indoor conditions energy efficiency and the building
overall energy efficiency instead of energy consumption the issue of
increased electricity consumption is put to  correct context and the
improved “output” of the consumed energy is considered properly.

The  different renovation concepts were not analyzed from the
economical point of view. This should also be done in order to
form an understanding on what renovation solutions are feasible
in Moscow apartment districts. Some solutions may  also turn out
unsuitable in practice. In addition, several non-technical barriers
exist for renovations in Moscow. These need to be solved too in
order to get progress.
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a  b s  t r  a  c  t

Three building level  renovation  concepts  of  a  typical  Moscow  residential  district are defined and their
energy saving  potentials  evaluated  in  a  recently published  study  [1]. This study  extends these  analyses
and  concentrates  on energy and emission analyses  of  different  energy  renovation  solutions  and  energy
production  alternatives  at  the  district  level using the  same  case  district as in  the previous study [1].

At  the  district  level,  four different  energy renovation  scenarios, called  Current,  Basic, Improved  and
Advanced,  were analyzed  in terms of  energy  demand and emissions.  Considerable energy  savings  could
be  achieved,  up  to 34% of the  electricity  demand and up to 72%  of  the  heating  demand,  using  different
district  modernization  scenarios.

As for the  emission  analyses, switching from natural  gas  to biogas  would  result  in  decreasing  green-
house  gas emissions,  but increasing generation  of  SO2-equivalent  and  particulate emissions. A  better
solution  would  be  to still  switch to biogas while  maximizing  renewable energy production  from  local
non-combustion  technologies  at the  same  time.

©  2014  Elsevier B.V.  All rights reserved.

1. Introduction

In Russia, climate change causes environmental, economic and
social stress, why a future reduction in energy consumption could
benefit the national economy [2]. In an energy-inefficient country
like Russia, there is the potential to weaken the link between GHG
(Greenhouse Gas) emissions and economic growth by improving
energy efficiency [3]. Ever since the year 2000, Russia’s economy
has witnessed an upswing, and the government has started to  take
effective measures to curb energy intensity and reduce CO2 emis-
sions [4].

Energy efficient renovation increases the value of a  building
[5]. Improved cost-effectiveness of energy efficiency measures is
achieved when they are implemented as  part of a  building ren-
ovation. It is often important to examine the impacts of building
level renovation solutions in a  wider perspective, since energy
renovations reduce the energy demand from the grid or network
[6], as well as the primary energy consumption. Greater overall
energy efficiency can often be achieved through a district-scale
building and district infrastructure renovation. The renovation of
buildings should not be separated from the improvement of the

∗ Corresponding author. Tel.: +358 50 3315160.
E-mail  address: Satu.Paiho@vtt.fi (S. Paiho).

surrounding environment. If the surrounding environment is
improved, the market value of the land will considerably increase
and the area will become much more attractive to  investors. There-
fore, it is clear that the renovation of a neighbourhood should not
be  restricted to the renewal of buildings, but should be extended
to the whole region [7].

Some  general principles for improving energy-efficiency at the
district level include: improving the energy-efficiency of build-
ings, outdoor lighting, energy networks and grids (especially by
reducing distribution losses), replacing fossil fuels with renew-
able energy sources, improving the energy-efficiency of waste and
water  management systems, reduction of emissions (e.g. change
of fuel or flue gas treatment), and energy-efficient transporta-
tion [8]. Modernization must follow the urban structure which
reflects the principles of sustainable development and corresponds
to the quality of life: compactness, multifunctional use of territo-
ries, sustainable transport, ensured public interests and visually
attractive (unpolluted) environment [9]. Outdoor amenities, i.e.
pedestrian and bicycle paths, parking lots, children’s playgrounds,
sports grounds, benches, litterbins, street lamps, etc., should be ren-
ovated  and rebuilt because the quality of housing largely depends
on them [7].

Paiho  et al. [1] present three different renovation concepts
for apartment buildings in a Moscow residential district. The
energy consumption of a  typical Russian apartment building was

http://dx.doi.org/10.1016/j.enbuild.2014.03.014
0378-7788/© 2014 Elsevier B.V. All rights reserved.

http://www.elsevier.com/locate/enbuild
mailto:Satu.Paiho@vtt.fi
http://dx.doi.org/10.1016/j.enbuild.2014.03.014


S. Paiho et  al. / Energy and Buildings 76 (2014) 402–413 403

estimated by taking into account heating of living spaces, heating
of domestic hot water, and the electricity consumption. The energy
consumption of the selected building stock was thereafter calcu-
lated based on the estimated consumptions of the type buildings.
First the present state of the district level was studied, including
energy chain analyses. The energy saving potentials for the three
different building level renovations concepts were thereafter esti-
mated. Results from the calculations showed that the building level
energy saving potential could be up to 68% for heating energy and
26%  for electricity, respectively.

The energy analyses are continued further in this paper by
looking at three district level energy renovation concepts. In combi-
nation with this, the paper introduces different energy production
scenarios and estimates the annual emissions for each examined
case. The purpose was to  assess how low emission values could
be achieved by comparing and combining technologies for energy
generation, and clarify which of the combinations presented would
be  better in terms of produced emissions.

This study tested the hypothesis that energy renovations are
more efficient at a district level than on a  building level, thus includ-
ing the whole energy chain from production to  consumption and
taking into consideration not only building scale renovations, but
also improvements on the energy supply systems. Furthermore,
this study aims to explore whether emissions to air correlate with
energy efficiency.

2.  Background

It  is estimated that more than 290 million m2 or 11% of the Rus-
sian housing stock needs urgent renovation and re-equipment, 250
million m2 or 9% should be demolished and reconstructed [10].
Some 58–60% of the country’s total multi-family apartment build-
ings are in need of extensive capital repair, rising to  93–95% in those
apartment blocks with an  average age of less than 25 years [11].

The energy strategy of Russia for the period up to  2030 [12]
states that one main problem in heat supply is the unsatisfactory
state of heat supply systems characterized by high depreciation of
fixed assets, especially of heat supply networks and boiler rooms,
insufficient reliability of operation, large energy losses and neg-
ative impact onto the environment. The high level of technical
abrasion and a low level of investments into modernization of the
Russian energy industry cause huge energy wastage and carbon
emissions [13]. With the exception of hydropower, Russia’s uti-
lization of renewable energy sources remains low relative to  its
consumption of fossil fuels [14]. In the absence of a clearly formu-
lated long-term strategy for bioenergy and renewable energy, the
legal and political processes in this field have been fragmented and
weak [15].

2.1.  Literature review

There  is no relevant literature related to  the energy consumption
of Russian buildings. Also nothing has been found on the impacts
of different options for energy renovations of residential buildings
or districts in Russia. Furthermore, no studies have been found,
taking into account the different emissions of energy production
types when analysing the whole energy chain from production to
consumption in residential buildings.

Studies on the energy consumption of Russian buildings have
been made in the 1990s by Matrosov et al. in 1994 [16] and Opitz
et al. in 1997 [17]. More recent studies on energy consumption anal-
yses  of buildings elsewhere than Russia have been made by e.g.
Balaras et al. in 2005 [18] (heating energy consumption of Euro-
pean residential buildings); Choi et al. in 2012 [19] (comparison of
energy  consumption according to  building shape and utilization)

as  well as Kyrö et al.  in 2011 [20] and Kim et al. in 2011 [21] (the
impacts of residents’ behaviour on building’s energy consumption).
Studies on the reduction of buildings’ energy consumption through
renovations have been published by  e.g. Tommerup and Svendsen
in 2006 [22] (energy-saving potential of Danish dwellings through
energy-saving renovations), Ouyang et al. in 2009 [23] (life cycle
cost  analysis for energy-saving renovations of residential buildings)
and Siller et al. in 2007 [24] (on reducing energy consumption and
greenhouse gas emissions of the building stock through renova-
tions).

The first study on reduction of energy consumption through dis-
trict renovations was published by Oujang et al.  in 2008 [25]. This
paper represents the Hot Summer and Cold Winter Region of China
and examines buildings which are at least seven years old and are
becoming dilapidated. Opposite to  the study in China, where even
quite  new buildings are typically demolished and new constructed
[25]; the situation is different in Russia where the designed life time
of  buildings is significantly longer.

2.2. Moscow residential districts

As  of 2012 the need for renovations was estimated at 108 million
m2 (over a  half of the total floor area) in 26.3 thousands of Moscow
apartment buildings based on their age [26]. From an architectural
perspective, residential areas with typical apartment houses look
monotonous, lack vitality and are less aesthetically pleasing [9].

In the Russian Federation, most of the apartment buildings were
constructed between 1960 and 1985 during the Soviet-era, and
as a  result the urban housing stock today consists mainly of a
few  standard building types [10]. Each building series represents a
specific  building design [9,17,27]. Correspondingly, residential dis-
tricts  in Moscow have been built with only a  few building types.
Examples of these building types are clearly defined for example
in [1,10,27]. Therefore the energy demand of the whole district can
be estimated by using these building types and multiplying their
performance with the number of buildings in the area.

In  these buildings natural ventilation is dominating. Almost
no buildings have mechanical ventilation [28,29]. Changing the
inner layout of panel houses is hardly possible because the spacing
between the external and internal bearing walls is small [7,9].

Energy  efficiency of these apartment buildings is typically poor
[10]. The thermal insulation of the precast panel walls does not
meet modern standards. District heating networks supply heat to
about 80% of Russian residential buildings and about 63% of the hot
water used by Russia’s population [30].

2.3. The selected housing district

The selected district mostly represents 4-th Microrayon of
Zelenograd, Moscow (longitude 37◦ east and latitude 55◦ north).
Zelenograd is located about 35 km to the North-West from
Moscow City centre. The district dimensions are approximately
1 km ×  0.5 km.  It represents a typical residential district of Moscow
and Moscow region with high-rise apartment buildings con-
structed for the most part in 1960’s and 1970’s. The district is heated
with district heating. Renovation of such buildings and districts is
needed in the near future.

The  apartment buildings in the area are built between 1966 and
1972. After the initial analysis the most common building type II-
18  was selected to  represent the average building in further studies
since a  comparison of the demands of the buildings showed only
minor differences [1]. There are also a  few other newer buildings
but since these analyses concentrated on modernization of build-
ings, these newer buildings are excluded from the studies.

In  total there are approximately 13 800 residents in the build-
ings that are included in the calculations which is about 0.12% of
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Fig. 1. Overview of the energy analysis process in this study (WinEtana is a computer software for making building energy analyses developed by VTT Technical Research
Centre of Finland).

the total population of  Moscow. The total floor area of the stud-
ied buildings is 327 600 m2 and the total roof area 31,230 m2. The
number of residents is estimated based on the assumption that  the
average occupancy rate per flat is 2.7  persons [10].

3.  Methodology

The principles of the energy chain analyses used are discussed
in [1]. At first the present state was studied by selecting both a  typ-
ical  old apartment building and an entire residential district in the
Moscow region for the calculations. The renovation concepts were
assessed from the perspective of energy demand and associated
environmental impacts. The assessment started with development
of a “Current” energy and water demand model of the most com-
mon  building type (II-18) which represented an average apartment
building. From this model, other renovation models were gener-
ated. The four models where named according to the concept on
which they were based: Current, Basic, Improved and Advanced.

In  this study, the building models were used in the energy
demand analyses of their corresponding district concepts, also
named Current, Basic, Improved and Advanced. Each district con-
cept  was further used to examine different scenarios of energy
production and the resulting environmental impacts. See Fig. 1  for
further clarification of the different steps of the energy analysis
process.

The renovation concepts and energy production scenarios were
selected based on expert experience from field studies of energy
efficient renovations in Finland. These were adjusted to Russian
conditions also taken into account the existing Moscow build-
ing codes for new construction. Relevant detailed building codes,

standards etc. do not exist for renovation. The opportunity to utilize
renewable energy production was also emphasized.

The  scenarios were selected primarily with the view on prac-
tical implementation of building renovations as  follows: (i) only
restoration of buildings to  initial condition, (ii) restoration of build-
ings using nowadays materials available on the market, which
properties have improved over the past 40 years, (iii) significant
improvement of buildings to meet local requirements to  new con-
struction, and (iv) improvement of buildings going beyond the local
requirements to  new buildings but being “normal” to renovation
projects in Finland and Northern Europe.

After the energy demands were analyzed, the life cycle emis-
sions for different energy production scenarios were calculated.
CO2-equivalents, SO2-equivalents, TOPP-equivalents (tropospheric
ozone precursor potential) and particulates were selected to
represent the environmental impact of the energy production
alternatives. CO2-equivalent emission is a total measure, in which
the emissions of different greenhouse gases are summed up
according their global warming potential (GWP) factor [31]. SO2-
equivalent signifies the total acidification potential, which is the
result of aggregating acid air emissions [31]. In the calculation
of SO2-equivalent emissions, the utilized software GEMIS (Global
Emission Model for Integrated Systems software) [32] includes SO2,
NOx, HF, HCl, H2S  and NH3. TOPP-equivalent signifies tropospheric
ozone precursor potential [31]. It is the mass-based equivalent
of the ozone formation rate from precursors, measured as ozone
precursor equivalents. The TOPP represents the potentially forma-
tion of near-ground (tropospheric) O3 which can cause smog. TOPP
includes emissions of NOx, NMVOC (non-methane volatile organic
compounds), CO and CH4 [31]. Particulates have a  significant effect
on  the local air quality level [33].

Table 1
Corresponding emissions for heat and  electricity generation based on the partial substitution method for a 1 heat/0.85 electricity for natural gas  CHP plant, a  1.5  heat/1
electricity for biogas CHP plant and  a  1 heat/0.345 electricity for waste incineration CHP plant.

Emissions into air Heat for natural gas
CHP (kg/MWh)

Electricity  for
natural  gas  CHP
(kg/MWh)

Heat for biogas
CHP  (kg/MWh)

Electricity for
biogas CHP
(kg/MWh)

Heat  for waste
incineration CHP
(kg/MWh)

Electricity for
waste  incineration
CHP  (kg/MWh)

SO2 equivalent 0.59 1.2  1.3  2.0 0.4 0.3
TOPP equivalent 1.3 2.6  0.63 0.97  0.68 0.54
Particulates 0.024 0.047 0.053 0.081 0.006 0.004

Greenhouse gases
CO2 equivalent 285 559 26 40 36 29
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3.1. Emissions calculation

The  values for emissions per produced energy (kg/MWh) were
retrieved from GEMIS [32] and account for the life cycle of the
facility by which the energy is generated. In all, emission values
were retrieved for electricity bought from the Russian grid, natural
gas combined heat and power plants (CHP), (building integrated)
solar photovoltaic (PV), solar collectors, wind farms (WF), Ground
source heat pumps (GSHP), biogas CHP plants, natural gas boilers
and biogas boilers with flue gas cleaning.

The emission values for the natural gas and biogas CHPs needed
to be divided into the proportions for heat and electricity generated.
This was done by the partial substitution method, where the idea is
to  split the emissions into equal parts for the heat/electricity quote
in  relation to the efficiency of the type of energy generated. For this,
the following formulas were used:

ε′
hi = Eh

nh
(1)

εhi = ε′
hi

ε′
hi

+ ε′
ei

× εi (2)

ε′
ei = Ee

ne
(3)

εei = ε′
ei

ε′
hi

+ ε′
ei

× εi (4)

In  equation 1, ε′
hi

denotes the heat energy to efficiency quo-
tient where Eh is the share of heat generated (in combined heat
and power), and nh the efficiency of the heat generation. The cor-
responding denotations for electricity generation are shown in Eq.
(3).  In Eq. (2), εhi represents the partial share of a  certain emis-
sion type i per produced heat while εi is the reference value for
the same emission type (Table 1). The corresponding value for the
partial fraction of a certain emission type coming from electricity
generation is calculated according to Eq. (4).

The εi emission values for natural gas was retrieved for a  1/0.85
(Eh/Ee) heat to electricity quote and 0.9/0.39 (nh/ne)  heat to electric-
ity efficiency CHP plant in GEMIS. The corresponding values were
retrieved for a biogas CHP plant with 1.5/1 (Eh/Ee)  and 0.9/0.39
(nh/ne), and for a waste incineration CHP plant 1/0.345 (Eh/Ee) and
0.9/0.39 (nh/ne). The results for the partial fractions of emission
for heat and electricity of both of the CHP plants types can be
found in Table 1. Values for the other energy technologies are found
in  Table 2. The emissions were thereby calculated by multiplying
the energy produced by the emission factors of the corresponding
energy system (and the partial share of heat and electricity in cases
for  CHP plants) as in (5).

Generated  emissions = Amount of energy produced (ε)

×emissions per unit of energy for specific energy

production (GEMIS) (5)

4.  Energy and emission analyses

4.1. Energy analyses

The  energy demands of several renovated district concepts were
analyzed and compared to that of the Current concept. Each of
the  proposed Current, Basic, Improved and Advanced districts con-
tained buildings with the corresponding level of renovation and
additionally the improvements suggested in Table 3.

In  the Current district, the annual energy demands per floor
area were 219 kWh/m2,a and 47.2 kWh/m2,a for heating and Ta
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Table 3
District level renovation concepts compared to the current status. If not  otherwise stated the improved and advanced solutions always include the solutions mentioned in
the previous renovation.

Technology/system Current status Basic renovation Improved renovation Advanced renovation

Energy production Energy produced in
large-scale  plants,
mainly  using natural
gas.

Increasing
energy-efficiency  of
energy generation
processes

Reduction of emissions
(e.g.  change of fuel, or
flue  gas treatments).

Replacing fossil fuels  with
renewable energy sources (fuel
cells, photovoltaic panels, heat
pumps, etc.) and/or increasing
plants’  efficiency, e.g.
increasing  the share of CHP
plants

District  heating
network (Heat losses,
substations,
flow/energy
adjustment/control)

Poor  controlling High
distribution  losses

Replacing of
distribution pipes (thus
reducing  distribution
losses  of district
heating)  Adding
building-level
substations  and flow
control  valves

Heat  generation plant  is
capable of adjusting
production according to  the
variable heat  energy demand.
Heating network able to buy
excess heat production from
buildings, so called heat
trading  (for example excess
solar heat production).

Electricity distribution Electricity distribution
networks  design does
not  allow to feed
locally  produced
electricity to the grid,
one-way  flow. In some
cases  networks operate
close  to  their limits,
low  power factor
possible,  old
equipment (e.g.
transformers)

Replacement  of old
equipment  and cables,
power  factor and
harmonics
compensation where
necessary

The basic  scenario & review of
automation systems to  allow
for connection of distributed
generation.
Smart  metres (in case of
demand response and local
controllable energy
generation)

Lighting  (outdoor) Energy-efficient street
lighting

Street lighting
designed to  avoid light
pollution

Smart  outdoor lighting (sensor
driven), street lighting
electrified with solar PV’s.

Water purification and
distribution  waste
water  collection and
treatment

Drinking  water not
safe.
High  leakage rate in
water and sewer
networks.
Improvement of
sewage  treatment
efficiency where
needed

Improved  water
purification
technology.
Refurbishment of
water  and  sewer
networks

Smart  water network
Block  scale purification and
treatment (to ensure safe local
potable water and wastewater
treatment)

Waste  Mixed waste collection
>60%  municipal solid
waste (MSW)  landfilled
(27%  incinerated, 10%
recycled)

Increased  recycling and energy
utilization: ∼22% municipal
solid  waste (MSW) landfilled
(24%  incinerated, 54% recycled)

Flexible/multifunctional
use of spaces
Dense  city planning
Transportation

Services  are placed in
nearby  resident
buildings  which
reduces  transportation
needs.
City  structure is rather
dense.

Safe  cycle parking
facilities at  train and
metro  stations.
Cycle lending system
(bike  pools)

Improved cycle routes,
separating  cycles from
cars  and pedestrians.
Improved public
transportation.

Charging points for electrical
vehicles.
Charging points with
embedded  PV panels.

electricity, respectively [1]. The heating demand of the buildings
was estimated to be fully covered by district heating with 20% heat
distribution losses [30], while transfer losses of the electrical grid
were estimated to be 10% [34]. Energy needed for water purification
was estimated to be 7 kWh  of heating and 49 kWh  of electricity per
person in a year, and respectively 23 kWh  of heating and 62 kWh
of electricity for wastewater treatment [35]. Outdoor lighting was
estimated to consume 350 kWh  per lamp per annum, while a  factor
of  0.167 lamps per inhabitant was used [15,36].

The Basic district consisted of buildings where the annual cal-
culated demand of heating was 134 kWh/m2, a and of electricity
was 37 kWh/m2,a. Distribution losses of the district heating net-
work were reduced to 15% by system improvements, while transfer
losses of the electrical grid remain the same as in the Current dis-
trict. The energy demand for water and wastewater treatment was

reduced  by 36% and outdoor lighting by  50% from the previous
concept.

For the Improved district, each square metre of floor area was
calculated to require 104 kWh/m2,a of heating and 33 kWh/m2,a
of  electricity on an annual basis. The losses of the district heating
network and the electrical grid were kept to  the same as in the Basic
district. The energy needed for water and wastewater treatment
was 48% less than for the Current district, while the outdoor lighting
electricity demand was reduced by 70%.

The advanced district was  not only a  further improvement on
the previous district in terms of energy demand. It was  further
used in several scenarios for energy generation from various com-
binations of renewable energy sources. These alternatives will be
discussed further in the emission analyses. The annual energy
demands per square metre of floor area in the Advanced district
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Table 4
Resulting annual energy demand for the district concepts (MWh/a).

Current Basic Improved Advanced

Electricity Heat Electricity Heat Electricity Heat Electricity Heat

Buildings 17  168 89 753 13 495 51 691 12  125 40 194 11  899 24  963
Street lights 806 403 242 242
Water and wastewater treatment 1533 414 981 265 797 215 675 182

Total 19  507 90 167 14 879 51 957 13  164 40 410 12  816 25  146

Table 5
Analyzed energy production scenarios for the different district concepts.

Current Basic Improved Advanced

CHP natural gas x x x  x
CHP biogas x x x  x
A3 scenario: solar panels, ground source heat pumps, electricity from grid  x
A4 scenario: solar panels, ground source heat pumps, electricity from wind farms x
A5 scenario: solar collectors, solar panels, ground source heat  pumps, electricity from wind farms x

were 71 kWh/m2,a and 35 kWh/m2,a for heating and electricity,
respectively. An exception of the Advanced district from the others
is that smart metres are used in the buildings, which lowers their
electricity demand by 5%  (estimation based on [37]). Distribution
losses of the district heating network were estimated at 7% (which
is a typical level in Nordic countries), while transfer losses of the
electricity grid were reduced to 9%. Energy demand for water purifi-
cation and wastewater treatment is now reduced by 56% from the
Current district, while electricity needed for outdoor lighting was
70% less.

The data for distribution losses of the district heating network
and the transfer losses from the electrical grid used in the models
were derived from [34,38]. Radocha and Baumgartner [36] and Ech-
elon [39] were consulted for estimating electricity consumption of
the  different district concepts. Corresponding values for water and
wastewater consumption have been obtained from [27,40].

Calculations  show that the energy need is mainly affected in
the  Basic and Advanced concepts. This has mostly to  do with the
fact that the buildings are accounting for close to all the energy
demand of the case district. The calculation results are shown in
Table 4 where the energy demand of the district has been catego-
rized into buildings, outdoor lighting, and water and wastewater
treatment. Transfer and other losses have been accounted for in
the  numbers presented. Looking at electricity and heating demand
separately, it is notable that the potential for reduction is 34% and
72%, respectively.

It  has to be noted that transportation or other services resulting
in further energy demand were not accounted for in the district
energy analyses that have been carried out. These usually form a
significant share of the total energy consumption in a  district but
were left outside the scope of the analyses where the focus was
on buildings and infrastructure. Also, some of the improvements
presented in Table 3 are directly related to pollution or the comfort
level of the inhabitants, and would not be notable in the results
from the energy.

4.2.  Emission analyses

All  the concepts presented were further extended with differ-
ent scenarios of how the energy needed is either being acquired
or produced within the area and the amount of emissions that this
would result in. As shown in Fig. 1, altogether 11 district energy
production scenarios were analyzed. All the district concepts had
two  scenarios, except the Advanced, which had five in total.

Since  almost all energy produced in the Moscow area comes
from natural gas [41], the scenario of heat and energy production

from  natural gas (Nat) was created for each district type. To evaluate
the opportunity for using renewable energy, a scenario where natu-
ral  gas is being replaced by  biogas (Bio) was  additionally examined
for each scenario. Table 5  summarizes the scenarios analyzed.

For  the Advanced district concept the A3, A4 and A5 scenarios
involving renewable energy were created in addition to the natural
and biogas scenarios. In the A3 scenario, solar panels (PV) mounted
on the roofs of the buildings was calculated to  cover 7.5% of the
total electricity demand, while the rest would be bought from the
Moscow grid. All the heating needed would in this scenario be pro-
vided by ground source heat pumps (GSHP), which on the other
hand would consume a  considerable amount of electricity. The A4
scenario differed from the A3 in the way  that all grid electricity was
bought from a  wind farm (WF). In addition to the A4 scenario, 30%
of  the energy needed for domestic hot water in the district was  pro-
duced by solar thermal collectors (STH) in scenario A5. This  would
eventually lead to fewer boreholes and less electricity needed for
ground source heating.

4.2.1. Emissions for the Current district
The reference emissions of the Current district (Moscow Ref.)

were calculated using the equivalent values for the whole Moscow
multiplied by the number of inhabitants in the selected district.
Heating energy in Moscow is up  to 70% generated by large scale
combined heat and power (CHP) plants, 5% by small scale CHP
plants and 25% by heat only boilers (HOB) [42]. This corresponds
to 79.290 GWh  of heat generated by the large scale CHP plants,
5.664 GWh  from the small scale CHP plants and 28.318 GWh  from
the heat only boilers. The fuels used in large scale CHP plants are
98% natural gas, 1.4% coal and 0.6% heavy fuel oil. The fuel used in
both  small scales CHP plants and HOBs is 100% natural gas [42].
The fuels were in the calculations presumed to  be 100% natural
gas since the share of coal and heavy fuel oil  was  considered to
be insignificantly small in comparison to the total. The total elec-
tricity production corresponding to the consumption in the city1

was split into 45.045 GWh  produced at large-scale CHP plants and
3.234 GWh  produced at small-scale CHP plants. The emission val-
ues  for the Moscow reference case were calculated based on this
data.

Based on the calculated energy demands (Table 4) the emissions
for the Current district were calculated both for the existing natural

1 The City of  Moscow is characterized by a  surplus electricity balance, i.e. more
electricity  is produced than it is consumed and the excess is exported to  the sur-
rounding Moscow region.
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Fig. 2. CO2-equivalent emissions of the district energy production scenarios.

Fig. 3. SO2-equivalent emissions of  the district energy production scenarios.

gas CHP plant and for an alternative biogas CHP plant. The emission
from all the scenarios are pictured in Figs. 2–5.

4.2.2.  Emissions for the Basic and Improved district scenarios
The  annual emissions from natural gas CHP energy production

and from biogas CHP energy production for both the Basic dis-
trict scenarios and the Improved district scenarios were calculated
based on the energy demands (Table 4) and corresponding distri-
bution losses. See Figs. 2–5 for results.

4.2.3.  Emissions for the Advanced district scenarios
The advanced district scenario is a further improvement of the

Improved district case in terms of energy demand (Table 4). Addi-
tionally, it contains several alternatives for energy generation from
various combinations of renewable energy sources: natural gas
CHP  biogas CHP, building integrated solar photovoltaic (BIPV), solar
collectors (STH), ground heat pumps, wind farms and electricity
bought from the grid. The emissions from these can be found in
Figs. 2–5.

Fig. 4. Particulates of the district energy production scenarios.
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Fig. 5. TOPP-equivalent emissions of the district energy production scenarios.

For generating energy from solar radiation, the photovoltaic
potential estimation utility Photovoltaic Geographical Information
System (PVGIS) was used for estimating solar irradiation in Moscow
[43]. According to this, the average yearly solar radiation on a  hori-
zontally inclined surface is 1.154 kWh/m2 for an optimal surface in
Moscow that has an inclination angle of 39◦ and south-orientation.

The annual electricity generation of the solar photovoltaic (PV)
system was calculated as  follows. Using CIS technology based
solar panels (copper–indium–selenium) would give an  annual gen-
eration of 1.060 kWh/kWp (temperature and reflectance losses
included) which means that  for every kW-peak power installed
we get a 1.060 kWh  of electricity in a year. Further losses (wiring,
inverter, array mismatch and distribution) of the PV system were
estimated to be a total 20% of the whole production [43,44]. The
peak power per square metre ratio for the system was  presumed
to be 0.125 kWp/m2 [45]. The same number was  multiplied with
half of the roof surface of the buildings in the district for estimat-
ing the total annual electricity generation. Half of the roof area of
the  district was accounted for installing solar panels, and further
that the roofs were horizontal which meant that solar panels could
be  oriented and inclined for optimal solar gain. The total annual
production from the PV system is 1.655 MWh.

Solar  collectors are estimated to cover for 30% of the energy for
heating of domestic water which is a  rough estimation based on
the results of a pilot project in Helsinki in Finland [46]. The per-
formance of solar thermal heat (STH) systems that were installed
on multi-storey buildings was evaluated in the report. However,
the saving potential of STH varies with solar radiation availability,
system efficiency, outside temperature and utilization of heat col-
lected which all complicates any accurate prediction. By accounting
for solar thermal energy, the yearly demand for domestic water
heating for an Advanced building will decrease from 32 kWh/m2

to 23 kWh/m2 resulting into a total heat demand of 61 kWh/m2.
This  means that the total heating energy needed for the buildings
in the Advanced district will become 20.011 MWh/a which is over
14%  overall decrease when including solar thermal heating. One
collector square metre produces annually 200–400 kWh  for differ-
ent types of systems and locations in Finland [47], and 450 kWh
in Germany [48]. Results from PVGIS shows that the potential in
Moscow is closer to that of Berlin than Helsinki. The value 400 kWh
was used meaning that the total needed surface area needed for
the  solar collectors would be 8.011 m2. The solar collectors might
be roof-installed or placed on an open field and thereafter inter-
connected to form a large scale solar thermal heating system. The
solar  panels would occupy around 50% of the roof total roof area of
the  buildings and the collectors around 30% in case they were to  be
roof-top mounted.

The ground source heat pumps (GSHP) were decided to have a
coefficient of performance (COP) value of 3, which means that each
unit of electricity put in will generate three units of heat. Depend-
ing on how much heating is required there will be a certain amount
of  vertical boreholes needed for the ground source heating pumps.
The amount of boreholes was calculated by calculating the total
pipe length needed and dividing this with twice the maximum
depth of a  vertical borehole (200 m).  Based on the demanded heat-
ing energy Dh,  the length L of the pipe is calculated by

L  = Dh

G
× 0.67 [49] (6)

The term G denotes the extractable amount of energy from
ground which depends on the type of soil. In this study, the soil
was assumed to be clay with the amount of extractable energy of
55  kWh/m3. The value 0.67 in formula 1  comes from the ration of
heat production for a GSHP with a  COP value of 3. The pipe length
can be twice the depth of a  vertical borehole since it makes a  loop
in  the end and return back to the surface again. This means that the
total  amount of vertical boreholes was  calculated by dividing the
total  pipe-length for the whole district by 400.

Boreholes are to be placed 15 m from each other [49], which
means that one borehole occupies at most 177 m2 of ground sur-
face. It has been considered that each II-18 building has a  total
floor area of 4.911 m2 while the total floor area of the district is
327.581 m2. The district scenarios in this study were considered to
contain solely of II-18 buildings which means that the number of
buildings in each scenario is 67. This number was later used for
calculating how large area is required around each building for the
installation of the boreholes.

In the alternative 3, 7.5% of the total electricity demand is gener-
ated by building integrated solar panels (BIPV), a total of 15  600 m2

of panels, while the rest is bought from the grid. These would
occupy half  of the roof area as earlier mentioned. The  heating
demand is covered by ground source heat pumps (GSHPs) which
in  turn demand a  considerable amount of electricity (included in
the  total demand). This alternative would require 556 boreholes
and the ratio between the floor area and area needed for GSHP is
1/0.382. The energy demand and generation for this alternative are
shown in Table 6 and the generated emissions in Table 7.

Alternative  4 is similar from the previous alternative except from
the part that the additional electricity from the grid will be bought
from wind farms (WF) located elsewhere. The energy demand and
generation for this alternative are shown in Table 8 and the emis-
sions in Table 9. The solar photovoltaic efficiency, and amount of
boreholes and the area required for these are the same as  in Alter-
native 3.
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Table 6
Energy demand and generation for the advanced district alternative 3.

Annual energy demand (MWh/a) Annual energy generation (MWh/a)

Type Heat Electricity Type Heat Electricity

Buildings 23  379 9943 BIPV 1655
Water and wastewater treatment 182 675 GSHP 23 561
Street lights 242 Electricity from the grid 17 057
GSHP 7854

Total 23  561 18  712 Total 23 561 18 712

Table 7
The  emissions for the Advanced district scenario alternative 3 (A3: PV + GSHP +  bought. .  .).

BIPV (kg/a) GSHP (kg/a) Grid (kg/a) Waste incineration (kg/a) Total (kg/a) Total per person
(kg/a/p.p)

Emissions into air
SO2-equivalent 291 293 59  378 2494 62  456 4.5
TOPP-equivalent 265 363 37 260 4613 42 500 3.1
Particulates 43 54 7794 38 7929 0.57

Greenhouse gases
CO2-equivalent 181 817 90 342 8  792 514 244 317 9 308 990 674

Table 8
Energy demand and generation for the advanced district alternative 4.

Annual energy demand (MWh/a) Annual energy generation (MWh/a)

Type Heat Electricity Type  Heat Electricity

Buildings 23 379 9943 BIPV 1655
Water and wastewater treatment 182 675 GSHP 23  561
Street lights 242 WF 17 057
GSHP 7854

Total 23 561 18  712 Total 23  561 18 712

In the alternative 5, solar collectors (STH) are producing 30%
(8000 m2) of the heating energy needed for the domestic hot water.
The  rest of the heat demand is covered by ground heat pumps
(GSHP) which use also electricity for operation. Solar panels (PV)
are  producing the same amount of electricity as in alternatives
3 and 4 while the rest of the electricity demand is generated by
wind farms (WF). The total amount of boreholes in this case is 458
which is less than for the precious cases since a  share of the heat-
ing demand is covered by  solar collectors. The ratio between the
floor  area and area needed for GSHP is thereby 1/0.314. The energy

demand  and generation for this alternative are shown in Table 10
and  the emissions in Table 11.

4.2.4. Comparison of the different district cases
Generated emissions from the different scenarios are compared

to each other and the value for the Moscow area (Moscow ref.)
in  Fig. 2 (CO2-equivalent emissions), in Fig. 3 (SO2-equivalent
emissions), in Fig. 4  (particulates), and Fig. 5  (TOPP-equivalent
emissions). The Moscow reference values are average emission val-
ues  from energy production for the whole of Moscow. In order to

Table 9
The  emissions for the Advanced district scenario alternative 4 (A4: PV + GSHP +  WF).

BIPV (kg/a) GSHP (kg/a) Wind farms (kg/a) Waste incineration (kg/a) Total (kg/a) Total per  person
(kg/a/p.p)

Emissions into air
SO2-equivalent 291 293 1073 2494 4151 0.30
TOPP-equivalent 265 363 1436 4613 6677 0.48
Particulates 43 54 241 38 376 0.027

Greenhouse gases
CO2-equivalent 181 817 90 342 448 794 244 317 965 270 70

Table 10
Energy demand and generation for the advanced district alternative 5.

Annual energy demand (MWh/a) Annual energy generation (MWh/a)

Type Heat Electricity Type  Heat Electricity

Buildings 23 379 9943 BIPV 1655
Water and wastewater treatment 182 675 GSHP 20 356
Street lights 242 STH 3205
GSHP 6785 WF 15 989

Total 23 561 17  644 Total 23  561 17 644
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Table 11
The  emissions for the Advanced district scenario alternative 5 (A5: STH + PV +  GSHP + WF).

BIPV (kg/a) GSHP (kg/a) Wind farms
(kg/a)

STH  (kg/a) Waste incineration
(kg/a)

Total  (kg/a) Total per person
(kg/a/p.p)

Emissions into air
SO2-equivalent 291 246 1001 636 2494 4667 0.34
TOPP-equivalent 265 304 1340  573 4613 7095 0.52
Particulates 43 45  224 132 38  482 0.035

Greenhouse gases
CO2-equivalent 181 817 75  745 418 716 118 005 244 317 1 038 600  75

be comparable, these have been converted to  emissions per inhab-
itant and thereafter multiplied by the number of inhabitants of the
case district.

Using biogas instead of natural gas would result in larger
reduction of CO2- and TOPP-equivalents but higher levels of SO2-
equivalents and particulates with all examined solutions. The
reduction potential is especially high for CO2-equivalents which
can be reduced to below 10% for each scenario when switching
to biogas. Buying electricity from the grid is not favourable and
would cancel out the effect of using ground source heating pumps
for  reducing emissions in alternative 3.

By comparing the emission levels, alternative 4, involving PV,
GSHP and WF,  would generate lowest emissions. However alter-
native 5, involving STH, PV, GSHP and WF,  was almost as  good
alternative because energy produced by a ground source heat pump
is  considered to result in fewer emissions than energy produced by
solar  collectors due to the fact that the electricity used by the heat
pump was produced by wind energy. Storing excess heat from the
solar collectors in the ground during hot seasons (summer) with
help from GSHPs was not considered. Taking this into account could
possibly have made alternative 5  the winning scenario.

5.  Discussion and conclusions

5.1.  Conclusions

At  the district level, different improvement scenarios in terms
of energy demand, energy production and emissions were ana-
lyzed. The district scenarios, named Current, Basic, Improved and
Advanced, comprise the building renovation cases of the most typ-
ical  apartment building type. The improvements accounted for
in  the district scenarios were the energy consumption of build-
ings, outdoor lighting, water purification, wastewater treatment,
and transfer losses of district heating and electrical grid, and
energy generation from renewable energy sources. Several studies
[14,15,50–54] show the technical feasibility of renewable energy
solutions in Russia.

Considerable energy savings could be achieved in a  district
through different modernization scenarios. Even with the basic dis-
trict concept, the total annual electricity demand would reduce 24%,
and  the total annual heating demand 42% according to calculations.
With the improved district concept, the corresponding reductions
would be 33% and 55%. With the advanced district concept, poten-
tial reductions would be 34% for electricity demand and 72% for
heating demand. It is clearly seen that savings in heat demand are
easier to achieve than savings in electricity demand. One reason
for  this is that electricity demand is more connected to people’s
behaviours than the heat demand and is therefore harder to cal-
culate and forecast. Almost all renovation activities also improve
the quality of living, one such is the instalment of mechanical ven-
tilation which often lower heat demand but increases electricity
demand. It needs to be understood that a  holistic approach to  the
analysis of the renovation activities is essential to draw the right
conclusions.

The importance of analyzing the whole energy chain becomes
evident when looking at cases where heat losses in the heat dis-
tribution network are very big and heat exchangers are lacking
between networks and the buildings (as  is the case in Russia).
This leads to  a  situation where the reduced energy demand in a
building does not lead to savings in the beginning of the energy
chain but may instead even lead to overheating of the building. The
energy saving investments might then be beneficial for the build-
ing occupants (if the investments also include control devices), but
looking at the total benefits for the society such renovations would
not  bring such benefits as reducing air pollution, global warm-
ing, unnecessary investments into utility-level energy (and water)
infrastructure etc.

The  emission analyses show that the amount of each emis-
sion type produced might depend on different factors. As  for
CO2-equivalents, changing fuels from natural to biogas would be
an efficient choice of reduction. The same also goes for TOPP-
equivalents, where it can be noted that changing fuel type would
result in further reduction than implementing the next standard
(e.g. Current to  Basic) renovation. However, doing so would on
the other hand also result in twice the amount of produced SO2-
equivalents and particulates. Concluding, producing energy from
other renewable technologies than biogas, such as ground source
heat pumps, solar panels, solar collectors or wind turbines, would
be a  better solution than switching to biogas when it comes to
reduced SO2 particulates emission levels compared to the current
situation.

It can be concluded that  there is no straight forward answer to
which scenario is the best one, not even in terms of reduced emis-
sions. Looking at CO2 and TOPP emissions gives another conclusion
than looking at SO2 and particulates emissions. It needs to be clear
what the objectives of the improvements are in order to make the
right  decisions in choosing the most efficient improvement sce-
nario.

6.  Discussion

There is no relevant scientific literature related to  energy ren-
ovations of Russian residential districts, this study can be seen as
a  pioneer and forerunner in this sector. Even though the district
examinations were made to  one pilot area, their results can be gen-
eralized to other similar residential areas existing in Moscow as
well  as  in other parts of Russia. The energy renovation of such dis-
tricts requires often improvements to  the whole energy chain while
many building level renovations would only improve the energy-
efficiency of the building itself. This means that if  the same amount
of  energy is supplied to the building through uncontrollable dis-
trict heating, the building energy consumption and emissions do
not  reduce.

The performed analysis highlights also the issue of a  wide vari-
ety of stakeholders being involved in such renovation activities. City
planning aspects need to be considered for example when consid-
ering the need for land use for bore holes or local heating plants.
The roof top solar installations’ inclination angles influence the
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solar energy production etc. Energy companies naturally have a  big
role  in the infrastructural renovations of the energy infrastructure
both considering production plants and the transmission lines and
pipes.  Ownership and management questions regarding ownership
of energy plants, transmission networks and the buildings play a
role  in making the concepts realized.

Business models for carrying out such large scale renovation
activities need to further investigated. The benefits of the different
stakeholders, the incentives for realizing energy efficient district
renovation concepts need to be elaborated. If energy is being sub-
sidized the economic incentives might be lacking. If investments
are paid by other stakeholders than the ones getting the benefits
there is a barrier for executing the concepts. Public authorities need
to  have a clear role and strong will to make the concepts become
reality.

Based on the result of this study it  can be concluded that the
renovation of a neighbourhood should not be restricted to the
renewal of houses, but should be extended to the whole territory
and whole energy chain in order to  achieve the holistically best
results. Furthermore, this study has shown (see Figs. 2–4) that the
emissions to air correlate not only with energy efficiency, but are
also  highly dependent on the source of energy. For certain types of
emissions (e.g. particulates) the effect of energy source is especially
pronounced.
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� We have created a tool for assessing energy efficiency of detailed city plans.
� The energy source is the most important factor for efficiency of districts in Finland.
� Five case districts in Finland were analyzed.
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a b s t r a c t

There is an increasing political pressure on the city planning to create more energy efficient city plans.
Not only do the city plans have to enable and promote energy efficient solutions, but it also needs to be
clearly assessed how energy efficient the plans are. City planners often have no or poor know how about
energy efficiency and building technologies which makes it difficult for them to answer to this need
without new guidelines and tools. An easy to use tool for the assessment of the energy efficiency of
detailed city plans was developed. The aim of the tool is for city planners to easily be able to assess the
energy efficiency of the proposed detailed city plan and to be able to compare the impacts of changes in
the plan. The tool is designed to be used with no in-depth knowledge about energy or building
technology. With a wide use of the tool many missed opportunities for improving energy efficiency can
be avoided. It will provide better opportunities for sustainable solutions leading to less harmful
environmental impact and reduced emissions.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The buildings sector has been recognized as a key sector of the
economy in improving sustainability. The United Nations panel on
climate change IPCC has estimated that the greatest greenhouse
gas reduction potentials are available in buildings (IPCC, 2007).
Concerning Finland, it has been estimated that a few percent
higher investment in energy efficient construction and renovation
can decrease total primary energy consumption of the country
4–5% by 2020 and 5–7% by 2050 (Tuominen et al., 2013).

Various environmental assessment tools have been developed
for the building sector to improve sustainability and support
decision making during the past few decades. Recently the focus
of assessing energy efficiency and sustainability of built environ-
ment has expanded from single building level into neighbour-
hoods, district and even city level assessments (Haapio, 2012).
There are already lots of different assessment tools for evaluating
energy efficiency and sustainability, such as internationally well

known LEED for Neighbourhood Development (LEED, 2011),
BREEAM Communities (BREEAM, 2012) as well as CASBEE for
Urban Development (CASBEE, 2007) and CASBEE for Cities
(CASBEE, 2011). In addition, national assessment tools and frame-
works for sustainable built environment are developed in specific
projects in Finland. Lahti et al. (2010) developed a tool for
evaluating eco efficiency of areas in the city of Helsinki.

Energy efficiency is one of the key targets for city planning, but
at least among Finnish city planners, there is a lack of tools for
evaluating the energy efficiency of districts. Especially support is
needed when estimating the effects of different decisions and
actions within a district. Feedback from city planners has shown
that the existing tools are rather complicated to use and take too
much time. A need for an easy and fast tool was expressed in the
feedback. To fulfil this need, a tool for rating energy efficiency of
Finnish districts was developed in Ekotaajama project between
2010 and 2012.

The target was to provide a quick and easy-to-use tool for
evaluating energy efficiency of districts for city planners, focusing
on aspects that can be influenced on a detailed city planning level.
Energy efficiency rating is based on primary energy use, in order to
take into account both the energy demand and the energy source.
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It is possible to evaluate different areas, for example with
centralised energy production systems, such as district heating,
but also distributed energy production and separate energy
production systems of buildings. Energy demand is being assessed
mainly through the energy classification rating system taking the
heating and electricity demand of buildings into account.

The decision to use primary energy as the indicator was done
because of many reasons. The tool was to indicate energy efficiency,
not low emissions. The use of primary energy supports the energy
efficiency rating taking the whole energy chain into account. If
emissions were to be used, it should be assessed which emissions to
take into account and with what weighting factor. The common way
to use only CO2 eqv as indicator was dismissed because of many other
emissions also having an important role. One example is particle
emissions. In rural areas small scaled wood heating is common and
can create lots of particle emissions which can have negative impacts
on the local air quality. The tool was based on the energy classification
rating systems which are based on primary energy demand; this was
another reason for choosing primary energy and using the same
primary energy conversion factors as in the energy classification rating
system. The energy classification rating was in turn chosen because it
enables city planners to easily evaluate the energy demand of the
buildings without having building physics knowhow.

1.1. Finnish city planning processes

To better understand the use of the tool, a short description of
the city planning process in Finland is given below.

The Land use- and Construction Law (LCL), that contains rules
for both land use planning and instructions for constructing, was
founded for the purpose of creating a healthy, safe and comfor-
table living environment where the needs of different population
groups are taken into account. The purpose of the law is to:

� organize land use and constructing objectives to provide for
good living environment,

� promote development in terms of ecological-, economical-,
social- and cultural sustainability, and

� secure the possibility of individuals to take part in preparation of
matters, quality of planning and interactivity, versatility of exper-
tise and open publicity (Ministry of the Environment, 2012b).

Fig. 1 illustrates the hierarchy chain of urban planning in
Finland. The Finnish Ministry of the Environment elaborates the
Nationwide Objectives for Land Use (NOLU) based on the Land
use- and Construction Law, international agreements and EU
directives. The NOLU is for balancing the development of regions
and therefore also dictating all of urban planning in the country. It
contains strategic decisions on higher level such as those con-
cerning nationwide road- or rail networks and harbours. Based on
the NOLU regional councils prepare their regional plans which are
to be approved by the Ministry of the Environment (FINLEX, 1999).

Each regional council prepares a land use plan for their own region
which usually involves several municipalities. The regional plans in
turn serve as a frame for urban planning in the municipalities. Urban
planning on a municipal level is about bringing forth a master plan, a
town- or detailed plan and in some municipalities also a shore plan.

The master plan is made to direct the development and land
use for the municipality as a whole, while a detailed plan is more
specific and concerns certain areas of the municipality. The master
plan forms in that sense a bigger picture that detail plans must fit
into. The shore plan on the other hand dictates the use of shore-
land (often for vacation settlement) (FINLEX, 1999).

An important issue is that all municipalities do not have equal
resources allocated to urban planning. Larger municipalities or cities
have in general more resources than smaller municipalities, usually

they have an own city- or urban planning department for developing
both the master- and detailed plans. Urban planning departments
mainly consist of architects and might often include land surveyors as
well. Smaller municipalities may not have a department for urban
planning and might therefore outsource some of the tasks to compa-
nies or consultants. Also, the responsibility of urban planning belongs
to the head of urban planning department in larger municipalities,
while in smaller municipalities it might be appointed as one of the
tasks of a head engineer or technical manager. This further underlines
the unequal prerequisites for urban planning between municipalities
in Finland (Löytönen, 2011; Simons, 2011; Tommila, 2011).

The master plan is as earlier mentioned a general plan for
directing the societal structure and land use of a municipality in its
entirety. Existing social structures, economic- and ecological sus-
tainability and natural values are to be paid attention to when a
master plan is being developed. It also has to secure the inhabitants
accessibility to social infrastructure and services such as water
supply and sewage, energy- and waste management and roads.

A master plan could also be made for only a part of a municipality
(partial-master plan) or jointly made by several municipalities
(jointly drafted plan) (Ministry of the Environment, 2012b). The
objectives and restrictions of a master plan are to be considered for
the preparing of detailed plans. The detailed plan in turn defines the
land use and construction of certain areas by taking into account
local circumstances, city and scenery picture, and good construction
methods (FINLEX, 1999).

A detailed plan includes a map where borders are declared for
the planned areas. The map also contains information about what
purposes different areas are going to be used for, the level of
construction and principles regarding the localization and size of
the building and also the method of construction when needed.
Both the master and detailed plan are approved by the municipal
council. According to the land-use and construction law, those
people who are affected by the plans are also given the right to
influence them (FINLEX, 1999).

Once a detailed plan is approved, it is the task of the building
inspector to follow up on its implementation. The building inspector
is responsible for ensuring that all construction is following plans
and regulations, and that the built environment is safe and sustain-
able. They also grant building rights, offer counselling when needed,
and decide in the end when a building can be brought into service
(Ministry of the Environment, 2012b).

In the development of this energy efficiency rating tool, detailed
city planning areas are considered as districts. One detailed city plan
being one district. In the development project, Ekotaajama, five

Fig. 1. The hierarchy chain of urban planning in Finland (FINLEX, 1999).
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districts were analysed. The districts were small with a resident
number varying between 85 and 180. The considered districts were
all in rural areas in the Jyväskylä region and consisted mainly of
residential one family houses. Two case areas also included also
industrial buildings. However, the developed tool can be used for
larger districts as well, and it can also include high rise buildings and
other than residential buildings. The analysed cases are representing a
very common residential district type in rural Finland. In this article a
brief comparison of the different case districts are presented and one
case district has been chosen for more in-depth sensitivity analysis.

2. Methodology for developing the energy efficiency rating
tool for districts

The aim was to develop an energy efficiency rating tool for
districts. The main target group of the tool users were city planning
professionals. They may not be familiar with construction and

energy production technologies. This fact was taken into account
in the tool development. In practise, the tool had to be easy and
quick to use. The rating tool is spreadsheet based, and is freely
available in the internet (Jyväskylä Innovation, 2012). The input
section of the tool is presented in Fig. 2.

An example of the results provided by the district energy rating
tool is presented in Fig. 3. The format of the rating resembles the
energy rating of buildings used in Finland.

Energy efficiency rating is based on primary energy consump-
tion, in order to take into account both energy demand and used
energy source. The tool is designed to compare different solutions
within one district; therefore results comparing different districts
are not comparable with each other. In order to get a good
understanding about the expectations for the tool discussions
were held with city planners from the five case cities in the
Ekotaajama project. Additional to these interviews the results from
a questionnaire that was done for city planners in another project,
Ensio, was used.

Fig. 2. The input and results sections of the rating tool.
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2.1. Questionnaire to city planners

A web-based questionnaire study was performed during
January 2012 regarding the city planners and building inspectors
views on energy related questions in the city planning process.
The aim was to find out the level of knowhow and the need for
supporting tools and guidelines. The questionnaire was sent to 100
city planners and 350 building inspectors covering all of Finland.
There were 92 respondents, 58 from the building inspection and
32 from the city planning. There are 320 cities and communities in
Finland (Kuntaliitto, 2013). The questionnaire was sent to over 300
cities and communities in Finland, answers received were 92. This
represents about one third of the cities in Finland, which can be
regarded as good hit rate and the results can be considered
representative for the cities in general.

One of the results was that the term primary energy was rather
unknown. Only 53% of the building inspectors and 63% of city
planners answered that the term was familiar. This might be an

issue to take into account when distributing the tool, since the
calculations are based on the energy conversion factors and that
needs to be clarified for the users.

The familiarity of different energy systems was also surveyed
(see Fig. 4). District heating was very familiar solution, as could be
expected since it is very commonly used in Finland. Surprising was
that CHP (combined heat and power production) was unknown,
70% of the respondents didn't know at all what CHP is. This shows
that the terminology used with energy experts and city planner
experts is not always common. Most of the common renewable
energy systems were rather well known. Solar energy systems
received unexpectedly some “not known at all” answers.

The questionnaire also showed that it is felt as challenging to
compare different energy systems and only a small portion of the
respondents knew how they could improve the usage of renew-
able energy through the city planning.

Other challenges were the communication with decision makers,
lack of resources and the information being to spread out and not

Fig. 3. The result diagram of the district energy rating tool.

Fig. 4. Results of the questionnaires question “How familiar are the following energy systems?”
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enough processed. These are aspects that can be eased by the tool
developed while it easily compares different alternatives and shows
the energy efficiency rating of the district in a clear and under-
standable form.

2.2. Energy demand of buildings

City planners often have no building technology background. In
order for them to be able to assess the energy demand of buildings,
the energy labels assigned by energy certificates were used. The
energy label rating system of each specific building type, such as
detached building, has an individual scale of energy consumption for
the labels from A to G. In Finland, current building regulations
require that for each building the energy class (E-number) has to be
calculated. Therefore it is an easy way to steer energy efficiency by
demanding tighter E-numbers in the city plan or in the plot assign-
ment stipulations. The plot assignment stipulations is an instrument
used by the local authority to give detailed binding instructions
about building and the use of the environment for private devel-
opers, in case the local authority as a landowner assigns (sells) the
plot to a private developer for building, or the issue is agreed on in
the land use agreement.

The Finnish E-number describing the total energy demand of the
building was used as basis for the rating. It entails all energy use in
building, including electricity, heating energy, and cooling energy
demands. In addition, the energy source used is also taken into
account in the E-number of the building by multiplying the energy
demands with energy conversion factors of used energy sources. The
number is a theoretical value, whereas the actual realised energy
demand is naturally dependent on the inhabitants' behaviour and
the sizes of the families living in the houses. It needs to be clearly
stated that more specific energy calculations need to be done before
making any investment decisions regarding the energy systems of a
district (Ministry of Environment, 2009, 2012a).

For some building types there is no E-number system, (industrial
buildings, churches etc.). For these kinds of buildings, a classification
value was given in the tool to give estimates what is “normal energy
demand level” and “low energy demand level”, which were based on
the estimations provided by a Finnish construction element manu-
facturer (SP Elements, 2010).

Even though the tool does not go into details concerning electrical
appliances in houses, saunas in buildings are still considered. This is
because an electrical sauna has a significant effect on the electricity
demand of a building, and especially on the maximum power peak
load of the building. The power demand of a sauna oven is normally
6 kW. Using a sauna 3 times a week, one hour at a time, which is
rather common in Finland, causes a yearly consumption of over
900 kW h per household. The tool has options for electrical or wooden
heated sauna. In multi apartment buildings it can be chosen whether
all the apartments have their own saunas or if the apartment has one
common sauna. Saunas are culturally very important for the Finnish
people. Even in new small city apartments small saunas are common.
In one family houses and terraced houses close to 100% of the
apartments have saunas. It is therefore very unlikely that we will
see city plans in Finland forbidding saunas, at least in one family
houses. There are, however, ways to increase the energy efficiency of
saunas by decreasing the numbers and the usage of the individual
saunas by offering a nice commonly used sauna in the district.
Planning a nice and luxurious common wooden heated sauna in the
area, for instance by a lake's shore, can be a better alternative than the
own electrical small saunas in each building.

2.3. Analysis of energy production, distribution and source

To ensure the simple usage of the rating tool, the heating energy
source is chosen based on the heat production systems, which were

divided to renewable energy systems, heat pumps, fossil fuels and
electricity. Similar classification of used energy sources and their
energy conversion factors are used in the Finnish building regula-
tions from 2012 (Ministry of Environment, 2012a). Used energy
sources and their energy conversion factors are presented in Table 1.
These energy conversion factors aim to represent the primary energy
consumption of different energy sources in Finland. The Finnish
electricity production mix is presented in Fig. 5. Additional to this
13.9 TW h (16.5% of the total demand) was imported in 2011
(Statistics Finland, 2011).

For each building type, the user of the tool has the possibility to
select three different heat production systems. This is convenient
especially when larger districts are analysed and buildings might
not have uniform heating systems.

For ground heat pumps an estimation of yearly Coefficiency of
Performance (COP) of 2.5 is used in the rating tool. This COP factor is
set in the Finnish building regulations for the calculation of energy
consumption of building, if better performance of heat pump cannot
be proven (Ministry of Environment, 2007 D5). The electricity that the
heat pump uses is converted to primary energy with the factor
1.7 according to Table 1. The heat distribution losses of district heating
network are analysed on a rough level. This was done by analysing the
statistic of all Finnish district heating network statistics provided by
the Finnish Energy Industries (2009). The statistics have data about all
Finnish district heating systems, including the length of the district
heating networks, the total energy consumption in a certain district
heating network and the heat distribution losses of the district heating
networks (as relative to energy production). Analysis was done firstly
by the calculating the key ratio of heat consumption density (MW h/
m) by dividing in the total heat consumption per year (MW h) with
the total length (m) of the network. This heat consumption density is

Table 1
Energy conversion factors in Finland (Ministry of Environment, 2012a).

Energy conversion factor (used in
calculating of Finnish E-number)

Electricity 1.7
District heating 0.7
District cooling 0.4
Fossil energy sources 1
Renewable energy sources (including

wood and wood based and other
biofuels)

0.5

Fig. 5. The Finnish electricity production mix. Additional to this 13.9 TW h (16.5%
of the total demand) was imported in 2011 (Satistics Finland, 2011).
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mapped to the relative heat distribution losses of the distribution
network, as presented in Fig. 6.

As a result of this analysis it seems that heat distribution losses
from the distribution network tend to decrease when the density
of the built area increases, as presented in Fig. 6. This is due to the
increased energy consumption per distance of district heating
network. This dependency was taken into account in the tool. The
estimation of heat distribution losses was added to the total
energy demand, if a district heating system was chosen as the
used energy system in the tool. The calculated estimations of heat
distribution losses are presented in Fig. 6.

The consumption density of majority of district heating networks
is between 1 and 3 MW h/m. The variation in the relative losses
presented in Fig. 6 on this range can be explained by the large
number of different types of district heating networks as in such
large array there is variation on the qualities and properties of the
district heating networks. As Fig. 6 illustrates, the distribution losses
may provide a substantial addition to the total energy consumption
of the district. Thus, a correlation between the density of energy
consumption (and thus, the density of the built area) in the district
and the share of heat distribution losses from district heating from
the energy consumption of the buildings was made. The share of
losses relative to area density is presented in Table 2.

In addition to renewable heat sources, also renewable electricity
production was taken into account. An input value in the tool is the
percentage value of how much of the district's electricity need is
produced in the district from renewable energy sources. The approx-
imate electricity demand of the buildings can be derived from the E-
number. A guideline is needed for city planners to assess howmuch of
the electricity need of a district can be covered locally in the district
with different installations of photovoltaic panels or wind turbines. For
getting actually realistic and accurate energy production potentials,
simulations would be needed. There are, however, no suitable
simulation tools for the city planners for this purpose yet, and they

might lack the knowledge to make such simulations. Moreover, the
target of the rating tool is to give quickly and easily an estimate about
the overall energy efficiency in the initial planning phase of a district.
In order for the city planners to get the more precise production
potential, they would need to order these simulations from consul-
tants. This might in smaller cities be a cost that they might not be able
to cover, and therefore a general estimation of the energy production
potential is needed in order to get some indication of the production
potential. There are several tools to assess the renewable energy
generation potential. The tools can be found online, as browser based
applications, but there are also tools for offline use. A tool to assess the
photovoltaic electricity generation potential is developed by the Joint
Research Centre (JRC) of the European Commission (JRC, 2012). A
simple to use offline tool is the free version of IDA ESBO, which can be
used to assess the potential of solar thermal energy generation, for
example (ESBO, 2011). Finnish Wind Atlas is a simple tool to estimate
wind power production in Finland (Wind Atlas, 2009). The planner
could use these tools to estimate the influence of local measures to the
electricity mix and the results obtained from these tools could also be
used as an input for the energy rating tool.

The realisation of local electricity production in the area cannot be
forced directly through the detailed city plan, since it is not legally
possible to force building owners to invest in photovoltaic panels or
wind turbines. However, the utilisation of the renewable energy
sources can be recommended in the plan. Furthermore, it can also
be supported by the inspection of construction, which can take an
active part with promoting renewable energy technologies. One
possibility is also that the local energy utility invests in local renewable
electricity production. A model worth considering could be that the
energy utility rents the roof space of the residential buildings and
owns the photovoltaic panels and handles everything regarding the
electricity production. The business model could be further elaborated,
for example the rent of the roof could be covered with a specific
amount of electricity.

The city plan can enable renewable electricity production but
cannot force it. Ways for enabling it is to direct houses optimally in
regards to the solar energy production potential, i.e. roofs tilted
towards the south with an angle of 40–45 degrees dependent on
the latitude (Hoang, 2012). In addition, the shading of these roof
surfaces from other buildings and trees should be minimised.
Small scaled wind power can be promoted by mentioning in the
plan that it is allowed to place small wind turbines on the roofs or
on the lot. District level energy production systems, such as small
scaled CHP plants or require a lot assigned for energy production
and possibly needs storage spaces for fuel.

An obstacle for building specific renewable electricity genera-
tion is the lack of feed-in tariffs and immaturity of the Finnish
transmission companies to receive and compensate for the fed in
electricity. The bureaucracy is heavy and complicated and eco-
nomic compensation is low (Marja-aho, 2011; Bionova, 2012).

2.4. Transport

Transport can in some districts account for up to 50% of the total
energy demand of the district (Rajala et al., 2010). Therefore it is
important to take into account solutions targeting to decrease the
need of transportation, as well as increasing the energy efficiency of
the transport, e.g. by affecting to the use of private cars. In this tool,
energy use caused by transport was considered only in regards to
transport performances that can be influenced by the detailed city
plan, which means that the focus was on the transport inside of the
district. Studied solutions in the detailed plans are: centralised parking
in the outskirts of the district, bus stops, proper and separate ways for
walking or bicycling and storage spaces for bicycles. The impact
of local transport planning measures to the modal split of the district
and was estimated to match the Finnish spatial setting. While the

Fig. 6. The estimated ratio of the density of energy consumption and the relative
heat distribution losses (which are relative to the total energy production) of
district heating networks in Finnish cities (calculations based on data from Finnish
Energy Industries (2009)).

Table 2
Heat distribution losses relative to the density of the area
(ea).

ea (Floor area/total area) (%)

under 0.1 25.0
0.1–0.3 15.6
0.3–0.5 9.8
0.5–1.0 5.9
1.0–2.0 2.8
Over 2.0 2.0
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estimations were formed, studies on the effect of urban structure to
the travel behaviour were used to assess the estimates (Naess, 2003).

The distance to daily services influence the transport demand
significantly. In the tool the distance to the following services were
inputs: grocery store, day care for small children, school and health
care centre. An assumption was made that each service was visited
five days a week per household except for the health care centre
which was visited once a month per household. The relation between
distance to services and the usage of private car was estimated on the
basis of a study conducted by Jantunen et al. (2011) and is shown in
Table 3. The energy consumption of the transportation to the services
was calculated using the average energy consumption of cars in
Finland, 0.68 kW h/km (LIPASTO, 2009).

The number of workplaces in the district also influences to the
transport need. An average daily distance of 26 km to workplace per
commuter was used to calculate the daily work transport of the
area. This represents the Finnish average distance to workplace
(Findikaattori, 2010). Each household was also assumed to have two
commuters within them, which might be an optimistic assumption
since many households have two cars, especially in the rural areas.
The energy rating tool allows insertion of the estimated number of
workplaces within the district as well as an estimation of teleworking
possibilities with the district. The sum of these two is then reduced
from the total number of commuting made from the district. It is to be
noted that there are many possible awareness raising actions to take
to reduce the use of private cars, these are however not actions that
can be taken within the detailed city planning and are therefore left
out of the scope in this study.

2.5. Calculation principles of the primary energy efficiency
of the district

The energy efficiency rating was calculated by multiplying the
energy consumption of the buildings and possible distribution losses
of district heating system with the energy conversion factor of used
energy sources and adding to it the primary energy demand of the
traffic. That results the total primary energy demand of the district.
The calculation procedure is presented in Eq. (1).

E � number¼ ΣiðEcons;i�Eprod;iÞf iþEtrans
Anet

ð1Þ

where, i¼energy source, Econs¼energy consumption [kW h],
Eprod¼energy production [kW h], f¼energy conversion factor,
Etrans¼energy consumption of transportation [kW h], Anet¼net floor
area of the building [m2].

The rating of the district is made based on a comparison between
the performance of best and worst scenarios. The classification scale
is similar to the building energy certificate in Finland (Ministry of
environment, 2012a,b). By putting input values describing the best
available solution in terms of energy efficiency we define this as the
A-class, the worst case scenarios values gives us the G class. The
classification is then linearly divided between these.

3. Results

The calculations of the five different cases used in the project,
are shown in Table 4. The values inserted in the tool are
representing most realistic values. It shall be noted that the energy
efficiency class of the houses in Kannonkoski are poor (class C) due
to the fact of them being log houses which are less energy
efficient. Log houses have less strict energy efficiency demands
in the building regulations due to technical difficulties in achieving
high energy efficiency level. The district in Kannonkoski is a resort
area where log houses are preferred due to cultural reasons. In the
district in Petäjävesi heat pumps were not an option for heating
source due to the fact that the district was an area with ground
water. Often Finnish municipalities and regulators do not allow
installing ground heat pumps to ground water areas due to the
possible risks in contaminating the ground water when drilling
the bore holes or in case of broken pipes.

Additionally the case area of Säynätsalo in the city of Jyväskylä
is analysed more in-depth to analyse the impact of different
choices on the overall energy efficiency.

The basic info about the district Säynätsalo and its detailed city
plan is presented in Table 5. Basic information includes the floor
area and number of residents of each of building types in the plan.
The map of the Säynätsalo districts is presented in Fig. 7.

The case district only had residential buildings. In the designing
phase of the detailed city plan, different plans were considered,
such as containing only one family houses, or terraced houses, and
one plan containing also a multi-story building.

As energy source it was most likely to have district heating in
the area due to local circumstances. In specific Säynätsalo area
district heating is produced mainly with bioenergy sources for the
local wood residues.

In order to show the impact of different choices the following
aspects of the city plan and its impact on the energy efficiency was
analysed:

� Energy system (fossil, renewable, ground heat)
� Heat distribution (district heating network or building specific

systems)
� Energy efficiency of buildings (different scenarios: energy

classifications B, A, oA)
� Electrical sauna (yes/no)
� Local renewable electricity production (0–100% of household

electricity demand)
� Transport:
○ Distance to daily services (0, 3 or 20 km)
○ Public transport and bicycle lanes taken into account in the

plan (yes/no)
○ Work places in the area (0 or 50 work places)

In order to assess the impact of the listed aspects sensitivity
analyses were performed were one variable at the time was
changed, the rest being kept static.

3.1. Energy system

As building type one family houses were chosen. All buildings
were of energy class A. No saunas were assumed in these
calculations. Distance to daily services was 0 km, public transport
and bicycle lanes were considered in the plan, and there were 50
working places in the district for all cases. Results of the energy
system comparison calculations are seen in Table 6.

Rows 1 and 2 show that the primary energy factor raises
significantly when the energy source is changed from renewable
to fossil fuel. Comparing rows 3 and 4 shows that electric heating
is consuming more primary energy than fossil fuel systems, which

Table 3
Share of trips made by private car relative to distance. (Jantunen et al., 2011).

Share of trips made by car relative to distance

30% 75% 90%

Grocery store Less than 0.9 km 0.9–1.5 km Over 1.5 km
Day-care Less than 0.9 km 0.9–1.5 km Over 1.5 km
School Less than 1.6 km 1.6–3 km Over 3 km
Health care centre Less than 0.9 km 0.9–1.5 km Over 1.5 km
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also can be easily seen from the primary energy factors in Table 1.
The impact of renewable electricity production is seen on rows
5–9. Interesting is to see that the same total primary energy factor
is achieved by having no renewable electricity production but heat
the houses with renewable energy (row 9) and by having fossil
fuel heating and 100% renewable electricity production (row 3). It
is more cost effective to reach this level of primary energy demand
by heating the houses with renewable energy sources than to
produce all electricity with for instance solar panels. Comparing
rows 2 and 3 shows the impact of transmission losses in the heat
distribution system when having a local district heating system.

3.2. Energy efficiency of buildings

In the following analysis different aspects affecting the energy
demand of the buildings have been changed. In all calculations
there were building specific heating systems, distance to daily
services were 0 km, public transport and bicycle lanes were
considered in the plan, and there were 50 working places in the
district for all cases. Results from the calculations are seen in
Table 7.

As can be seen when comparing rows 1–4 in Table 7, the
impact of the energy class is much higher when the heating
system is electricity based. This is because of the higher primary
energy factor of electricity compared to renewable sources. The
impact of the electric sauna is seen on rows 5 and 6. It shall be
highlighted that even though the yearly primary energy demand
does not differ too much, the impact on the electricity peaks can
be significant and affects the whole energy system when saunas
are used widely and during same time periods, as is the case
typically in Finland. Comparing rows 7 and 5 show the impact of
building high rise buildings instead of one family houses. The
difference is high since high rise buildings consume less heating
energy per residential square meter.

3.3. Transport

In the following analysis different aspects affecting the trans-
port demand have been changed. In all calculations buildings were
one family houses, without saunas. In order to show the impact of
solutions affecting transport demand, the building type was kept
static in the different cases. One family houses were chosen since
they are the most common type in rural districts in Finland. In
reality the building types do influence the transport demand since
availability of services are dependent on the residential density.
This issue was however overseen since the services available were
a variable input in this analysis.

All had building specific heating systems with renewable
sources and 100% of the electricity demand was produced on site
with renewable sources. Results from the calculations are seen in
Table 8.

Table 5
General information about Säynätsalo district.

Districts total area 0.06 km2

Total floor area 5350 m2

Numer of residents 156
Number of apartments 39
Density of the district 0.089 Floor area/total area

Table 4
Comparison of cases and calculation of energy class with the tool.

Basic info Säynätsalo Kannonkoski Jämsä Petäjävesi Toivakka

Districts total area [km2] 0.06 0.0466 0,616 0.66 0.05
Total floor area [m2] 5350 4004 39095 12650 2615
Numer of residents 156 156 150 200 85
Number of apartments 39 26 45 50 22
Density (floor area/total area) 0.9 0.09 0.06 0.02 0.05
Type and energ class of buildings
One family houses [%, class] 80% A 100% C 70% A 100% A 100% A
Detached houses [%, class] 10% A
High rise buildings [%, class] 10% A
Industrial buildings [%, kW h/m2,a] 30% 160
Electrical saunas in individual buildings? Yes Yes Yes Yes Yes
Heat transmission
Local heat network x x
No network, building specific heating systems x x x
Energy source
Electrical heating 50%
Fossil fuel
Renewable sources 100% 100% 50% 50%
Heat pumps 100% 50%
Renwable electricity 10% 30% 10% 10% 10%
Transport
Centralised parking No Yes No No No
Bus stops Yes Yes Yes No Yes
Bicycle lanes Yes Yes Yes No yes
Parking place for bicycles No No No No No
Distance to service
Grocery store 3 km 10 km 1 km 5 km 1 km
Health service 5 km 10 km 1 km 5 km 1 km
School 3 km 10 km 1 km 3 km 1 km
Day care 3 km 10 km 1 km 3 km 1 km
Working places
Remote points 0 0 0 0 0
Working places 0 0 20 0 0
Result
Primary energy 199 263 164 230 200
Energy class B D C C B
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Comparing rows 1 and 2 in Table 8 shows the impact of taking
public transportation and bicycle lanes into account in the plans.
The difference is not very big. Rows 2 and 3 show the influence of
reducing commuting to work. The case with 50 workplaces in the
district would mean that almost all working people would have a
job in the district. This is not realistic but is used as a best case
scenario. Influence of this is rather high. The impact of the distance
to daily services is seen when comparing rows 3, 4 and 5. Row
5 shows that when the distance grows up to 20 km it has a
significant effect on the districts total energy efficiency. Rows
6 and 7 represent “best and worst case scenarios” in regards to
transport solutions.

Table 6
Energy system analysis.

Local heat
network

Heat
source

Renewable
electricity
production (%)

Total primary energy
need [kW h/m2]

Total
rating

1 Yes Renewable 100 105 A
2 Yes Fossil 100 168 A
3 No Fossil 100 143 A
4 No Electricity 100 213 C
5 No Renewable 100 93 A
6 No Renewable 75 105 A
7 No Renewable 50 117 A
8 No Renewable 25 129 A
9 No Renewable 0 142 A

Table 7
Buildings energy demand analysis.

Building
type

Buildings
energy class

Heat
source

Sauna? Total primary
energy need

Total
rating

1 One
family

A Renewable No 142 A

2 One
family

B Renewable No 152 A

3 One
family

A Electricity No 262 D

4 One
family

B Electricity No 296 D

5 One
family

A Renewable No 142 A

6 One
family

A Renewable Yes 153 A

7 High rise A Renewable No 117 A

Table 8
Transport analysis.

Distance to
daily services

Public transport and
bicycle lanes in the plan

Working
places

Total primary
energy need

Total
rating

1 0 Yes 0 124 A
2 0 No 0 135 A
3 0 No 50 96 A
4 3 km No 50 109 A
5 20 km No 50 181 C
6 0 Yes 50 93 A
7 20 km No 0 219 C

Fig. 7. Draft of the detailed plan of the Säynätsalo district (City of Jyväskylä, 2010).
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4. Discussion and conclusions

The tool developed is a simplified tool that gives practical help
for city planners to assess the energy efficiency of detailed city
plans in the design phase. The tool enables a fast and easy way to
compare different alternatives of city plans and rank them in
regards to energy efficiency. It needs to be highlighted though that
the tool does not take into account the location of the district and
can thus not be used to assess the overall energy efficiency of
living in the district. Another tool or guidelines are needed to
assess where to place residential districts in order to avoid
transport demand and urban sprawl.

When analysing the impact of different choices made in the
detailed city planning phase, it can be concluded that the choice of
energy system has a significant impact on the overall energy
efficiency. However, the importance of well insulated and airtight
buildings shall also be highlighted. Heating systems can be changed
in later stages of the buildings life cycle more easily than the energy
efficiency of the house can be improved. A big part of the energy use
in the district is at the end influenced by the actions of the people
living there. Emphasise should be put on increasing people's aware-
ness about their living habits and its impact on the energy efficiency.
These are, however, aspects that are not very easily done through the
city planning. Availability of daily services and public transportation
are the obvious issues that can be influenced. Domestic electricity
use is more difficult to influence.

A more precise calculation method for assessing the transmis-
sion losses dependences on the city plans is needed and is a topic
for further research.

It needs to be noted that the tool is to be used for assessing
different choices within a district and compare their effects on the
districts energy efficiency. It is not suitable for comparing different
districts with each other.

A limitation of the tool is that regarding transport, the tool only
assesses decisions made within the area and its impact on the
transport need, it does not take into account the transport need to
and from the district. It therefore needs to be clearly stated when
taking the tool into use that in the previous planning stage, where
the placement of new residential districts is decided, other tools
and methods need to be used in order to plan wisely and not plan
districts that make the urban sprawl effect worse, leading to
highly car dependent neighbourhoods.

A limitation of the tool is that it only assesses the energy
efficiency from the technical point of view, not taking socio-
economic aspects into account. The addition of these aspects is a
topic for further research and development. Including socio-
economic assessment of different solutions makes the tool more
usable for decision making support.

The developed tool evaluates environmental sustainability of a
district via analysing its primary energy demand. The tool guides
towards decreasing the primary energy demand of the area, when
targeting to get better classification from the tool. This primary
energy demand evaluation includes energy demand of buildings and
transportation as well as used energy system and source. Even
though the tool itself does not estimate CO2 emission from the area,
it still contributes towards this goal. Firstly, if energy demand of
buildings is decreased, it decreases similarly the emissions from
energy production caused to cover the demand. Similarly emission
reduction results the energy demand of transportation, it its energy
efficiency can be improved or transport needs decreased. Further-
more, the primary energy analysis tool takes into account the used
energy source via Finnish energy conversion factors (see Table 1),
which are valued partly based on their environmental impacts. These
energy conversion factors are more judgemental for electricity (with
1.7 factor), and support utilisation of renewable energy (0.4 factor) as
well as district heating (0.7) and district cooling (0.4). Even though

these relationships are not directly same than CO2 emission rates,
they do support targets to decrease CO2 emissions.

The question of whether more tight regulations in city planning
leads to a more sustainable built environment is a topic of discussion
on many levels. With tools like the presented in this paper a tighter
regulation could be steered towards more sustainable solutions. Today
the city planners don't have the possibility to decide and rule about
what energy source people choose for their houses or whether they
take into use energy monitoring technologies. If they would have
better opportunities to regulate what is being built and how people
are living, tools help to lead to the environmental corner-stone of
sustainability being improved. The social wellbeing corner stone
would however probably decrease due to less possibilities for affecting
choices related to peoples own houses and ways of living. The
economic part is dependent on the solutions chosen. This contra-
diction could be overcome by developing a tool that would take into
account all three corner stones of sustainability in the assessment of
different solutions. That way the planners could regulate solutions that
are overall sustainable.
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a  b  s t r a  c t

This paper presents  a  set  of  new  potential  business  concepts  developed  for  districts’  smart  energy solu-
tions  with maximised  utilisation of renewable  energy (so called  Energy  hub  systems).  The  concepts are
targeted  for different stakeholders  with  varying  business  ideas  for  optimal  energy services and business.
The concepts  are presented  in the form  of a  cookbook  –  a  collection  of  business  and  service model  recipes
that describe  the  key  idea  and needed  interactions between main stakeholders.  Also  costs  and benefits of
the  business  models  are  described,  as  well as  key performance  indicators for measuring  the success for
the  stakeholders. The  concepts are  developed  utilising Osterwalder’s  business  canvas  approach based  on
stakeholders’  needs related  to  the energy demand and  supply.  The  concepts are kept simple and  focus-
ing  on  one  stakeholder at  a  time, thus improving  significantly their  clarity and  enabling  their further
integration  to  energy analysis and  simulation.  These  single  business  concept elements can  be  combined
into  broader and  more  specific business  models,  service offerings and  business  networks.  Two  specific
example cases and  one  real life  case  area  study are presented  as examples. In addition, barriers for  new
Energy  hub  business  and  services  are discussed.

©  2015  Elsevier B.V. All  rights  reserved.

1. Introduction

Currently lots of efforts are put on research and technical devel-
opment related to improving energy efficiency, increasing the share
of renewable energy, and improving of districts’ energy systems.
Most of the required technologies exist already, there are experi-
ences about integrating them together, and they have been also
piloted in several case areas. However, the wide-scale roll-out of
more sustainable district level energy systems is yet to come. For
this development, business models play a key role in the wide-
scale implementation of new sustainable neighbourhood energy
systems.

This paper presents the development process and a collection
of business concepts developed for renewable energy based smart
district energy systems, which are called in eHUB research project
[1] as the Energy hub systems. According to  the definition used in
the project [1] “An Energy hub is a physical cross point, similar to
an energy station, in which energy and information streams are
coordinated, and where different forms of energy (heat, electricity,
chemical, biological) are converted between each other or  stored

∗ Corresponding author.
E-mail addresses: mari.sepponen@vtt.fi (M.  Sepponen), ismo.heimonen@vtt.fi

(I. Heimonen).

for later use”. It is a mechanism for optimised energy and informa-
tion supply exchange that integrates via various energy networks
its members (households, renewable energy plants, offices, and
businesses). These members can be both energy consumers and
producers [1].

There  are already some business models that could be potential
for Energy hub systems, such as public private partnership mod-
els and its different variations. In addition, there are also some
other interesting energy service related business concepts. Energy
performance contracting (EPC) is a model, in which the  service is
defined in the level of energy performance and the client is buying
the energy performance (e.g. for a building). Another interesting
model is an energy service company (ESCO), which is a company
delivering energy services. ESCO assumes the financial risk rela-
tive to  energy projects and gets payment, e.g. according to the
extent of realised energy savings. As an example, in an ESCO project
the service provider optimises its customers’ energy consumption
through implementing energy efficient technologies and controls
and by optimising the energy consumption, primarily with respect
to heating and lighting [2].

2. Methodology

The overall methodology for developing business concepts for
Energy hub systems consisted of following actions: a stakeholder

http://dx.doi.org/10.1016/j.enbuild.2015.07.066
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analysis; development and analysis of business concepts; and an
overview of the risks and barriers of energy business concepts are
discussed in Section 5.

At first, an analysis of main stakeholder groups was done to
understand the key players and their roles and needs in energy
business (Section 3.1). Then a questionnaire was done to  identify
main stakeholders’ needs related to energy services, focusing espe-
cially to end users (energy consumers) and energy service providers
(Section 3.2).

The  method for presenting business concepts was modified from
the Osterwalder’s business canvas approach [3] (Section 4.1). A pre-
liminary list of possible concept level models was developed in a
workshop. Then these business model ideas were further devel-
oped and analysed, resulting a cookbook: a collection of business
concepts for Energy hub systems. All concepts were kept simple
and focusing on one stakeholder at a time (Section 4), which sim-
plified their further analysis. The analysis was done for all cases, of
which two examples are presented in Sections 4.1  and 4.2.

2.1.  Development of business concepts

This paper focuses on the development of business concepts,
which are general level business ideas and elements. Business mod-
els are their next, more mature level for real life company specific
operation models. Many typical European Commission (EC) funded
projects state that they are studying and developing business mod-
els, although in reality they are usually working at the business
concept level.

Among  different research and coordination and support projects
related to energy efficient neighbourhoods and buildings, differ-
ent methods are used for developing business concept. Many EC
funded projects, such as IDEAS [5] and Ambassador [6]  define at first
use cases, secondly define their relevant stakeholders and actors,
and finally develop business scenarios and/or concepts for selected
use cases. Another used development strategy is to  build business
concepts through executive workshops with the main stakeholders
involved. Many other projects, such as EEPOS [7], are also describing
business concepts and models via Osterwalder’s business canvas
[3]. As practical experience from these projects with business can-
vas, it is important to define data, energy, and monetary flows.

The  common approach in analysing business and service
concepts is the Osterwalder’s approach [3] describing the prod-
uct, customer interface, infrastructure management and financial
aspects in nine different subtopics. In this work, the Osterwalder’s
model was simplified by choosing some elements of the model
into the analysis. The structure of the analysis is presented in
Table 1. All selected business concepts are described according to
this structure. In addition, each concept is visualised by showing
stakeholders and their main interactions related to the business
concept.

2.2. Key performance indicators for  measuring the performance

The  performance of the business and services models is
measured with key performance indicators (KPIs). Potential key
performance indicators are presented in Table 2, in which KPIs are
classified into three groups: environmental, economic and service
level indicators. The KPI’s will be selected by the stakeholders mea-
suring the success of the model. As an  example, energy consumer
can measure the performance based on  the total energy consump-
tion and energy costs.

For  each business concept or model, a suitable set of KPIs can be
chosen based on the objectives and needs of the organisation at a
given time. The metering of KPI’s will give basis for evaluation of
the success of business model concepts.

Table 1
Structure of  the business concepts.

Elements Description

Title Describe in  a  few words the essence of
the business model.

Business idea/objective Describe in  a  few sentences the
objective of  the business model.

Offer/value proposition Describe in  a  few sentences the
service/product offered.

Customer  Who  will use the service/product?
Seller/service provider Who  will offer the service/product?
Earnings/revenue

model
Who  pays, where  does the money
come from, and what needs to be
bought? Who  is  the owner of  this
business?

KPIs Main KPIs to measure the success of
the concept. See Section 4.1.2.

Costs and benefits What investments are needed? What
are the costs and benefits?

References Note, if  the business model/idea is
studied or applied somewhere else.

3. Stakeholder analysis of the Energy hub systems

3.1. Stakeholders’ roles

The  development of the business and service concepts requires
the understanding of influencing stakeholders and their needs,
goals and roles in energy business. A map  of stakeholders is pre-
sented in Fig. 1. The main stakeholders are end  users and service
providers, who  are running the practical actions in districts’ energy
business. The authorities and non-governmental organisations will
give the regulation, rules, boundaries and public acceptance for the
business. Main actors and their typical roles are described in Table 3.
The  basic needs of the main stakeholders are:

• End users: reduction of energy bill, reduction of energy con-
sumption,  improvement of energy efficiency, reliability and
dependability.

• Energy network operators: balancing the network (achieving a
calculable load).

• Energy retailers: reduction of imbalance (difference between pre-
dicted use and real use), and optimisation of energy trade.

• Project  developers and investors: power peak shaving to limit
maximum  power and therefore reduce investment cost  of the
grid.

• Society  and environment: reduction of CO2 emissions, reduction
of  energy consumption, improvement of energy efficiency, max-
imising  use of (local) renewable energy production.

3.2.  Stakeholders’ needs and attitudes towards Energy hub
systems

The  web questionnaire was carried out to find out the attitudes
of stakeholders to smart energy [4]. The end users are interested
to have green energy (produced by renewables, environmentally
friendly, produced ecologically). The price of energy is important
aspect and end  users do not  want to  pay any extra or are will-
ing to  pay only small additional price of green energy, typically
less than 10% extra price. The end users are interested in pos-
sibilities for own local production of energy and smart metering
showing the consumption and costs of energy in own household.
The users would likely use smart energy management service opti-
mising energy consumptions and costs. The end users are interested
in buying pools and demand side management pools. The service
providers are willing to  offer energy efficiency services (e.g. ESCO
services), bundled energy services (e.g. heat/cool and electricity)
and services minimising energy consumption and costs. The results
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Table 2
Environmental, economic and service level key performance indicators.

Environmental KPIs Finance and business KPIs Service level  agreement KPIs

(Average) primary energy
consumption

Total  purchased/sold energy Delivery precision

Total  energy (power, heating, cooling,
fuels) generated

Profitability for the different stakeholders involved Response time (for a  service request)

Total renewable energy generated Total turn-over (of energy trading i.e. purchased/sold
energy and services)

Mean  time between failure (time to repair)

Total energy stored Total profitability Reliability of energy provision
Total on-site produced renewable

energy
Total  energy costs Security of energy provision

Energy saved due to conservation and
efficiency improvements and
changes to renewable energy
production

Cash flow return on investments (e.g. net present value
(NPV),  Internal rate  of  return (IRR), and Return on
investment (ROI))

Total greenhouse gas (GHG) emissions Total assets
Other  emissions, such as SO2

equivalent, small particles, etc.
Sales per  service

GHG  emissions saved (due to
conservation and efficiency
improvements  and changes to
renewable energy generation)

Profit  per service

Total  investments/capital expenditure
Total current liabilities (e.g. service contracts, leasing
contract etc.)
Number of  customers/service contracts
Customer satisfaction/reclamations

Fig. 1. Possible stakeholders having influence in districts’ energy business.

Table 3
Actors in the energy market and their  roles.

Actor Role

Consumer To consume energy, buys energy from energy retailer.
Producer To produce energy, sells energy to energy retailer.
Prosumera To consume and produce energy, buys energy from an energy retailer.
Energy retailer To buy and sell energy. Since a  retailer cannot trade on the power exchange market, the retailer

buys energy from a  BRP. The retailer also pays fees to the BRP to cover imbalance risks.
BRP (Balancing Responsible Party) To trade on  the power exchange market on behalf of  members of its portfolio, among energy

retailers. BRP’s that are out of balance are charged costs by  the TSO. A BRP may have own power
plants or trade energy on behalf of power generation parties.

DSO (Distribution System Operator) Is responsible for the distribution of electricity, i.e. reliable and efficient operation of  medium to
low-voltage distribution systems. To prevent overcapacity on (parts of) the grid, the DSO is
interested in peak shaving.

TSO  (Transmission System Operator) Is responsible for the transmission of  electricity i.e. reliable and efficient operation of high and
very-high voltage transmission systems.

a Energy consumer and/or producer.
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of the questionnaire study were taken into account when mak-
ing the list of possible business and service concepts in Section
4.

4. The cookbook – a collection of  business concepts for
Energy  hub systems

The  cookbook is a collection of proposed potential business con-
cepts for Energy hub systems. These concepts were kept clear and
simple by focusing on one service or product between one seller and
buyer at a time. The following business concepts were suggested
for Energy hub systems:

Business  concepts for offering flexibility in energy demand
and supply (1–5):

1.  Flexibility for energy retailer’s portfolio management.
2. Flexibility enabling maximised utilisation of locally produced

energy.
3. Flexibility for local network management enabling maximised

renewable energy supply.
4. Flexibility for balancing services to the balancing responsible

party  and transmission system operator.
5.  Flexibility for local balancing at district level.
6. Co-operative ownership of  district heating network.

Business concepts for energy service providers (7–9):

7.  Energy broker buying and selling energy.
8.  Flexible energy tariffs for (residential) consumers.
9.  ESCO minimising customers’ energy bills and optimising energy

usage.

Business  concepts for energy producers and energy compa-
nies (10, 11):

10.  Heat storage utilised in district heating and/or cooling.
11. Flexibility in electricity network by  heat pump to  avoid peak

power.

Business models for new roles (12, 13):

12. Heat recovery of excess heat utilised in district heating and
cooling.

13. Prosumer selling self-produced energy.

These  single business concepts can be combined into broader
service offerings and business networks. For a specific district
energy case, the selection of potential business concepts depends
on the benefits striven and value captured in the case. Table 4
presents the value captured/expected for main stakeholder groups
in different business concepts. The table is only indicative and made
for concepts 1–13 described in this paper.

The stakeholders, interactions and information needed for eval-
uation of the cases are presented in tables and figures describing
the specific business concepts in more detail. The evaluation of
the costs and benefits and economic viability of business models
depends on the specific case and details of the model. Two examples
are of these are presented.

4.1.  Example of a business concept: an energy broker

As  an example of suggested business concepts, an energy bro-
ker service concept is presented in Table 5. The concept and its
stakeholders, interactions and data needs are visualised in Fig. 2. Ta
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Table 5
An  example of a suggested business concept: energy broker buying and selling energy.

Title Energy broker buying and selling energy

Business idea/objective An energy broker trades energy (electricity, gas, heat, cooling) on behalf of  its customers on the wholesale market,
from energy storage or from  its customers, which can be either prosumers with small-scale energy production (e.g. PV
on a  zero energy building) or larger energy production facilities. A broker needs to manage his purchases and sales of
energy (longer term markets, day-ahead, and intraday markets can be considered). An energy broker can also employ
the energy consumption flexibility of its customers in  its portfolio management.

Offer/value proposition Easy energy service for customers: selling and buying of energy on  their behalf, and aim to minimised energy bills for
energy consumers and maximised profit for energy producers. Broker may use market mechanisms (as the power
exchange) to optimise prices based on demand and supply.

Customer Energy consumers and prosumers, who do  not want to take care of the energy retailing by themselves. Energy
producers  and owners of energy storages.

Seller Broker sells the brokering service for customers to buy and sell energy on  their  behalf.
Earnings/revenue model Broker targets to optimise their portfolio by maximising the margin between energy purchases and sales and

minimising their risks to improve their competitive position. Broker’s earnings come from: (1) agreed percentage of
the consumers’ energy savings (in exchange for  minimising the energy bill); (2) agreed percentage of the energy sold
on behalf of  the prosumers and producers (in exchange for targeting the best possible energy selling price).

KPIs Economic feasibility for the different stakeholders involved, emission savings.
Costs and benefits Benefits: better margin between purchases and sales for the customers – retailer gets a  certain percentage of  this

margin.
Costs at district level: Server; Communication infrastructure; Energy management system for a broker; and Prediction
of energy demand and local renewable energy supply.
Costs  at house level: Gateway; User interface (web page, display); Smart meter; Smart appliances / storage (optional);
and  Communication infrastructure.

References The concept idea is  modified from Refs. [8,9]

Fig. 2. Stakeholders, interactions and data needed for an  energy broker buying and selling energy.

Table 6
An  example of an integrated business concept: full service provider.

Title Full service provider

Business idea/objective Full service provider enables carefree and easy energy and facility service management for his customers by providing
optimal indoor conditions in customers’ facilities with necessary facility management services, including e.g. energy
brokering and energy management. Full service provider offers information services for clients. Energy service
provider has co-operation partners.

Offer/value proposition Easy energy service for customers: high quality indoor conditions and energy management. (This includes e.g. selling
and buying of energy, energy brokering management, and demand side management. Management, operation and
maintenance of  customers’ energy systems. Designing, planning and construction of  the energy systems, and
supporting  to manage the financial investment arrangements of the energy systems. Facility management and other
necessary services.)

Customer Customers that need complete, easy and carefree energy solutions with high quality performance of indoor conditions,
energy  solutions, energy efficiency, and secondary facility management services. E.g. prosumers, such as owners of net
zero energy buildings or other energy providers. Customers willing to offer their flexibility or overproduction.

Seller  Full service provider, who organises subcontracts with other partners, e.g. energy solution designer, facility
management company, energy delivery company and investor/financing partner.

Earnings/revenue model General model: Seller of  services earns money from energy efficiency, and/or creating flexibility that he sells to other
stakeholders.

KPIs Economic feasibility for different stakeholders involved.
(Primary) energy and emission savings.
Service level offered is measured by defined KPI, depending on  service.

Costs and benefits Same as  for energy broker in Table 5. Additional costs: investments to energy efficiency and renewable energy
equipment,  maintenance costs, design and operation costs. Additional benefits: improved operation and maintenance,
optimised  investments to the energy system and equipment.

References  Some of these services are implemented in  Finnish Kaivomestari School case in Espoo [4, p. 66–68].
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Fig. 3. An example of a network of  actors co-operating with full service provider in an Energy hub district.

4.2. Example of an integrated multi-actor concept

A list of suggested business concepts was presented in Sec-
tion 3.1. These concepts can be integrated into specific Energy
hub systems. An example of such combination of is a full  service
provider concept presented in Table 6. The operation environment
and involved stakeholders are presented in Fig. 3. This model is a
combination of following business concepts:

• Flexibility  for energy retailer’s portfolio management (#1)
• Flexibility  for local balancing at district level (#5)
• Energy broker buying and selling energy (#7)
• Flexible energy tariffs for (residential) consumers (#8)
• ESCO  minimising customers’ energy bills and optimising energy

usage  (#9)

4.3. Energy system business concept for a Dalian case study in
China

One  of the studied Energy hub case areas is located in a new
district under planning in Dalian city in the Northeast China. The
total planning area provides housing and services for 100 000
inhabitants, and in addition there are significant space reserva-
tions among others for office and industrial buildings. The studied
Dalian case area is a partial neighbourhood selected from this new
planning area. The studied area includes 103 700 m2 (see Fig. 4)
and consists of high rise residential buildings, schools and mixed
commercial and residential building. As social, economic and tech-
nological aspects are different from the other European cases, the
Dalian case will show special features and open new views to the
Chinese energy market.

The  base line for the energy planning is the local building code
requiring 65% energy savings for buildings. Energy system will be
supported by ICT technologies, such as  smart energy management,
and hybrid energy sources will be used. The planned energy concept
is based on mainly on CHP production. The peak heating demands

will  be covered with a heat boiler. Additional heat sources are (1) a
heat pump using sewage or seawater as a heat and cold energy
source, (2) solar thermal collectors and (3) the external district
heating grid as a reserve option. The electricity will be bought
from the national grid.The following potential business concept
elements were identified suitable for the Dalian case:

1)  Business concepts for  offering flexibility in energy demand
and  supply
• Flexibility  for local network management enabling maximised

renewable energy supply (3.)
• Flexibility  for balancing services to  the BRP/TSO (4.)

2)  Business models for  new roles
• Prosumer selling energy of own  distributed energy production

(13.)
• Heat recovery of excess heat utilised in district heating and

cooling (12.)
3)  Business concept for  energy producers

• Heat storage utilised in district heating (10.)

Potential new energy business opportunities were hence iden-
tified for local and national energy operators offering flexibility
services for balancing the electricity grid and maximising the
renewable energy supply. Heat storage options could also play a
significant role in this. From the energy consumers point of view,
building owners and facility managers could be interested about
new income possibilities from operating buildings as prosumers
and selling distributed renewable energy to  the grid. Furthermore,
large energy consumers could utilise heat recover and selling of the
excess thermal energy to  district heating and cooling network.

5.  Barriers for new Energy hub business and services

The  implementation of the new business concepts requires
profound evaluation of risks and success factors of the cases.
Systematic risk recognition and assessment is needed for
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Fig. 4. Illustration of the studied Dalian case area and its location in the whole district master plan. S  is the land area [104 m2], and R is  the ratio of building area to land area.

Figure modified from Ref. [10].

Fig. 5. Barriers for renewable energy related Energy hub businesses and services.
Summarised from Ref. [13].

managing risks and pinpointing the responsible party. The stages of
risk  analysis are defining the target, recognising hazards, assessing
consequences, calculating probabilities, assessing the total risk, and
finally, removing, reducing, and preventing the risk. The parties
involved in the implementation of the business concepts are
assessed for their ability to take responsibility for the risk, and

usually,  the responsibility is given to  the  party that could handle it
best and to  which it  naturally belongs to. One possible approach for
risk evaluation is a risk matrix or  checklist approach with listing all
the risks and then sharing these for stakeholders [11]. The detailed
analysis is very case sensitive and requires detailed information
about the case.
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In general, it is good to  know the barriers for new business
concepts. The evaluation of barriers for new Energy hub business
and services was done through a literature review. The main bar-
rier groups for renewable energy systems by [13] are presented
in Fig. 5. Identified barriers have been divided into economic and
non-economic barriers, and into four categories: administrative
and legal barriers, technical and infrastructural barriers, economic
and market barriers and social acceptance and political barriers.

It  is argued by [12], however, that new energy services busi-
ness will overcome many traditional barriers, such as  the need
for a carbon emission price or disconnecting the profitability of
an energy company from the energy volume growth. This will
align the interests of many stakeholders, such as municipalities,
end users, and energy service providers. Although there are sev-
eral paths to create such energy service concepts, it is noted that
the property sector, e.g. housing organisations, have presumably
a significant role in finding new alternative options for organising
the supply of services. In this case, new service concept would be
based on repackaging product and service combinations based on
consumers’ needs. This can be called as a result or  need oriented
service model. Technologies needed for Energy hub system exists
already, but for the wide-scale roll-out they have to be repacked
in a new way, resulting in improved energy efficiency and reduced
primary energy demand and related emissions [12].

6.  Conclusions and discussion

Current  district energy system research focuses on develop-
ing smarter energy systems with high share of distributed and
renewable energy supply. This work focuses on Energy hub sys-
tems, which maximise the share of renewable energy with required
information exchange at the district level with system integra-
tion and communication among all relevant stakeholders. Many
of the needed energy technologies exits already, and hence one of
the main challenges currently is to  find the best possible business
models for arranging energy business and services in each specific
district.

This paper presents the development process and proposes
potential energy service and business concepts for Energy hub
systems. The method is modified from the Osterwalder approach
taking the most crucial elements in the analysis. For each business
concept, the main elements presented are the key objectives and
the main idea. In addition, the offering and value proposition of the
model is given with describing the roles of the main stakeholders
(seller and buyer). In addition, the earnings and revenue model is
presented and key performance indicators metering the success of
the  model are identified. The evaluation of the costs and benefits is
a  key element.

Business concepts are kept simple and focusing only to one
seller-buyer service or product concept at a time. In practical cases
the business and service model is often a combination of these
cookbook business concepts.

Many of the proposed business concepts are based on the
assumption that energy consumers and producers have a certain
amount of flexibility in their energy demand and supply. This flex-
ibility is a new aspect in the energy market and it  is a commodity
that is used to create new business concepts.

It must be noted that legal framework can set barriers for the
actual implementation of proposed new business concepts. As an
example, there can be legal issues related to  the competition of

contracts and offered energy services. In addition, some models
can require such information that is not publicly available due to
data privacy conservation, such as individual consumers’ real time
energy consumption data. There are ways to  solve these issues, e.g.
an  energy company can contractually agree with its customers to
access and utilise the individual energy consumption data.

Currently  only some of the proposed business cases are easily
feasible today (at least the following concepts: 1, 2, 6, 8, 9, 10,  11,
and 12). Quite many of the proposed concepts have actors and roles
that do not widely exist yet. For demonstrating a new business con-
cept, one often needs to  have a  new company. Even if it is possible
to demonstrate for example an energy broker tool as a use case,
there is still a need for a neighbourhood energy services operator,
which does not exist today. There is need for demonstration cases
giving measured data of the success of the business models.
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A B S T R A C T

During urban planning, city planners and municipal authorities make various choices that impact districts’
energy efficiency and emissions significantly. However, they often lack information about the actual effects of
the design options. This paper describes a methodology, embedded to a tool called Kurke, that aims to support
the planning of sustainable and energy efficient urban areas by analysing the energy performance of city plans
and the impacts of their energy design alternatives on carbon dioxide emissions during planning. The metho-
dology supports holistic energy analysis of urban areas, including energy demand of buildings and transport, and
comparing 10 alternatives for local energy supply. The methodology is tested in two Finnish residential and
mixed-use areas. The improved transportation plans can reduce CO2 emissions 10–20% compared to the busi-
ness-as-usual design in case areas. CO2 emissions from buildings’ heating can be reduced 18–24%. The total CO2

reduction potential of urban planning choices varies from 2% to 78% in case areas. This shows the significant
role of urban planning in reducing CO2 emissions. Therefore, it is important that urban planners understand the
impacts of the design decisions. Kurke tool offers such support with fast and practical evaluation of the planning
options.

1. Introduction

Government of Finland has updated its national energy and climate
strategy in 2013 (Finnish Government, 2013) and again in 2017
(Ministry of Economic Affairs and Employment, 2017) to ensure the
achievement of the national targets for 2030 and to prepare a path to
the long-term energy and climate objectives set by the European
Commission for low-carbon economy in 2050 (European Commission,
2011). Similarly, many European countries have national strategies and
targets for reducing energy demand and increasing energy efficiency
and renewable energy use, as described e.g. by Brandoni and Polonara
(2012) and Sperling, Hvelplund and Mathiesen (2011). The realisation
of these urban energy planning targets and strategies requires both
national and city level commitment (Neves & Leal, 2010), and its suc-
cess depends on the satisfaction of the involved stakeholders (Ouhajjou,
Loibl, Fenz, & Tjoa, 2017).

Municipal authorities play a key role in affecting local CO2 emis-
sions through decision making and various development actions, in-
cluding urban and transport planning and used energy sources
(Neves & Leal, 2010). For example, municipalities can promote the use
of renewable energy through urban plans and building permits. The
challenge of enhancing energy efficiency is an extremely relevant topic
for planning at the municipal level (Poggi, Firmino, & Amado, 2017).
Energy efficiency can be increased by raising the awareness of residents

and guiding stakeholders on how to improve city’s infrastructure, sys-
tems, and building performance (Mickwitz, Hilden,
Seppälä, &Melanen, 2011; Monni & Syri, 2011).

Urban planners can significantly contribute to shape energy-effi-
cient and low-carbon cities, and the development of appropriate solu-
tions requires close collaboration between researchers and practitioner
(Cajot et al., 2017). Urban planning decisions define the land use and
the layout of the area, the scale and the type of buildings, and speci-
fications o transportation and other urban networks (Yeo, Yoon, & Yee,
2013). Urban and spatial planning and the energy system planning
should be closely linked together early on the urban planning process,
because the energy consumption and potential local energy sources are
strongly connected to the urban plans (Zanon & Verones, 2013). Ex-
amples of the planning decisions affecting often also to the energy
systems of the district include the location of services, links to the ex-
isting (regional) urban infrastructure, the size and the form of trans-
portation networks and accessibility to jobs and services. Close colla-
boration between the energy planning and urban planning can also
provide a fruitful source for innovative local energy policies (Gabillet,
2015).

One of the challenges municipalities are facing is the need to be
prepared for future changes in energy demand and supply in the long
term. The paradigm shift in energy systems is starting with increasing
the amount of distributed generation (Manfren, Caputo, & Costa, 2011).
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At the same time, the energy demand of buildings is expected to de-
crease, among others due to European Commission’s Directive on en-
ergy performance of buildings for adopting highly efficient nearly zero
energy buildings (Official Journal of the European Union, 2010). An EU
strategy on heating and cooling (European Commission, 2016) pro-
motes the deployment of renewable energy in district heating and
combined heat and power production (CHP), while other energy and
climate targets aim to increase the use of renewable energy sources in
general. In this transition towards sustainable energy systems, demand
side management and energy balancing have also an important role to
assure the efficient use of renewable energy and match the energy
supply to the demand (Manfren et al., 2011; Pina, Silva, & Ferrão,
2012). Due to these changes, it is increasingly important that energy
efficiency, renewable energy and holistic energy planning are taken
into account in cities’ urban planning strategies. In fact, urban planning
is an effective tool for enhancing sustainable development and devel-
oping of energy efficient cities (Amado, Poggi, & Amado, 2016). The
pressing of issues related to energy could enable rethinking of how
novel quantitative solutions, including tools for urban scale simulation
and optimisation, could be used to inform planning (Cajot et al., 2017).

2. Methodology

2.1. Objectives of the research method

The research presented in this paper aims to bring a new insight for
sustainable and energy efficient urban planning by developing a prac-
tical methodology and a tool for assessing energy and carbon impacts of
urban areas during the planning process. The main research problem
studied in this paper is: how Finnish urban planners can be supported in
designing energy efficient districts with low carbon emissions? The objective
of this research is to develop a methodology for fast and practical as-
sessment and comparison of urban plan alternatives and their impacts on
energy efficiency and CO2 equivalent emissions. The methodology consists
of assessing the energy demand of an urban area plan, including
buildings and passenger traffic and comparing potential energy supply
alternatives and their CO2 emissions. The methodology is tested in two
Finnish real life urban planning cases located in the Helsinki
Metropolitan area. This methodology is implemented in the Kurke tool,
which is available online (Sepponen, Virtanen, & Lahti, 2012) (in Fin-
nish), and its usage is guided in a research report by Lahti, Sepponen
and Virtanen (2012). The Kurke tool is meant to be used in the

development of municipal master plan and detailed plan, as marked in
Fig. 1, which provides the overall hierarchy structure of the Finnish
urban planning process.

This research was composed of five main elements:

1) Identifying Finnish urban planners’ and other experts’ needs and
requirements for low carbon urban planning and its relation to en-
ergy systems (Section 3).

2) Developing a methodology, embedded in the Kurke tool, for district
energy and emission analysis to support urban planning (Section 4).
This methodology included assessing energy demand of buildings
(section 4.1) and transport system (Section 4.2) and comparing
available energy supply options to traditional design (Section 4.3).

3) Identifying two Finnish urban planning cases to be used as test
cases, including collecting the base information of the case areas and
the assessing the requirements and boundaries for the energy supply
analysis (Section 5).

4) Testing the methodology and Kurke tool by performing an analysis
of district energy and CO2 emission related impacts of design al-
ternatives in selected cases (Section 6).

5) Testing the Kurke tool with the urban planners (Section 6.5), and
finalising the tool based on their feedback.

3. Urban planners’ needs for ideal urban energy plan

3.1. Existing tools for assessing districts and their sustainability

There exists already different tools for assessing urban environment
and its sustainability, such as BREAAM Communities (BREEAM, 2012),
CASBEE for Urban Development (Institute for Building Environment
and Energy Conservation (IBEC), 2014) and LEED for Neighbourhood
development (US Green Building Council, 2009), as well as SBTool2012
and GBI for Township, of which all others besides SBTool2012 have
been developed based on national standards as a reference
(Charoenkit & Kumar, 2014). Other urban area assessment tools related
to energy system have also been developed e.g. (Amado et al., 2016;
Hedman, Sepponen, & Virtanen, 2014; Mourmouris & Potolias, 2013).
Most of these tools are targeted for evaluating the urban plans and the
neighbourhood level. Regional level green energy planning tools also
exists, mostly using mathematical modelling approaches (Bhowmik,
Bhowmik, Ray, & Pandey, 2017). For example, an regional energy
system model has been developed in Italy (Cormio, Dicorato,

Fig. 1. Urban planning process in Finland and the application area for
the developed Kurke tool (FINLEX, 1999, as cited in Hedman et al.,
2014).
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Minoia, & Trovato, 2003). There also exists various models for opti-
mising district heating and cooling systems (Sameti & Haghighat,
2017). In general, LCA approach emerges as a promising framework for
the environmental assessment of a territory (Loiseau, Junqua,
Roux, & Bellon-Maurel, 2012). There are also methods for setting the
targets for the local energy planning, which guide to act toward global
climate change mitigation and other policy objectives (Leal & Azevedo,
2016). A summary of the tools that could support low carbon urban
planning is presented in Table 1 with an estimation of their exploitation
potential in Finnish urban planning.

3.2. Survey for Finnish urban planners and other planning experts

The authors performed an online survey to map urban planners’ and
other urban planning experts’ needs and requirements for sustainable
urban planning in Finland in 2012. This stakeholder requirement
survey had in total 19 respondents, of which 9 persons represented the
municipal and public sector and 10 persons were from the private
sector.

Survey respondents were asked as an open question, what an ideal
urban energy plan should include in their view. The following list
summarises stakeholders’ requirements for the ideal urban energy plan:

• Overall strategy first, then suitable means accordingly.

• Holistic design and sustainability impact assessment requires colla-
boration and interaction.

• Evaluating of the most crucial issues with biggest effects on energy
demand and emissions.

• Energy efficiency as a target already from the beginning.

• Targets for the energy efficiency, emissions and the share of re-
newable energy.

• City plan enabling broadly different energy supply means, both
centralised and distributed energy.

• Urban planners to choose with experts the most suitable energy
options for each area.

• Defining of allowed energy production means and their placement.

• District heating and cooling data included in the urban plan: energy
sources and their emissions.

• If district heating available, then it needs to be prioritised and only
more efficient sustainable options would be allowed.

• In district heating areas: focus only on producing electricity in the
buildings.

• Effective transportation network planning with high quality public
transport, bicycling and walking.

The survey respondents were asked to write open comments about
defining the energy efficiency in municipal urban development and
construction projects. They wrote that it is important to consider and
manage the whole entity of urban development, and one of the re-
spondents wrote that currently “the entities of municipal construction
projects are defined and managed very weakly”. In addition, it was
asked that what are the topics where you need more information about
energy efficient planning, and for this the respondents listed that they
need more information primarily about managing the whole system,
and what changes have the biggest impacts. When asking that should
the analysis tool consider only new areas under planning, and also, or
only, infill and renovation areas, all respondents chose that a tool
should be usable for both new and renovation areas.

78% of the respondents felt that there is a need for both energy
efficiency assessment tools, and certifications for the assessed cases if
passed by the tool. Most popular energy efficiency assessment tools that
the representatives had used previously were LEED (37% of re-
presentatives) and BREEAM (26%). In addition to these, individual
respondents had been using a wide variety of different indicator fra-
meworks, and case comparisons based on simulations and calculations.
When asking how to present the results of sustainability analysis for
urban areas, the respondents wrote that the results should be presented
in a simple and clear graphical form.

This survey indicated that urban planners still feel that it is chal-
lenging to assess the effects of different design choices on the overall
energy efficiency and CO2 emissions of urban plans clearly enough.
They wrote that they require analysis tools for justifying the best urban
development choices both for the decision makers and residents.

Similar annotations have also been raised in the research. It is noted
that cities have difficulties in effectively evaluating the best suitable
urban energy planning concepts (Eicker, Monien, Duminil, & Nouvel,

Table 1
Existing district level sustainability assessment tools and their estimated exploitation potential to support low carbon urban planning in Finland.

Tool Scope Exploitation potential in Finland Reference

BREEAM-Community New development at neighborhood scale:
Buildings and their impacts on transport, land-
use, economic and social characteristics.

Potentially suitable; mainly for evaluating the
final result of new development.

Charoenkit and Kumar (2014), BREEAM
(2012)

LEED-ND Neighborhood development; smart growth,
urbanism and green building.

Potentially suitable; mainly for evaluating the
final result.

Charoenkit and Kumar 2014, US Green
Building Council (2009)

CASBEE-UD Assessment method for multiple buildings and
other elements on a large-scale site.

Developed for Japanese environment. Mainly
for evaluating the final result.

Charoenkit and Kumar (2014), Institute
for Building Environment and Energy
Conservation (IBEC) (2014)

SBTool2012 Designed for different development stages and
locations, different sets of criteria and
indicators. User weights the criteria.

More complicated to begin than BREAAM,
CASBEE, LEED, but allows setting local
prioritisation.

Charoenkit and Kumar (2014)

GBI for Township Sustainable building development in
Malaysia.

Completely different climate & environment Charoenkit and Kumar (2014)

A theoretical model and its practical
application

Balance energy consumption of districts and
PV potential in districts for a whole city.

Buildings included, not transportation. Only PV
supply, no other RES or CHP.

Amado et al. (2016)

A theoretical model and its practical
application

Balance energy consumption of districts and
PV potential in districts for a whole city.

Buildings included, not transportation. Only PV
supply, no other RES or CHP.

Amado et al. (2016)

A bottom-up energy system
optimisation

Support planning policies to promote RES.
Primary energy, power & heat, emissions and
end-uses.

Planning of regional energy systems, not for
urban planning. Includes regional CHP

Cormio et al. (2003)

Evaluation framework &multi-
criteria decision analysis

A multilevel decision-making structure,
multiple criteria for energy planning and
optimal RES of at the regional level.

Supports decision-making for regional RES.
Larger level than district; no transport planning
scenarios.

Mourmouris and Potolias (2013)

An land use-transport-energy model
for future smart cities

Developed for future smart cities. Spatial
explicit land use model. Assesses the possible
RES implications.

Potential. Developed for Tokyo, focus mostly
on megacities development.

Yamagata and Seya (2013)
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2015). The local level needs improved performance-based planning
practises and solutions for taking energy goals into account in the
spatial planning and urban policies to achieve low carbon and energy
efficiency goals (Zanon & Verones, 2013). Typically, sustainability as-
sessment tools are used only after urban plans are finalised, but it would
be beneficial to use the assessment indicators already during the
planning phase (Wedding & Crawford-Brown, 2007). The localisation of
the urban area assessment is crucial (Haapio, 2012).

Although there exists various tool already, it still seems that there
are practical gaps in evaluating districts and their sustainability in
Finland. The survey confirmed that urban planners still seem to need
more support in their practical work to assess the energy efficiency and
carbon impacts of urban plans. As a consequence, there was a need to
develop a tool that can support Finnish urban planners to understand
the energy and CO2 emission related impacts of the planning choices.
Therefore, the district energy and emission analysis methodology was
developed and implemented in the Kurke tool.

4. District energy and emission analysis methodology and Kurke
tool

An important requirement for the methodology developed was that
it should be clear and practical. At the same time, the level of details
and accuracy should allow a sufficient comparison of different design
choices of the urban plan. Analysis was done as a statistic situation at
the annual level. The method needed to include all the major aspects
affecting to areal energy efficiency via urban planning, including the
entire energy chain of a district (Kılkıs, 2014). Similarly to an in-
tegrated land use-transportation-energy model for future smart cities
(Yamagata & Seya, 2013), we included in the district energy analysis: 1)
energy demand of buildings, 2) energy demand of passenger transpor-
tation, and 3) different energy supply alternatives. Based on these steps,
total district energy can be analysed and its alternatives compared
(Fig. 2). The methods for analysing these three key elements have been
described in the following Sections 4.1, 4.2 and 4.3.

The developed energy and emission analysis methodology was
embedded to a tool called Kurke. Kurke tool was implemented in a
spread sheet program, and it was targeted for urban planners. The aim
was that urban planners could check fast the energy efficiency and
emission related impacts of the planning options during the develop-
ment of municipal master plan and detailed plan. Kurke tool consists of
5 spread sheets, of which 3 are visible for the user. In the first sheet, the
user fulfils the basic information of the buildings (size, type, number of
residents and average energy demand based on the age of the building:
see details in Section 4.1), basic information of the district (e.g. areal
efficiency and distance to services; see details in Sections 4.2 and 4.3),
and the boundaries for local energy production options (e.g. maximum
availability of the roof surfaces for solar energy production). On the
second sheet, user can see visually the energy demand and CO2 emis-
sions for the studied planning option, calculated automatically based on
the input data and according to the developed analysis methodology
presented in the following sections. Third spread sheet guides user to
estimate the buildings’ energy demands based on the age of the build-
ings (as in Table 2 in Section 4.1). The remaining spread sheets are
hidden from the user, and they contain the calculation of the results
according to the developed methodology and the Finnish transport
modal split statistics (Finnish national passenger transport survey,
2012).

4.1. Building energy demand analysis

The total energy demand of buildings was calculated by multiplying
the net floor area of buildings with the average annual specific energy
demands for heating, cooling and electricity (kWh/m2). The average
annual energy demands were calculated with the REMA calculation tool
(Tuominen, Holopainen, Eskola, Jokisalo, & Airaksinen, 2014) for dif-
ferent Finnish building types from different periods and for very energy
efficient buildings. The REMA tool has been developed for assessing the
energy performance and the effects of various energy efficiency mea-
sures in buildings on the scale of the whole building stock of Finland
(Tuominen et al., 2014). The calculated average annual energy demand
values are shown in Table 2.

Based on the survey results, a selection was made to categorize
buildings into six different types: new apartment buildings, existing
apartment buildings, new detached houses, existing detached houses,
public and service buildings, and office buildings. This classification
enabled assessing most typical residential and service areas in Finland.
In addition, the analysis method included studying the effects of adding
smart meters into buildings. Smart metering system can provide real
time information for residents about their electricity use. The smart
metering system, if in use, was estimated to decrease the electricity
consumption on an average 8% corresponding an average electricity
saving (Neenan &Hemphill, 2008).

4.2. The analysis of passenger transport and its CO2 emissions

In the passenger transport analysis, the energy demand and CO2

equivalent emissions of the passenger transport were estimated based
on the city plan. The amount of passenger transport (in person kilo-
metres) depended on the location and the type of the district. The local
area was defined by following attributes: the average areal density,
typical residential building types, distances to the nearest bus stop or
daily services, and the type and the location of the area in respect of the
surrounding urban structures. The statistical data about passenger
transport was retrieved from the National Travel Research (Finnish
national passenger transport survey, 2012), including data about pas-
senger kilometres per person per day and the modal split data for dif-
ferent types of locations and areas in Finland in 2010 and 2011. The
modal splits show the passenger transport data for each transport mode
(passenger kilometres per person per day). The modal split was calcu-
lated according to the urban plan, the areal characteristic information
and the statistical data about passenger transport.

Next, the authors developed improved transport planning alter-
natives, which aimed to decrease the need for private cars through
urban planning decisions. These planning choices and solutions con-
sisted of separate cycle paths and good quality and secure parking
places for bicycles, centralised car parks, train station in the vicinity of
the district, well planned and safe public transportation, walking and
bicycling routes. Shorter distances to daily services (shops, day care
centres and elementary schools) also decreased the need of using pri-
vate cars. The impact of average distance to the nearest super and hyper
markets were also taken into account. The reference level of the im-
proved transport planning design choices and following potential ef-
fects in the modal split were developed based on a study from Freiburg
(Germany) (Daseking, 2009). Certain urban planning and design mea-
sures, such as strong promoting of public transport, can decrease the
share of using private cars from 38% to 28% (Daseking, 2009). In
Freiburg, the share of walking and biking was originally quite high

Fig. 2. Different phases of the analysis methodology.
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(50%), which could be taken as the target level in Finnish cities where
the average is rather low).

The average modal splits were calculated for the business-as-usual
and the improved transport planning scenarios in the studied urban
plan. Based on this data, the authors calculated the annual CO2 emis-
sions of transport planning scenarios by multiplying the passenger
kilometres with the average CO2 emission factors for each transporta-
tion mode separately. The average emission factors for different
transportation modes in Finland are listed in Table 3.

4.3. Analysis of energy supply options and their CO2 emissions

To support urban planners in identifying potential energy supply
options, the authors developed a predefined list of 10 different energy
system alternatives. Two of these predefined energy supply alternatives
represented the most common business-as-usual alternatives in Finland:
district heating or electric heating (with buying the electricity from the
national electricity grid). The recognition of the potential for renewable
energy utilisation as a part of the district energy system is important,
and hence, the remaining eight proposed alternatives included different
renewable energy supply systems, such as ground source heat pumps,
solar thermal collectors and photovoltaic panels. The predefined list of
energy supply alternatives are shown in Table 4. For wind energy, it has
to be noted, that its production depends highly on local wind condi-
tions, and thus, this analysis evaluates the possible magnitude of wind
energy supply. District heating can be either supplied from a local plant
at the district, or from larger production units within the city. The most
of the district heating in Finland is produced at CHP plants, from which
the thermal energy is supplied through district heating network and
electricity through the electricity grid (Statistics Finland, 2015).

For those urban areas that had a district heating system available,
the heat distribution losses of the district heating network were added
up to the total amount of needed heat energy supply. The typical
average district heating network losses were estimated on the basis of
the areal efficiency, with an assumption that districts with lower areal
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Table 3
Average CO2 equivalent emissions for different transportation modes in Finland
(Modified from VTT Lipasto. Online database, 2009).

Average CO2 equivalent emission factors in Finland in
2011

g of CO2e/person-km

Private cars 98
City bus, 18 passenger/80 seats, diesel 59
City bus, 18 passenger/80 seats, natural gas 68
Local train (electric), 65 passenger/184 seats 22
Tram (estimated) 22
Metro (estimated) 22
Pedestrian (estimated) 9
Bicycling, etc. (estimated) 4

Table 4
Predefined energy system alternatives.

Alternative Thermal energy Electricity

1 District heat National grid
2 Electric heating National grid
3 Ground source heat (decentralized) National grid
4 Ground source heat (centralized) National grid
5 Pellet boiler National grid
6 Wood chip district heat National grid
7 District heat Photovoltaic + national

grid
8 District heat & solar thermal National grid
9 Wood chip district heat & solar

thermal
National grid

10 District heat Wind power + national
grid
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efficiency tend to have longer heat distribution network in relation to
the amount of energy demand required in the district. The estimated
shares of the district heating losses for different types of areas were
average values as listed in Table 4, mainly based on data from (Hedman
et al., 2014; Nystedt, Sepponen, & Virtanen, 2012; Paiho et al., 2013)
with supporting information from the corresponding Finnish munici-
palities of Jyväskylä, Jämsä, Petäjävesi, Multia, Kannonkoski, Toi-
vakka, Helsinki, Sipoo, Kokkola, and Tampere. As Table 5 summarises,
the distribution losses can be very significant in districts where the
density of heat consumption is low, meaning sparse and extremely
sparse areas where areal efficiencies are low (Hedman et al., 2014;
Martikainen, 2013). Finnish Energy estimates that the distribution
losses for a well-built and maintained network with a high consumption
density are 6–8% (Energiateollisuus Ry, 2015).

When calculating the CO2 equivalent emissions of different energy
supply alternatives, the emission factors for average Finnish electricity
and district heating were based on data from the Statistics Finland
(Statistics Finland, 2015) and a Finnish district heating study (Keto,
2010). The other embedded CO2 equivalent factors for specific energy
production technologies were calculated with the GEMIS (Global
Emission Model for Integrated Systems) software (International
Institute for Sustainability Analysis and Strategy (IINAS), 2016). The
used CO2 equivalent emission factors and other information, such as
assumptions used in the energy system analysis, have been presented in
Table 6.

One specific characteristic of Finnish electricity production is the
high share of CHP (Combined heat and power production), which re-
presented 35% of Finnish electricity production in 2011 (Statistics
Finland, 2015). The CO2 equivalent emissions from CHP production
between electricity and heat were allocated based on the efficiency of
alternative segregated heat and electricity production methods. The
typical efficiency of CHP plants is approximately 90% for heat pro-
duction and 40% for electricity production (Keto, 2010).

5. Base data for two Finnish urban planning cases

5.1. Case areas

Two Finnish urban area plans were selected for testing the low
carbon urban planning methodology. Both of these areas were typical
Finnish real life urban plans located in the Helsinki metropolitan area.
They represent different levels of the land use planning; the first area is
a small new residential neighbourhood under development of a detailed
plan, and the second area is a larger district, for which a master plan
was being developed (see the land use planning levels in Finland in
Fig. 1). The case areas were selected from the research partners’ on-
going urban development projects in collaboration with the cities and
urban planners, who were participating to the national research project
for developing solutions for sustainable urban development in Finland.

The first case was a detailed plan of a new small neighbourhood (the
layout of the area is shown in Fig. 3) located in Kivistö, which was one
of the first construction areas in a new Marja-Vantaa district under
development in the city of Vantaa. The first case area consists of six
residential blocks, a public service building and a car parking area. The
second case area was Eriksnäs (preliminary layout in Fig. 4), which is
part of the Sibbesborg master plan located in the municipality of Sipoo.
It had already existing buildings and a strong need for infill construc-
tion and development of the area. This case was in the early drafting
phase, and the tool was used during the development of the urban plan,
with using the preliminary information about the specifications for the
urban plan. The second case area consisted of small neighbourhoods
with blocks of apartment buildings and office buildings and blocks of
detached buildings. Real time smart metering was planned for the new
buildings. The areal density of Kivistö neighbourhood was planned to
be almost double as high as in the Case 2 plan in Eriksnäs. Detailed
specification of the case areas has been listed in Table 7.

5.2. Requirements, boundaries and input data for energy supply alternatives

The compared energy supply alternatives have been listed in
Table 4, and additional 2 scenarios with multi energy sources have also
been studied. The specific boundaries and potentials for local renew-
able energy supply calculations have been presented in Table 8. In both
case areas, the total available roof surface set boundaries for the po-
tential solar electricity supply. It was estimated from the city plan that
approximately 50% of this roof surface would have been available for
installing photovoltaic panels (PV) or solar thermal collectors.

Solar thermal collectors are typically designed according to the hot
domestic water heating demand during the summer period when solar
energy is available, enabling maximal efficiency for the investment. In
Finland, this means approximately 7–8 months from March to October.
During this period, approximately 50% of the total annual hot domestic
water heating demand can be supplied from solar thermal energy. In

Table 5
The share of distribution losses from needed total energy production in areas with dif-
ferent areal efficiencies (ea).

Type of the district Areal efficiency (ea) Share of distribution losses [%]

Extremely Sparse −0.1 18%
Sparse 0.1–0.2 12%
Average 0.2–0.3 9%
Dense 0.3–0.4 4%
Extremely dense 0.4 − 3%

Table 6
The embedded CO2 equivalent emission factors of different energy production systems (based on average values during the years 2000 and 2007 (Keto, 2010; Statistics Finland, 2015) and
calculations with the GEMIS (International Institute for Sustainability Analysis and Strategy, 2016)). Electricity based heating systems are marked with *.

Energy production system CO2 equivalent emissions [kg/MWh] Additional information and assumptions

Heat energy District heating 217 Average in Finland.
Electric heating* Emissions of the electricity demand Efficiency of electric heating system 100% (Ministry of the Environment, 2012b).

Energy conversion factor for electricity is 1.7 (Ministry of the Environment, 2012a).
Ground source heat
pump*

Emissions from the electricity demand and the
system manufacturing 9 kg/MWh

Annual coefficient of performance is 2.5 for heating.

Pellet boiler 9 Fuel transported 100 km, emissions 0.11 kg/km
Wood chip district heat 29 Fuel transported 100 km, emissions 0.02 kg/km
Solar thermal 24 Production 391 kWh/m2,a

Electricity Electricity from national
grid

274 Average in Finland.

Photovoltaic panels 110 Production 110 kWh/m2/a
Wind power 58 1 wind turbine with the power of 1 MW, producing 1000 MWh/a.
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both case areas, the heat demand of hot domestic water heating during
summer period was the basis for calculating the maximum available
solar thermal collector area and their potential energy supply, without
producing excess solar thermal energy or using thermal energy storage.
The average hot domestic water heating demands for buildings have
been presented in Table 2.

Small scale wind energy supply was also included in the comparison
as a theoretical option in both case areas. In the case 1, this was made
by adding in total 1 MW of wind energy supply, which was produced
with 5 small vertical axis wind turbines; and similarly in case 2 by
adding 3 MW wind power capacity with 15 small wind turbines. The
electricity yield of these small wind turbines was calculated based on
5 m height vertical axis wind turbine model called WS-4 manufactured

by Windside, which produces approximately 2000 kWh/year with 5 m/
s wind speed on average (Windside, 2016). The annual mean wind
speed ranges from 5 to 6 m/s in the metropolitan area of Finland
(Finnish Meteorological Institute, 2009).

In addition to the predefined list of energy supply systems (as listed
in Table 4), two additional energy supply scenarios were analysed for
both case areas. The first additional scenario was a district level heat
pump providing annually approximately 90% of the total heat demand,
and the rest 10% of heat was provided with electrical heaters. This
scenario was chosen due to its lower investments costs, because this
way the maximum capacity of the heat pump system could have been
significantly lower (approximately 75% of the maximum heat capacity
needed), than if the heat pump would have provided the entire heat

Fig. 3. Detailed plan of Kivistö in the City of Vantaa, Finland
(modified from Marja-Vantaa city plan (Municipality of Vantaa,
2012)). The studied area is circulated in the figure. Markings in
the plan: A is residential buildings, AK residential apartment
buildings, VP and VL green areas and parks, LPA car parking
space and YL public service buildings. The number series with five
digits shows the number of the block.

Fig. 4. Draft of the master plan of Eriksnäs (modified from
Eriksnäs city plan, 2012). The drafted new building blocks
under planning are shown with as black blocks (grey blocks
are already existing in the area). Blue areas are sea, green
areas are parks and leisure areas, and yellow areas are cul-
tivation fields.
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demand even in the peak demand times.
The second additional scenario was a theoretical analysis of a dis-

trict operated 100% with renewable energy. In the second additional
scenario, the district heating was generating thermal energy from wood
chips, and the annual amount of electricity demand would be covered
fully with PV production and wind turbines. This option required that
the city plan would have been radically modified by adjusting the
alignment of the buildings to maximise their potential for solar energy
utilisation. In this situation, the solar electricity supply surface could
have been doubled compared to the above real life option, which meant
that all the roof surfaces could be utilised for solar electricity produc-
tion. This would have required extreme changes in the city plan to
enable the mounting of all roof surfaces optimally towards south. In this
scenario, 11,200 m2 of photovoltaic panels could have been installed in
the Kivistö area, and 60,000 m2 of photovoltaic panels in the Eriksnäs
area.

6. Analysis results of case areas

Ideal energy solutions for the urban plans of the case areas were
studied with the developed Kurke tool using the energy and emission
analysis methodology presented in section 4. The district energy ana-
lyses included 1) energy demand of buildings and transportation, 2)
impacts of improved transport design choices and 3) comparing CO2

emissions of energy supply options.

6.1. Building energy demands in the case areas

The energy demands of buildings were compared between two
scenarios: 1) a typical basic design, and 2) a very energy efficient (EE)
design. The typical basic design was the average energy demand of new
buildings that have been built according to the current Finnish building
regulations (year 2012 level), and the EE scenario represents very en-
ergy efficient buildings (see Table 2). Fig. 5 shows the effects of im-
proving energy efficiency of buildings. Buildings’ heating energy de-
mand could be decreased up to 24% through realistic energy efficiency
improvements. However, reducing the electricity demand via the urban
plans seemed to be more challenging (only 3% in the studied cases).
Due to the high areal density of the Kivistö area, the share of district
heating losses was relatively small (only 3% of the total heat demand).
In contrast to the Kivistö case, the share of heat distribution losses in the
Eriksnäs case was 8% due to lower areal density. The whole energy
demand of the case areas in basic and very energy efficient designs have
been listed in Table 9.

6.2. Low carbon transportation planning in case areas

The average daily passenger kilometres in business-as-usual plan-
ning have been shown for both case areas in Table 10. The share of the
use of the private cars in the passenger kilometres was on average 66%
in case 1 Kivistö and 71% in case 2 Eriksnäs. Passengers in Eriknäs also

Table 7
Detailed description of urban location and type of case districts.

Case 1: Kivistö Case 2: Eriksnäs

Location the metropolitan area the metropolitan area
The population centre of the city area Helsinki Helsinki
Distance to the centre of Helsinki 21 km 30 km
Size of the area under planning 400 m× 314 m; 13 ha 361 ha

7 building blocks
Environmental characteristics Field, no buildings existing. Sparsely built; fields and forest; some existing buildings.
Total floor area 112,035 m2 842,580 m2

Total floor area of apartment buildings 92,025 m2 690,180 m2

Total floor area of detached houses 1810 m2 52,400 m2

Total floor area of service buildings 18,200 m2 80,000 mB2

Total floor area of office buildings – 20,000 m2

Number of inhabitants in the area 2100 16,000
Planned floor area per resident 45 m2 49 m2

Type of the area urban area village area
Areal efficiencya more than 0.4 0.2–0.3
Number of new working places – 1400
Traffic zone local centrum local centrum
Distance to grocery store 250 m 500 m
Distance to hyper marketb 500 m n/a
Distance to elementary school 300 m 500 m
Distance to small recreational spaces (< 1,5 ha) 300 m within the area
Distance to large recreational spaces (> 20 ha) not inside the area within the area
Distance to most used public transportation stop 100–300 m 100–300 m

a The total floor area of buildings per the total land area of the district.
b More than 5000 m2

floor area of sale spaces in the grocery store.

Table 8
The boundaries and potentials for energy supply alternatives.

Energy supply alternatives Case 1: Kivistö Case 2: Eriksnäs

Total roof surface area 11,200 m2 60,000 m2

Maximum roof surface available for PV panels (50% of the total area) 5600 m2 30,000 m2

Maximum heat demand for solar collectors heat supply (50% of hot domestic water heating
demand in buildings for during March-October)

2005 MWh/a 11,730 MWh/a

Small scale wind energy capacity 1 MW 3 MW
- produced with small vertical axis wind turbines 5 turbines 15 turbines
Additional scenario 1: district level heat pump 90% from heat pump and 10% from

electrical heating
90% from heat pump and 10% from
electrical heating

Additional scenario 2: 100% renewable energy: district heating from wood boiler, PVs for
all roof surfaces, and rest of the electricity demand with wind energy

11,200 m2 PV (26% of electricity
demand), 74% from wind

60,000 m2 of PV (20% of electricity
demand), 80% from wind
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had longer daily transportation distances than in Kivistö. The difference
between cases was caused by the density of the areas and the average
distances to daily services.

The urban planning choices that make alternative, more sustainable
and low carbon transport modes more favourable have been listed in
Table 11, with their estimated potential impacts compared to business-
as-usual transportation system design. The potential improvements in
transportation system design in both case areas were recognised with
the aim to support people to increase walking and bicycling and using
public transportation, and hence reducing the need for private cars.

If transportation infrastructure was planned to support alternative,

more sustainable mobility choices, the share of private cars could have
been reduced with sustainable planning choices in the Kivistö area from
66% to 44% and in Eriksnäs from 71% to 59% (Fig. 6).

The CO2 emissions were calculated for both areas to compare BAU
and improved planning scenarios. As a result of more sustainable
transport planning choices, Fig. 7 shows the estimated annual CO2

equivalent emission reduction potentials of 21% in the Kivistö urban
plan and 11% in the Eriksnäs urban plan. This CO2 emission reduction
potential was significant, as 470 tCO2/a per resident in Kivistö and 120
tCO2/a per resident in Eriksnäs could have been saved on average due
to low carbon urban planning choices. In total, this would mean an-
nually total CO2 emission savings of 976,000 tCO2/a in Kivistö and
2022 000 tCO2/a in Eriksnäs.

6.3. Energy supply alternatives

Local energy supply alternatives were evaluated and their CO2

equivalent emissions were compared in the case areas. The require-
ments, boundaries, and input data used in the calculations have been
described in Section 5.2.

In Kivistö, the maximum potential for solar electricity yield was
616 MWh/a, supplying 13% of the required electricity demand in the
area. In the Eriksnäs case, the maximum solar electricity yield was
3000 MWh/a, which was 10% of the total electricity demand.

As a result, the maximum solar collector area, which would not
require any additional energy storage or heat distribution outside of the
area in the summertime, was calculated to be 5130 m2 of solar collec-
tors in the Case 1 Kivistö. These collectors would require 46% of the
planned total roof area. In the Eriksnäs case area, the maximum po-
tential area for solar thermal collectors was 30,000 m2, which is 50% of
the total roof area. The annual wind energy supply would have been
approximately 1000 MWh/a in Kivistö and 3000 MWh/a in Eriksnäs.

The second additional scenario studied a what-if case for supplying
100% renewable energy for the district. In this scenario, 11,200 m2 of
photovoltaic panels could have been installed in the Kivistö area cov-
ering up to 26% of the annual electricity demand, and 60,000 m2 of
photovoltaic panels in Eriksnäs, covering 20% of the annual electricity
demand. The rest of the annual electricity demand needed to be covered

Fig. 5. Building energy demands of case areas (Kivistö in the
left and Eriksnäs in the right) in the basic and the very energy
efficient building design scenarios.

Table 9
Energy demand for the whole area in basic and very energy efficient design.

Building energy demand in case areas
[MWh/a]

Case 1: Kivistö Case 2: Eriksnäs

basic EE basic EE

Total electricity demand 4830 4696 33,945 33,111
Space heating 4036 2432 25,749 18,114
Hot domestic water heating 4424 4012 33,003 29,990
Distribution losses from district heating 254 193 5228 4281
Total heat demand 8714 6637 63,981 52,385

Table 10
Average passenger kilometres per person per day with business-as-usual transport system
design.

Modal spit Passenger kilometres per person per day

Case 1: Kivistö Case 2: Eriksnäs

Private cars 25.0 28.9
City bus (diesel) 3.5 3.5
City bus (gas) 0.0 0.0
Local train (electricity) 3.9 2.8
Pedestrian 1.3 1.1
Bicycling 0.7 0.7
The underground/tram 0.6 0.5
Other (plane, ship, etc.) 2.7 3.5
Total 37.6 40.9

Table 11
Improved transportation system planning choices compared to business-as-usual, and related impacts to the share of the transportation modal split.

Transportation plans Case 1: Kivistö Case 2: Eriksnäs

Separate bicycling roads and bicycle parking facilities excellent (bicycling + 4%) good (bicycling + 2%)
Centralized car parking facilities 50% of parking (private cars −2%) none (private cars ± 0%)
Distance to local train station in the area less than 400 m (local trains + 4%) 400–600 m (local trains + 2%)
Distance to local services (grocery shop, day care, elementary school) all within 400 m (walking and bicycling + 4%) all within 400 m (walking and bicycling + 4%)
Frequent and high-quality bus and tram connections excellent (public transport + 4%) good (public transport + 2%)
Dense and safe walking routes with high quality design excellent (walking + 4%) good (walking + 2%)
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with other sources, meaning additional supply of 74% (3475 MWh/a)
of the total electricity demand of Kivistö and 80% (26,489 MWh/a) in
Eriksnäs. As an example, the rest of the electricity yield was covered
with wind energy, requiring 3.8 MW of capacity from a wind mill park
for Kivistö and 28 MW of capacity for Eriksnäs.

6.4. The CO2 equivalent emissions in case areas

The energy supply alternatives and their CO2 equivalent emissions
have been shown in Fig. 8 for the Kivistö case and Fig. 9 for the Eriksnäs
case. These figures showed that typical Finnish heating energy solutions
(district heating and electric heating) caused on average the highest
emission rates when compared to potential renewable energy options.
These district heating emission rates represented the average national
emission level, but in reality emissions from each district heating plant
varies locally based on used fuel. This can also be seen from Figs. 8 and
9, when comparing basic district heating and wood chip based district
heating. According to Figs. 8 and 9, it seemed that a large share of
distributed energy production would have been required before redu-
cing CO2 emission significantly. These emission analysis results showed
that the smallest amounts of CO2 equivalent emissions were caused by
wood chip based district heating combined with solar heat (case 1:
13 kgCO2/m2,a and case 2: 11 kgCO2/m2,a), individual pellet boilers in
buildings (case 1: 13 kgCO2/m2,a and case 2: 12 kgCO2/m2,a), wood
chip based district heating (case 1: 14 kgCO2/m2,a and case 2:
13 kgCO2/m2,a) or heat pumps in buildings (case 1: 19 kgCO2/m2,a and
case 2: 18 kgCO2/m2,a). These figures show that relatively the best
options are the same for both cases, even though there are small

quantitative differences in the results, which can be seen also from
Table 12. In Kivistö, the share of public service buildings and office
buildings is 16%, while in Eriksnäs the share is 11%. Since the elec-
tricity consumption of these buildings is larger than that of residential
buildings, the CO2 emissions of the electricity demand are larger as
well.

In the Kivistö case, improving of buildings’ energy efficiency re-
duced heating related CO2 emissions by 24% and electricity related
emissions by 3%. For Eriksnäs case, the corresponding figures were
18% and 5%. The impact of choosing the energy source was compared
to the average CO2 emissions of Finnish district heating and electricity
(in the basic district design case), and the results of this comparison for
the CO2 emission reduction potentials for electricity and heating supply
are shown in Table 12.

The CO2 emissions of alternative urban energy plans have been
summarised in Fig. 10 for the Kivistö case, including the comparison of
basic and energy efficient buildings, transportation planning choices,
and using of different energy sources. Through extreme low carbon
planning choices with 100% renewable energy supply, the total CO2

emissions could have been reduced up to 49%. When compared to the
basic design choices that used the average district heating as energy
supply, the total CO2 emission reduction potential of urban planning
choices in Kivistö case varied from − 4% with average district heating
to − 29% with pellet boilers or district heating with wood chips and
solar collectors (Fig. 10).

Total CO2 equivalent saving potential in Eriksnäs was similar to
Kivistö case. The summary of the CO2 equivalent savings potential has
been presented in Fig. 11. In Eriksnäs, the maximum saving was cal-
culated to be 47% by maximizing the share of renewable energy in the
local energy system.

6.5. Testing the kurke tool with urban planners

During the tool development process, Kurke tool was discussed and
collaboratively tested with the urban planners participating to the
project. When urban planners were drafting the design alternatives for
the urban plans, they used Kurke tool to check the impacts to the
transport modal split and the related environmental impacts. For ex-
ample, they had used the Kurke tool to check the effect of the density of
the district and how the amount of the daily used services affects to the
transportation demand and related CO2 emissions.

Involved urban planners commented that Kurke tool could help

Fig. 6. Comparison of transportation modal splits in business-as-usual
and with improved planning choices in the Kivistö and Eriksnäs areas.

Fig. 7. Annual CO2 equivalent emissions per person from transportation in the Kivistö
and Eriksnäs areas.
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them to see the impacts of the urban planning options. The Kurke tool
visualises the analysis results in graphs, and urban planners liked the
idea that they could use these graphs when communicating the impacts
of different design alternatives to decision makers and other stake-
holders. For example, the graphs were used both in the presentations of
the urban plan drafts as well as in the official report describing the
master plan of the Eriksnäs area case.

The Kurke tool has been adopted to support city planning already in
some Finnish municipalities. Urban planners, who have been testing the
tool in practise, told that it was helpful, and especially they favoured
the assessment of the effects of urban planning choices on the passenger
transportation. They told that it has proven to be highly useful when
drafting urban plans. Urban planners also gave positive feedback about
the adequate level of complexity for the tool and the visualisation of
results. It seemed that the tool has also managed to raise interest to
study alternative potential energy sources to business-as-usual energy
supply solutions.

7. Discussion

The developed methodology and the Kurke tool provide urban
planners a practical and fast way to assess the energy demand and CO2

emissions of different urban plan options. While most of existing tools
focus on validating the energy efficiency and/or sustainability level

Fig. 8. CO2 equivalent emissions per floor square meter in the very energy
efficient scenario from different energy supply options for the Kivistö case.

Fig. 9. CO2 equivalent emissions per floor square meter in the very energy
efficient scenario from different energy supply options for the Eriksnäs
case.

Table 12
Comparison of CO2 emission reduction potentials (compared to the basic case: average
Finnish district heating and electricity supply).

Energy supply option CO2 emission reduction
potential

Case 1:
Kivistö

Case 2:
Eriksnäs

Heat pumps (producing 100% of the heat) −16% −15%
Heat pumps (producing 90% of the heat) −13% −9%
District heating using bio based fuels (wood chips or

pellets)
−29% −26%

Electricity from PV panels covering 50% of the roof
area

−4% −1%

District heating with solar collectors (covering 50%
of the roof area)

−7% −5%

Adding 0.5 kW of wind power per resident (in total
1 MW in case 1 and 3 MW in case 2)

−4% −2%

Theoretical test: 100% of renewable energy from
heating with wood, and electricity from PV
(maximised production potential) and wind

−49% −43%

Electrical heating +8% +5%
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after for a finalised project, the developed Kurke tool can be used
during developing the urban plans. Speciality of the Kurke tool is that it
takes into account both energy demand of buildings and transportation,
and is developed based on Finnish urban planning context. Kurke tool
aims to show and compare alternative renewable energy based energy
systems as a valid option for traditional energy sources in districts. This
can raise interest towards renewable energy in the discussions and
planning decisions among the local authorities.

One of the core advances compared to other existing tools is that the
Kurke tool is localised to Finland by following the local urban planning
process and including statistical data for Finnish transport and building
energy performance. Also, the use of the local language in the tool was
considered important. Most of the tools presented in Table 1 are aimed
for assessing the final result of the development, such as BREAAM-
Community, LEED-ND and CASBEE-UD. SBTool2012 enables setting
local prioritisation, but it is more complicated to begin with than
BREAAM, CASBEE and LEED (Charoenkit & Kumar, 2014). GBI for
Township and Yamagata & Seya’s (2013) integrated land use-transport-
energy model for future smart cities have been developed for very
different operation environment. Finnish Ekotaajama (Hedman et al.,
2014) and Amado’s et al. (2016) model do not include transportation
planning. Cormio’s et al. (2003) and (Mourmouris & Potolias, 2013)
models are focusing on regional level, not district level planning.

In the proposed methodology, energy demand and emissions were
estimated per total area, per person and per floor area. The best suitable
reference unit depends on the targeted user and audience group, and it
has a significant effect to the final interpretation of the results. While
energy demand and emissions per area are interesting for municipalities
and energy utilities, they do not support comparisons among different
areas. For comparison purposes, units per person and/or per floor area
seem to be more suitable. However, these have a difference as well. In

general discussion, values per person can be more easily under-
standable, and they emphasize people’s perspectives better. However, it
can be unclear what this person is: are they a resident, user, worker,
and/or visitor to the area. Values communicated per person are typi-
cally a suitable unit when communicating results to end users, while
units related to floor area are traditionally used widely in the built
environment.

It is also significant whether the communicated values are visualised
in energy units (KWh), or in other performance indicators. The de-
scribed analysis methodology included energy and CO2 equivalent
emissions. However, it would be useful to include in the analysis also
the calculation of economic impacts, which tend to engender the in-
terest also among those people that are not interested in energy effi-
ciency or environmental issues. The challenge of economic analysis is to
get accurate and up-to-date economic data, which tends to keep
changing also case-by-case.

Due to the urban planners’ need for fast and practical assessment
tools, the methodology presented focused on the annual energy analysis
of district plans. However, in practise the energy demand of buildings
varies a lot seasonally, but also daily, hourly and during shorter time
periods. This was excluded from the analysis method, since the purpose
was to support energy and emission awareness of urban planners and to
show the magnitude of the required energy supply systems. The
methodology assumed that energy demand can be balanced with an
external electricity grid, and potentially also with an external district
heating network. The more detailed planning and design of district
energy systems and their management must be done separately later
during the design process, as the proposed evaluation method does not
take into account short time energy balancing. Optimal energy man-
agement systems are studied recently and various different methods
and tools have been developed (Marzband, Alavi, Ghazimirsaeid,

Fig. 10. The CO2 equivalent emissions per resident in the Kivistö case, with the comparison of basic and energy efficient design alternatives for buildings and transportation, and with
using different energy sources.

Fig. 11. The CO2 equivalent emissions per resident in the Eriksnäs case, with the comparison of basic and energy efficient design alternatives for buildings and transportation, and with
using different energy sources.
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Uppal, & Fernando, 2017; Reynolds, Rezgui, & Hippolyte, 2017;
Sheikhi, Rayati, & Ranjbar, 2016). The optimisation methods can pro-
vide planners new quantitative insights regarding many trade-offs to
inform the urban planning, even though it still seems that optimising of
the whole city remains a fallacy (Cajot et al., 2017).

One potential error source in the analysis methodology is the esti-
mation of heat losses in the district heating network. Losses were esti-
mated based on the areal density and average district heating losses in
Finland. In practise, these can vary due to different district heating
system designs. However, the proposed methodology gives more pre-
cise results than by using a single average percentage value for district
heating losses. This choice was justified because the target was to
produce a practical and easy-to-use evaluation methodology for urban
planners, who typically do not have a deep knowledge of energy sys-
tems and how to improve the overall energy efficiency.

Urban plan can, and often will, define the main heating energy
sources used, at least whether district heating and/or other energy
sources will be used in the area. Energy supply decisions are usually
done in collaboration with the local energy supplier, city re-
presentatives and urban planners. Typically, Finnish urban plans do not
set strict requirements for energy supply or energy efficiency, but they
can guide and recommend to choosing more sustainable energy sources.
The final choices are done by building owners and local energy sup-
pliers. The important issue for the urban planning is to create favour-
able circumstances for local, sustainable urban energy choices. In
practise this can mean e.g. aligning roofs in the urban plan towards
south to maximise the potential for solar energy supply. Such sugges-
tions and improved guidance could be embedded to the Kurke tool in
the future to increasingly highlight the important role of renewable
energy sources in district energy systems and increasingly raise them to
the discussion when drafting urban plans and making related decisions.
Additional development point for the developed methodology and
Kurke tool could be to interconnect it with the models for energy system
design and GIS to monitor the results and processes, as also suggested
by Manfren et al. (2011).

This study excluded the evaluation of the costs of the energy effi-
ciency and low carbon improvements, as the main target was to study
how the planning of low carbon urban areas could be supported. The
costs of improved design are distributed to the city, local energy sup-
plier, and building owners. Often investment costs of these kinds of
solutions are higher in the beginning, but then the life cycle costs may
be lower.

8. Conclusions

The ultimate research aim was to develop a supporting tool, called
Kurke, for Finnish urban planners for the evaluation and understanding
of the impacts of urban planning choices on the energy efficiency and
CO2 emissions of urban areas. The Kurke tool, developed based on the
methodology presented in this paper, also intended to raise urban
planners’ and municipal decision makers’ awareness of alternatives to
the traditional designs and their impacts on CO2 emissions during urban
planning process. In addition, energy companies could also benefit from
the tool. One of main aims of the tool development was to show the
possibilities for increasing the utilisation of renewable energy sources at
districts.

Finnish urban planning experts’ needs and expectations were stu-
died regarding the tools for the evaluation of energy efficiency at the
district level. The survey confirmed the need for practical assessment
tools to support energy efficient and sustainable urban area planning.
According to the urban planners’ requirements, the methodology was
kept as practical and fast-to-use as possible. This required balancing
between the level of practicality against the complexity and details,
which is one of the novel approaches in this research.

A methodology was developed for analysing the energy perfor-
mance of urban area plans and comparing the impacts of their energy

design alternatives on the carbon emissions. The methodology sup-
ported holistic energy analysis of urban plans, including energy demand
of buildings and transport, and local energy supply options. The energy
demand of buildings and transport can be estimated with the Kurke
tool, which uses Finnish statistical data. The tool guides the user to
consider alternative renewable energy sources and improve the sus-
tainability of the transportation system design with planning choices
that reduce the need for using private cars. The methodology targeted
to evaluate and compare the impacts of urban planning choices on the
annual energy demand and CO2 equivalent emissions of urban areas in
the early urban planning phase. The methodology and tool were tested
by comparing the energy planning choices of two Finnish urban area
plans. The given base data is applicable in Finland, but the metho-
dology itself can be localised to other countries, if suitable national base
data can be found.

Urban planning choices have significant effect on energy and carbon
efficiency from buildings, transportation and energy supply system. It
seemed that city planning has better possibilities of reducing heating
and cooling energy demand, while electricity demand is more depen-
dent on the user behaviour, and hence, its reduction via city planning
means is much more challenging. In the Kivistö case, improving
buildings’ energy efficiency reduced heating related CO2 emissions by
24% and electricity related emissions by 3%. The corresponding carbon
emission reductions in Eriksnäs were 18% and 2%. The most significant
reason for the moderate differences in the figures between the two case
districts are the differences in their building stock structures.
Significant CO2 emission reduction potentials were also found from the
local transportation planning. Especially, those local urban planning
choices that reduced citizens’ need to use private cars provided a sig-
nificant carbon emission reduction potential in Finnish cases. For ex-
ample, in the Kivistö case, the improved transportation planning re-
duced 20% of CO2 emissions from the basic design and in Eriksnäs case
10%. The district energy analysis results showed also that the urban
planning choices have a significant impact on the CO2 emissions. In the
Kivistö case area, the total CO2 reduction potential of urban planning
choices varied from −4% to −49% depending on the energy source
used. In Eriksnäs, the reduction potential of urban planning choices
varies from −1% to as high as −47% if the energy demand of the
district would be covered 100% by renewable energy sources.
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CHP: Combined heat and power production
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Modal split: Percentage of travelled distance using a particular transportation type.
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of their energy demands from renewable energy sources either on-site or nearby.
PV: Photovoltaic panel
Urban planning: Land use planning
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Appendix F: Building parameters for 
simulations 

Table F1. Building parameters for energy demand analysis: U-values, ventilation 
heat recovery efficiency and air exchange rate (n50 value). 2010 building regula-
tions from Ministry of Environment C3 [2010], and low energy and passive level 
building parameters are estimated by Jari Shemeikka at VTT.   

 
 
 
Table F2. Buildings analysed in Toivakka, in the Saarinen neighbourhood. Pa-
rameters are set based on stakeholder interviews of Hannu Mäntyjärvi and Erkki 
Pyökkimies in the municipality of Toivakka. 

 
 

Figure F1. Type buildings shape in Toivakka, based on the stakeholder interviews 
in the city of Toivakka. 

 
 
 
 
 
 

 

External 
walls

Base 
floor Roof

Windows 
and 

doors

heat 
recovery 
efficiency

air 
exhange 

rate
2010 buildings 0,17 0,16 0,09 1 50 0,08
Low energy building 0,12 0,12 0,08 0,8 80 0,04
Passive building 0,08 0,08 0,07 0,7 85 0,024

 U-values [W/m2K] Air exhangeEnergy efficiency 
level of a type 
building

Type building
Number 
of 
buildings

Total 
floor 
area 
[m2]

Number 
of floors

Floor 
height 
[m]

Shape X/Y 
ratio

X:width
t of the 
building 
[m]

Y: lenght 
of the 
building 
[m]

Residents 
in the 
building

Single family house 19 125 1 2.7 retangle 0.5 7.91 15.81 4
Row house (3 apart.) 1 240 1 2.7 retangle 0.4 9.80 24.49 9

Single family house Row house

7.9 m 9.8 m

15.8 m 24.5 m



 

 

Appendix G: Simulated energy demands for 
type buildings in varying energy efficiency 
levels 

Table G1: Single family home (125 m2) energy demands.  

 

 

Table G2: Single family home (125 m2) space heating demand at monthly level. 

 

Table G3: Row house (total 240 m2) energy demands. 

 

 

Table G4: Row house (total 240 m2) space heating demand at monthly level. 

 

 

Space heating 
demand [kW]

Domestic hot water 
demand [kW]

Electrical power 
demand [kW]

Annual electricity 
use [kWh/a]

2010 building 5 59 11 5 040

Low energy building 3 59 11 4 740
Passive building 2 59 11 4 740

Month
Space 
heating 

Hot dom. 
water

Heat 
losses

Total Space 
heating 

Hot dom. 
water

Heat 
losses

Total Space 
heating 

Hot dom. 
water

Heat 
losses

Total

kWh kWh kWh kWh kWh kWh kWh kWh kWh kWh kWh kWh
January 1 734 118 18 1 870 1 008 118 10 1 136 691 118 7 816
February 1 529 118 18 1 665 846 118 10 974 552 118 7 677
March 1 101 118 18 1 237 570 118 10 698 349 118 7 474
April 785 118 18 921 372 118 10 500 221 118 7 346
May 259 118 18 395 130 118 10 258 87 118 7 212
June 0 118 18 136 0 118 10 128 0 118 7 125
July 0 118 18 136 0 118 10 128 0 118 7 125
August 0 118 18 136 0 118 10 128 0 118 7 125
September 375 118 18 511 172 118 10 300 108 118 7 233
October 843 118 18 979 424 118 10 552 257 118 7 382
November 1 043 118 18 1 179 570 118 10 698 365 118 7 490
December 1 524 118 18 1 660 883 118 10 1 011 600 118 7 725
Annual heating demand total 10 825 kWh total 6 511 kWh total 4 730 kWh

Low energy building Passive building2010 building

Space heating 
demand [kW]

Domestic hot water 
demand [kW]

Electrical power 
demand [kW]

Annual electricity 
use [kWh/a]

2010 building 9 80 36 11 640
Low energy building 6 80 36 10 740
Passive building 5 80 36 10 740

Month

Space 
heating 

Hot dom. 
water

Heat 
losses

Total Space 
heating 

Hot dom. 
water

Heat 
losses

Total Space 
heating 

Hot dom. 
water

Heat 
losses

Total

kWh kWh kWh kWh kWh kWh kWh kWh kWh kWh kWh kWh
January 2 791 462 33 3 286 1 492 462 21 1 975 985 462 17 1 464
February 2 418 462 33 2 913 1 226 462 21 1 709 784 462 17 1 263
March 1 656 462 33 2 151 790 462 21 1 273 493 462 17 972
April 1 142 462 33 1 637 530 462 21 1 013 343 462 17 822
May 393 462 33 888 221 462 21 704 161 462 17 640
June 0 462 33 495 0 462 21 483 0 462 17 479
July 0 462 33 495 0 462 21 483 0 462 17 479
August 0 462 33 495 0 462 21 483 0 462 17 479
September 511 462 33 1 006 257 462 21 740 182 462 17 661
October 1 202 462 33 1 697 561 462 21 1 044 356 462 17 835
November 1 529 462 33 2 024 747 462 21 1 230 470 462 17 949
December 2 403 462 33 2 898 1 267 462 21 1 750 825 462 17 1 304
Annual heat kWh yht. 19 985 kWh yht. 12 887 kWh yht. 10 347 kWh

2010 building Low energy building Passive building
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