
This thesis focuses on energy-efficient 
urban planning and the role of legislation 
within that context. The objective of the 
thesis is to analyse if energy-efficiency of 
districts is improved by a regulative 
approach into planning, if proper tools and 
guidelines to support the planning are 
available. 
The thesis gives concrete recommendations 
for how to improve the regulations in the 
city planning process to enable a more 
energy efficient built environment. 
The recommendations' overall aim is to 
increase the quality of life and to increase 
the welfare of the society as a whole. 
Allowing stakeholders to plan solutions 
based only on their own interests, leads to 
sub optimised solutions. Energy-efficiency 
is a multidimensional issue which seldom 
can be achieved by sub optimisation. Our 
society is facing such tough times in terms of 
energy usage and emissions that a stricter 
more regulative approach to planning is 
needed. 
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Abstract 
This thesis focuses on energy efficient urban planning and the role of legislation within that 
context. The objective of this thesis is to analyse if energy efficiency of districts is improved by 
a regulative approach into planning, if proper tools and guidelines to support the planning are 
available. 
  
The thesis is based on four journal articles and one conference paper. The thesis examines the 
advantages of a holistic approach in the planning of energy systems both when building new 
districts as in renovating old ones. It also examines the importance of supportive tools for city 
planners and planners of energy systems. 
  
The results of the analysis show that a holistic approach and supportive tools enable more 
energy efficient solutions. The key to developing sustainable city plans are for different 
disciplines to work closely together throughout the whole planning process. Such collaboration 
might require certain regulative measures to become reality since stakeholders will work 
towards a common goal that might differ from their individual ones. The energy-efficiency of 
city plans would benefit from a higher degree of regulation by enabling a push of energy 
efficient solutions to be realised. Solutions and regulations need to be adapted to local contexts. 
  
A regulative approach is beneficial when long term solutions are sought, that doesn't bring 
short term economic benefits but serve the society well on a longer time perspective. The 
challenge is to have regulation on a level that both steers the development towards the overall 
optimised solutions without hindering new innovative solutions to be born. 
  
The thesis gives concrete recommendations for how to improve the regulations in the city 
planning process to enable a more energy efficient built environment. 
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Tiivistelmä 
Tämä väitöskirja fokusoi energiatehokkaaseen kaupunkisuunnitteluun ja lainsäädännön 
rooliin siinä. Tavoitteena on osoittaa, että tiukempi sääntely lisää alueiden energiatehokkuutta 
mikäli tarkoituksenmukaiset työkalut ja ohjeistukset ovat käytettävissä 
kaupunkisuunnittelussa ja energiajärjestelmien suunnittelussa. 
  
Väitöskirja perustuu neljään tieteelliseen artikkeliin sekä yhteen konferenssijulkaisuun. 
Väitöskirja tutkii energiajärjestelmien holistisen suunnittelun hyödyt sekä 
uudisrakentamisessa että korjausrakentamisessa. Se tutkii myös tukevien työkalujen tärkeyttä 
kaupunkisuunnittelussa sekä energiajärjestelmien suunnittelussa. 
  
Analyysien tulokset näyttävät, että holistinen lähestymistapa ja tukevat työkalut 
mahdollistavat energiatehokkaampia ratkaisuja. Tiivis yhteistyö eri alojen välillä koko 
suunnitteluprosessin aikana on kestävän kehityksen mukaisten kaavojen kehittämisessä 
erityisen tärkeää. Tämänkaltaisen yhteistyön luominen saattaa vaatia tietyn asteen sääntelyä 
toteutuakseen. Sidosryhmillä on usein tavoitteita jotka eriävät yhteisistä tavoitteista. Ratkaisut 
ja sääntelyt pitää adaptoida paikallisiin olosuhteisiin ollakseen toteutumiskelpoisia. 
  
Lainsäädännöllinen lähestymistapa on hyödyllinen kun etsitään ratkaisuja jotka hyödyttävät 
yhteiskuntaa pidemmällä aikavälillä johtuen siitä, että ratkaisut eivät välttämättä tuo lyhyellä 
ajanjaksolla taloudellisia hyötyjä. Haaste on pitää lainsäädäntö tasolla joka ohjaa kehitystä 
optimaalisiin ratkaisuihin eikä estä uusien innovatiivisten ratkaisujen syntyä. 
  
Väitöskirja antaa konkreettisia suosituksia kaupunkisuunnittelun sääntelyn parantamiseksi 
jotta rakennettu ympäristö olisi tulevaisuudessa energiatehokkaampi. 
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Denna avhandling berör energieffektiv stadsplanering och rollen av reglering däri. 
Målsättningen med avhandlingen är att analysera huruvida energieffektiviteten inom 
områdesplanering förbättras av en mer reglerad planering som stöds av ändamålsenliga verktyg 
och riktlinjer. 
  
Avhandlingen består av fyra vetenskapliga journal artiklar och en konferensartikel. Den 
undersöker fördelarna med att planera energisystemen holistiskt såväl i nya områden som i 
renovering av existerande områden. Den undersöker också vikten av stödjande verktyg för 
stadsplanerare och planerare av energisystem. 
  
Resultaten av analyserna visar att ett holistiskt grepp och stödjande verktyg möjliggör mer 
energieffektiva lösningar. Det viktigaste i utvecklingen av hållbara stadsplaner är att olika 
discipliner samarbetar genom hela planeringsprocessen. Ett sådant samarbete kan kräva en del 
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individuella målen hos de olika aktörerna. Stadsplaners energieffektivitet kunde förbättras 
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kontextet. 
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stadsplaneringsprocessen för att möjliggöra en mer energieffektiv byggd miljö. 

Nyckelord Stadplanering, energieffektivitet, förnybar energi 

ISBN (tryckt) 978-952-60-6621-9 ISBN (pdf) 978-952-60-6622-6 

ISSN-L 1799-4934 ISSN (tryckt) 1799-4934 ISSN (pdf) 1799-4942 

Utgivningsort Helsingfors Tryckort Helsingfors År 2016 

Sidantal 166 urn http://urn.fi/URN:ISBN:978-952-60-6622-6 

http://www.aalto.fi
http://urn.fi/URN:ISBN:978-952-60-6622-6
















































































































































Appendix A: Articles I–V



ARTICLE I

Case analyses of heat trading
between buildings connected by

a district heating network

Energy Conversion and Management (47), 3652–3658.
Copyright 2006 Elsevier Ltd.

Reprinted with permission from the publisher.



Case analyses of heat trading between buildings
connected by a district heating network

Å. Nystedt *, J. Shemeikka, K. Klobut

VTT Technical Research Centre of Finland, PO Box 1800, FI-02044 VTT Espoo, Finland
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Abstract

This study examined the decentralisation of energy production with possibilities of trading not only electricity but also
heat. This was carried out with a limited population of buildings connected to the district heating network in a small town
in Finland.

The study examined whether a buildings community could be self sufficient with respect to heat by using small CHP
plants, and explored the consequences of such an energy system. It also aimed to find an optimal solution. Therefore,
it searched in what type of buildings should the micro-CHP plants be installed and with what kind of strategy should they
be operated in order for the community to be energetically self sufficient without producing lots of excess heat.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Decentralised energy systems; Heat trading; Micro-CHP; Fuel cell

1. Introduction

In centralised energy systems electricity is produced in large power plants and delivered to the consumer
through the grid. Combined heat and power generation (CHP) used in large power stations is a process where
heat, generated as a side product of electricity production, is captured and delivered by means of district heat-
ing network to buildings.

Decentralisation of energy production means generation of energy close to, or at the consumption site. Dis-
tributed energy systems enable the use of a lighter infrastructure; the transfer capacity does not need to bear as
high loads as with centralised energy production. This might lead to lower cost investments.

Decentralised power production has already reached the level of an individual building. We use the term
‘‘micro-CHP’’ when referring to a combined heat and power generation plant installed in a building. Accord-
ing to a recent study [1] fuel cells technology is one of the most interesting technologies for applications in
CHP plants in buildings. Fuel cells can perform well at part load and can operate with different fuels, the most
common being natural gas. While operating on pure hydrogen there are no polluting emissions at all.

0196-8904/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.enconman.2006.02.030
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However, according to a recent study [2] this is an expensive technology which is still in its developing phase.
Market competitiveness of fuel cells could be improved when they are used in systems where there is energy
trading.

Long lasting power blackouts have become more common, especially in the USA. It has been forecasted
that these kinds of power blackouts will become more common in the future due to aged and overloaded
transmission systems and an increase of electricity demand. Therefore, a vision of energetically self-sufficient
buildings becomes more interesting with such forecasts. Using micro-CHP plants is one way of providing ener-
getically self sufficient buildings.

When a micro-CHP plant produces electricity, it also produces heat that can be regarded as a ‘‘side-prod-
uct’’. This heat can be used to cover the buildings heat demand. If more heat is produced than demanded, the
excess heat could be sold to the district heating network. If more electricity is produced than demanded, it
could also be sold to the electrical network. However, this study focuses on heat trading.

2. Methodology

A simple computer program was developed to calculate the heat and electricity demand and production for
a group of buildings for each hour of the year. Seven different building types with different consumption pro-
files were included in the study (detached houses, terrace houses, apartment buildings, hospitals, educational
buildings, offices, assembly buildings). For the residential and the office buildings, both new and old buildings
were included in the study. Table 1 shows all the different types of building that were considered in the
simulations.

The cases that have been studied are listed in Table 2. In this paper the letters of Table 2 will be used to
describe the different cases.

There was a central CHP plant connected to the network and it was assumed that each building could be
equipped with an individual micro-CHP plant, which provided heat (and electricity) to satisfy the demand of
the building itself or was sold.

Table 1

Buildings of the case community considered in the simulations

Building type m3 % of total

Commercial building 5160 2

New office 17 320 7

Old office 20 780 9

Old apartment building 71 240 29

New apartment building 30 680 13

Hospital 5340 2

Educational building 7370 3

Assembly building 13 650 6

Old detached house 44 030 18

New detached house 18 870 8

Old terrace house 5200 2

New terrace house 2600 1

Table 2

Cases used in the study

A 100% degree of decentralisation

B 75% degree of decentralisation

C 50% degree of decentralisation

D 25% degree of decentralisation

E ‘‘Optimal solution’’

F CHP in all except detached and terrace houses

G CHP only in residential buildings

H CHP only in residential buildings, constant production strategy

�A. Nystedt et al. / Energy Conversion and Management 47 (2006) 3652–3658 3653



For the micro-CHP plants it was assumed that for each kW h of electricity produced, there were also
2 kW h of heat.

2.1. Cogeneration operating strategies

The following cogeneration strategies, based on a previous study [3], were considered:

• Electrical load tracking strategy: the micro-CHP plant has an electrical capacity that exceeds the minimum
electrical requirement for the facility. The micro-CHP plant power output changes in response to the needs
of the facility.

• Thermal load tracking strategy: the system is designed to follow the thermal load of the facility. The power
generated during the supply of the thermal load is used to replace purchased electricity. The excess power
can often be sold to the utility company.

• Electrical base load strategy: the micro-CHP plant is designed to supply the minimum amount of power
required by the facility. Therefore, the micro-CHP plant can operate continuously at peak power output.

• Thermal base load strategy: the system is designed to meet the minimum thermal load. Thermal energy to
meet peak loads is provided by an auxiliary heat source, such as a boiler. Power is purchased from or sold
to the grid to balance the electricity demand of the facility with power supplied by a fuel cell system.

3. Results

The case town has both residential and non residential buildings. It is estimated that 70% of the residential
buildings are old while 30% are new. The age of the buildings affects the energy demand curves. Simulations
answered the question whether the town could be self-sufficient in terms of heat or electricity production. It
also answered whether the community could sell some heat or electricity and whether it needed to buy from
the centralised energy production.

At first, three cases – most relevant for this study – are presented in more detail. Subsequently, the other
cases are included in comparison and discussion of annual results.

3.1. Case A: 100% decentralisation

As a base case, the degree of decentralisation was set to be 100%, which means that all the buildings have
their own micro-CHP plants. The plants followed an electrical load tracking strategy. In this base case, the
town was completely self-sufficient with respect to heat from June to September (see Fig. 1). During these

Case A
Monthly average values for each hour of a day for three different months
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Fig. 1. Amount of decentralised heat production in Case A relative to heat demand.
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months heat could be sold to the district heating network. Further analysis showed that when the degree of
decentralisation was lower, the system naturally needed more heat from centralised production. The results are
calculated as monthly average values for each hour during the day.

3.2. Case F: Decentralised production in other than small detached and terrace houses

Another case was when micro-CHP plants are installed in all building types except for small detached and
terrace houses. This means that all of the buildings, except detached and terrace houses have a micro-CHP
plant. The micro-CHP plants followed an electric load strategy. In this case the whole community is self-suf-
ficient with respect to heat from June to September. The excess heat from the buildings which have a micro-
CHP plant covers the heat demand of the small detached and terrace houses. During these months, there is
excess heat production up to 250% of the total heat demand (see Fig. 2). Here, a question to consider is
whether there is enough capacity in the district heating network for this excess heat production and whether
there are buyers for this heat.

3.3. Case E: Optimal solution

An optimal solution was empirically searched for. By optimal we mean that the shared distributed energy
production should be close to 100% at all times, i.e. centralised heat production would not be needed at all and
the excess decentralised heat production would be zero. The community would, in other words, be self-suffi-
cient and not have excess heat production. The closest we got to this optimal case was a solution where the
share of distributed energy production varied between 55% and 200% of the total demand, the 200% being just
a peak at around 16 h (see Fig. 3).

This solution was found by modifying Case F so as to allow different operation strategies for CHP plants in
summer and in winter in all but the apartment houses. The seasonal switch changes were not made in the
apartment buildings since it was assumed that they have more seldom professionals handling their technical
service systems. In winter, the micro-CHP plants were set to constantly produce 125% of the maximum elec-
tricity demand, this figure being only 25% in summer. In the apartment buildings, the micro-CHP plants fol-
lowed an electric load strategy all the time. In this case, considerable amount of electricity was being sold
during winter, while in summer electricity was needed from the centralised unit. Since prices are higher in win-
ter than in summer, this was advantageous for the producer.

Case F
Monthly average values for each hour of a day for three different months
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Fig. 2. Amount of decentralised heat production in Case F relative to heat demand.
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3.4. Comparing different cases

Fig. 4 shows the need for centralised heat production for five different cases. Four cases had micro-CHP
plants in all types of building, the first case having them in 100% of all buildings (case A), the second in
75% (case B), the third in 50% (case C) and the fourth in only 25% (case D). The fifth case is the ‘‘optimal
solution’’ described earlier (case E). As can be seen, when the degree of decentralisation is lower than 50%,
centralised heat production is needed even in summer months. In the optimal solutions curve it is clearly
shown that the parameters for the micro-CHP plants are changed in May and September. In this case, the
community produces some excessive heat during summer, early spring and late autumn. However, the exces-
sive production is not as great as in the case of 100% decentralisation.

In Fig. 5, we see that the amount of heat needed from the centralised production varies between approxi-
mately 0.5 and 8.6 GW h/year, the total yearly heat demand of the community being 10.7 GW h. The worst
case is with a decentralisation degree of only 25%. The best case is with micro-CHP plants in residential build-

Case E
Monthly average values for each hour of a day for three different months
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Fig. 3. Amount of decentralised heat production in Case E relative to heat demand.
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ings running with constant production. This case, however, produces a lot of excessive heat which the optimal
case, case E does not as much.

Fig. 6 shows centralised electricity production for selected cases. When micro-CHP plants are installed only
in residential buildings and operating with constant electricity production (case H), the community has a lot of
excessive electricity production. When the case is the same but the plants have an electric load tracking strat-
egy (case G) there is constantly a need for centralised electricity production. We get approximately the same
result from the case where plants are installed in all other building types than detached and terrace houses
(case F). In the ‘‘optimal case’’ (case E) there is excessive electricity production from October to April. In
the summer centralised electricity production is needed. Since electricity prices tend to be higher in winter,
when the overall demand is higher in Finland, it is good to sell electricity in winter and buy it in summer.

4. Discussion

Our limited simulations showed that heat trading could be a functional way to develop decentralised energy
systems. There is a potential advantage when buildings, with consumption profiles that are different in shape
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and/or timing, are connected through a district heating network. However, it is unlikely that this potential
could be utilised by simply providing a micro-CHP plant to every building. A holistic approach to dimensioning
and control strategies in different buildings will be needed as well as a smart mix of buildings with and without
CHP plants. A possibility to use thermally activated cooling in the district heating network could be considered
as a supplementary measure for use of the excess heat in summer.

Theoretically, heat trading could be a functional way to improve the financial prospect of micro-CHP
plants. Having a way to sell the excess heat production improves the cost-effectiveness. However, there are
obstacles since the heat market is not yet a free market but is still a regulated one which is a major threshold
for a functional heat trading.

The emissions trade would also apply to small producers since it is stated that if the network has a capacity
higher than 20 MW all producers in the network are concerned by the emissions trading. This is a regulation
meant to forbid centralised production to split up its units to avoid the emissions trade. By using fuel cells
operating with hydrogen we do not need to be concerned about this since there are no CO2 emissions. Having
a plant with no CO2 emissions also gives the opportunity to sell emissions quota. This is, however, one kind of
a micro-CHP technology which has still many obstacles.

If heat trading would be a reality there would be a need for some party to manage the whole trading system.
The energy companies seem naturally suited for this since they have the know-how about the district heating
networks and their functionality. Today it seems as they see the heat trading concept as a competition to their
business.

One serious possible obstacle for a widely spread heat trading is that micro-CHP plant often uses natural
gas as a fuel, which means that it most often has to be connected to a natural gas network. At the same time,
the building has to be connected to a district heating network in order to sell out its excessive heat. It is quite
rare in Finland (but not e.g., in Central Europe) that we have both a natural gas network and a district heating
network at the same location.

5. Conclusions

Our limited simulations showed that heat trading could be a functional way to develop decentralised energy
systems. There is a potential advantage to be utilised when buildings, with consumption profiles different in
shape and/or timing, are connected through a district heating network.

Economic aspects were left outside the scope of this study. This is an area where further research is needed
in order to understand better the possibilities of heat trading. Technical demand on the district heating net-
work is another aspect that has not yet been taken into account in the study. The promising perspectives
of the heat trading concept will be further investigated in the near future.
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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.
� In this paper one residential district has in-depth sensitivity analyses done.
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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 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.
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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



S. Paiho et  al. / Energy and Buildings 76 (2014) 402–413 405

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 T
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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.

Acknowledgement

The authors wish to thank the Finnish ministry of foreign affairs

for  funding this research.

References

[1] S. Paiho, Å. Hedman, R. Abdurafikov, H. Hoang, M.  Sepponen, I. Kouhia, M.
Meinander, Energy saving potentials of Moscow apartment buildings in res-
idential districts, Energy and Buildings 66 (2013) 706–713.

[2] R. Perelet, S. Pegov, M.  Yulkin, Climate Change Russia Country Paper,
UNDP – United Nations Development Programme, Human Development,
Report 2007/2008, 2007/12, 2013, 30 p. http://origin-hdr.undp.org/en/
reports/global/hdr2007-2008/papers/perelet renat pegov yulkin.pdf
(accessed 09.04.13).

[3] A. Korppoo, Russia and the post-2012 climate regime: foreign rather than
environmental policy, the Finnish Institute of  International Affairs, in: Brief-
ing Paper 23, 2008, 8 p.  http://www.upi-fiia.fi/assets/events/UPI Briefing
Paper 23 2008.pdf (accessed 09.04.13).

[4] Y.-J. Zhang, Interpreting the dynamic nexus between energy consumption and
economic growth: empirical evidence from Russia, Energy Policy 39  (2011)
2265–2272.

[5] P. Lahti, J. Nieminen, A. Nikkanen, J. Nummelin, K.  Lylykangas, M.  Vaattovaara,
M. Kortteinen, R. Ratvio, S.  Yousfi, Riihimäki Peltosaari – eco-efficient renew-
able of a neighbourhood, in: VTT Research Notes 2526, 2010, June, 107 p. +  app.
13 p., http://www.vtt.fi/inf/pdf/tiedotteet/2010/T2526.pdf (accessed 17.06.13)
(in Finnish).

[6]  A. Korppoo, N. Korobova, Modernizing residential heating in Russia: end-use
practices, legal developments, and future prospects, Energy Policy 42  (2012)
213–220.

[7] E. Zavadskas, S. Raslanas, A. Kaklauskas, The  selection of effective retrofit sce-
narios for panel houses in urban neighborhoods based on expected energy
savings and increase in market value: the Vilnius case, Energy and Buildings
40 (2008) 573–587.

[8] Å. Nystedt, M.  Sepponen, Development of a concept for ecological city plan-
ning for St. Petersburg, Russia, in: World Renewable Energy Congress 2011 –
Sweden, Linköping, Sweden, 8–11 May  2011, Sustainable Cities and Regions
(SCR), 2011.
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Abstract: The aim of the research project, EcoGrad, was to develop a concept for ecological housing areas that
would fit in St Petersburg. A criteria list for ecological residential areas was developed together with local
partners. Some differing aspects between Finnish and Russian criteria are pointed out in this paper. These are
among others the attitude towards high-tech solutions, the norms regarding placement of services, and the lack of
well functioning service concepts for facilities. Three pilot cases were also studied. A rough plan was made for
the pilot areas including placement of buildings and services and transport solutions. Energy systems were
modeled and compared, and emissions were calculated. One of the pilot cases is shortly described in this paper.
A questionnaire that was made to inhabitants showed a poor willingness to pay for renewable energy and good
indoor air.  Safety issues were highlighted, a majority does not feel safe in their living area.

Keywords: City planning, Russia, Energy-efficiency

1. Introduction

In Russia the ecological planning is still in the early stage of development. Energy production
based on renewable energy sources is also a quite unknown solution. However, there are
already some regulations that support the guidelines of ecological urban planning. One of
these is the regulation that orders maximum allowed distance from residences to the daily
used services, such as day care centre, school, shops and health care centre.

The aim of the research project, EcoGrad, was to develop a concept for ecological housing
areas that would fit in St Petersburg. The project started in the beginning of 2010 and lasted
until the end of the year 2010. The objective of this paper is to present the development
process used in the project and highlight some specific differences in ecological city concepts
developed for Russia compared to Finland.

As partner on the Russian side was the Coordination Center for International Scientific-
Technology and Education Programmes. The most important reason for having a Russian
partner was to develop the contacts to the local government. Another reason was to get help
with collecting necessary basic data.

One of the guiding principles in the planning process of this project was the GOLD principle,
which stands for “Globally Optimized, Locally Designed”. Practically this means that the
local conditions are taken into consideration, when applying global optimized solutions into
the EcoGrad concept.

The project included three pilot residential areas locating in St Petersburg. A rough city plan
was drawn and different energy systems were modeled and calculated.

Based on findings from the pilot studies and negotiations with the local authorities, a criteria
list for an ecological city plan was made, presented, and iterated.

mailto:asa.nystedt@vtt.fi
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2. Methodology

2.1. Progress and collecting data
The approach was in the beginning to collect basic data and directly create concepts for pilot
areas. The general data needed was the energy efficiency level of houses being built today,
ventilation systems normally used, energy prices and tariff systems, building norms, city
planning process description, other relevant local regulations (such as distances to the daily
services) etc. Case specific data needed was: existing transport solutions, maps of the areas,
city planning situation, expected amount of inhabitants, etc. However, it turned out to be more
difficult and time consuming to get reliable base data. Therefore the approach was changed.
First a basic concept, based on Finnish base data, was developed. It was presented to the local
authorities and adjustments were made based on the feedback received. The concept was
made in more detail by adjusting it to three different pilot cases. The detailed concepts were
again presented to locals and adjusted. The development process could be called an iteration
process.

A student from Saint-Petersburg State University of Architecture and Civil Engineering made
a one month visit  to VTT in order to help with data collection. A rough examination of the
Russian building norms was made.

2.2. Questionnaire study for residents in Russia
Together with Finec, the StPetersburg state university of Economics and Finance,
a questionnaire for residents was made. The questions were made by VTT, and the
questionnaire was performed by Finec. The questionnaire had 750 answers, 600 per email and
150 per telephone interview and face-to-face interviews. The survey was devoted to the living
area conditions opinions, which included answers regarding the housing, buildings and living
areas, transport etc.

The main finding was that almost all respondents (92 %) said that it is of no value for them to
have their house heated with renewable energy. Less than half of the respondents (40 %) are
willing to pay extra for good indoor quality, even though 80 % answered that they consider
good indoor quality important. Security issues could also be highlighted, 72 % said that they
do not feel safe in their neighborhood, which can be compared to a study made in Finland that
showed  that  81  %  of  Finnish  people  living  in  urban  areas  felt  really  or  quite  safe  [1].  The
respondents  want  big  apartments,  over  100  m2,  and  they  want  to  want  to  see  parks,  green
areas and water when they look from their window. What also can be noted was that a rather
big part, 44 % of the respondents do not own a car, mainly due to economical reasons.

2.3. Modeling of pilots
For each pilot case, a plan of the area was done, including the structure of the area, building
types and location of services as well as transportation solutions. Different energy systems
were modeled and compared. At first step, the base data was collected and a plan of the area
was done. Number of inhabitants, buildings and necessary service spaces were settled.

At the second step, energy consumption of the entire area was calculated in different
scenarios: base case scenario, low energy building and/or passive house level. The
consumption level of base case scenario was assumed to correspond to the energy
consumption level of Finnish building regulations in 2008, because reliable sources about
Russian consumption levels were not available. Consumption level of low energy and passive
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houses were also based on Finnish definitions [2; 3]. The energy consumption was calculated
using the WinEtana program which has been developed by VTT.

Different options for energy production, based on renewable energy sources, were studied.
Different suitable production technologies were recognized, and then emissions produced
during the entire lifecycle of the energy production process were calculated and compared
with each other. In addition, the distribution losses were also included in the calculations.
According to IEA electricity transmission losses are 10,3 % and heat distribution losses 7 %
[4]. The emissions from the energy production were calculated using the GEMIS tool (Global
Emission Model for Integrated Systems), developed by The Öko-Institut e.V.

One pilot was a residential area for 20 000 inhabitants. It was developed together with Pöyry
Oy. The plan included different building types: one family houses, row houses and high rise
buildings. The second pilot was a residential area for 10 000 inhabitants, all residential houses
were high rise buildings. It was developed with a local building company. One starting point
for  the  plan  was  to  develop  an  ecological  city  plan  without  creating  any  extra  investment
costs. Focus was therefore put on non-technical solutions. The third pilot was a smaller one,
including only a few blocks. In that pilot focus was put on the development of public-private
partnership business models.

3. Results

3.1. The EcoGrad concept
The target of the EcoGrad concept is an ecological urban planning process, which takes into
account local Russian operational environment. A result of this process is to achieve an urban
area, which is as eco efficient, functional and comfortable place to live, as possible.

One of the key issues of EcoGrad concept is an integrated planning process. This means that
all urban planning fields are taken into consideration together already from the beginning of
the planning process. In other words, the continuous co-operation of experts of different fields
is really important. Then it is possible to find the solutions that are best for the entire system
both environmentally and economically as well as functionally.

The fields that are included in the EcoGrad concept are: dense structure of the urban area,
local environment and basis, energy efficient buildings, energy production mainly from
renewable energy sources, sustainable transportation solutions, waste and water management
and social issues.

In an energy system of the EcoGrad concept, the primary aim is to minimize the total energy
consumption of the area. The main focus has to be concentrated on the energy usage of
buildings  as  well  as  transportation,  which  are  the  most  significant  energy  consumers.  The
energy consumption of buildings can be remarkably reduced with low energy and passive
building technologies. On the other hand, the energy that is really needed in the area should
be produced mainly from renewable energy sources. The optimization of the entire energy
system, including heating, cooling, and electricity consumption and production, is important.

3.1.1. Factors affecting to the implementation of projects in Russia

The Russian building regulations can be found from the SNIP documents. SNIP is a set of
regulations in the field of construction, enacted by executive state authorities, which contain
obligatory requirements. SNiPs set general provisions, design requirements, rules of carrying
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out works and work acceptance, cost estimate guidelines. There are a large number of SNIPs,
and each of them concentrates on one specific field. However, according to the Russian
partners, the building regulations are currently under development process and the aim is to
develop regulations toward European standards. In Russia, it is critical for all operations and
projects to have sufficient amount of knowledge about Russian building codes and operation
models.

Nowadays it is quite to arrange the maintenances services of residential buildings in
StPetersburg. This is due to unclear ownership and management structures of facilities, as
well as a poor level of the feature information of real estates and poor supply of services..  It
is unclear who should pay for the service and that often leads to the situation that the service
is neglected. This needs to be taken into account when presenting solutions that include
technical aspects. This is one of the drivers (even though not the only one) that increase the
interest for various Public Private Partnership business models.

Some solutions of EcoGrad concept are so multifaceted that it is necessary to have a private
partner  for  maintaining  and  operating  those.  Without  skilled  private  operator  it  cannot  be
assured that technical solutions operate efficient and ecologically enough, as planned. This is
due to the fact that most of the solutions need special know-how and maintenance also after
the construction phase. Depending on the used public private partnership model, private
partner can also be responsible for financing, investing, designing, building, and owning of
services or necessary facilities. When designing and choosing suitable business model, it is
important to consider money flows, responsibility areas of each party and ownerships really
carefully. It has to be clear, who pays to whom and for what duty.

3.2. The Criteria list for ecological urban planning in StPetersburg
The criteria list for an EcoGrad area was made based on the findings from the discussions
with  the  local  city  planners  and  the  development  of  pilots.  It  included  aspects  from  the
international LEED and BREEAM criteria and national Finnish criteria.

The criteria list is divided into following sectors: the structure of the area and land usage,
landscape, buildings, energy, transportation, waste and water solutions. There are three
categories in the criteria list: general level criterion, details and specifications of the criterion
and special notices from StPetersburg. Here we will address differences between Finnish and
Russian criteria.

Less focus can be put on the placement of services due to the fact that the norms already
require that the services are placed close by. The need for bicycle routes is included despite
the fact that bicycles are seldom used. To support the use of bicycles, security issues should
be highlighted, both in terms of traffic security meaning separated lanes for bicycles and in
terms of safe parking solutions to prevent the bicycles from being stolen.

The criteria setting includes that renewable energy sources should be examined. It has,
however, become clear, that the development of renewable energy systems is not that
common yet in Russia. One aspect was that the buffer zones for bio energy plants were not
known by Russian partners. It was also a bit unclear whether energy wells could be drilled for
the use of heat pumps according to the local legislation.

The passive house solutions need to be highlighted here. An important part of the passive
house concept is the mechanical ventilation with efficient heat recovery. It needs to be
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emphasized that buildings can’t be built airtight and well insulated unless the ventilation is in
order.

Generally speaking it seems that passive solutions that aren’t that technology dependent are
valued higher in Russia. Technological solutions are not considered ecological, but contrary
they are seen as potential additional electricity consumers, the mechanical ventilation being
one  example  of  this.  Smart  metering  systems  for  electricity  use  was  of  interest  but  still
considered with a bit of skepticism.

3.3. The concepts for the pilot cases
During the EcoGrad project three pilot areas were also studied. Comparing calculations of
different energy system scenarios and emission models were made for each pilot model. In
addition, in each pilot the focus was in some special aspect of the model.  In the first pilot the
focus was on the factors that affected to the eco efficiency of the area (such as public
transportation as well as walking and bicycling, green corridors, different building type areas,
cultivation plots, placement of services and the entire area etc). The special character of the
second pilot was the requirement of not allowing any extra costs. In the third pilot, the public
private partnership business models were investigated.

As an example the energy system, calculations of the first pilot are briefly introduced below.
The plan of the first pilot area and the volumes are presented in the Figure 1. The planned
number of inhabitants in the area is 20 000. The residential area is 30 m2 per inhabitant, which
means in total 600 000 m2 floor area. There are five different building type areas: dense, low
and dense, detached houses and villas. The inhabitation is most dense in the center of the area,
which is really close to services and railway connection to the centre of StPetersburg.

Fig. 1.Plan of the first pilot

The energy consumption has been calculated in three different scenarios: base case, low
energy  and  passive  building  levels.  The  results  can  be  seen  from  the  Figure  2.  Most
significant improvements are related to decreasing the heat consumption of buildings, and
especially the heat consumption of space heating. It is more difficult to affect to the electricity
or hot water consumption, because they depend more on the habits of the residents.
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Fig. 2. Energy consumption of the pilot area in different scenarios

Next,  different energy production options were studied. First  option was quite ultimate with
the target of using only renewable energy sources and achieving as low emission level as
possible. That meant ground heat pumps, building integrated solar panels and wind power.

Heat collection pipes could be mounted on the golf court locating close to the pilot area. It
was assumed that the COP of the heat pumps is 3, and the heat yield is 35 kWh/m2/a. One of
the challenges was the fact that heat pumps consume electricity, which is also supposed to be
produced within the area. If was further assumed that the entire area of roofs could be utilized
with building integrated solar panels. It was calculated that the yield of solar panels would be
17 700 MWh/a. This means that there should also be a lot of wind energy: in a base case
28 804 MWh/a (the power capacity being 14,4 MW), low energy building level 20 200
MWh/a (with the power capacity of 10,1 MW) and passive building level 17 796 MWh/a
(with the power capacity 8,9 MW). Power levels of wind power are calculated with a capacity
factor  23%.  In  this  option  the  target  was  to  produce  as  much energy  as  is  consumed in  the
area, but it is assumed that the area is connected to the national electricity grid, which
smoothes the differences between the production and consumption continuously.

The second option was combined heat and power production (CHP) plant that is fuelled with
woodchips. The third option was also a CHP plant, but it was fuelled with biogas produced
from the wastes. It was assumed that the CHP plant is operated according to the heat demand
in the area, as usual. In addition, it was assumed that the plant produces 80 % of yearly heat
consumption, and the rest of the heat demand is covered with reserve plants, for example
natural gas boiler. The used CHP processes were calculated with the information of real
existing  plants  from  the  database  of  the  GEMIS  software.  The  plant  using  wood  as  a  fuel
produced 2 MWh of heat per 1 MWh of electricity,  with the electrical  efficiency of 27,5 %
and operating time of 6000 h/a. The biogas CHP plant produced 1,5 MWh of heat per 1 MWh
of  electricity,  and  the  efficiency  and  operating  time  were  the  same  as  the  woodchip  CHP
plant.
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The green house gas emissions of these different energy production options are presented in
Fig. 3. The emission calculations include the emissions produced during the entire life cycle
of their processes (including for example construction and transportation). These results were
also compared to the base case, which represents the current situation in Russia. According to
IEA, in Russia buildings are heated most commonly with district heating, in which the heat is
produced from natural gas. The emissions of base case electricity are calculated with GEMIS
from the base data of IEA [4].

Fig. 3. Green house gas emission from different energy production options in the first pilot 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)

In the second pilot study, the same options were studied as in the first pilot. But moreover, it
was also studied what could be done, if no extra investment costs are allowed. That means
that electricity is bought from the national grid. The most promising for heat production in the
area was district heating with woodchip boiler.

The third pilot, which was the smallest and had only less than 2000 resident, is located by the
coast, on the Vasili island, in central St Petersburg. Therefore, the water heat pump solution
was considered interesting. And besides heating, heat pump could also be utilised for space
cooling. The electricity could be produced with building integrated solar panels as well as
with small building integrated wind turbines. This solution produces all the heat and cooling
energy consumption of the area, but still 71 % (in passive building level) and 79 % (in base
case) of the electricity consumed in the area should be bought from the national grid. In
addition, a heat supply system with solar collectors was modelled.

4. Conclusions

One conclusion of the project was that it is of great importance to have an active local partner
in this type of development project. The local partners need to have their own funding for the
project to ensure that the work is being prioritized.
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Taking the criteria developed in this project into the planning process is  the next step in the
development of new ecological areas. There seems to be a difference in the mindset of the
Russian people compared to Finnish people. More effort should be put on understanding the
needs of the inhabitants. The end-user should be included more in the planning process.

There seems to be a lack of knowledge regarding renewable energy systems and technologies
for building energy efficient houses. Efforts should be put on exporting knowledge and best
practices about these issues. With an increase of knowledge the local norms can be developed
in a sustainable way and it will also support the development of the city planning process.
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This thesis focuses on energy-efficient 
urban planning and the role of legislation 
within that context. The objective of the 
thesis is to analyse if energy-efficiency of 
districts is improved by a regulative 
approach into planning, if proper tools and 
guidelines to support the planning are 
available. 
The thesis gives concrete recommendations 
for how to improve the regulations in the 
city planning process to enable a more 
energy efficient built environment. 
The recommendations' overall aim is to 
increase the quality of life and to increase 
the welfare of the society as a whole. 
Allowing stakeholders to plan solutions 
based only on their own interests, leads to 
sub optimised solutions. Energy-efficiency 
is a multidimensional issue which seldom 
can be achieved by sub optimisation. Our 
society is facing such tough times in terms of 
energy usage and emissions that a stricter 
more regulative approach to planning is 
needed. 
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