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Abstract. Climate change became a priority issue on the agenda of the energy and environmental policy of the European
Union. Energy efficiency and renewable energy are the main pillars to cope with climate change. Buildings consuming
40% of final energy in the European Union play a vital role here. This is the reason for changing attitude towards evalua-
tion of the benefits of the renovation of existing buildings. Previously before making a decision on building renovation so-
lutions the main factor was cost-efficiency. Today life-cycle approach taking into account energy consumption and
abatement of greenhouse gases is more relevant.

The goal of the paper is to compare different alternatives for the renovation of buildings taking into account energy, eco-
nomic and environmental criteria while evaluating impact of renovation measures during their life cycle. The first alterna-
tive is renovation of a building up to the requirements of existing building codes. The second alternative is renovation of a
building making its thermal characteristics of the envelopes by 25% better. The third alternative is renovation of a build-
ing making its thermal characteristics of the envelopes by 50% better. Possibility to use renewable energy in all the three
alternatives is also investigated.

The results of analysis show that in the case under consideration replacement of district heating, mostly based on fossil fu-
el, with a biomass boiler has an advantage in terms of environment and energy. However, economic attractiveness of these
alternatives is rather moderate. Final choice of the alternatives depends on the priorities of a decision-maker.

Keywords: public building, renovation, energy efficiency, embodied energy, life-cycle assessment, life-cycle costing,

CO, emissions, COPRAS.

1. Introduction

In spring of 2007 the European Council called for an
ambitious integrated climate change and energy policy of
the European Union. Three targets were endorsed: to
achieve at least a 20% reduction of greenhouse gas emis-
sions by 2020 compared to 1990; to achieve the objective
of saving 20% of the European Union’s energy consump-
tion compared to projections for 2020; to achieve a bind-
ing target of a 20% share of renewable energies in overall
European Union energy consumption by 2020 (Brussels
European Council 2007).

Energy and Climate Change Package in the begin-
ning of 2008 and Second Strategic Energy Review at the
end of 2008 followed the decision of the European Coun-
cil. In both packages the role of buildings was empha-
sized. This is obvious as buildings are the biggest end-
user in the whole European Union. In Lithuania 40% of
final energy is consumed in buildings (Department of
Statistics under the Government of the Republic of
Lithuania 2007). Consequently, the biggest energy saving
potential exists in buildings. Proposal for a Directive of
the European Parliament and of the Council on the pro-
motion of the use of energy from renewable sources re-
quires the member states to use minimum levels of
energy from renewable sources in new or refurbished

buildings in their building regulations and codes (Com-
mission of the European Communities 2008b). Proposal
for a Directive of the European Parliament and of the
Council on the energy performance of buildings aims at
increasing energy efficiency and use of renewable energy
in buildings (Commission of the European Communities
2008a).

The above mentioned documents indicate the criteria
for the evaluation of possible solutions for the renovation
of existing buildings. Previously before making a deci-
sion on solutions of building renovation the main factor
was cost-efficiency. It is not sufficient to use only eco-
nomic criteria for decision-making any more. Therefore,
alternative methods to purely economic methods are pro-
posed. A two-factor method for appraising building reno-
vation and energy-efficiency improvement projects
allows to separate investments into those related to en-
ergy efficiency improvements, and those related to build-
ing renovation (Martinaitis et al. 2007). Using the same
approach benefits of the restoration of thermal comfort
can be evaluated (UZSilaityt¢ and Martinaitis 2007). In-
troduction of environmental criteria into decision-making
and the choice of alternatives already in the stage of the
energy audit of a building also would be expedient.

The level of energy consumption in buildings is
regulated via requirements for the thermal characteristics
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and energy performance of buildings (Lietuvos Respub-
likos... 2005a, 2005b). These requirements constantly
become stricter. Besides concepts of much more energy
efficient buildings are developed worldwide. Low-energy
buildings are designed, built and investigated (Karlsson
and Moshfegh 2007; Thyholt and Hestnes 2008). Also,
zero-energy or buildings producing energy are designed.
Concepts of green or sustainable buildings are developed.
Green building construction can result in significant eco-
nomic savings by improving employee productivity, in-
creasing benefits from improvements in health and safety,
and providing savings from energy, maintenance, and
operational costs (Pan and Huang 2008; Ries and Bilec
2006). These concepts consequently become a good prac-
tise for architects, engineers and finally for policy-
makers.

The biggest opportunities and relatively unlimited
possibilities to create an energy-efficient building exist
when a new building is designed. Much more limits are
faced during renovation of existing buildings. As these
buildings are already built in a certain geographical orien-
tation, they already have particular construction elements,
dependence on previously-made engineering solutions,
etc. Although the scope of construction of new buildings
grew rapidly during the last years, there are still much
more old buildings in Lithuania. 89% of buildings are
constructed before 1990 (Nacionaliné Zemés tarnyba prie
Zemés iikio ministerijos and valstybés imoné Registry
centras 2008). A large share of them requires renovation.
Very often initiative to renovate buildings belongs to the
state or local governments. If a private owner is mostly
interested in the cost of renovation, governments should
pay a wider attitude towards the consequences of the
renovation financed from their budget. Sometimes a
question is posed what is more expedient — to renovate a
building or to demolish it and build a new one. Investiga-
tions show that renovation of a building is more benefi-
cial in terms of economic, environmental and social
issues (Dong et al. 2005; Erlandsson and Levin 2005;
Power 2008).

Attitude towards renovation of a building should be
based on the concept of sustainable development. While
renovating a building a number of problems can be
solved: depletion of natural resources, pollution of the
environment, and increase of social welfare. Depletion of
natural resources is a sensitive issue. Stock of fossil fuels
is limited. However, possibilities for development with-
out further use of energy resources is impossible. In some
regions development is restricted and poverty is con-
fronted because of unavailable energy supply. Therefore,
conservation of energy resources and search for alterna-
tive energy resources is of great importance. While using
energy resources pollution of the environment is un-
avoidable. However, it is possible to optimize possible
pollution from an object if the estimation will be made at
the design stage. By optimizing the use of natural re-
sources the problems of social welfare are solved: ther-
mal comfort is ensured and bills for energy consumption
are reduced. Buildings are the biggest end-users. There-
fore, substantial contribution to solving the above men-

tioned problems can be ensured while designing new and
old buildings under renovation.

The energy sector is the main emitter of greenhouse
gases. Renovation of buildings besides the energy-saving
benefits generates environmental benefits by decreasing
the air pollution. Impacts of the air pollution impose costs
on society which are often not at all or only partly con-
sidered in the production cost and in the market prices of
respective products or services. In addition, greenhouse
gases, especially CO, emissions, released from fossil fuel
combustion constitute another source of social damages,
in particular to forthcoming generations. The existence of
these costs — the so-called external costs — constitute a
severe market failure leading to the misallocation of
scarce resources, since producers and consumers come to
decisions that may be optimal for them but not for society
as a whole (Diakoulaki ef al. 2007). It is argued that costs
of the damage to society entailed by the emissions of
greenhouse gases have to be included into the cost of
energy or product, otherwise it is borne by society now or
in the future (Karlsson and Gustavsson 2003). This can
be done via taxes or market instruments such as emission
trading. Tax of emissions should be at a level to encour-
age the emitter invest into technologies reducing emis-
sions. Today carbon dioxide (CO,) has its monetary value
in the whole European Union. Trade of CO, takes place
in the European Union emission trading system and under
Kyoto Protocol (Directive 2003/87/EC... 2003; United
Nations... 1998). The price of CO, is intermittent, how-
ever, it is forecasted that it may grow substantially in the
future after the beginning of a new European Union emis-
sion trading period.

While looking for the alternatives of economic cal-
culations allowing evaluation of the alternatives in terms
of sustainability, methods based on thermodynamics are
applied more widely. Exergy and emergy analyses are
used for the evaluation of various engineering systems
(Sciubba and Ulgiati 2005; Yang et al. 2008). In order to
meet the idea of exergy and emergy analyses, analysers
with technological background come with the definition
of embodied energy. Embodied energy is the amount of
energy consumed to create a product, material or service.
Traditionally only energy used during operation of an
object is taken into account. However, in some cases
energy used for the creation of an object can change the
results of the estimation of benefits of the process. It is
especially relevant while designing low-energy buildings.

Life-cycle assessment is a tool allowing integrating
thermodynamic, economic and environmental considera-
tions into one method. This tool creates possibilities to
achieve wider attitude to the building impact on the envi-
ronment, economy and to create buildings taking into
account the concept of sustainable development. Many
scientific analyses are made in this field (Arena and de
Rosa 2003; Citherlet and Defaux 2007; Johansson 2009;
Martinaitis 2001; Karlsson and Moshfegh 2007; Sartori
and Hestnes 2007; Scheuer et al. 2003; Yang et al. 2008).

The goal of this paper is to investigate alternatives of
the renovation of a public building taking into account
substantial increase of its energy efficiency and possibil-
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ity to use renewable energy and compare different alter-
natives taking into account energy, economic and envi-
ronmental criteria while evaluating renovation impact
during its life cycle. The task is to use multi-criteria ap-
proach in the evaluation of different alternatives.

2. Methodology

In this section the methodology used for the evaluation of
impact of different building renovation alternatives is
described.

The object of investigation is a building and its heat-
ing and ventilation systems. Lighting systems are not
considered here.

The baseline is an old depreciated building, which
requires renovation and making it more energy- and envi-
ronmentally efficient. It is assumed that all the envelopes
of the building and its heating and ventilation systems are
renovated. Seeking to renovate the building, there can be
numerous alternatives under consideration, combining
particular energy-saving measures and alternatives to use
renewable energy.

The task is to make a comprehensive evaluation of
the alternatives, while estimating energy, economic and
environmental benefits of each alternative under consid-
eration. Therefore, evaluation is made using life-cycle
analysis. Energy evaluation is performed in terms of pri-
mary energy during the lifetime of the building renova-
tion measures. Environmental evaluation is performed
while evaluating CO, emissions generated because of the
renovation of the building. Life-cycle costing is per-
formed for the economic evaluation of the alternatives.

Six alternatives are chosen for possible renovation of
the building. The first alternative is reconstruction of the
building to meet existing requirements of building ther-
mal characteristics which are valid in Lithuania (Lietuvos
Respublikos... 2005b). The second alternative is renova-
tion of the building making its thermal characteristics of
the envelopes by 25% better than in existing regulations.
The third alternative is renovation of the building making
its thermal characteristics of the envelopes by 50% better.
Possibility to install a biomass boiler instead of existing
district heating for heat production in all the three alterna-
tives is investigated.

The task of the evaluation process of alternatives is
to estimate the energy, environmental and economic effi-
ciencies.

Energy efficiency is understood as the impact of
building renovation measures on the building energy
consumption after renovation. In order to decrease energy
consumption of the heating system, a certain amount of
energy has to be embodied into a building together with
insulation, new engineering systems, etc. during renova-
tion. In order to evaluate the benefits of renovation meas-
ures during their life cycle, energy consumption has to be
divided into two components. The first component is
primary energy embodied into the building with the reno-
vation measures (hereinafter — embodied energy), i.e.
primary energy used for the creation and installation of
renovation measures in a building. The second compo-
nent is operational energy, i. e. primary energy used for

heating and ventilation of the building during the consid-
ered lifetime of the renovation package. The most energy-
efficient alternative is the one which has the lowest sum
of these two components:

EE + OE = min(TE) , (1)

where EE — embodied energy, MWh, OE — operational
energy, MWh, TE — total primary energy consumed dur-
ing the lifetime of renovation measures package in a
building (hereinafter — total energy consumption), MWh.

Energy efficiency can be estimated using various in-
dicators. In this case these comparative indicators (calcu-
lated per unit of the building area) are proposed:

1) annual heat consumption per unit of the building
area after reconstruction (kWh/m?). This indicator is nec-
essary for the comparison of energy characteristics with
those of other existing and designed buildings,

2) embodied energy per unit of the building area
(kWh/m?). This indicator allows comparing energy used
for implementation of renovation measures with the en-
ergy used for operation of a building after implementa-
tion of these measures,

3) operational energy per unit of the building area
(KWh/m?),

4) total energy consumption per unit of the building
area (KWh/m?),

5) saved energy because of the implemented renova-
tion measures (%). This indicator is calculated in terms of
primary energy savings during renovation measure life-
time.

Environmental efficiency is understood as the effect
of the implemented renovation measures on CO, emis-
sions. Comprehensive analysis would require evaluating
all the greenhouse gases emitted. In this paper the task
was to estimate the monetary value of the emissions.
Therefore, only CO, emissions were chosen because they
already have their monetary value under the emission
trading scheme. Two indicators are proposed:

1. total CO, emissions generated because of the im-
plemented renovation measures. This is the sum of the
emissions, generated during operation of the building
after renovations, and the emissions generated because of
the renovation itself (embodied CO, emissions) (tons of
CO,). This indicator shows the impact on the environ-
ment of each alternative;

2. avoided CO, emissions because of the imple-
mented renovation measures (tons of CO,). This indicator
shows the benefit of each renovation alternative for the
environment.

Economic efficiency is understood as an economic
benefit generated by renovation measures. Life-cycle
costing method is proposed for evaluation of this benefit
(Fuller and Petersen 1995). Life-cycle costing allows
comprehensive evaluation of the initial investments and
operational expenses. Even if the initial investments are
higher, total costs during the life cycle (hereinafter —
LCC) of the considered renovation measures package can
be lower when the operational costs are evaluated. Also,
this method allows assessing the value of money in the
considered time period. Three economic efficiency indi-
cators are proposed:
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1) LCC (LTL). This indicator gives a comprehensive
economic evaluation of the renovation alternative;

2) total saved expenses because of the renovation of
the building. This is the sum of the avoided CO, costs
and saved operational costs (LTL). It is assumed that the
cost of CO, is 25 EUR/ton CO,. This indicator shows
monetary benefit of the renovation alternative;

3) investments (LTL). This indicator has primary
importance for decision-making when financing possibili-
ties of renovation are limited.

The most convenient evaluation method could be the
one which gives one answer to a question. But it is not
the case for the comprehensive evaluation of the subject.
The more comprehensive is analysis, the more indicators
will be used. Various decision- making tools are used to
solve the problem of coping with a number of indictors
obtained during analysis — multi-criteria analysis, artifi-
cial neural network, genetic algorithm (Adedeji 2008;
Kaklauskas et al. 2005; Rogoza et al. 2006; Yalcintas
2008; Zavadskas et al. 2009). In this paper multi-criteria
analysis will be used to get an answer to the question
which alternative is the most optimal. Multiple criteria
complex proportional evaluation and determination of the
utility degree and value methods are chosen for prioritisa-
tion of projects. According to the multiple criteria com-
plex proportional evaluation method (COPRAS),
prioritisation and significance of the alternative is propor-
tionally dependent on the system of criteria describing the
alternative, the values of these criteria and importance of
each criteria. According to the determination of the utility
degree and value method, the utility degree of the alterna-
tive is calculated in terms of the percentage which deter-
mines the level of the achieved goals and satisfied
demands. The most optimal alternative has the highest
utility degree (Banaitiené et al. 2008).

Seeking the goal of investigation to evaluate the im-
pact of the building renovation measures during their
lifetime the evaluation process is proposed:

1. In the first stage the main parameters of the build-
ing are estimated and information required for the estima-
tion of the energy consumption level of the building is
collected. Assessment and normalisation (for external and
internal air temperature conditions and duration of the
heating season which affect actual energy use) of the
actual energy consumption for heating is performed.
Also, the required level of reconstruction is determined.

2. In the second stage number of alternatives is cho-
sen and the scope of the alternatives is determined.

3. In the third stage estimation of energy efficiency
of the renovation measures is performed. Annual heat
consumption per unit of the building area after the recon-
struction is estimated, operational energy consumption
and annual energy savings of each alternative are calcu-
lated.

4. In the fourth stage life-cycle assessment of the al-
ternatives under consideration is performed. Inventory
analysis is performed and impact assessment is made
(embodied energy, total energy consumption, primary
energy savings and CO, emissions are calculated).

5.In the fifth stage cost-efficiency of each alterna-
tive is estimated. Investments, LCC and total saved ex-
penses are calculated.

6. In the sixth stage indicator analysis is performed
and choice of the alternative is made. Alternatives are
prioritised using 4 main indicators. Energy indicator:
saved energy which has to be maximal. Environmental
indicator: avoided CO, emissions, which has to be maxi-
mal. Economic indicators: LCC, which have to be mini-
mal and investments, which have to be minimal. LCC is a
comprehensive economic criterion, however, the size of
investments as an additional criterion is chosen because
investment capacity usually is a restrictive factor limiting
possibilities to invest into more energetically or environ-
mentally friendly projects. It is assumed that all the in-
dictors are equal in their importance.

It is assumed that at the moment of investigation of
the building renovation, the building already has a par-
ticular amount of embodied energy and operational en-
ergy used. This can be considered constant and further
consumption will depend on the decision on the renova-
tion of the building. Therefore, it is not necessary to per-
form life-cycle assessment of the whole existing building
as it will not affect final results. Renovation measures are
considered as a separate unit.

Results and discussion

An educational institution building is analysed according
to the methodology proposed in part 2 of this paper. The
building was built in Vilnius in 1984. It is a three-storey
building. The area of the building is 4737 m”. Heat is
supplied via the district heating system. The envelopes of
the building are deteriorated and do not meet existing
requirements. The heating system except the heat substa-
tion is depreciated. A new modern heating substation is
installed in the building. The ventilation system is depre-
ciated and not in exploitation any more. Normalised an-
nual heat consumption of the building is 264 kWh/m®.

Six alternatives of the building reconstruction are
analysed:

1. The building is reconstructed to meet existing re-
quirements for its thermal characteristics, new heating
and ventilation systems are installed (Unorm).

2. The building is reconstructed to meet by 25% bet-
ter thermal characteristics than existing requirements,
new heating and ventilation systems are installed (U25).

3. The building is reconstructed to meet by 50% bet-
ter thermal characteristics than existing requirements,
new heating and ventilation systems are installed (U50).

4. The building is reconstructed to meet existing re-
quirements for its thermal characteristics, new heating
and ventilation systems, a biomass boiler are installed
(Unorm+Bio).

5. The building is reconstructed to meet by 25% bet-
ter thermal characteristics than existing requirements,
new heating and ventilation systems, biomass boiler are
installed (U25+Bio).

6. The building is reconstructed to meet by 50% bet-
ter thermal characteristics than existing requirements,
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new heating and ventilation systems, a biomass boiler are
installed (U50+Bio).

The values of heat transmission coefficients of the
envelopes of each alternative are presented in Table 1.

Table 1. Envelope heat transmission coefficient of each alternative

Heat transmission coefficients,
Envelope W/(m*K) / Alternatives
type | Existing | Unorm & U25 & U50 &
situation | Unorm+Bio | U25+Bio | U50+Bio

Walls 1.10 0.28 0.20 0.14
Roof 1.10 0.21 0.17 0.11
Windows 2.56 1.82 1.36 0.90
Doors 2.30 1.80 1.35 0.90
Floor 0.64 0.22 0.17 0.11

As it is presented in Table 1, heat transmission coef-
ficients of the existing building are very high, what de-
termines a high heat demand of the building. Even heat
transmission coefficients of alternatives 1 and 4, which
comply with existing building regulations, are 4 times
lower for walls, 5 times lower for roof, almost 2 times
lower for windows, almost 3 times lower for floors.

Alternatives Unorm and Unorm+Bio reduce annual
heat consumption by 61%, alternatives U25 and U25+Bio
reduce annual heat consumption by 68%, alternatives
U50 and U50+Bio reduce annual heat consumption by
75%.

It is assumed that the lifetime of the package of
building renovation measures is 20 years.

There exist some boundaries for the life-cycle as-
sessment of the energy-saving measures considered. The
assumptions made are given below.

1. In the case of renovation of the building enve-
lopes, only insulation is considered in the inventory
analysis. It is assumed that additional materials required
have a little impact on the life-cycle consumption and
have a negligible impact on the results of calculations.

2.In the case of renovation of the heating system,
only heating devices, pipes and insulation are considered
in the inventory analysis, because these are the main
components having an impact on the life-cycle consump-
tion (Martinaitis 2001; Sasnauskaité¢ 2007). In the case of
reconstruction of the ventilation system, the ventilation
unit and ducts are considered in the inventory analysis.

3. The life-cycle phases of renovation measures un-
der consideration — extraction and production of the raw
materials, production of elements of the envelopes, heat-
ing and ventilation systems, transportation of the ele-
ments to the building lot and operation of the building:

3.1. Only the main materials, which have the biggest
impact on the renovation measure life-cycle balance, are
considered — steel (heating devices, pipes, ducts, ventila-
tion unit, boiler), aluminium (air-handling unit), mineral
wool (envelopes and pipe insulation), polyvinylchloride
and glass (windows, doors).

3.2. Production of different elements of the renova-
tion measures was evaluated because of unavailable data.

3.3. While assessing the transportation phase of the
renovation measure elements, it was assumed that some
elements would be produced in Lithuania (insulation,
windows, doors, ducts, boiler, air-handling unit); some of
them would be imported from abroad (pipes, radiators).

3.4. Primary energy demand for the operation of
heating and ventilation systems is estimated, taking into
account heat and electricity use.

3.5. Due to the lack of data, negligible importance
and unknown behaviour of the user in advance of particu-
lar phases, design, packaging, reuse, recycling and final
disposal phases are not taken into consideration.

The results of the alternative energy efficiency are
presented in Table 2 and Fig. 1.

According to the results (see Fig. 1), the most opti-
mal alternative in terms of energy is alternative U50+Bio
even if it has the highest share of embodied energy. In
this case the thermal characteristics of the building are by
50% better than existing requirements of the regulation.
Total energy consumption is equal to 2615 kWh/m®. The
least energy-efficient alternative is alternative Unorm
when the building meets existing thermal requirements
and heat is supplied through the district heating system
(total life-cycle energy  consumption  equals
3708 kWh/m®).

The results of the environmental evaluation are pre-
sented in Fig. 2. Improvement of energy efficiency of the
building has a positive effect on reduction of CO, emis-
sions. The biggest effect is achieved introducing renew-
able energy sources into production of heat for the
building. As it is seen in alternatives, installation of a
biomass boiler instead of existing district heating has a
significant positive environmental effect, as no CO,

Table 2. Annual heat consumption and primary savings of

alternatives
Alternatives Annual heat Primary energy
consumption, savings,
kWh/m® %
Existing situation 264 —
Unorm 103 48
U25 86 55
U550 67 61
Unorm+Bio 103 53
U25+Bio 86 58
U50+Bio 67 64
4000 +
3500 1
3000 + - - - - -~ - - -
S 2500 .
é 2000 1
=< 1500 -
1000 -
500 T - ---
0 ‘

u25 U50 Unorm+Bio U25+Bio U50+Bio

B Operational energy E Embodied energy

Fig. 1. Life-cycle energy consumption of each alternative
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Fig. 2. Environmental efficiency of alternatives

emissions occur during the operation of the building be-
cause biomass is considered CO, neutral fuel. Similar
results would be attained if heat supplied via the district
heating network would be produced from biomass.

In alternatives without a biomass boiler, CO, emis-
sions decrease with the improvement of the building en-
ergy efficiency. In the case of alternatives with a biomass
boiler, CO, emissions increase in more energy-efficient
alternatives because the amount of embodied energy is
higher in a more energy-efficient building. The highest
avoided emissions occur in alternative Unorm+Bio even
if alternative U50+Bio is the most energy-efficient alter-
native.

Alternatives with a biomass boiler have an obvious
advantage from the environmental point of view. Addi-
tional benefit in this case can be added to the point of use
of local fuel.

The results of economic calculations are presented in
Fig. 3. Economic calculations are made according to the
current construction and energy prices. The more build-
ing thermal characteristics are improved, the less cost-
efficient a project becomes. Operational expenses de-
crease with each improvement of the building thermal
characteristics. The best alternative in terms of LCC is
alternative Unorm. It has the lowest costs during the life
cycle of energy-saving measure package — 5.7 mio LTL.
The main factor of these results is the lowest investment
costs. Alternative US50+Bio has the highest LCC -
7.1 mio LTL. However, alternative Unorm has the high-
est operational costs. Alternative U50+Bio has the lowest

7.000.000 -
6.000.000 -
5.000.000

_, 4.000.000 1

5
3.000.000
2.000.000

1.000.000 -

0
Unorm u25

HLCC

< Total saved expenses

U50 Unorm+Bio U25+Bio U50+Bio
[ Operational expenses
O Investments

Fig. 3. Economic efficiency of alternatives

operational costs, because heat produced from biomass is
cheaper than heat supplied via the district heating which
is app. by 90% based on fossil fuel.

The lowest investments are required for alternative
Unorm — 4.2 mio LTL. The highest investments are re-
quired for alternative U5S0+Bio — 6.1 mio LTL, what is by
43% more expensive than alternative Unorm.

The choice of alternative depends on the priorities of
a decision-maker. Alternative U50+Bio is the best in
terms of energy. Alternative Unorm is the best in terms of
economy. Alternative Unorm+Bio is the best in terms of
the environment.

The results of multi-criteria analysis are presented in
Fig. 4. The chosen criteria for the analysis have different
measurement units, therefore, the criteria values are re-
calculated to dimensionless values according to the meth-
odology presented in (Zavadskas et al. 2001). Assuming
that all the 4 criteria are equal in their importance, the
most optimal alternative is alternative Unorm+Bio. But
the difference between alternative Unorm+Bio and alter-
native U25+Bio is negligible.

Alternatives with a biomass boiler have a higher
utility degree than alternatives without a biomass boiler.
In the case of alternatives without a biomass boiler prior-
ity is given to more energy-efficient alternatives. In the
case of alternatives with a biomass boiler a less energy-
efficient alternative has a higher importance.

100 +
90
80
70
60
50
40
30
20
10 I
0 i i 5 N .

Unorm u25 U50 Unorm+Bio U25+Bio U50+Bio

Utility degree of the alternative, %

Fig. 4. Results of multi-criteria analysis

Giving different values for weight coefficients or
changing the criteria used for decision-making would
change the final results. In the case under consideration,
if only three criteria were used (for example, saved en-
ergy, avoided CO, emissions and LCC) — one criteria for
each indicator — the utility degree of the alternatives
without a biomass boiler would decrease, alternative
U25+Bio would have the highest priority and alternative
U50 would have the highest priority among the cases
without a biomass boiler, as economic indicators would
have a less importance. Additional changes would be
created if the values of weight coefficients would be dif-
ferent. However, the number of criteria and their impor-
tance depend on a decision-maker and his priorities or
demands.
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3. Conclusions

1. Introduction of possibilities to replace fossil fuel
with renewable energy into the alternatives gives a posi-
tive environmental effect. Introduction of other than bio-
mass types of non-purchasable renewable energy would
have additional benefits from the point of view of energy.

2. From the point of view of energy, the best is al-
ternative U50+Bio when building thermal characteristics
are by 50% better than existing requirements of the regu-
lation and a biomass boiler is installed instead of existing
district heating supply of energy. In this case annual heat
consumption of the building accounts for 67 kWh/m® and
total primary energy consumption equals 2615 kWh/m®,
Total primary energy savings account for almost 64% in
comparison with the case if no renovation would be
made.

3. Alternative Unorm+Bio is the most attractive in
terms of environment because of the lowest CO, emis-
sions during the lifetime of renovation measures and the
biggest amount of avoided CO, emissions.

4. Alternative Unorm is the most attractive in terms
of economy because of the lowest LCC and the lowest
investments.

5. The choice of an alternative depends on the priori-
ties of a decision-maker. If all the chosen criteria are
treated equally, the alternative U25+Bio is the most op-
timal. However, economic attractiveness of this alternati-
ve is low. Economic attractiveness of this alternative
would increase with increase of heat and CO, prices,
decrease of the required investments into a biomass boiler
house and operational costs.

6. The results of the study show that, seeking that
renovation process would comply with the sustainable
development concept, it is expedient to make preliminary
evaluations of the life-cycle impact of the renovation
measures already in the stage of building energy audit.
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VISUOMENINIO PASTATO OPTIMALAUS RENOVACIJOS SPRENDIMO PAIESKA, ATSIZVELGIANT |
ENERGETINIUS, APLINKOS APSAUGOS IR EKONOMINIUS KRITERIJUS

L. Uzsilaityté, V. Martinaitis

Santrauka

Klimato kaita tapo prioritetiniu punktu Europos Sajungos energetikos ir aplinkosaugos politikos darbotvarkéje. Energijos
vartojimo efektyvumas ir atsinaujinantys energijos istekliai — pagrindinés nuostatos siekiant jveikti klimato kaitos kelia-
mas problemas. Pastatams, kuriuose suvartojama 40 % Europos Sajungos galutinés energijos, ¢ia tenka pagrindinis vaid-
muo. Tai yra priezastis keisti pozilirj, vertinant esamy pastaty renovavimo nauda. Anksc¢iau prie§ priimant sprendima dél
pastaty renovacijos pagrindinis faktorius buvo ekonominis efektyvumas. Siandien tikslingiau yra atsizvelgti { gyvavimo
cikla, jvertinant energijos suvartojimo mastus ir $iltnamio dujy i¥metimus. Sio darbo tikslas — palyginti skirtingas pastaty
renovavimo alternatyvas, atsizvelgiant i energetinius, ekonominius ir aplinkos apsaugos kriterijus, vertinant renovacijos
priemoniy itaka per ju gyvavimo laika. Pirmoji renovacijos alternatyva — pastatas renovuojamas, kad atitikty reikalavimus,
keliamus pastaty atitvary Siluminéms charakteristikoms. Antroji renovacijos alternatyva — pastato atitvary Siluminés
charakteristikos, palyginti su galiojanciais reikalavimais, gerinamos 25 %. Trecioji alternatyva — pastato atitvary Silumi-
nés charakteristikos, palyginti su galiojan¢iais reikalavimais, gerinamos 50 %. Papildomai jvertinama galimyb¢ visais trim
atvejais naudoti atsinaujinancius energijos iSteklius. Analizés rezultatai parodé, kad nagriné¢jamu atveju gaunama ener-
getiné ir aplinkosauginé nauda, kai vietoje esamos centralizuotai tiekiamos $ilumos sistemos, kurioje Silumai gaminti pa-
grindinai naudojamas iSkastinis kuras, jrengiamas biomaseés katilas. Ekonomiskai $ios alternatyvos yra maziau patrauklios.
Galutinis alternatyvy pasirinkimas priklauso nuo sprendimy priémeéjo prioritety.

ReikSminiai ZodZiai: visuomeninis pastatas, renovacija, energijos vartojimo efektyvumas, ikiinytoji energija, gyvavimo

ciklo analiz¢, gyvavimo ciklo kastai, CO, emisijos.
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IIOUCK OIITUMAJIBHOI'O PEHIEHUSA TP PEHOBAIIMU OBIIECTBEHHOI'O 3JJAHUSA C YYETOM
SHEPTETUYECKHX, SKOJTOI'MYECKUX H DKOHOMMNYECKUX KPUTEPHUEB

JI. Yaxmmiaiiture, B. Maprunaiituc
Pesrome

M3menenne xImMaTa CTajgo HPHOPUTETHBIM BOIPOCOM Ha ITOBECTKE IHS YHEPreTHYECKON M DKOJOTHMYECKON MONUTUKU
Epomneiickoro Coro3a. DHeprerudeckast 3p(HeKTUBHOCTh M BO30OHOBIISIEMbIE HCTOYHUKH YHEPIHHU SBIISIOTCSI OCHOBHBIMH
MepaMH Ul YMEHbIIECHHUs U3MeHeHUH kinMara. C 3Toif TOUKHM 3peHus 00JIbIIOe 3HAUSHHE UMEIOT 3[jaHMs, TaK KaK OHU B
Esponeiickom Coroze notpednsator 40% sHeprun. ITo ABIAETCS NPUYMHONW M3MEHEHUS OTHOIIEHHS K OLIEHKE BHITOJ OT
PEHOBALIMK CYLIECTBYIOIMX 31aHUi1. PaHee 11 NpUHATHA pELICHUS O PEHOBALUK 3/1aHU OCHOBHBIM (hpaKTOpPOM SABIIAIACH
sKoHOMHYecKas 3P pekTuBHOCTE. Ceronus 0ojee akTyanbHBIM SBISIETCS YUeT MOTPEOIeHHs SHEPTHH U COKPAIEHUS BBI-
OpOCOB NapHUKOBEIX I'a30B.

Ienpro HacTosImeil paboTH OBIIO CPaBHHUTH PA3NUYHBIC BAPHAHTHI PEKOHCTPYKIUH 3[JaHUS C YU€TOM JHEPreTHYECKUX,
SKOHOMHYECKHX M KOJIOTHYECKIX KPUTEPUEB MPHU OIIEHKE BO3ACHCTBHS Mep MO PEKOHCTPYKIUH BO BPEMsI HX XKH3HEHHO-
ro uukia. I1epBblii BApHaHT — 3TO PEHOBALMS 3/1aHUS C LENbIO YIYUIIEHHs ero TeIUIOBbIX XapaKTePUCTHK, JOBOAS UX JIO
TpeOOBaHMI CYIIECTBYIOIIMX CTPOUTENIbHBIX HOPM. BTOpOii BapuaHT — peHOBaLMs 31aHUs C LIEJbIO YIy4LIEHHS ero Tel-
JIOBBIX XapaKTePUCTHK Ha 25% 10 CPpaBHEHHIO ¢ TPEOOBAHUSAMHU CYLIECTBYIOIINX CTPOUTENBHBIX HOPM. TpeTuil BapuanT —
pEeHOBALUS 30aHUS C LIETbIO YIYUIICHHs €r0 TeIJIOBBIX XapaKTepucTUK Ha 50% 1o cpaBHEHHIO ¢ TPEOOBAaHUSAMH CYILECT-
BYIOIINX CTPOHUTENBHBIX HOpM. Kpome 3Toro, Bo Bcex Tpex BapHaHTaX HMCCIEJOBaHA BO3MOXKHOCTH HCIHOJB30BAaHMS BO-
300HOBIISICMBIX HCTOYHUKOB YHEPTHU.

PesynbTarsl ananm3a Mokasaid, YTO 3aMEHA EHTPAIN30BaHHOTO TEIIOCHA0)KEHHUS, OCHOBAHHOTO TJIaBHBIM 00pa3oM Ha
HCTIONb30BaHUH MCKOMIAEMBIX BHIIOB TOIUTMBA, Ha KOTEN ¢ OHOMAccoi MMeeT MPEHMYINECTBO ¢ TOUKH 3PEHHs OKpyXKalo-
el cpebl M SHEePreTHKH, OJHAKO 3KOHOMMYECKas IIPHUBJICKATENBHOCTh TAKOW aJIbTEPHATHUBBHI JIOBOJIBHO YMEpPEHHA.
OKOHYATeJbHBIH BHIOOP BapHAHTOB 3aBHCHT OT IIPUOPUTETOB CYOBEKTa, IPUHUMAIOLIETO PEeLIECHHUE.

KuroueBbie ciioBa: 00IIECTBCHHOE 31aHUE, peHOBAIMs, 3)()EKTHBHOCTh MPUMEHEHUS SHEPTUH, BOIUIOIICHHAS SHEPTHSA,
aHaJIM3 )KU3HEHHOI'O [HKJIA, CTOMMOCTD KHU3HEHHOT0 1uKia, amuccus CO,.
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