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Abstract. In the member states of the European Union (EU), nearly-Zero Energy Buildings (nZEB) are
becoming mandatory building practice in 2021. It is stated, that nZEB should be cost-optimal and the energy
performance levels should be re-defined after every five years. We conducted cost-optimality analyses for
two detached houses, one terraced house and one apartment building in Estonia. The analysis consisted on
actual construction cost data collection based on bids of variable solutions for building envelope, air tightness,
windows, heat supply systems and local renewable energy production options. For energy performance
analysis we used dynamic simulation software IDA-ICE. To assess cost-effectiveness, we used Net Present
Value (NPV) calculations with the assessment period of 30 years. The results for cost-optimal energy
performance level for detached house with heated space of ~100 m? was 79 kWh/(m? a), for the larger house
(~200 m?) 87 kWh/(m? a), for terraced house with heated space of ~600 m?> 71 kWh/(m? a) and for the
apartment building 103 kWh/(m? a) of primary energy including all energy use with domestic appliances.
Thus, the decrease in cost-optimal level in a five-year period was ~60% for the detached house and ~40% for

the apartment building, corresponding to a shift in two EPC classes.

1 Introduction

In the European Union, Energy Performance of Buildings
Directive 2010/31/EU (EPBD) [1] obligates Member
States (MS) to assure that minimum energy performance
requirements for buildings are set to achieve cost-optimal
levels. As of 2021, the minimum requirement for all new
and significantly renovated buildings in the EU is the
nZEB level [2]. The directive [1] describes nZEB as a
building with very high energy performance. The low
amount of energy required to ‘run’ the building should be
covered mostly by energy from on-site renewable sources
such as photovoltaic solar panels (PV-panels).

The cost-optimal level is defined as “the energy
performance level which leads to the lowest cost during
the estimated economic lifecycle” [1] from two different
perspectives: financial (looking at the investment itself at
the building level) and macro-economic (looking at the
costs and benefits of energy efficiency for society as a
whole). It is stated, that MS should take necessary
measures to ensure that minimum requirements for energy
performance are set for building elements that have a
significant impact on the energy performance of the
building when they are replaced or retrofitted, with a view
to achieving cost-optimal levels. The analysis needs to
include best available technical solutions and therefore
enable the assessment of nZEB performance levels and
cost implications with very little extra effort [3].
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The first cost-optimal levels in Estonia were
calculated in 2011 [4]. As a major change in the electricity
primary energy factor, the calculations were updated in
2013 [3] and enforced by national regulation. After the
initial implementation, a study conducted in 2015 by
Pikas et al. [5] reported that since then the cost-optimal
level for apartment buildings shifted from 145 kWh/(m2a)
to 110 kWh/(m?a), i.e. from Energy Performance
Certificate (EPC) class C to B. However, achieving nZEB
level (class A) of 100 kWh/(m?a) was still found to require
relatively high additional investments. The cost-optimal
levels for detached house at in 2013 were found to be 140
kWh/(m?a) with ground source heat pump and 160
kWh/(m?a) with gas boiler and the nZEB level defined as
50 kWh/(m?a).

In 2014, Kurnitski et al. found that cost-optimal
level of deep integrated renovation corresponded in most
cases to minimum energy performance requirements of
new residential buildings [6]. More recent calculations by
Kuusk and Kalamees [7] in 2016 showed a similar shift of
one EPC class (from C to B) as with new apartment
buildings.

In this paper we analysed the financial and
macroeconomic perspective of the cost-efficiency of
building energy performance related solutions. We
performed calculations of cost-optimal energy
performance levels for new residential buildings and
compared the results with data from previous calculations.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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2 Methods

The energy demand of a building was calculated
according to the methodology for calculating the energy
efficiency of buildings [8], using dynamic energy
simulation software IDA Indoor Climate and Energy 4.7.1
(IDA-ICE) [9]. The software used for calculations meets
all the software requirements in the regulation on
minimum energy performance requirements [10]. The
results obtained from the dynamic simulations were used
to assess the energy savings potential of different energy
efficiency measures and to calculate the energy
consumption of buildings with varying technical and
building envelope specific solutions.

The unit prices required for calculating the
additional cost of various structural solutions affecting the
energy use of buildings were obtained from construction
companies by the building type. The budget officers
provided unit costs per square metre for various structural
solutions, windows, openings and other building envelope
elements, which also included the costs of material and
installation. The costs of solar panels were estimated. The
costs of structures, openings and technical systems were
calculated by the companies. All calculated costs included
value-added tax (VAT).

2.1. Energy calculations

A room-based simulation model was developed for all
buildings. The models were designed according to the
architectural bases, views and sections of buildings. The
solutions for openings and the building envelope were
selected according to the building design.

First of all, simulation models were developed to
assess the impact of individual components of the
building envelope on the energy consumption of the
building. In the initial energy simulations, only one
component was changed and the result was compared to
the energy consumption of the original building. The
variable of the individual modifiable components was the
thermal transmittance of the relevant component. In
addition to the thermal transmittance, the effect of the
building’s air permeability was also assessed. The values
of thermal transmittance (U) and air leakage (gso) of
different structural solutions used in simulation models
were as follows:

e U of the external wall [W/(m2-K)]: 0.16, 0.14,
0.12, 0.10;
e U of the roofing deck [W/(m?K)]: 0.12, 0.10,
0.08;
e U of the floor [W/(m2-K)]: 0.18, 0.14, 0.10;
e U of the windows [W/(m2-K)]: 1.1, 0.9, 0.7;
e value of gso [m¥(h-m?)]: 6.0, 3.0, 1.5, and 1.0.
In addition to assessing the impact of the individual
components on the building’s energy consumption, the
calculation of the energy efficiency indicator was
performed for all combinations by combining various
values of thermal conductivity and air leakage of
structural solutions.

The Energy Performance Indicator (EPI) values were
calculated from building energy consumption calculation
results using primary energy weighting factors for
different energy carriers according to the Estonian
Regulation No 58 ‘Methodology for calculating the
energy performance of buildings’ [8]:

1) wood-based fuels and other biofuels 0.75;
2) district heating 0.9;
3) liquid fuels, natural gas and solid fossil fuels 1.0;

7) electricity 2.0.

2.2. Cost-effectiveness calculations

The financial calculations are based on the methodology
described in Delegated Regulation (EU) No 244/2012 of
the European Commission [2].

The cost-effectiveness of different structural
solutions was estimated using the net present value
method:

Coiey=Ci+), (Cui)R, (i) W

where:

T is the calculation period;

Ca is the total cost (referred to starting year to) over the
calculation period;

Ci is the initial investment costs for measure or set of
measures j;

Cai(j is the annual cost during year i for measure or set of
measures j;

Ra(i) means discount factor for year i.

The cost effectiveness of the additional costs related to
structural solutions and renewable energy solutions that
were needed to meet the requirements of nZEB was
assessed with the following equation:

ANPV=(C —C ) A oy )

The discount was calculated using the calculated interest
rate and a relative price increase during the calculation
period. The cost-effectiveness calculation period was
chosen to be 30 years. The discount was based on the real
interest rate of 2.5 %, which corresponds to the rate of
return of 3.5 % when inflation is 1 %. The real escalation
of energy prices for the calculation period was taken at 1
9% per annum (Table 1).

The initial purchase price of energy carriers was
calculated at the following prices (including VAT):

e electricity purchase 0.113 EUR/kWh;

e electricity sale 0.035 EUR/kWh (re-sale price of
electricity from PV panels back to the network);

e  district heating 0.060 EUR/kWh;

e natural gas 0.048 EUR/kWh;

e wood pellet 0.045 EUR/kWh.
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Financial calculations were based on the additional
investment needed to achieve the nZEB levels. When
calculating the additional cost of the measure/package, the
prices payable by the customer, including all applicable
taxes, VAT and support were taken into account in the
financial calculations. The calculations did not take into
account the potential support that may apply to the
introduction of various technologies related to the
production of renewable energy.

The cost of building components was calculated by
totalling the different expense types and by applying a
discount rate to them using the discount factor.

The criterion of profitability is that the net revenue
generated and discounted during the economic life of the
investment should be greater than the initial investment.

Table 1. Parameter values used for discount.

Name Value
Thermal energy price, (district
heating) EUR/kWh 0.05995
Thermal energy price, (gas)
EUR/KWh 0.04774
Electricity price, EUR/kWh 0.11316
Electricity price, when sold to the 0035
grid EUR/kWh ’
Real interest rate, % 2.0
Escalation (electricity), % 1
Escalation (thermal energy), % 1
Calculation period for residential
i 30
buildings, years

The macroeconomic calculations are based on the
methodology described in Delegated Regulation (EU) No
244/2012 of the European Commission. The total cost of
the measures is calculated as follows:

Coiey=Ci+y. [ 2 (Cui)R,(i)+Ci(j) ]
: (3)

where:

T means the calculation period;

CGq) means total cost (referred to starting year Tto) over
the calculation period;

Ci means initial investment costs for measure or set of
measures j;

Ca,i ) means annual cost during year i for measure or set
of measures j;

Rdg) means discount factor for year i;

C..i (j) means annual cost of CO2 emissions during year i
for measure or set of measures j.

The calculations are based on the prognosis of the long-
term CO2 price variation in the Delegated Regulation
(EU) No 244/2012 of the European Commission.

Calculations of the amounts of CO2 emissions required for
macroeconomic calculations are based on the CO2
specific emission rates provided in the report ‘Study on
the cost-effective  minimum energy efficiency
requirements for buildings. Weighting factors for energy
carriers’.

The COz specific emission factors for the main energy
carriers calculated in the report ‘Study on the cost-
effective minimum energy efficiency requirements for
buildings. Weighting factors for energy carriers’ are given
in Table 2.

Table 2. COz specific emission factors for the energy carriers.

Enerey carrier CO: specific emissions
gy kgCO/MWh
Electricity 1150
District heating 193
Efficient district heating 39
Extremely efficient 39
district heating
Gas 202

2.1. Description of the buildings

For the calculations four sample residential buildings
were selected. The characteristic parameters of the
analysed buildings are presented in Table 3. The small
house is a single-storey building with rectangular floor
plan. The load-bearing part of the building is a wooden
structure. The external walls of the building are insulated
timber frame walls covered externally with boards, while
the internal walls are timber framing walls covered with
plasterboard.

Detached house has two floors with rectangular floor
plan. The bearing part of the building is a stone structure
with ceiling slabs of reinforced concrete elements. The
external walls of the building are externally insulated
concrete block walls.

Terraced building has two floors. The building is
divided into six sections with separate entrances. It has a
rectangular base plan with some protruding parts on the
facade. External walls of the building are made of wall
elements on a wooden frame, and these are covered with
plasterboard on the inside.

Selected apartment building is a 5-storey apartment
block with underground parking. This building has a U-
shaped floor plan. The building has a 5-storey main
section and 3- or 4-storey wings. There is an enclosed
parking area under the building and additional parking
spaces located under the projecting parts of the building
facing the courtyard. The building has a concrete bearing
structure with stone and concrete walls.
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Fig. 1. Cost of timber frame walls with different insulation. in the range between 7.4 and 16.9 EUR/m? (Figure 5). In

the case of a detached residential building (200 m2?), the
cost-optimal range of EPI without local production of
renewable energy is between 137 and 141 kWh/(m?a), and
the additional investment is in the range between 13.6 and
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17.1 EUR/m? (Figure 6). In the case of the terraced
building, the cost-optimal range of EPI without local
production of renewable energy is between 84 and 86
kWh/(m?2a), and the additional investment is in the range
between 22.7 and 31.4 EUR/m? (Figure 7). Without local
renewable energy production, the cost-optimal range of
EPI for an apartment block is approximately from 115 to
117 kWh/(m?Za), and the additional investment is between
6.2 and 9.6 EUR/m? (Figure 8).

200 4

Ground source heat pump

Air-water SP Gas boiler

150 4

o |

ANPV], EUR/m?
3

80 100 120 140 160
EPI, KWhi(m?a)
Fig. 5. Energy performance indicator (EPI) of a detached
residential building (100 m?) and change in the net present value
(ANPV) for different combinations of structural solutions and
heat sources.
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Ground source heat pump

ANPV, EUR/m?

60 80 100 120 140 160 180 200
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Fig. 6. Energy performance indicator (EPI) of a detached
residential building (200 m?) and change in the net present value
(ANPV) for different combinations of structural solutions and
heat sources.
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Fig. 7. Energy performance indicator (EPI) of a terraced

building and change in the net present value (ANPV) for
different combinations of structural solutions and heat sources.
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Fig. 8. Energy performance indicator (EPI) of an apartment

block and change in the net present value (ANPV) for different
combinations of structural solutions and building air tightness.

Based on the definition of nZEB given in the EPBD,
local production of renewable energy is required to reach
the nearly zero-energy level. Local generation of
renewable energy is added below to the architecturally
and technically appropriate combinations. Electricity
generation with solar panels was considered as a solution
for local production of renewable energy. Figures 9-12
show the results of cost-effectiveness calculations for
residential buildings in different combinations of
structural solutions, heat sources and local renewable
energy production with PV panels.

According to the current requirements in Estonia, the
limit value of the nearly zero-energy level for a residential
building is the EPI of < 50 kWh/(m2a). The results of the
calculations show that the cost-optimal levels of EPI for
selected buildings exceed the current nearly zero-energy
limit value. With local renewable energy production, the
cost-optimal range of EPI for a detached residential
building (100 m?) is from 77 to 83 kWh/(m?a), and the
additional investment is between 51.0 and 58.3 EUR/m?
(Figure 9).

With local renewable energy production, the cost-
optimal range of EPI for a detached residential building
(200 m?) is from 87 to 91 kWh/(m?2a), and the additional
investment is between 63.2 and 66.7 EUR/m? (Figure 10).

ANPY, EUR/m*

20 40 60 80 100 120

EPI, KWh/(n? a)

Fig. 9. Energy performance indicator (EPI) of a detached
residential building (100 m?) and change in the net present value
(ANPV) for different combinations of structural solutions and
heat sources with local renewable energy production (PV panels
with a nominal power of 2.8 kW).
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Fig. 10. Energy performance indicator (EPI) of a detached
residential building (200 m?) and change in the net present value
(ANPV) for different combinations of structural solutions and
heat sources with local renewable energy production (PV panels
with a nominal power of 4.0 kW).
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Fig. 11. Energy performance indicator (EPI) of a terraced

building and change in the net present value (ANPV) for

different combinations of structural solutions and heat sources

with local renewable energy production (PV panels with a
nominal power of 4.5 kW).

ANPV, EUR/m?

EPI, kWh/(m?# a)

Fig. 12. Energy performance indicator (EPI) of an apartment
block and change in the net present value (ANPV) for different
combinations of structural solutions and heat sources with local
renewable energy production (PV panels with a nominal power
of 53 kW).

With local renewable energy production, the cost-optimal
range of EPI for a terraced building is from 71 to 73
kWh/(m2a), and the additional investment is between 35.9
and 44.6 EUR/m? (Figure 11).

According to the current Estonian requirements, the
limit value of the nearly zero-energy level for a section of
an apartment block is an EPI of < 100 kWh/(m?a). The
results of the calculations show that the cost-optimal

levels of EPI exceed the current nearly zero-energy limit
value.

With local renewable energy production, the cost-
optimal range of EPI for an apartment block is from 101
to 103 kWh/(m2?a), and the additional investment is
between 22.9 and 26.3 EUR/m? (Figure 12).

Figures 13-15 show the macroeconomic calculation
results for the detached houses and the apartment
building. At the macroeconomic level, the cost-optimal
range of EPI for the 100 m? detached house with a ground-
source heat-pump and PV-panels is 60 to 70 kWh/(m?2a)
(Figure 13). In case of gas boiler, the values are between
115 and 119 kWh/(m? a) (Figure 12). The 200 m? detached
house performs better resulting in cost-optimal EPI range
of 55 to 65 kWh/(m2a) with GSHP and PV-panels;
between 115 and 119 kWh/(m2a) with gas boiler solution
(Figure 14).

250 -
200 A
150 A

100 A

ANPV, EUR/m?

-50

20 40 60 80 100 120
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Fig. 13. Results of cost-effectiveness calculations for a detached
house (100 m?) at the macroeconomic level.
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Fig. 14. Results of cost-effectiveness calculations for a detached
house (200 m?) at the macroeconomic level.
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Fig. 15. Results of cost-effectiveness calculations of an
apartment block at the macroeconomic level.
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4 Discussion

The results of the calculations for new buildings are
summarised in Table 4. Compared to 2011, cost-optimal
EPI has improved significantly, reaching either very close
to nearly zero-energy level or even surpassing it (EPC
class A). According to the results, the nearly zero-energy
requirement for terraced buildings has become cost-
optimal, while that for the apartment blocks is only one
unit away. The cost-optimal value of 200 m? small
residential buildings remained furthest away (7 units)
from the level of the near-zero energy building. In the case
of the 100 m? small residential buildings, it is essential to
consider that the nearly zero-energy requirement of 100
kWh/(m?-a) applies to all small residential buildings of up
to 120 m2. This is why the cost-optimal energy efficiency
margin is justified, because achieving energy efficiency in
smaller buildings is more expensive.

Table 4. Cost-optimal levels of energy performance indicators.

2011 cost- Cost- nf:f.p();:i,_
Building optimal optimal enzrgy
2 2
kWh/(m?a) | kWh/m?a) | | oo 00 o)
Small
residential
buildings ) ” 10
100 m?
Small
residential
buildings 140 57 %
200 m?
Terraced
buildings - 71 80
Apartment
buildings 145 103 100

5 Conclusion

The decrease in cost-optimal energy performance level in
a five-year period was ~38% for the detached house and
~29% for the apartment building, corresponding to a shift
close to nZEB level, leaping nearly two EPC classes. As
two new building categories were implemented in the
building regulation, cost-optimal levels were also
calculated for small (heated space <100m?) detached
house and terraced building.

Given the significant difference between the current
minimum requirements for new buildings (class C) and
the cost-optimal energy efficiency levels (approximately
class A), implementation of the cost-optimal requirements
in two stages is justified. With a preparatory period of one
year, it is possible to make a transition to class B by 31
December 2018 and to class A by 31 December 2019. It
is possible to make a transition to class C in the case of
major renovations by 31 December 2018 with a one-year
preparatory period as well.

Macroeconomic calculations were performed in
Estonia for the first time, and their results in most cases
overlapped with the results of financial calculations. Only

in the case of the smaller residential buildings did the
macroeconomic calculations demonstrate a somewhat
lower cost-optimal EPI. There was no difference with
regard to other buildings.
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