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before the Nineties of the last century, i.e. they have been in use for Energy performance of a
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Bulgarian residential buildings is the highest in Europe. This raises Energy use;

the question of the improvement of the energy performance of Life cycle cost analysis;
existing residential buildings. The current study is intended to assess Optimal thermal transmittance
the influence of the heat transmittance coefficient of the external coefficient.

building envelop elements on the annual energy consumption for
heating and cooling and finding its optimal value. Life-cycle cost
(LCC) as the optimization criterion is using. The optimization
procedure is conducted for the climatic and economic conditions in
Bulgaria and taking into account the existing legal framework. The
minimum of the building life cycle costs is determined by using a
aenetic alaorithm.

1 Introduction

According to the information in [1], there are five basic types of construction systems for
residential buildings in Bulgaria: buildings made of prefabricated elements, reinforced concrete
buildings, brick buildings with concrete slabs between the floors or with trimmer joists (without
reinforced concrete), other building construction (buildings made of stone, clay, timber and etc.). The
brick buildings with concrete slabs between the floors or with trimmer joists (without reinforced
concrete) cover the largest percentage of the total useful area of the dwellings 37 % and 26 %,
respectively. The second largest percentage is in the case of prefabricated buildings 22 %. The
portion of reinforced concrete buildings, on the other hand, at a mere 9 %.

Analyses [1] demonstrate that around 60 % of the residential buildings in Bulgaria are
constructed before the Nineties of the last century, i.e. they have been in use for more than 30 years.
Moreover, the part of electricity in the final energy consumption of Bulgarian residential buildings is the
highest in Europe — 39 % against an EU-27 average of 30 % [1]. The main reason for this situation is
that the use of electricity for heating is high, while the use of natural gas for generating heat by
combustion in local or district heat sources is very low.

Therefore, the task associated with the improvement of the energy performance of existing
residential buildings plays a vital role in the sustainable energy development of the building sector in
Bulgaria. A scientific way to solve the defined problem is the searching of optimal values for thermal
transmittance coefficient of the building elements and prescribing of the energy and cost-optimal
building envelop retrofit measures.

A considerable amount of literature has been published to asses optimal values of the thermal
transmittance coefficient U or the thickness of the thermal insulation. These studies
[2- 4], however, consider the optimization problem at significantly different climatic and economic
conditions compared with those in Bulgaria. For example, a survey such as that conducted by
Nasrollahi et al. [2] has shown the optimum U-value for an office building in the warm and dry climate
of Iran. The optimization procedure is conducted with nine different building envelopes. Loukaidou et
al. [3] have established the optimal thermal transmittance coefficient of the external envelope
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elements and the optimal window properties for a building located in Cyprus. In addition, the authors
of [4] have calculated the minimum thickness of the thermal insulation layer taking into account the
climate data for four different regions in Turkey.

The aim of the current study is to determine the optimum average thermal transmittance
coefficient U4 - value of the external envelope elements for a residential building in Bulgaria. This can
be achieved by improving the mathematic model from a previous study made by authors [5], i.e.
considering U-values of the external walls, roof, floor and windows as independent variables and
adding the energy consumed during the cooling period as a function of the heat transfer coefficient of
the external envelope elements.

In order to define the optimal thermal characteristics of the building elements, first, a modeling
of the energy demand of the test-cell residential building is conducted. Then, the global cost of a
measure or group of measures is calculated by applying Life Cycle Cost Method (LCCM) and took into
account the effect of the inflation and interest rate. In this paper, the optimal values searching for the
defined optimization problem is carried out using a Genetic Algorithm (GA). Finally, the correlation
degree between the yearly energy demand for heating, cooling and the life cycle cost for each external
envelope element is evaluated and compared to identify the most influential input variables of the
mathematical model.

2 Optimization problem. Independent variables and objective function

In the present study, the optimization problem is formulated, as well in previous research of the
authors [5]. Over again, the following combination of design variables was investigated: the thermal
transmittance of building envelope and life cycle costs of the measures for increasing energy
efficiency level in the building.

The new detail in the current investigation is that the average thermal transmittance of the
building envelope, Ugyg = X [\N/(mZK)], is taken as a decision variable.

In the current paper, the average thermal transmittance is quantified through the time-averaged
heat flow crossing the envelope for a 1 K temperature difference between internal and external air
temperature. It is used the following equation [7]:

— Htr _HD+Hg+HU+HA

U = = 1)
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The transmittance heat loss coefficients Hp, Hq, Hy and H, are determined according to [15].

In case of opaque surfaces of the building envelope, in order to modify the thermal
transmittance coefficients, and to search for optimal values of U,,, it is acceptable to vary the
thickness of the thermal insulation layer, y;. Its value will change in a defined allowable space, I:

0<y[m<02,i=12..4 o yOr,. e

The allowable space for transparent building elements (windows and doors) is defined as
follows:

1.2< % [WImMPK]<27  or x0OT,. (2b)

In addition to the independent parameters, in the vector of input variables are also included:
« Vector of constructive parameters:

d=(A.A VA0, (3)

where:

As -the total area of the heated/cooled spaces in the building, m?;

A - the area of the k-th building element (walls, roof, floor, windows and etc.), m?;
Aqo - the effective area of transparent and opaque enclosures, m?.
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» Vector of constant parameters:
XC =(Rt,w'd5r'F§1,ob’d§int)DFci (4)

where:
R:w - the heat resistance of non-insulated opaque building elements, WI(m?K);
@, - the heat flux resulting from the emission from k-th element to the sky, W;
Fsn.ob - the shading factor of the receiving solar energy surface;
@, - internal heat gain of people, appliances and lighting, W.

In this article, the building is considered as a constructed object. Therefore, d is constant and
refers to x° (Mg c Iy).

The optimization problem is defined as in previous research [5]: looking for a minimum of the
total monetary cost of the building and the building elements for a certain period of time,7, Cg,,,
expressed in the following objective function:

f (Uavg) =C,,(x) (5)
in a space defined by x € TI,.

3 Mathematical model

In the present investigation, the mathematical model consists of two parts. In the first one, the
yearly energy needs of the building are modelled. The second part deals with the global cost over the
calculation period, 7. It is important to note that the purchasing and mounting costs of the heating and
cooling system of the building are considered as a dependent variable of the mathematical model.

The justification of the decision is presented in Fig. 1 and the paragraph below.

Simple analysis Complex analysis

Mechanical systems
€Eup

Fig. 1: LCCM decision matrix [6].
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As can be seen from Fig. 1, the approach used to develop the mathematical model is in
Quadrant I. Therefore, the current model of a residential building should be considered as a model
with the highest priority because it characterized by high potential cost impact [6].

3.1 The energy demand of the building

Modeling of the energy demand of the considered residential building is conducted with the
following information:

= The modeling procedure takes the climatic conditions into accounts, such as average monthly
outdoor air temperature, average solar radiation, wind speed, wind direction, etc. They are defined
according to the data in the Bulgarian Regulation Ne7 for energy efficiency in buildings for climatic
zone Nel [7]. The used climatic data is summarized in the table below.
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Table 1: Climatic data used in current investigation.

month | 1 [ [ wm [ wv [ v v [ v [ v [ x| x| x| o
The average monthly external air temperature
.°C | 19 [27 |51 ] 102 | 156 [202] 287 [ 223 | 19 | 138 | o | 43
Solar radiation, W/m?
East 404 | 592 | 684 | 855 | 1083 | 122 | 126.4 | 1262 | 1045 | 68 | 458 | 3656
West 404 | 592 | 684 | 855 | 1083 | 122 | 126.4 | 1262 | 1045 | 68 | 45.8 | 3656
South 727 | 959 | 875 | 837 | 905 | 97.4 | 1049 | 1265 | 133.7 | 1043 | 806 | 67.8
North 229 | 348 | 477 | 636 | 777 | 843 | 837 | 759 | 60.7 | 409 | 261 | 202
Horizontal | 50.1 | 812 | 109 | 149.7 | 1041 | 218 | 22655 | 2197 | 1665 | 97.2 | 58.3 | 439

= The building is located in a residential neighbourhood with a predominant building construction
with low height (10 m mean height of the surroundings);

= Thermal resistance of the non-insulated external walls, the ground floor, floor over an
unheated basement, the roof are considered as constant variables in the mathematical model of the
reference building. Description of the construction layers of the reference building elements are listed
in Table 2.

Table 2: Construction layers of building envelope elements.

Building elements Construction layers
2 cm lime, sand plaster (outside), A = 0.97 W/(mK); y; cm expanded polystyrene , A = 0.034
External walls W/(mK); 25 cm brick masonry, A = 0.52 W/(mK); 2 cm lime, sand plaster (inside), A =0.7
W/(mK).
2.5 cm ceramic tiles, A = 0.99 W/(mK); 0.4 cm bitumen, A = 0.17 W/(mK); y, cm mineral wool
Roof with A =0.037 W/(mK) and p = 30 kg/m?; 0.3 cm vapor barrier, A = 0.17 W/(mK); 3 cm oriented

strand board, A = 0.13 W/(mK); 12 cm wooden ribs (beech), A = 0.41 W/(mK).
14 cm gravel, A = 3.5 W/(mK); 12 cm reinforced concrete, A = 1.63 W/(mK); y3 cm extruded
Ground floor polystyrene, A = 0.033 W/(mK) and p = 32 kg/m® 2.0 cm cement screed, A = 0.93 W/(mK); 0.7
cm tile, A = 1 W/(mK).
Floor over an unheated 12 cm reinforced concrete, A = 1.63 W/(mK); y, cm extruded polystyrene with A = 0.033 W/(mK)
basement and p = 32 kg/m®, 2.0 cm cement screed, A = 0.93 W/(mK); 0.7 cm tile, A = 1 W/(mK).

Windows Frame: PVC; Glass package: triple glazing 4/9/4/9/ 4mm and air filled; Low-emission coating.

= |t is assumed that the transmission heat loss coefficient from heated space i to the exterior e
through the unheated space, Hy, and the transmission heat loss coefficient from heated space i to a
neighbouring heated space j heated at a significantly different temperature, i.e. an adjacent heated
space within the building entity or a heated space of an adjacent building entity are equal to zero;

= The modeling of the energy demand of the considered building is conducted assuming that
ventilation systems are absent, i.e. the building is naturally ventilated. It is assumed that the supplied
air due to infiltration has the thermal characteristics of external air. The average hourly air exchange
rate is set as 0.5 h™;

= The total number of occupants of the building is 8 people;

» The internal heat gains from people, appliances, and lighting were defined to be ®;,, = 0.349
kW;

= Internal design temperature is set as 6y = 22 °C in winter and 6, = 27 °C in summer,
respectively. Building spaces such as bathrooms are considered as uncooled space.

The yearly energy needs of the building, Q, are assessed according to [8]. The basis of this
method is the following equation of the yearly energy needs of the building:

Q=Qu +Qy*+*Q +Qc ~Q kwhiyear, (6)

where:
Qw - the yearly energy needs for domestic hot water;
Qv - the yearly energy needs for ventilation;
Q, — the regenerated energy in the building.
In equation (6), the heating gains Qu 4, in the winter season and heat loss Qc p in the summer
season, respectively, are taken into account through dimensionless factor for the utilization of the
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monthly heat losses and the monthly heat gains, respectively, nu g and ncg,.. Then, the required
energy for heating for each month of the heating period:

Qu = Qupe- NH,gn - QH,gna (7

and the required energy for cooling for each month of the cooling period:

Qc= QC,gn —Ncgn - Qc s (8)

where:
Qu e - the total heat losses of the zone for the respective month,
Qcgn- heat gains in the area for the respective month.

3.2 The global costs over a calculation period

The cost-optimal energy efficiency levels of the residential building are evaluated using the
methodological framework of the European Directive 244/2012/EU [9]. The global costs of a measure
or group of measures for improving the energy performance of the building envelop from a financial
point of view are calculated according to equation [9]:

Gy =C +Z|:i(cal(J)ERd(l))_Vfr(J):| 9)

i=1
The output data for conducting the LCCA are presented in Table 3.

Table 3: The output economic data used in the conducted LCCA.

Economic life of the building elements 7 =30 years
Real discount rate r=6%°?
Energy price escalation 2%
Electricity (purchase) Cer= 0.11984 EUR/KWh

¥Based on the the guidance of the European Regulation 244/2012/EU [9]; PAccording the actual price list

In this paper, initial investment costs, C,, are considered as a sum of the cost of materials, labor,
equipment, and design fees incurred for thermal insulation layer of the building's external walls. In
addition, the initial investment costs of heating and cooling system for the building, C,ngat., are
considered as dependent variable. Therefore, initial investment costs are:

Ci =Ciins tCy pgar +Ci p. [€] (10)

The initial investment costs for the thermal insulation layer, C, i, [€], is defined as follows:

Ciins = IZ_lcins 04 BA + Crount DIZ_1A? +ay, [€]. (11)

The purchasing and mounting costs of the heating and cooling system of the building, Ciyear,
[€], is taken as a sum of the mounting costs of the heat source (air to water heat pump), Cyp, of the
fan coils, C;¢, of the pipe network, Cinine, @and of the additional and auxiliary equipment, Ci,. In the
mathematical model of the reference building, the costs of purchasing and installing the heat source,
Cinp, and fan coils, C,¢, are also considered as dependent variables. They are defined as a function of
the design heating and the cooling load of the building.

The initial investment costs for the heating and cooling system, C,ear, are determined after
analyzing the purchase costs of the air-to-water heat pump and fan coils provided by different
manufacturers, the following equations are derived:

C, p = 017102, +0.021[@®2, +75.16[®,,, +19.755[®, , +1072.729, (12)
C ¢ =1.020107 (@2, , +0.51010™ (@2 , —0.00686 (@, ,, , —0.0074 @, +332.1. (13)
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The determination of the design cooling, ®;c., and heating loads, @, was conducted using
the methodological framework presented in [15].

In the mathematical model of the reference building, maintenance costs during the i-th year are
considered as the sum of the repair, recommissioning, replacement, C,, and asset preservation costs
of the heating and cooling system and the heat insulation layer of the external walls. Under current
market prices, these costs can be defined as:

C r=1%IC,  [€]. (14)

The operating costs of heating and cooling system, C,, ;¢ , include with the fuel costs incurred
during the i-th year of the building's economic life. They are defined as a product of the annual energy
demand of the building, and the electricity price as of 01.07.2019.

4 The optimization algorithm

The numerical solution of the optimization problem is performed by applying the Genetic
Algorithm (GA). The set values of the turning parameters in the algorithm and the schematic diagram
of the used GA are presented in the previous publication of the authors [5].

5 Sensitivity analysis

In order to determine the most important input parameters for building energy performance, the
sensitivity analysis is conducted. In this regard, the sensitivity coefficient is used. It is defined as
following [10, 11]:

_(an/L,) (15)

(ar/R.)

where: AL; and AP; are the value of an output parameter and an input parameter variation,
respectively.

In the current paper, the output values, L;, are the yearly energy demand for heating or cooling
and the life cycle cost of the object. It is assumed that the input parameters, P;, are the thermal
transmittance coefficients of the external building envelop elements, i.e. the independent variables of
the mathematical model.

As can be seen from Eg. (8), the sensitivity coefficient is calculated concerning the base
case model values - L, and P;,,. In this paper, as the base case model is selected two-family
residential building located in Varna, Bulgaria. Geometric specification of the test building is
summarized in Table 4.

Table 4;. Geometric specification of the base case residential building.

The total area of the heated and/or cooled spaces 179.2 m?
The volume of the heated and/or cooled spaces 510 m?
Area of opaque building elements (walls) 206.16 m?
Area of transparent building elements 36.15 m?
Windows/walls ratio 17.54 %
South 57.94 %
North 68.24 %
East 0%
West 0%
Area of the ground floor 72.35m’
Area of the floor under the unheated basement 17.65 m?
Area of the roof 90 m®

As input parameters of the base case model, P;, are accepted the heat transmittance
coefficient of the building envelop elements. It is assumed that the walls, roof, and floors are insulated
and triple glazing for the windows is used. Thus, the elements of the building envelope meet the
requirements of the Bulgarian Energy Efficiency Standard [7]. Yu et al. [10] have used a similar
approach.
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The used values of input parameters of the base case model, P;,, are as follows:
= Walls: U; = Py ,=0.2746 W/(m?K);

= Roof: U, = P, , = 0.2405 W/(m°K);

= Ground floor: Uz = P53, = 0.3562 W/(mZK);

= Floor over unheated basement: U, = P4, = 0.4539 W/(mzK);

= Windows: U5 = P, = 1.4 W/(m°K).

6 Results and discussion

In the current investigation, the developed energy model of the base case residential building
was simulated and the results are shown in Fig. 2. The results are presented through the average heat
transmittance coefficient, Uayg.

From the data in Fig. 2, it is apparent that there is significantly declining in the heating energy
needs of the building as a result of the better thermal characteristics of the external building envelope
elements.

On the other hand, Fig. 2 reveals that there has been a slight rise in the yearly energy need for
cooling as a result of better thermal insulation of the building. What can be seen from this figure is that
the line slope of the cooling energy needs is smaller than the trend line of the heating energy needs.

It is important to note that these results are valid in case of a residential building with small
windows to walls ratio (WWR). In the current paper, the WWR is approximate 18 %, Table 4.

Fig. 2 also shows that the cooling energy required for the building is about 25 times less than for
heating energy required. Therefore, the tendency to increase the yearly energy needs for cooling by
decreasing the average heat transmittance coefficient does not significantly affect to the total yearly
energy needs of the building. Because of this, the function describing the reducing of the total yearly
energy needs of the building is the same type as in the case of the yearly energy needs for heating.
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Fig. 2: Effect of thermal insulation of the yearly energy needs for heating, Q ., cooling, Q¢ .., Yearly
total energy needs, Q.

In conclusion, the total energy needs for heating and cooling required for the building on an
annual basis decreases with a decline in the average heat transmittance coefficient of the building
envelope elements.

In the case of the considered test residential building and the construction layers of the building
elements described in Table 2, the determined techno-economical optimal value of the average heat
transmittance coefficient is Uaygop: = 0.576 W/(m2K). This result can be achieved by the values of the
optimal heat transmittance coefficient of the building elements and using Eq. (1). Therefore, the
presented data in Table 5 is the techno-economical optimal thermal transmittance coefficients of the
building envelop elements.
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Table 5: The optimal thermal transmittance coefficients and corresponding insulation thickness.

Uopit,iy [\N/mZK]
Clieie Walls Roof Ground floor The floor under the Windows
zone unheaed basement
0.24 0.24 0.23 0.28 1.41
Nel Insulation thickness, y;, [m]
Varna 0.117 0.119 0.087 0.056 -

Using the results presented in Table 5 to determine the yearly energy needs of the building, Q,
leads to obtaining information about the optimal value of this parameter. For example, the value of the
yearly total energy needs of the building corresponding to the minimum life cycle costs is 169.11
kWh/(mZ-year). This result decrease as much as 24 % compared to the case of building envelope
without thermal insulation.

As Fig. 3 shows, there is a significant drop as much as 16 % in life cycle cost (LCC) between
the building without thermal insulation and the building envelope elements with the optimal average
heat transmittance coefficient.
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040 045 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90

Average heat transmittance coefficient, [W/m2K]
Fig. 3: Effect of thermal insulation of life cycle costs.

As a result of lower average heat transmittance coefficient compared to the optimal value
(Uavgopt = 0.576 W/mZK), the LCC slightly increase. The reason is the higher required capital
investments for thermal insulation and the higher cooling energy needs.

In the left side of the Fig. 4 is showed the mean sensitivity coefficient of the independent
variables on the heating energy needs of the considered base case residential building. As can be
seen, the S; of the heat transmittance coefficients of the external building envelope elements is
positive. The sensitivity analysis also demonstrates that the heat transmittance coefficient of the walls
is the most important parameter for reducing the heating energy use in the base case residential
building S,, = 9.96 %, whereas the least significant is the U-value of the floor under unheated
basement Sgyyg = 0.8 %.

Moreover, considering the better thermal insulation of the wall as an independent measure for
improving the energy performance of the building envelope, from the data in Fig. 4, it is apparent that
the heating energy needs of the building can be decreased by around 10 % for every increase of 50 %
in the thickness of the wall thermal insulation.
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B ground floor Mwindows
mfloorunder unheatedbasement @ roof

Fig. 4: Sensitivity coefficient of the independent variables on the heating energy needs (left) and on
the cooling energy needs (right).
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Closer inspection of the right side of the Fig. 4 shows that the mean sensitivity coefficient of
the heat transmittance coefficients on the cooling energy needs of the widows is positive, whereas
the S; of the heat transmittance coefficients of the walls and roof are negative. These results indicate
that cooling energy use decrease with the decline in the heat transmittance coefficient of the
windows. On the other hand, the negative values of the S,, and S; are indicative of the fact, that when
the U-values of the walls and roof decrease, increase the cooling energy demands of the building.
The most important parameter for reducing the cooling energy use is the heat transmittance
coefficient of the walls (|§N| :0'51%>|Swin| =0.23%). A possible explanation for this result may be
the small WWR.

EBwalls Aroof Egroundfloor B floorunder unheated basement @windows

.84%

0.06%

0.23%

0.08%
Fig. 5: Sensitivity coefficient of the independent variables on the life cycle cost.

Fig. 5 presents the mean sensitivity coefficient of the independent variables on the life cycle
cost. This finding was expected and suggests that the life cycle cost decrease with the fall in each
parameter value. The wall heat transmittance coefficient is the most apparent impact on the life cycle
cost of the building. The results demonstrate that LCC can be decreased by around 0.8 % when
increasing the thermal insulation of the wall with 50 %. Considering lower U-value of the windows as a
measure for improving the energy performance of the building envelope, the results from sensitivity
analysis demonstrate that LCC can be fall by approximately 0.5 % for every decrease of 11 % in the
U-value of the windows.

It seems possible the low sensitivity coefficients of the independent variables on the life cycle
cost are because that the economic parameters of the model (inflation rate, real discount rate,
electricity price, etc.) are the most sensitive parameters on LCC.

The reported results of the conducted sensitivity analysis are similar to the data reported by Yu
et al. [10] and Zhang et al. [14].

7 Conclusion

The current investigation was intended to assess the optimal heat transmittance coefficient of
the external building envelop elements. The second purpose of the paper was to determine the most
important design energy parameters of a residential building located in Bulgaria.

The results demonstrate that a residential building with thermal insulated envelop elements
have lower energy needs and costs for heating, but higher energy needs and electricity costs for
cooling. However, the rate of decrease of the heating energy demand is much higher than the rate of
increase of cooling energy needs. Therefore, in the case of Bulgarian climate conditions and
residential building with small WWR, the thermal insulation is an appropriate measure for a better
building energy performance and economy in the heating period. In the cooling season, however, the
better energy performance of the building envelope can be achieved by applying the low emissivity
coatings of the transparent building elements and by using effective exterior shading.

By developing the mathematical model from our earlier investigation [5] and including the
thermal transmittance coefficients of the roof, floor and windows as independent variables, it was
reached around 5 % increase of the external wall optimal U-value.

The analysis of the results presented in this paper leads to the conclusion that concerning floor
thermal insulation, further regulatory restrictions could be introduced. Thus, it can be also achieved
better acoustical properties and suitable thermal storage capacity of the floor slab. However, the
conducted sensitivity analysis shows that the heat transmittance coefficient of the wall and windows of
the building with a small ratio of the windows to walls area is the most sensitive design energy
parameter.
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The methodology from the current investigation can be useful in the process of the investment
design and in particular, in the process of developing the part “Energy efficiency of building” of the
investment project.

Further work needs to be done to establish the optimal thermal properties of the transparent
building elements and the influence of the windows cardinal direction and WWR of the building’s
yearly energy demands in more detail. The influence of the shape and shading coefficient of the
building must be assessed.

References

[1] Buildings Performance Institute Europe, Accelerating the renovation of the Bulgarian building
stock. The present and future of the national energy efficiency programme for multifamily
residential buildings, 2016, [Online], Available: http://bpie.eu/wp-content/uploads/2016/05/
Accelerating-the-renovation-of-the-Bulgarian-building- stock_EN.pdf.

[2] NASROLLAHI, F. — NOORAEI, M.: Relationship between U-Values, Energy Demand and Life
Cycle Costs in Office Buildings. Universitatsverlag der TU Berlin, 2013.

[3] LOUKAIDOU, K. - MICHOPOULOS, A. - ZACHARIADIS, T.: Nearly-Zero Energy Buildings: Cost-
Optimal Analysis of Building Envelope Characteristics. Procedia Environmental Sciences, Vol. 38,
2017, pp. 20 - 27.

[4] DOMBAYCI, O. - ATALAY, O. - ACAR, S. - ULU, E. - OZTURK, H.: Thermoeconomic method for
determination of optimum insulation thickness of external walls for the houses: Case study for
Turkey. Journal of Sustainable Energy Technologies and Assessments, Vol. 22, 2017, pp. 1-8.

[5] DOSEVA, N. — CHAKYROVA, D.: Life cycle cost optimization of residential buildings. Part I: a
case study of external walls. Annual Journal of Technical University of Varna, Bulgaria, Vol. 2 Iss.
2, 2018, pp. 62-69.

[6] Guidelines for Life Cycle Cost Analysis. Stanford University, Land and Buildings, 2005, [Online],
Available: https://sustainable.stanford.edu.

[7] Ministry of Regional Development and Public Works, Regulation Ne7 for energy efficiency in
buildings, National newspaper, Vol. 93, 2017.

[8] 1ISO 52016-1:2018, International Organization for Standardisation. Energy performance of buildings
- Energy needs for heating and cooling, internal temperatures and sensible and latent heat loads -
Part 1: Calculation procedures, 2018.

[9] European Parliament, Commission delegated regulation (EU) 2010/31/EU of the European
Parliament and of the Council on the energy performance of buildings, 2010.

[10] YU, J. - TIAN, L. - YANG, C. - XU, X. - WANG, J.: Sensitivity analysis of energy performance for
high-rise residential envelope in hot summer and cold winter zone of China. Energy and
Buildings, Vol. 64, 2013, pp. 264-274.

[11] LAM, J.C. - HUI, S.C.M.: Sensitivity analysis of energy performance of office buildings. Building
and Environment, Vol. 31, Iss. 1, 1996, pp. 27-39.

[12] BOERMANS, T. - PETERSDORFF, C.: U-values for better energy performance of buildings. The
report established by ECOFYS for EURIMA, (Online), Available: https://www.eurima.org.

[13] GIESELER, U. D. J. - HEIDT, F. D. — BIER, W.: Evaluation of the cost efficiency of an Energy
efficient building. Renewable Energy Journal, Vol. 29, 2004, pp. 369-376.

[14] ZHANG, C. — ONG, L.: Sensitivity analysis of building envelope elements impact on energy
consumptions using BIM. Civil Engineering, Vol. 7, 2017, pp. 488-508.

[15] EN 12831-1 Energy performance of buildings - method for calculation of the design heat load -
Part 1: space heating load, module M3-3. TC-41 heating, ventilating, air-conditioning and
cleaning equipment, Bulgarian institute for standardization, 2017.



