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Abstract. Low energy buildings require an efficient thermal insulation of the envelopes ensuring minor heat losses; such 
buildings must be tight in order to avoid heat losses due to over-infiltration. Installation of a heating recovery system 
compensates for some heat used for heating the ventilation air. The design solution of transparent envelopes of low energy 
buildings determines significant solar heat gains that compensate for a part of heat losses through the envelopes and venti-
lation systems. Taking into account these properties of low energy buildings, the modeling of indoor temperatures of such 
building was carried out at varying outdoor temperatures and power of the heating system. On the grounds of the obtained 
results, it was determined that a lower heat source power than the one determined according to the outdoor temperature of 
the coldest five-day period can be used to meet the indoor microclimate requirements in a low energy building. In this 
way, the expenses of heating system installation are reduced and the operational efficiency of the heat source is increased. 
Keywords: low energy building, heat recovery system, internal heat load, air tightness, thermal energy consumption, en-
ergy saving. 

 
1. Introduction 
The lowest outdoor temperatures reached during the heat-
ing season are used for the calculation of heating load of 
conventional building. The heat source power of more 
substantial buildings (the weight of their envelopes does 
not exceed 100 kg/m2) is estimated according to the tem-
perature of the coldest five-day period, whereas for 
lightweight buildings the coldest daily temperature is 
used (STR 2.09.04:2008, Appendix 3, Table 3.1). Con-
sidering the purpose of the building and the desired level 
of comfort, these temperatures may differ as normative 
documents present them on a different level of reliability 
(RSN 156-94 1995). When the power of the heat sources 
used for heating buildings is calculated according to the 
lowest outdoor temperatures, constant indoor temperature 
is ensured in the buildings. However, the installation of 
high-power heating systems increases the costs of con-
struction and at the same time reduce the economical load 
of the under-loaded boiler (Gimbutis et al. 1993; Ramesh, 
Dušan 2003; Švenčianas, Adomavičius 2011). 

Heat loss through the envelopes in low energy 
buildings is much lesser than in conventional buildings: 
the former ones are tight and for this reason no heat is 
lost due to over-infiltration (Juodis et al. 2009). A great 
amount of thermal energy used for heating the ventilation 
air is restored having installed a heat recovery system 
(Chlela et al. 2009). As the outdoor temperature is varied, 

the change of indoor temperature of low energy buildings 
is slower (Ghiaus, Hazyuk 2010; Hens et al. 2010). 
Therefore, most probably the use of heating systems 
based on the lowest temperatures of the heating season is 
not required in order to ensure indoor microclimate con-
ditions (Yang et al. 2011). This could reduce the costs of 
heating system installation and increase the efficiency of 
the system in operation without worsening the indoor 
microclimate conditions in the buildings. Some of the 
researchers made studies in determining heating load for 
the residential buildings by selecting optimal thickness of 
the buildings thermal envelope (Daouas 2011), develop-
ing complex heating load determination programs using 
standard calculations (Petersen, Svendsen 2010; Ogo-
nowski 2010) but also there is lack of the outdoor tem-
perature determination used in heating load calculations 
in Lithuanian climate. For this purpose a research on the 
indoor temperature variation of a low energy building 
was carried out seeking to develop a heating load calcula-
tion method of the heating systems in such buildings. 

 
2. Factors affecting heating load demand of low 
energy buildings 
One of the advantages of low energy buildings is the stabil-
ity of indoor microclimate conditions (Feist et al. 2005). 
This index depends on the following: thermal inertia of 
partitions (Catalina et al. 2008), the level of thermal insula-
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tion of envelopes, tightness of the building, an efficiency of 
heating and ventilation systems, indoor temperature and 
allowable limits of its variation, as well as the lowest out-
door temperatures and their periodical duration. The lesser 
are the heat losses through the envelopes, the greater is the 
impact of internal and solar heat gains on the thermal bal-
ance of the whole building; this is why the gains should not 
be left out from the calculation of the heating load of build-
ings (Oliveti et al. 2011). Having evaluated these gains and 
the properties of low energy buildings, both the overall 
demand for thermal energy for heating and the demand for 
the highest heating load, calculated according to the lowest 
outdoor temperatures, are diminished. 

 
2.1. Technical properties of low energy buildings 
Design documentation of a low energy (passive) building 
constructed in 2009 is employed for the present research. 
The article (Venckus et al. 2010) provides a detailed dis-
cussion on constructional and energy properties of the 
building, whereas Table 1 presents geometrical and Ta-
ble 2 – energy properties of the analyzed building. For the 
construction of envelopes, ceramic blocks, concrete and 
reinforced concrete as well as thermal insulation layers on 
the outside were used. In order to calculate the heating load 
of this building following STR 2.09.04:2008 (2008), the 
selected temperature must not exceed the temperature of 
the coldest five-day period. This is because the envelopes 
of the building belong to the group having external walls 
which weight > 100 kg/m2, internal partitions – 50÷ 
100 kg/m2, floors and ceilings – > 150 kg/m2 (STR 
2.09.04:2008; Appendix 3, Table 3.1). Following the 
methodology in STR 2.09.04:2008 (2008), this building 
should be equipped with a heating source of 7.81 kW power. 
 
Table 1. Geometrical properties of the building used  

for modeling of dynamics of indoor temperature 
Areas of construction surfaces of the building, m2 

Area of external 
walls 262.8 Area of floor 96.2 

Area of partitions 178.6 Area of ceiling 96.2 
Area of transpa-
rent fenestrations 59.5 Area of furniture 

surface for square unit 
of the floor, m2/m2  

0.5* 
Area of the roof 130.6 
* – for the calculation of active thermal capacity of internal 

surface area of the heated premises, the area of the furniture 
surface is established according to STR 2.01.09:2005 (2005).  
Table 2. Energy properties of the building 
Average thermal 
transmittance of non-
transparent areas of 
envelope, W/m2K 

0.115 
Thermal capacity 
of external walls, 
MJ/K 

17.84 

Average thermal 
transmittance of 
transparent areas of 
envelope, W/m2K 

0.79 
Thermal capacity 
of internal parti-
tions, MJ/K 

34.29 

Air change rate of the 
building at 50 Pa 
pressure difference, h1 

0.39 
Time constant of 
active internal 
surfaces, h 

277 

Internal heat gains, W/m2 (Feist et al. 2005) 2.1 

2.2. Indoor temperature and allowable limits of its 
variation in the modeled building 
According to the Lithuanian standard HN 42:2009 “Mi-
croclimate in dwellings and public buildings” (2009) and 
international (ISO 7730:2005) requirements, the condi-
tions of thermal comfort in dwellings correspond to 
20÷24 °C temperature variation interval, while sufficient 
conditions are 18÷26 °C during the cold season of the 
year. The document CR 1752 of the European Committee 
for Standardization (1998) states that the temperature in 
the premises fulfilling B conditions has to reach 22±2 °C. 
Taking into account the mentioned requirements, a nor-
mative temperature of +22 °C was selected for the re-
search. The allowable decline of this temperature is no 
more than 2 °C to preserve the required comfort condi-
tions in the premises. 

 
2.3. Lithuanian climate data 
Lithuania belongs to the cold climate zone. Although the 
average outdoor temperatures during the heating season 
only slightly differ in Lithuania and Central Europe, the 
periods with the lowest temperatures possible in Lithua-
nia have the greatest impact on the choice of heating 
system power. The climate data recorded by meteorologi-
cal station of Kaunas University of Technology Institute 
of Architecture and Construction (KTU ASI) show that 
the lowest temperatures usually occur in fine weather 
(Figs 1–4). For this reason, greater heat losses through 
the envelopes are partially compensated by solar heat 
gains, while in cloudy weather when the intensity of solar 
radiation decreases, outdoor temperature does not reach 
the lowest level. Since no generalized data on the intensi-
ty of solar radiation depending on outdoor temperatures 
has been collected yet, the research makes use of the 
climate data recorded by KTU ASI meteorological station 
in 2009 and 2010, namely: the outdoor temperature and 
intensity of solar radiation. To compare the obtained re-
sults with the results of the currently-used standard meth-
od, a temperature period was composed using the lowest 
standardized temperatures for calculation together with 
the impact of solar radiation. 

The periods of the lowest temperatures composed 
on the grounds of KTU ASI meteorological station data:  

1. Medium-cold days and period with the least so-
lar radiation in 2009–2010: from 15/12/2009 to 
05/01/2010, the lowest recorded outdoor tempe-
rature: –14.6 °C, duration: 21 days (Fig. 1); 

 

 

Fig. 1. Medium-cold days and period with the least solar radia-
tion in 2009–2010 
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2. The lowest temperature in 2009. Period: 
04/01/2009–06/01/2009, the lowest recorded 
outdoor temperature: –18.1 °C, duration: 3 days 
(Fig. 2); 

 

 

Fig. 2. The lowest temperatures in 2009 
 3. The lowest temperatures in 2010. Period: 

15/01/2010–02/02/2010; the lowest recorded 
outdoor temperature: –23.2 °C, duration: 18 days 
(Fig. 3); 

 

 

Fig. 3. The lowest temperatures in 2010 
 4. Theoretically framed period: the coldest theore-

tically possible five-day period in Kaunas. Ave-
rage outdoor temperature: –23.0 °C; for the mo-
deled period, solar radiation was estimated 
according to the data of KTU ASI meteorologi-
cal station collected on 15/01/2010–02/02/2010, 
when the minimal temperature of 2010 was rea-
ched (–23.2 °C). Duration of the period: 5 days 
(Fig. 4). 

 

 
Fig. 4. The coldest theoretically possible five-day period in 
Kaunas 

Having analyzed the climate data and established 
possible variation limits of indoor temperature in the 
researched building, a predictive model of indoor tempe-
rature variation of substantially low energy buildings was 
developed. The model is used for estimating the efficient 
power of the heating system. 

 
3. Modeling the heat-up and cool down processes  
of the low energy building 
3.1. Calculation method 
There were used calculation program to determine the 
dynamics of indoor air temperatures change in respect of 
variation of outdoor temperature, solar heat gains, ther-
mal inertia of building envelope and internal mass (parti-
tions, ceiling, floor and furniture). The change of internal 
air temperature ∆Tair after receiving of amount of thermal 
energy ∆Q is determined as:  
 ,air

p
QT c V

∆∆ = ⋅ρ ⋅  (1) 

where: ∆Tair – change of air temperature, K; ∆Q – ther-
mal balance of indoor space per each time step, J; cp – specific thermal capacity of air, J/(kg⋅K); ρ – air densi-
ty, kg/m3; V – volume of indoor air, m3. 

Thermal balance ∆Q is determined as:  
int inf
,

ext wd fl vent ihg
shg hs

Q Q Q Q Q Q Q Q
Q Q

∆ = + + + + + + +
+

 (2) 

where: Qext – amount of thermal energy from (through) 
surfaces of non-transparent areas of envelope (excluding 
floor), J; Qint – amount of thermal energy from surfaces 
of internal partitions and furniture, J; Qwd – amount of 
thermal energy from (through) transparent areas of the 
envelope, J; Qfl – amount of thermal energy though the 
ground, (are taken as stable during one month period, 
calculated according to STR 2.05.01:2005 2005), J;  
Qinf  – amount of thermal energy for air heating due to 
infiltration through the envelope, J; Qvent – amount of 
thermal energy for heating the air supplied through heat 
recovery system, J; Qihg – amount of thermal energy from 
internal heat gains (are taken as stable during whole cal-
culation period), J; Qshg – amount of thermal energy from 
solar heat gains, J; Qhs – amount of thermal energy from 
heating system, J. 

Calculation of amount of thermal energy from 
(through) all non-transparent surfaces (Qext, Qint) takes into account the thermal inertia:  
 int, ( ) ,ext s s air sQ h T T z A= ⋅ − ⋅∆ ⋅  (3) 
where: hs – indoor surface heat transfer coefficients of non-transparent envelope and internal partitions and fur-
niture, W/m2K; Ts – thermodynamic indoor surface tem-
perature, K; Tair – thermodynamic indoor air temperature, 
K; ∆z – time period (calculation time step), s; As – surface area, m2. 

Determination of the indoor surface heat transfer 
coefficients of non-transparent envelope and internal 
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partitions and furniture equivalent was carried out accor-
ding to: 

 
3

1 2

4 2 ,1 1 1

s air

s

T T

h Nu
s

+ ⋅σ ⋅  λ   = ⋅ +   + −ε ε
 (4) 

where: εi – emissivity of surface; σ = 5.67⋅10–8 – Stefan–
Boltzmann’s constant; s – thickness of air boundary layer, 
m; Nu – Nusselt number calculated according to LST EN 
673:2011; λ – thermal conductivity of air, W/(m⋅K). 

Calculation of temperatures dynamics through the 
cross-section of enclosure or active surface layer of inter-
nal partition and furniture by use of finite difference cal-
culation method is expressed:  

1 1

1 1 1 1

2' ,n n n n
n n

n n n n n n n n

t t t t zt t
R R d c d c
− +

− − − −

 − − ⋅∆= + − ⋅ ∆ ∆ ⋅ ⋅γ + ⋅ ⋅ γ   
  (5) 
where: ∆z – time period (calculation time step), s; dn – thickness of layer between “n” and “n+1” planes, m; cn – specific thermal capacity of the layer between “n” and 
“n+1” planes, J/(kg⋅K); γn – material of the layer between 
“n” and “n+1” planes density, kg/m3; qn/(n–1) – potential of heat flow density between “n” and “n–1” planes at the 
time moment after time period ∆z, W/m2; q(n+1)/n – heat flow density between “n” and “n+1” planes at the initial 
time moment z, i.e. the heat flow rate due to temperature 
difference (tn – tn+1), W/m2. 

The amount of thermal energy from (through) trans-
parent areas of the envelope was calculated neglecting 
thermal inertia of these elements: 
 ( ) ,wd wd air ext wdQ U T T z A= ⋅ − ⋅∆ ⋅  (6) 
where: Uwd – thermal transmittance coefficient of trans-
parent elements of envelope, W/m2K; Text – thermody-
namic outdoor temperature, K; Awd – surface area of transparent elements of envelope, m2. 

Thermodynamic outdoor temperature is assumed to 
change as a cosine wave around its average value. 
Following this method, the design outdoor temperature 
Text after the period ∆z is expressed according to Eq. (7) (Fokin 2006): 
 2 πcos ,ext a eT T A t

z
⋅ = + ⋅ ⋅ ∆   (7) 

where: Ta – average outdoor temperature, K; Ae – ampli-
tude of outdoor temperature variation, °C; ∆z – period of 
temperature variation, h; t – time from the beginning of 
variation, h. 

Amount of thermal energy due to infiltration 
through the envelope was calculated according to: 
 inf

( ) ,3600
p air extc V T T nQ z⋅ρ ⋅ ⋅ − ⋅= ⋅∆  (8) 

where: n – air change rate of the building due to infiltra-
tion through the envelope, 1/h. 

Amount of thermal energy for heating the air su-
pplied through heat recovery system: 
 ( )1 ,100 3600

p air ext
vent

c T T LQ z⋅ρ ⋅ − ⋅−η= ⋅ ⋅∆  (9) 
where: η – efficiency of heat recovery system, %; L – 
amount of supplied fresh air through the heat recovery 
system, m³/h. 

Amount of thermal energy from solar heat gains was 
calculated using solar radiation estimated according to the 
data of KTU ASI meteorological station collected on 
15/01/2010–02/02/2010 (theoretically framed period, 
Fig. 4), according to: 
 ,shg so glQ q z g A a= ⋅∆ ⋅ ⋅ ⋅∑  (10) 
where: qso – solar heat flow density, recalculated from 
theoretically framed period taking into account direction 
of the windows and doors, W/m2; g – solar heat gain 
coefficient of the glazing; Agl – area of the glazed part of windows and doors, m2; a – correction due to shading.  

Thermal energy from heating system was taken as 
necessary amount of energy to keep the required air tem-
perature in the premises. When amount of heating energy 
to reach required temperature in the premises is bigger 
than maximum heating power, then the maximum heating 
power energy is taken.  

 
3.2. Conditions for selecting of optimal peak power of 
heating system in the building 
When the rates of heating up and cool down (Figs 5 and 
6), geometrical and thermal characteristics (Tables 1 and 
2) of the building and climatic data on the lowest outdoor 
temperatures and solar radiation (Figs 1–4) are known, 
the influence of the outdoor temperature variation on the 
indoor temperature variation can be forecasted. Such 
forecasts are invoked to determine the power of the heat-
ing system in the building, taking into account the estab-
lished microclimate requirements of the premises. When 
the heat losses are lesser than the amount of heat sup-
plied, the premises are assumed to be heated up; con-
versely, when the heat losses exceed the power supplied 
by the heat source, the cool down of the premises begins. 

A limitation of 22 °C as the highest temperature of 
premises was established in the calculations. It can be 
controlled by an automatic or mechanical temperature 
regulation thermostats installed in the heating system, 
which prevent the indoor temperature rising above the 
set-up temperature ensuring average comfort conditions 
in the premises.  

 
3.3. Selection of efficient heating load in the modeling 
of heating and cooling processes of the premises 
Using the combinations of outdoor temperature and solar 
radiation, introduced in Section 2.3, the variation of in-
door temperature was modeled at different powers of the 
heating system. The modeling results demonstrated that 
the greatest indoor temperature variation takes place 
when the combination of the outdoor temperature of five-
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day period and the respective solar radiation intensity 
(theoretically framed period, Fig. 4) is used. For this rea-
son, further experiments were carried out using only this 
combination of climatic parameters. At the beginning, a 
certain power of the heating system was selected so that 
the indoor temperature would not drop below 22 °C 
(Fig. 5). Next, the power of the heating system was being 
reduced until the indoor temperature declined to 20 °C 
(Fig. 6). 

The modeling results showed that the indoor tempe-
rature of the low energy building conforms to the limit of 
the lowest temperature (22 °C) when the power of the 
heating system is 4.74 kW (Fig. 5). This power is 39.3% 
lesser than the heating load of the building calculated 
according to STR 2.09.04:2008 (2008) (7.81 kW). 

 

 
Fig. 5. Dependence of indoor temperature on the peak power  
of heating system. Period: theoretically framed period, Fig. 4; 
power: 4.74 kW 

 
When the limit of the lowest allowable temperature 

is reduced to 20 °C, comfort microclimate conditions are 
ensured and the calculated power of the heating system 
decreases to 1.52 kW (Fig. 6). 

 

 
Fig. 6. Dependence of indoor temperature on the peak power of 
heating system at varying outdoor temperature. Period: theoreti-
cally framed period, Fig. 4; power: 1.52 kW  

This power is 80% less than the one calculated ac-
cording to STR 2.09.04:2008 (2008) and 67.9% less than 
the power of the heating system required to ensure the 
temperature of 22 °C. 

 

4. Conclusions and recommendations 
The methodology presented in this paper may be applied 
for the indoor temperature variation forecast of any build-
ings; however, the most beneficial effect is achieved 
when it is used for design of heating systems of low en-
ergy dwellings. In conventional buildings, heat losses are 
notably greater than in low energy buildings since in the 
former, internal and solar heat gains compensate for a 
smaller amount of heat losses than in low energy build-
ings, which were designed to make the maximum use of 
solar energy. The power of the heating system calculated 
according to the presented methodology is lesser than the 
one obtained applying standard methods. Therefore, there 
is a calculation-based possibility of using air heating 
systems in low energy buildings even under colder cli-
mate conditions. The power of such systems is limited by 
technical (restricted temperature of the supplied air) and 
hygienic (restricted speed of the air supplied into premis-
es) requirements. On the other hand, it is recommended to 
install reserve heat sources in low energy buildings that 
would provide heating in case of a heating-cooling sys-
tem breakdown. They could also be used in case of ex-
treme low outdoor temperatures, low intensity of solar 
radiation and internal heat gains. 
 

5. Conclusions 
1. In substantial low energy buildings, the heating 

load can be 40–80% less than the load calculated 
following standard methods; such load would still ensure 
the established requirements for the thermal comfort of 
the building. 

2. Lower -power heating systems would operate in 
nearly-optimal regime during the major part of the hea-
ting season; as a result, a higher efficiency of the system 
would be achieved and the total energy input of the buil-
ding would decrease.  

3. The lowest power of the heating system of the 
building, ensuring the established indoor microclimate 
requirements and verified by the calculations according to 
the presented methodology, allow the efficient use of air 
and heat recovery systems for heating and cooling, which 
also contribute to the reduction of total energy consump-
tion of the building. 
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