
��������	�
��

���������������������
����
����
�������
�������

�������	
������
�
������������������	����������������������	�
�
�������������
��
���
��
����������

������������
�����	�
������������
������
�������
��������������� ���
����	������

!
�"���������� ����
�����#
������������$�����

��
��
���%�����������%�
���
���
���
��
�� ����
���&'()*� ����
�����+����
��

�����
����#
�,�����

��
��
�����������
������������
���������
��
���
�����
���������-�����
�
��������������
���

%�
�����������%��%��������"�����	����������-�"������������%�����������
���������
��
��,�����

�������-���"���
�

��	�%���
�������������%��������
������,�����

.���
��
������������"���������
����
���������
��,�����

�������

�	������
����-�
��-����������
����%��
�%���"�
�������
����������������.���
�������%��	��/��
��%�����

�

��

$�����

�������-�����%���	������������	���������
������������������
%���������������������������
"����
��������

������-��
��������������
��,�����

�-����%��

�

������,���"��������

���%��	����,�����

��
����������
��
��

���������
��0���%�
��������������
����10���������	��"���������"�
�������
��������-������%�
�����������
���

-��%�� "����,��� ���	��� ���� ������-� ��� ���� ����� �
� ���� �
��"������ ��
���� ���� ����%��� ��� ���� ���� �
���������
��

�
�����
���������-��
����%��
�%���"�
�������
��
�����,�����

������
"����
�����-������
�����
����
��
��-�����
�

�23 4 ����

�����������-��������235678�9�7:# ;��#
"����
���

��������
��"�������
���������"�
�������
�

������ �
�� ,�����

.�� �����
��
������� ���� �������� ���� ���-
� ,�� %��	�����
� -���� �� ������
%�� ������ -�������

������-� ���������
�� 5�
������ ����� ������ ���-�� �� %��	����
��"�� �		���%�� ��� ��-� %��	������
��� %������

�������
�

���������<��������������������%�
�����
���
������������-��
����������
��,�����

����

��
��10��

��������

�������������� �

���� ����
�����
���	�
����
�����������

1������� �������� ��"�� ���-
� ����� ���� �
���������
� �
��

�
�����
��� ������-� -����
� �������
�� ,�����

�� ��"�� ��

%�
������,����
����
%���
�������������%�
�����
���
������

<�������� ���� �
%�
�������� ������-� %������ ��
���� �
��
��

����
��� �����

� ��� ��
���� %����� �
�� �"�
������� ���
���%��������� �

������#
�,�����

��
��
�����������
������������
���������
��
��

�
�����
���������-�����
�
��������������
���%�
�����������

%��%������� �"�����	�������� ���� "������� ��
��� �
� ������

��
�� ,�����

��� ���� �	������
� ��� -�
��-��� ������ �
��

��%��
�%��� "�
�������
� ����� ���� ������.�� �
�������

%��	��/��
��%�����

�

������,�����

�������-�����%�������

	������������	���������
�����������,���
%���#
�������������

����	����
���������������-��������������,�����

�������-�

�
����������%�
�����
���
%����

����������%�
���
��-����

������"������-�%��	������
�����������

��!�"�
����
�����
���
��������
����

$�����

� �
��
�� ���������
�� ���� 
�
������� ����� ���

�������
�� ���� �

���� �
��
�� ����
�� ��� ,�����

�� �
��

�10�� ��������� =��� ��� ���� ��
�� %��	��/���� �
�� ����

�������
�����������������
�������������-����������
���
�����

���� ,�����

� ���� �������� %�
�������� ���	������� ���

%��	�������
�
��%�����#
�%��	��/�,�����

��������/��	����

������
�������%�
����������������
��������%���������-��%��

���
������������
�����
���������-������
���	�
��
��%������

���������
�������
��
����%%��
��� �

��������-�"���� ���� ����%��� ��� ���� �
���������
� �
�� ,�����

�
������-� ��"�� �
� ��	�%�� �
� ���� �������� %������� �
�� ����

,�����

.���
��
��������0		��/��������>(�?�('�@��������

�
��
�� ����� ������� ������� �
���������
��
��"�
�������
�ABC��

:������
�� ������-� ������� �"������� ���� ������-� ����� �
��

����%���
� �
���� ���� ��� �
�� �����
�� ���� ,�����

�� ����

"�
�������
� ����-���� ����� ����� ���-� �
�� 	��������

�<�����
�� ��� %��%������ ���� �
���������
� �����
�� �����
����

���� �
�����
��� ������-� �
�� ���� %�
����
�
�� ���
�	�����

������������"������������
��������-����������
�	��
�����

�"����,���� ���	����� ��� ���� ,�
�

�

� ��� �������
��

������-����������
���������"���	��
�����	��
�������������
��
���
��� 	��
���
�� ��������� �
� 
��������

%�����%������ �
�� ������� �"����,��� ����-����� ���� 0#1��


����� ,�� 7���� A>C� ���%��,��� ��"����� 	��
����� ���� ����

������-� ������

� �
%����

� �7:# �� �7:# � �
��

�73�0:� ������ %��	�����"���� ���� ,���� 	����,�������� ���

��������� ������-�������,����
� ���� �� ,����� ��

����� %�����

�
��,��
�����%�
�����
�����

������#
� ����� ������� �7:# � ��� ����� ���� ���� ������-�

���������
���7:# ����� ���� ��"�
��
�� ���,������� ��� �
�

�����
���������������������,�����

�������������
���
%���
�

�23 4 � -���� �235678�� ,��� ����� ��� �� ���
�����
��
	��
���� ADC��  �"����� 	�,��%����
�� 	������� ���� ����

"��������
���������������
��������-�	��
��������
��
����

�
��:�
��� AEC� �������� ����������-�������,����
� �
��� �-��

   
 

 
, 0 (201Web of Conferences https://doi.org/10.1051/e3sconf/20191110409)

201

E3S 111

CLIMA 9

 4040 40

   © 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/). 



�

������ ��
�� �������
�� ,�����

� �
�� �
"����
����� ����

%�
�����
%�� ��� ���� �������� ,��-��
� �7:# �� �73�0:��

0#23���� $! �� �
�� �$ 0#2�� ���� ���������
� -���

	��������� -���� �� ��

��� ���� ��� ���	��������� �
�� -�
��

�
��%��� 	���������� ����� ��	������ �� G
���G� �
�����
��

,��-��
������������
��������-�	��
����������	����%���
��

���� ���� ������-� ������ �
�� ����� 	��������� -���� -����
� ��

��

�� ��� (� �
�� BD� @�� ����� ����� %�
��%���� ���%��� 
���

���������
����
���������"��������������������-���������-��

�����%����
�������-�	��
������
�������73�0:��
��
�7:# �� ����� %�
%������ ����� ���� �������� ��� ������ �-��

	��
����� �
�� ���� �
������ ����� %��
%����� 0
������ ������

����� 5H�,��

��� A(C� �
"����
����� ��"����� �������
��

������-� 	��
����� �
� ������ %�
�����
%��� BE� �������
��

���������
� 	��
����� -���� �/���
��� ,�� ��"�� �������
��

��,�����������
��%�
%�������������������%��	������������

	��"�������������������-����
���"����
����-�I����	�����
�

,�
��� 0��� ���� ������� ����� �������� ��
�������� �
�� ����

���������
�� -���� 	��������� -���� ���
��%��� �
	��� �����

� �

������3�"�����������������"�
��
���������������
�	��
�����
�����
��
��,���-���� ���� ��-�%�����
������������%%���� ���

�������
��,�����

�����������	�%����5=����������
������

�
�����,��� ���� �������
�� ������-� %��%������
�� ,�%����� ��

�����
����� ����
�� ��� ����� ��� ��<������ ��� ��������� ����

�������
����
����������,�����

�-����������
����<��������"���

��� �������� ����������� �������
�� ������-� ������� �/���
��

���� �
���������
�� �
�����
��� ������-� �
�� %�
����
�
��

���
�	�����

!�"����
�����������
��������
���
�����������

!����#
�����

Due to internal and external thermal loads, a heating or 
cooling demand usually occurs in a building zone. This 
thermal load ����� must be supplied to or removed from 
the zone in order to be able to meet the thermal 
requirements at any time. The temporal integral over a 
certain period of observation, usually one year, leads to 
the annual energy demand of a building zone. For the 
calculation of the energy demand, the parts for ventilation ����	
 , infiltration ���	� , transmission through walls and 
windows ��

�	�, solar radiation ������
, internal gains ��� as 
well as thermal flows through interzonal air exchange ������ are considered in the simulation model [6]. 

����� � ����	
 � ���	� � ���

�	� � ������
 � ��� � ������ 
9B;�

The building airflow through all zones, induced by 
pressure differences, is modeled by the mass balance 
Equation (2). The mass balance of a zone is therefore 
replaced by the power law [7]. The pressure distribution 
is calculated for all zones m and is influenced by the 
number of flow paths k in a zone.  

����� � ���� �  !� " !�	
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Cj,1 represents the respective flow coefficient and n the 
exponent of each flow path. Pi describes the outside, Pint 
the internal pressure of each flow path and ρ the density 
of the air. The modeling of the flow paths is briefly 
explained in the next chapter. Equation 3 describes the 
modeling of the contaminant concentration (in this case 
CO2) of a zone. 
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Similarly as in the thermal balance Equation (1), there are 
components for infiltration 0� �	��� , ventilation 0� ��	
  and 
interzonal airflow 0� ���� .� In each zone, there is an 
instantaneous contaminant amount of mass 0�  and a 
source 0� ��� by persons. The concentrations c are given by 
the outside air concentration ca, the concentration in the 
respective zone ci and the concentration in the adjacent 
zone cj.  
      In the following, two simulation models are 
distinguished, a reference model without airflow 
simulation and airflow model, which considers the 
building airflow. The airflow model calculates the 
infiltration and interzonal airflow depending on the 
interior and exterior conditions of the building, which 
then are taken into account in the thermal balance, given 
by Equation (1). In the reference model, it is assumed that, 
as in usual building energy simulations applied, no 
interzonal air exchange occurs between the zones and a 
standard value of ninf = 0.1 1/h is assumed for the air 
exchange due to infiltration. 
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Within the simulation study, an office building with 
different user behavior is investigated. In addition to 
individual and group offices, the building model consists 
of meeting rooms, sanitary rooms and traffic areas. The 
building insulation standard is defined according to the 
requirements of the German Standard EnEV 2016��
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The flow paths of each zone such as infiltration through 
building envelope, ventilation systems, doors and the 
interzonal airflow are determined with corresponding 
correlations for the flow coefficients. These coefficients 
are determined according to the TRNFLOW manual [9] 
and the AIVC guide [2], in which ����� ���� %��%������
�
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The heating, ventilation and air conditioning (HVAC) 
system is a decentralized air-only system, which controls 
the inlet air temperature and airflow rate by using a 
constant PI controller (Figure 2). In heating and cooling 
case, the system decides whether it is energetically more 
efficient to use recirculation air or additional outside air 
to remove the thermal loads of a zone. For example, in 
case of heating, the fraction of outside air is reduced to a 
minimum, whereas in case of cooling the outside air can 
often be used for cooling. The efficiency of the heat 
recovery is 80 % and is controlled with a bypass for frost 
protection. 
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Basically, two influencing parameters are changed. On 
the one hand, different airtightnesses of the building 
envelope are investigated, and on the other hand, the 
ventilation rate of the ventilation system is varied. Three 
classes are defined based on European and German 
Standards.  
 
��������	
�	�
����	��	
��������
�
According to the standard EN 12831 [10], there are 
different airtightness categories for buildings. Using the 
airflow model, different airtightness classes can be 
investigated and their effects on the energy demand can 
be analyzed. The airtightness in buildings is usually 
examined with the so-called indoor blower test. The 
infiltration volume flow is measured at a pressure 
difference of 50 Pa between the outside and inside the 
building. In order to meet the requirements of the German 
Standard EnEV, an infiltration volume flow of 
2.5 m3/(h�m2) must not be exceeded for non-residential 
buildings. Therefore According to EN 12831, the 
airtightness class one must be achieved. Three airtightness 
classes are considered in this study (Table 1).  
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Three classes for the investigation of different ventilation 
rates are considered. The standard category 2, selected 
according to EN 15251 [11] to determine the ventilation 
rate, which leads to a CO2 concentration in a zone of 500 
ppm above the outside air concentration. This represents 
the medium class and the ordinarily design used in 
Germany. The standard ventilation rate according to EN 
16798 [8] is determined according to category 3. The 
categories are mainly identical in both standards, but in 
the newer standard EN 16798, category 3 is defined as the 
minimum standard for health purposes. According to this 
standard, a CO2 concentration of 1350 ppm above the 
outside air concentration is therefore expected.�In the case 
of high ventilation rate, the German Standard 
DIN V 18599 [12] was applied. According to this 
standard, the traffic areas are not ventilated. However, the 
total ventilation rates are considerably higher than in the 
other two classes, low and medium. This can be seen in 
Figure 5, in which the specific outdoor ventilation rates of 
all three classes in view of different user behavior are 
presented.  

�������� 	�%���%���������������-�������	����������������������%�������

Table 2 lists the total building ventilation rates 5�67 of the 
individual standards including the air exchange rate ����. 
The international standard ASHRAE has not been 
considered. At this point, it is sufficient to know that the 
ventilation rates specified in ASHRAE are slightly below 
those of EN 16798 category 3 and are therefore 
comparable. 
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In extant literature, the Pettenkofer number is often used 
to assess indoor air quality. This number takes the 
CO2 concentration in the room air as an indication of the 
room air quality or pollutant load. The historical limit 
value of Pettenkofer is 1000 ppm. Based on a 
CO2 concentration of the ambient air of approximately 
400 ppm, the Pettenkofer number is thus classified in a 
room air category between IDA 2 and IDA 3 according to 
EN 15251. Therefore, in this study, a limit value of 600 
ppm above the ambient air concentration is specified.�
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The results presented in this subchapter are based on the 
standard variant, in which a medium ventilation rate and 
a high building airtightness are assumed. In the following 
chapters 3.2 and 3.3, the results of the variants described 
in chapter 2.4 are presented. As mentioned before, the 
control strategy of the system controls the supply air 
volume flows according to the thermal requirements in 
each zone. Figure 4 shows an annual analysis of the 
supply air volume flow of the entire building,  
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which is required to dissipate the air contaminant and 
thermal loads of the building. The largest share in the 
range between 1000 and 1500 m3/h represents the share 
for the basic ventilation rate, which must be guaranteed 
all day and night in order to reduce the emissions caused 
by the building material and equipment. The second 
largest proportion between 2500 and 3000 m3/h represents 
the ventilation rate of the building during the presence of 
persons. Higher ventilation rates up to 6000 m3/h are 
necessary in case of high thermal load requirements for 
cooling and heating. Figure 5 shows the distribution of 
additional outdoor and recirculation air�for one exemplary 
zone (single office), which is required to remove the 
thermal loads. 
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It can be seen that additional outdoor air is mostly 
supplied in the cooling case, whereas recirculation air is 
usually used in the heating case. This is due to the control 
algorithm, which compares the temperature after the heat 
recovery and the room air temperature and, therefore, 
decides to use additional recirculation or outdoor air to 
ensure a specified room temperature. 
�
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All three airtightness classes are compared with the 
reference model considering the energy demand for 
heating and cooling. As expected, the heating energy 
demand increases significantly (about 40 %) from high to 
low airtightness of the building envelope and thus 
increasing in- and exfiltration.  
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It can also be seen that the cooling energy demand is 
reduced to a lesser extent, but it is not comparable with 
the increase of the heating energy demand. Therefore the 
total energy demand increases with the low airtightness 
by about 18 % compared to the model with high the 
airtightness. This can be explained by the annual air 
exchange of the exemplary single office shown in Figure 
7. The air exchange calculated by the airflow model is 
affected by significant fluctuations due to the actual 
weather conditions. In the case of the low air tightness, 
the calculated air exchange is at a considerably higher 
level than in the reference model. 
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The air exchange at the medium airtightness is not shown 
in Figure 7 for a better overview, as this one lies between 
the air exchange of the low and high building airtightness.
It is obvious that the simplified reference model 
represents a building airtightness between medium and 
low, but it does not meet the requirements of the German 
Standard EnEV for non-residential buildings.  
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Ventilation rates are a major influencing factor when it 
comes to energy demand. The results in Figure 8 show 
that the heating energy demand increases significantly 
with rising ventilation rates. At the lowest ventilation rate, 
an almost uniform distribution of the required annual 
cooling and heating energy can be seen. Due to the 
increasing fraction of outside air, the heating energy 
requirement is almost four times higher with the high 
ventilation rate. The cooling energy demand, on the other 
hand, is only reduced by approximately 30 %. The 
ventilation rates not only show a great influence on the 
energy demand, but also, as is to be expected, on the air 
quality. 
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The CO2 concentration of the air in ppm above the outdoor 
air concentration is used as a criterion for assessing indoor 
air quality. Figure 9 shows the CO2 concentration over one 
day in different zones with the low ventilation rate. 

�
��������"&'��

��
�����

���������
����
������

������

Due to the relatively low occupancy density in open-plan 
offices and individual offices, the CO2 concentration 
increases to a maximum of 400 or 500 ppm with the low 
ventilation rate, which from this point of view is sufficient. 
In the conference room, the high occupancy density with 
the same ventilation rate leads to a temporary CO2 
concentration of over 1100 ppm and therefore can quickly 
exceed the limit when all people are present. 
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As expected, by increasing the ventilation rate, the CO2 
level decreases continuously in all considered zones in the 
case of medium (Figure 10) and high (Figure 11) 
ventilation rate. With the medium ventilation rate, the 
historical Pettenkofer number (600 ppm) is exceeded in 
the meeting room only slightly. 
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In the case of high ventilation rates, CO2 concentrations 
are significantly lower, which corresponds in the meeting 
room to a 20 % share of dissatisfied persons according to 
EN 15251 or EN 16798. In an open-plan office, the air 
quality is almost comparable to that of the outside air. The 
influence of increased infiltration on the air quality shows 

a rather small influence. The airflow inside the building 
has a more significant influence, i.e., when all doors are 
open over the whole day, the CO2 concentration is reduced 
by 15 % in all zones at the same ventilation rate,�as the air 
qualities of all zones converge due to the increased 
interzonal airflow. 
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Interzonal airflow is mainly induced by infiltration and 
exfiltration volume flows, by open doors and by 
temperature differences between zones. The ventilation 
has no influence on the airflow in all zones except the 
lavatory, as the same supply and exhaust air volume flows 
are assumed. In the lavatory, only an exhaust air volume 
flow is assumed, whereby a negative pressure is generated 
and thus no air can escape. The interzonal airflow through 
doors is treated as air leakeages inside the building, as 
long as they are closed. When the door is opened, they are 
treated as large opening, which increases interzonal air 
exchange. An example of interzonal airflow between the 
hallway 01 and open plan office 02 is shown in Figure 12. 
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The airflows in the presented period almost entirely from 
zone 01 to 02. In zone 01, the set temperature for the 
HVAC system is 16 °C and, therefore, there is a slight 
temperature difference. The pressure curve is not shown 
in the figure. However, the pressure distribution is almost 
identical to the interzonal airflow and, thus, mostly 
positive for 01 compared to zone 02. This is mainly due 
to the smaller infiltration volume flow, as more facade or 
window area prevails in zone 01.  
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With the presented simulation method, it is possible to 
model not only the thermal conditions using an HVAC 
system but also the building airflow and, therefore, the 
mass and moisture transport in multizone buildings within 
annual simulations at low computational effort. Thus, it is 
possible to investigate different air conditioning systems, 
control strategies and their influence on the room climate 
parameters.  
      The influence of the infiltration shows that the energy 
demand for heating increases by 40 % from the high 
building’s airtightness to the low one as the high 
infiltration rate provides ventilation without heat recovery. 
However, the more significant influence on the heating 
energy demand is the ventilation rate. This is indicated by 
an increase of the heating energy demand by a factor of 
3.5 in the case of the high ventilation rate compared to the 
low one. With higher infiltration as well as ventilation, the 
cooling energy demand decreases, but only to a lower 
extent so that the total energy demand increases. With 
higher ventilation rates, also the increased energy demand 
for the fans’ electrical performance inside the HVAC 
system must be considered, which is not further discussed 
here.   
      In the future, further air conditioning systems can be 
investigated with the presented simulation method. 
Especially, ventilation concepts, which are designed to 
provide good air quality in addition to the use of outside 
air by means of interzonal airflow. This means that the 
effects of different ventilation concepts, such as 
centralized and decentralized ventilation systems can be 
analysed regarding the climate parameter within 
multizone buildings. 
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