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Abstract 
In this article, the effects of reduced air exchange rates 
(ACR) on indoor air quality (IAQ) and energy demand for 
air conditioning are investigated, whereby the supply 
temperatures of the cooling circuit were increased, 
additionally. When considering air quality, it was shown 
that the limiting factor in reducing the amount of fresh air 
is the concentration of volatile organic compounds 
(VOC). For this purpose, the limit values for comfort were 
compared with the VOC concentration, CO2 
concentration and air humidity. With the measures of 
reducing the ACR and increasing the supply temperature 
of the cooling circuit, up to 48.2 % of the primary energy 
could be saved. 

Key Innovations 
• Indoor air quality at reduced air exchange rate  
• Energy savings through reduced air exchange 

rate 

Practical Implications 
The extension of the model thermal zone from the 
Modelica library AixLib is a central part of this paper. A 
detailed description of the indoor air humidity and CO2 
concentration balances can be found in the Methods 
section.  
The results of this study can contribute to the 
implementation of demand-controlled ventilation in retail 
buildings. 
 

Introduction 
The building sector accounts for about 40% of the energy 
consumption in EU (European Commission, 2019). The 
non-residential buildings are more energy intensive than 
residential buildings. In the building sector in 28 EU 
countries plus Norway, the non-residential buildings 
share of final energy demand is 34% in 2012, surpassing 
its proportion of floor area (25%) (Entranze, 2013) (BPIE, 
2013) (Bointner, et al., 2014). Inside the non-residential 
buildings, the retail and wholesale buildings have the 
largest floor area with a share of 28%, which is 5% more 
than office buildings. Shopping centres as a sub-category 
of the retail and wholesale buildings have a total energy 
consumption of 32.2 TWh/a in EU-28 plus Norway, 
estimated by Bointner et. al.. Compared to residential and 
office buildings, some specific areas in shopping centres, 
like food stores, have a five times higher total final energy 

consumption. About 31 % of the total figure are used by 
HVAC systems due to the high cooling loads coming 
from internal heat sources like lighting, people and 
machinery (Gokarakonda, Moore, Tholen, & Xia-Bauer, 
2017).  
In previous studies, the energy saving potential was 
investigated by measures such as reducing the air 
exchange rate in sales rooms and simultaneously 
increasing the water temperature of the cooling circuit. 
Savings of up to 35 % were identified in the overall 
system (Finkbeiner K., et al., 2017). Here, the lower limit 
for the ACR was limited by the VOC concentration. The 
VOC concentration plays an important role in the 
evaluation of IAQ. The relationship between perceived 
odour intensity and the volume flow rate specific load 
level of goods could be described by a log-law exposure-
response function (Panašková, Müller, Streblow, & 
Müller, 2011). In an another study by (Mathis, Freitag, 
Hegemann, Schmidt, & Müller, 2017)  it was found that 
reducing the ACR from 3.5 h-1 to 1.75 h-1 would not affect 
odour perception on typical retail goods such as clothing 
to a great extent in their air quality experiment with 
emission chambers.  
Although the measures examined appear to be very 
promising, the condensation of water from moist air 
cannot be expected to be unproblematic. The reduction of 
ACR implies a reduced removal of moisture caused in 
shopping centres, especially by people. This can lead to 
an uncomfortable relative humidity level, even if the 
supply air humidity is controlled by an air handling unit 
(AHU). Another important aspect is the CO2 
concentration. Due to the reduced ACR, this can reach 
unacceptable levels. 
This paper examines the effect of reduced ACR on indoor 
humidity and the indoor CO2 concertation, assuming that 
only persons are the source of moisture as well as the CO2 
emissions. The minimum limit of the ACR determined in 
the previous study is examined with regard to the aspect 
of comfortable indoor air humidity and acceptable CO2 
concentration. If necessary, further restrictions are placed 
on the minimum ACR. 
For this purpose, the building model already presented in 
the previous study is extended to include balancing of 
room air humidity as well as the CO2 concentration. 
Moisture and CO2 loads by people are implemented. In 
addition, the setting of the supply air humidity of the AHU 
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is included in the analysis. Finally, the measures 
presented are evaluated in terms of energy. 
 

Methods 
Thermal zone  
The investigation done by (Mathis, Freitag, Hegemann, 
Schmidt, & Müller, 2017)  is limited to the reduction of 
the ACR in the sales rooms. Therefore, only one zone of 
a sales room is modelled in this investigation also. The 
considered zone has a floor area of 3000 m2. The ceiling 
height is 4 m, which results in a volume of 12000 m3. The 
insulation standards and infiltration resistance are the 
equivalent of those of the year 1988 (Germany). The zone 
is ventilated by an AHU. According to the investigations 
in (Mathis, Freitag, Hegemann, Schmidt, & Müller, 2017) 
and (Finkbeiner K., et al., 2017), the standard ACR is 3.5 
h-1 and the minimum ACR is 1.75 h-1. For the 
investigation of indoor humidity, three cases are 
considered. In case I, the fresh air is only heated and 
cooled. In case II, the flow temperature of the cooling 
circuit is elevated. In case III, the fresh air is additionally 
dehumidified, see Table 2.  
The test reference year data set for the city of Aachen 
(Germany) is used as the simulation input (DWD, 2017). 
Occupancy profile  
The dynamic number of people present in the zone is 
modelled as a product of relative occupancy and a density 
of people. Figure 1 shows the occupancy profiles for 
persons, machines and lighting in accordance to SIA 2024 
(SIA 2024, 2015). 

 
Figure 1: Occupancy profiles for persons, lighting and 

machines 
The corresponding densities and intensities are taken from 
the current standards and guidelines (DIN V 18599, 
2005); (ASHREA 90.1, 2004); (SIA 2024, 2015). Due to 
the focus on IAQ of this study, thermal loads from 
lighting and machines play a subordinate role in this 
investigation. Much more important is the person density, 
which has a direct influence on CO2 emissions and 
moisture production within the zone. When comparing 
the maximum values given in the named standards and 
guidelines, the highest value is given in DIN V 18599 
with 0.25 persons per m2. This results in a maximum 
occupancy of 750 persons for the investigated case. 
Together with a successive reduction of the ACR, the 
maximum person density represents the worst case. 
 

Thermal zone extended by indoor air moisture 
balance 
The focus of this study is mainly on the effect of reduced 
ACR on the humidity and CO2 concentration of indoor air. 
Therefore, the existing thermal zone model  in the open 
source Modelica library AixLib is extended to provide a 
balance for the moisture content within the thermal zone 
model (Lauster, Teichmann, Fuchs, Streblow, & Mueller, 
2014) (Mueller D., Lauster M., Constantin A., Fuchs M., 
& Remmen P., 2016). With the assumption that in 
shopping centres, especially in the sales rooms, the only 
sources of humidity are the occupants, the moisture 
production by a person is defined by the equation (1) (SIA 
2024, 2015). 

 �̇�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝 = 10−3

2520
∙ �𝑀𝑀 ∙ 58 ∙ 𝐴𝐴𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝 − �̇�𝑄𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝�

      (1)   
The moisture production of humans is dependent on the 
indoor temperature and activity degree M. For light 
physical activity, such as shopping, the activity degree M 
is 2 met (VDI 2078, 2015).  According to SIA 2024, the 
average surface of a single person 𝐴𝐴𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝 is 1.8 m2.  
The temperature dependent heat production is presented 
in equation (2) (SIA 2024 2015), where a is a 
temperature dependent gradient with the value of      
0.025 °C-1. �̇�𝑄0,𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝 is the minimum heat emission of a 
person with a value of 35 W. 
�̇�𝑄𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝 = (0.865 − 𝑎𝑎 ∙ 𝑡𝑡𝑚𝑚𝑝𝑝𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚) ∙ 58 ∙ 𝑀𝑀 ∙ 𝐴𝐴𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝 +
                    �̇�𝑄0,𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝  (2) 
Considering equation (1) and (2), a model for internal 
moisture source by humans inside the thermal zone was 
developed. An important assumption is that the moisture 
produced by humans is in gaseous state in the zone’s air. 
By multiplying the mass flow rate of moisture with the 
specific heat of vaporization at the average body 
temperature of 37 °C, the latent heat is added to the 
thermal zone in order to avoid a decrease of the thermal 
zone’s temperature. Equation (1) and the dynamic number 
of people in the zone yield the total internal moisture 
source. 
The moisture exchange between the thermal zone and the 
outdoor air is modelled by the ACR and the difference 
between the indoor air humidity Xindoor and outdoor air 
humidity Xoutdoor (see equation (3)). The air volume V and 
air density ρ are used to calculate the mass flow rate: 
 

�̇�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑚𝑚𝑒𝑒𝑒𝑒ℎ. = 𝐴𝐴𝐴𝐴𝐴𝐴
3600 

 ∙ 𝑉𝑉𝑎𝑎𝑚𝑚𝑚𝑚,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝜌𝜌𝑎𝑎𝑚𝑚𝑚𝑚       ∙ (𝑋𝑋𝑚𝑚𝑝𝑝𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 −
                                 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚)  
  (3) 
The ACR considers the natural infiltration, window 
openiings, as well as mechanical ventilation. If the 
thermal zone is ventilated by an AHU, its supply air 
humidity is used instead of the oudoor humidity. It may 
differ in case of dehumidification. 
The exchange of moisture between the inner and outer 
walls and the air is not considered. 
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Thermal zone extended by indoor air CO2 balance 
Additionally, the thermal zone model is extended to 
provide a balance for the CO2 content inside the thermal 
zone. The CO2 balance inside buildings is mainly 
influenced by ventilation, infiltration and the CO2 
production by humans. The CO2 production by plants or 
the absorbance by water can be neglected. 
The CO2 production of a single person is calculated using 
the metabolic rate. The metabolic rate is modelled using 
the zone temperature and the activity degree M. The 
formula is derived from (Zapfel W. et al, 2006): 

�̇�𝑚𝐴𝐴𝐶𝐶2,𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝 = 𝑚𝑚
𝑘𝑘
∙ 𝑀𝑀 ∙ 58 ∙ 𝐴𝐴𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝 ∙

𝑇𝑇indoor
 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟

∙ 𝜌𝜌𝐴𝐴𝐶𝐶2  (5) 

The respiratory quotient r describes the ratio between CO2 
emission and O2 consumption of a person with a constant 
value of 0.83. The caloric equivalent k describes the 
energy conversion in relation to 1 litre O2 and the value is 
5.62 Wh per l O2. The reference temperature Tref is      
273.15 K.         
The total CO2 emission is multiplied with the dynamic 
number of people in the zone. The mass balance then 
defines the CO2 exchange for a zone for CO2: 
�̇�𝑚𝐴𝐴𝐶𝐶2 = �̇�𝑚𝑎𝑎𝑚𝑚𝑚𝑚,𝑣𝑣𝑚𝑚𝑝𝑝𝑚𝑚𝑚𝑚𝑣𝑣𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝�𝑋𝑋𝐴𝐴𝐶𝐶2,𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑋𝑋𝐴𝐴𝐶𝐶2,𝑚𝑚𝑝𝑝𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚� +
                �̇�𝑚𝐴𝐴𝐶𝐶2,𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝𝑚𝑚      (6) 
With the ambient CO2 mass friction of 6.12E-4 (equals 
403 ppm), the concentration of CO2 in ppm for each time 
step is then calculated within the air volume model. 
HVAC setup  
 

 
Figure 2: Schematic illustration of the building energy system 

Figure 2 shows the schematic of the building energy 
system used. The thermal zone is supplied with 
conditioned fresh air through the AHU. As the thermal 
loads in the sales rooms are comparatively high, air-water 
systems (AWS) are used for additional cooling. Two 
types of AWS are examined in this study: recirculating air 
units (Case1) and chilled beams (Case 2, Case 3).  
The configuration of the AHU is shown in Figure 3. In the 
cooler and the heater, the outside air is conditioned to the 
required supply air temperature. The outside air can be 
additionally dehumidified in the cooler if required. The 

supply air is then heated to the required temperature in the 
reheater. 
 
 
 

 
Figure 3: Schematic illustration of the AHU 

The AHU temperature settings apply to all cases 
examined. Table 1 shows the set point temperatures used. 
The supply air temperature is constant at 20 °C. For the 
AWS, the set temperature for cooling is 26 °C. 

Table 1: Overview of the set point temperatures 

TsupplyAir,AHU 20 °C 
TsetCooling,AWS 26 °C 

 
However, the two AWS types differ in the flow 
temperature of the cooling circuit. Recirculating air 
cooling units with a supply water temperature of 6 °C and 
chilled beams with a supply water temperature of 18 °C 
are considered (Mathis, Freitag, Hegemann, Schmidt, & 
Müller, 2017), (Finkbeiner K., et al., 2017). By increasing 
the water supply temperature applying chilled beams, the 
amount of condensate should be reduced. At 6 °C, the 
limit for the absolute humidity is 6 g/kg and at 18 °C, it 
amounts to 13 g/kg. When these limits are exceeded, 
condensate precipitates on the cooling surfaces.  Another 
advantage of the increased water supply temperature is 
the improved Energy Efficiency Ratio (EER) of the 
chiller. The supply temperature of the cooling circuit is 
relatively high at up to 18 °C.  Technical data of real 
chillers that can meet such conditions are not widely 
available. Rather, such chillers are custom-made or niche 
products. In this study, therefore, an idealised chiller 
model is used. Equation (7) shows the determination of 
the EER. Here, the Carnot efficiency is set off against a 
technical efficiency.  
 εch,c ηtec = EERch (7) 
Any temperatures can be served through this approach. As 
a reference, an EER of 3 is assumed at a flow temperature 
of 6 °C. According to German standards (DIN EN 14511-
4 Juli 2019), an outdoor temperature of 28 °C results in a 
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technical efficiency of ηtec=0.24. The EERs used are 
presented in Table 2. 
Table 2: Energy efficiency ratio for different cooling cycle flow 

temperatures 
Tflow 6 °C 18 °C 
EERch 3 6.9 

 
Furthermore, two different settings of the supply air 
humidity were investigated. As an initial case, the supply 
air is not dehumidified (φmax at 100 %, φmin at 0 %). In the 
case of dehumidification, the upper limit of the relative 
supply air humidity is 65 % (φmin at 0 %). 
Evaluation of the condensation energy  
When cooling humid indoor air, condensate can 
precipitate on the cooling surfaces. In this case, the 
cooling capacity is divided into a sensitive and a latent 
component. It is known from field applications that 0.5 l/h 
- 0.8 l/h of condensate is precipitated for every 1 kW of 
cooling capacity (Haustechnik, IKZ, 2019). For the mean 
value of 6.5 l/h, this results in a value of 0.45 kW per 1 
kW cooling capacity for the latent component. 
 
Results 
In this article, the effects of reduced ACR and increased 
supply temperatures of the cooling circuit on indoor air 
quality and energy demand were investigated. The study 
applies to retail buildings operating under the conditions 
of a European climate (Germany). Table 3 shows the 
characteristics of the cases studied. The cases each apply 
to a set ACR. In this study, 2 different ACR were taken 
into account. 

Table 3: Characteristics of the cases studied. 
 Case 1 Case 2 Case 3 
Tflow,cooling 6 °C 18 °C 18 °C 
Dehumidification  No  No Yes  

 
Indoor air quality - CO2 and air humidity 
The focus of the investigation of indoor air quality was 
initially placed on the CO2 concentration. The person 
density is set to the maximum (0.25 pers. /m2). Table 4 
shows the determined concentration in ppm for the ACR 
considered. The maximum concentration should be 
emphasised. Both values are below the threshold value of 
1000 ppm (German Federal Environment Agency, 2008). 

Table 4: CO2 concentration of indoor air 
 ACR 1.75 ACR 3.5 
max. concentr. (ppm) 908 785 
min. concentr. (ppm) 403 403 
mean. concentr. (ppm) 536 507 

 
Table 5 shows the simulated water content of the indoor 
air. It shows that without dehumidification in the AHU, 
the values are higher than those of the environment. 
Furthermore, the maximum values (highlighted) for 

comfort (12 g/kg) are exceeded. The condensate limit of 
the system operated at 18 °C flow temperature has also 
been exceeded. Due to the dehumidification in the AHU, 
the comfort criteria are met, even with the system with the 
reduced ACR. 

Table 5: Abs. humidity of indoor air and outside air 

 
Energy demand 
The measures presented are expected to save energy. For 
the quantification, the individual thermal and electrical 
requirements are presented and finally a comparison of 
the primary energy demand for conditioning the indoor 
air. 
Table 6 shows the electrical energy demand for 
ventilation. The demand relate to the ACR accordingly. 

Table 6: Energy demand for ventilation (AHU) 
 ACR 1.75 ACR 3.5 
Wel in MWh 136.4 272.8 

 
The heat demand of the AHU is also proportional to the 
volume of air conveyed, see Table 7. Due to the addition 
of dehumidification, the heat demand increases slightly at 
a constant volume flow. The additional heat demand is 
accounted for by the reheater. The share of AWS in the 
heat demand is zero in all cases investigated. For further 
evaluation, it is assumed that the required heat is supplied 
by a gas boiler with an efficiency of 95 %. 

Table 7: Heat demand 
 ACR 

1.75 
ACR 1.75 
dehum.  

ACR 
3.5 

ACR 3.5 
dehum. 

Qth in 
MWh 

553.3 586.5 1106.6 1173 

 
Regarding the cooling demand, the shares of AHU and 
recirculating air cooling (AWS) are considered 
separately. This approach enables the raised supply 
temperature of the cooling circuit to supply the chilled 
beams to be taken into account. For a holistic view, the 
latent and sensible parts of the demand for air 
recirculation cooling are shown. Figure 4 shows the 
cooling demand for the normal ACR of 3.5 h-1 and 
compares it to the study with the reduced ACR. In 
addition, the requirements of the respective cases (see 
Table 3) are shown. Looking at Case 1, it is noticeable 
that the reduction of the ACR increases the cooling 
demand from a total of 62 MWh to 290 MWh. The 

 ACR 
1.75 

ACR 
1.75 
dehum.  

ACR 
3.5 

ACR 
3.5 
dehum. 

Out. 
air 

max. 
(g/kg) 

16.02 11.57 15.17 10.58 14.96 

min. 
(g/kg) 

1.85 1.85 1.81 1.81 1.78 

mean 
(g/kg) 

7.04 6.9 6.63 6.5 6.3 
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proportion that occurs in the AHU is halved according to 
the amount of air. 
 

 
Figure 4: Annual cooling demand for air conditioning. 

However, the share of recirculating air cooling (AWS) is 
growing disproportionately. This is due to the shift of 
heat dissipation from the fresh air side to the cooling 
water side. Table 5 shows that the water content of the 
outdoor air is lower than that of the indoor air. Thus, the 
"drier" fresh air flow can be used to remove the moisture 
load from the indoor space. Furthermore, the mild 
temperatures of the European climate are beneficial for 
air cooling. The increase of the flow temperature (Case 
2) brings a demand saving in any case. It is particularly 
visible with reduced ACR. Here, the latent share of 
demand is reduced from 121 MWh to 9 MWh. The 
additional dehumidification of the fresh air (Case 3) has 
a negative effect on the cooling energy demand in both 
cases. 
For a holistic comparison of energy requirements, the 
electrical and thermal demands are converted to primary 
energy demands. The cooling energy is assumed to be 
supplied by an electrically driven chiller. Using the values 
shown in Tables 2 and 8, the primary energy demand is 
calculated, see Figure 5. By reducing the ACR, the 
primary energy demand is lowered from 1811 MWh to 
1060 MWh. By increasing the flow temperature of the 
cooling circuit, demand savings are achieved in both cases 
(ACR). The additional dehumidification of the fresh air is 
only beneficial in the case of reduced ACR, even if 
marginally. The maximum saving compared to the 
standard case (ACR 3.5 h-1, Case 1) is achieved by 
reducing the ACR and increasing the flow temperature of 
the cooling circuit (ACR 1.75-1, Case 2). In this case, the 

primary energy consumption can be reduced from 1811 
MWh to 939 MWh (48.2 %). 
Table 5: Primary energy factors, Germany (EnEV, 2016) 
 
 
 

 
Figure 5: Annual primary energy demand for air 

conditioning. 
 

Conclusion 
In this study, the impact of reduced ACR on indoor air 
quality, in terms of CO2 and humidity, was investigated. 
In addition to air quality, the annual energy demand for 
indoor air conditioning was also considered and whether 
the measure of reduced ACR can reduce the energy 
demand. Another aspect of this study was the effect of the 
increased supply temperature of the cooling circuit on the 
energy demand. On the one hand, this measure is intended 
to prevent the condensate from forming during 
recirculating air cooling, and on the other hand, it is 
intended to shift the operation of the chiller to a more 
efficient point.  
For this purpose, the current low-order thermal zone 
model of AixLib was extended to include the CO2 and 
indoor air humidity balance. Since people are a source of 
both CO2 and humidity, a maximum density of people was 
assumed for all cases for the purposes of the study. On 
this basis, a representative model of a salesroom was 
modelled. Fresh air is supplied via an AHU. According to 
the investigations in (Mathis et al. 2017) and (Finkbeiner 
K. et al. 2017), the standard ACR is 3.5 h-1 and the 
minimum ACR is 1.75 h-1. The accounting of the cooling 
capacity was expanded to include a sensitive and a latent 
component. 

0 50 100 150 200 250 300

Case 1

Case 2

Case 3

ACR 3.5 - Cooling Demand in MWhth

AHU AWS sens AWS lat

0 50 100 150 200 250 300

Case 1

Case 2

Case 3
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AHU AWS sens AWS lat
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Case 2
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The study showed that halving the ACR to a value of 1.75 
h-1 with respect to CO2 concentration is possible. The 
maximum concentration increased from 785 ppm to 908 
ppm. This value is below the limit value of 1000 ppm.  
The indoor air humidity values did not deteriorate 
significantly when the ACR was halved. Without the 
AHU's dehumidification function, it is not possible to 
comply with the 12 g/kg comfort mark in any case (see 
Table 5). Without the dehumidification function, 
condensation on the cooling surfaces could not be avoided 
in any case. However, with the increased supply 
temperature of the cooling circuit, the dew point could be 
raised to 13 g/kg and thus the amount of condensate 
produced could be significantly reduced (see Table 5, 
Figure 4). 
From an energy perspective, reducing the ACR is 
reasonable. This measure reduced the primary energy 
demand for air conditioning by 41.5 %. By raising the 
flow temperature of the cooling circuit, up to 6.7 
percentage points of primary energy could be saved. 
Dehumidifying the fresh air marginally increases the 
primary energy demand, see Figure 5. Overall, a primary 
energy saving of up to 48.2 % can be achieved with the 
measures presented. Further savings in air conditioning in 
retail buildings could be achieved, for example, by 
implementing demand-based ventilation. As shown in this 
study and the preliminary study in (Mathis, Freitag, 
Hegemann, Schmidt, & Müller, 2017), the VOC mark is 
the limiting factor. This makes the VOC measurement 
suitable as an indicator for the fresh air demand in the 
sales areas. 
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