
A holistic evaluation method for decentralized ventilation 
systems 

 

Sven Auerswald*1, 2, Thibault Pflug1, Peter Engelmann1, Nicolas Carbonare1, 3, 
Constanze Bongs1, and Hans-Martin Henning1, 2  

1 Fraunhofer-Institut für Solare Energiesysteme ISE 

Heidenhofstr. 2 

79110 Freiburg, Germany 

sven.auerswald@ise.fraunhofer.de 

 

3 Karlsruhe Institute of Technology 

Fachgebiet Bauphysik und Technischer Ausbau, 
Fakultät für Architektur 

Englerstr. 7, building 20.40 

76131 Karlsruhe, Germany 

2 Albert-Ludwigs-Universität Freiburg 

Institut für Nachhaltige Technische Systeme 
(INATECH) 

Emmy-Noether-Straße 2 

79110 Freiburg, Germany 

 

ABSTRACT 

The implementation of decentralised ventilation units is growing, especially in the residential 
retrofit. These systems are typically simple to install on site (usually in the external façade 
with no additional ductwork) and allow room-by-room control strategies. Until now, 
decentralised systems are evaluated by applying the same methodologies as for centralised 
ventilation systems, even though different boundary conditions apply. Some differences are 
for example:  

- thermal bridges through the casing of the ventilation device are more important to 
consider 

- most of the decentralised ventilation systems operate by alternating supply and 
exhaust airflow through the same flow channel 

- they usually need almost no ductwork 

Furthermore, the existing mandatory evaluation methodologies (based on the Energy 
Performance of Buildings Directive, EPBD) are focused on the evaluation of the energy 
performance. This evaluation of the energy performance is not combined with other aspects, 
such as e.g. the influence of the ventilation unit on the indoor air quality (CO2, VOC, among 
others), the indoor air age distribution, the temperature or the moisture distribution in a room, 
etc. Within the following paper, a new evaluation method is going to be introduced. The 
methodology is modular, rating the performance of decentralised ventilation systems related 
to a variety of aspects such as their energy efficiency, the resulting indoor air quality for a 
residential use, hygrothermal comfort, etc. The new evaluation method, which is theoretically 



introduced here, will later be implemented in a climate-chamber test-facility to evaluate and 
assess decentralised ventilation systems.  
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1 SYMBOLS 

Dimensions Indexes 

c Concentration mg⋅m-3 11 Indoor air 
C Concentration [unspecified] 12 Extracted air at the outdoor side 
E Energy J 21 Outdoor air for the supply 
f Any standardisation function - 22 Supply air indoor 
mሶ  Mass flow kg⋅h-1 a Average 
nP Number pers b Building 
PE  Effective electric power input W e Environment 

PPD Percentage persons dissatisfied  elec Electric 
DR Draft rate - IM Indoor mixing chamber 

according to DIBt LÜ-A Nr. 22-2 
PDΔT Percentage dissatisfied in terms of 

temperature gradients 
- in Inflow into the mixing chamber  

PDCO2
 Percentage dissatisfied in terms of 

CO2-concentration  
- o Operation 

Δp Pressure drop/difference Pa out Outflow extracted from the  
Vሶ  Volume flow m3⋅h-1  mixing chamber 
γ Volume concentration vol.% P Person 
ε Ventilation efficiency - ref Reference  
ϑ Temperature K st Steady-state conditions 
x Mass fraction of water in dry air െ trans Transient 
ηϑ Heat recovery ratio - v ventilation 
ηx Moisture recovery ratio -   
τ Nominal time constant or inverse air 

exchange rate 
s   

τi Air age s   

2 INTRODUCTION 

Decentralised residential ventilation (DRV) units are increasingly implemented in buildings. 
They are especially interesting for the residential retrofit market, where they can for example 
be implemented in the outer façade of the building, providing heat recovery ventilation with 
room-by-room control possibilities. The installation is simple and in most cases, no ductwork 
is required. In Germany in the year 2017, 179 000 DRV with heat recovery were sold, which 
represented an increase of +21 % compared to the previous year (Bundesverband der 
Deutschen Heizungsindustrie e. V., pp.3). 

The current technical regulations and standards applying to ventilation systems for residential 
buildings are summarised in EN 13141-7 & -8, EN 13142, DIN 1946-6, DIN V 18599-6, 
DIBt LÜ-A. Nr. 21 & 22, PHI-Prüfverfahren, EU 1254/2014 and related ones (DIN EN 
13141-7; DIN EN 13141-8; DIN EN 13142; DIN 1946-6 Entwurf; DIN V 18599-6; 
Deutsches Institut für Bautechnik 2018; Holzwarth 2014; Passivhaus Institut 2009; European 
Commission 2014). These technical regulations and standards have two major drawbacks 
when it comes to assessing DRV: 



- The DRV operating in alternating mode are not represented sufficiently by the existing 
evaluation methods. These regenerative DRVs operate by reversing the airflow direction 
in the device every time period to transfer energy from or to a thermal storage, providing 
recovered heat. The main limits of the current evaluation methods for these devices are 
their transient behaviour and the fact they are usually façade-integrated. In that sense, it is 
highly difficult to replicate the real boundary conditions for a laboratory measurement.  

- The second aspect is the fact that mechanical ventilation devices are insufficiently 
evaluated with respect to ventilation efficiency, indoor air quality and a pleasant 
hygrothermal comfort. 

Therefore, this contribution is presenting an approach for a holistic method to assess DRVs on 
multiple aspects. The aim is to address the need for a more precise quantitative evaluation of 
all the aspects relevant for DRVs. 

3 STATE OF THE ART 

As already summarised by Fabian Coydon (2015) the most important physically measureable 
aspects relevant to evaluate the ventilation performance are the energy efficiency of the 
devices, the ventilation efficiency, the hygrothermal comfort and the acoustic. For all of these 
aspects there are several evaluation methods available and accepted for approval procedures 
of devices or systems closely connected to DRVs. However, they are not combined in a 
holistic method to evaluate DRVs. The three aspects energy efficiency, hygrothermal comfort 
and indoor air quality will be reviewed in the following sections.,  

3.1 Evaluation of energy efficiency 

The overall energy consumption of a ventilation device including a heat recovery is already 
covered by several evaluation methods. The most relevant in Germany is based on the 
technical regulation series EN 13141 (Deutsches Institut für Bautechnik 2018)(Deutsches 
Institut für Bautechnik 2018). In order to authorise the application of regenerative DRVs in 
Germany, each of them has to be tested according to DIBt Lü-A. Nr. 22-2, which is a 
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Figure 1 Energy and airflows characterising a façade integrated decentralised ventilation system with 
heat recovery and boundaries of different energy balances (Coydon 2015, p. 38) 

alternating or 
continuous flow 
DRV 



modified EN 13141-8:2014-09 evaluation method. This testing procedure is called 
“Spülkammerverfahren” (engl. rinse chamber procedure) (Deutsches Institut für Bautechnik 
2017). Other evaluation methods or values are e.g. provided by Passivhaus-Institut 
(Passivhaus Institut 2009). A calorimetric method was also proposed in the dissertation of 
Fabien Coydon (Coydon 2015, pp.50; Passivhaus Institut 2009, pp.4).  

Each one of the heat recovery efficiencies resulting out of these methods for DRVs is based 
on one of the three energy balances which have already been summarised by Coydon 
(Coydon 2015, pp.38). The system boundaries for the energy balance can be chosen according 
to the cases depicted in Figure 1. The energy balances of the evaluation methods DIN EN 
13141-8 and PHI 2009 match case 1. The DIBt LÜ-A. Nr. 22-2 is matching case 2 and the 
proposed method from Coydon case 3. 

3.2 Hygrothermal comfort 

For the indoor comfort, there is a broad range of technical regulations and standards available 
to describe hygrothermal comfort itself. In general, these can be distinguished into steady and 
adaptive comfort models. For the first type the most widespread and accepted methods to 
describe indoor air comfort are considered to be DIN EN ISO 7730 and DIN 4108-2. EN 
15251 and ASHRAE 55 are describing the adaptive models. In terms of the indoor 
distribution of the temperature, the humidity and the air velocity, the indicators to be chosen 
are PMV incl. PPD, PD and DR. 

3.3 Indoor air quality and air exchange efficiency 

Up until now, the indoor air quality is generally considered suitable or sufficient as long as 
certain air exchange ratios are provided by the ventilation strategy of a building (DIN EN 
15251, pp.20–23). As a result, there is hardly any connection to the actual occurring air 
pollution concentrations. The foundation of this approach is the assumption of perfect mixing 
of the indoor air. This means in particular, the concentration of pollutants is close to the ducts 
equal to the concentration in the entire room (DIN EN 15251, pp.33–34). Whether or not this 
is a sufficient assumption for a particular ventilation strategy is not questioned by these 
methods. Nevertheless, if the CO2-concentration and its distribution throughout the room 
shall be evaluated, EN 15251 refers to EN 13779 to evaluate the ventilation efficiency (DIN 
EN 15251, pp.34). 

4 HOLISTIC METHOD 

The holistic evaluation method for domestic ventilation devices presented is based on 
(Coydon 2015, pp.61). The idea is to combine different aspects and indicators (energetic, 
hygrothermal, ventilation efficiency, acoustic, etc.) in one single indicator. Since the 
measurement conditions and equipment to evaluate the acoustic is not compatible with those 
of the other aspects this work will not focus on it, however the approach will be adaptable to 
integrate this aspect in a next stage. The idea of the new method will following template 
Equation (4-1): 

 
ΣVD=෍ ൤

wi
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I
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I
i ∈[0;100] (4-1) 

 
Σ୚ୈ total score achieved by the ventilation device 
fi൫xj൯ standardisation function for the indicator xj 
wi weighting factor for indicator i 

 



I total number of indicators combined in the holistic method 

The standardisation functions fiሺxiሻ will represent one crucial aspect for the evaluation each. 
Their role is to be able to compare different indicators coming from different fields. Examples 
for these functions will be similar to that in equation (4-2). As far as possible, these functions 
will reference to already existing functions and evaluation procedures with a broad range of 
acceptance like those mentioned in 3 State of the art. 

fi൫xj൯ = [0;100] ∈൛η
ϑ
, PPD, DR, PDΔT,εv,PDCO2

ൟ∀ ሼi,jሽ∈Գ+ (4-2) 

ηϑ mean seasonal heat recovery ratio based on several typical cases for a whole year 
PPD percentage persons dissatisfied 
DR draft rate 
PDΔT percentage dissatisfied in terms of vertical temperature gradients 
εv ventilation efficiency in a representative horizontal plane in the room  
PDCO2

 percentage dissatisfied with respect to the CO2-concentration 

 

The second type of values necessary for the equation (4-1) is the weighting factor. These will 
be based on a representative survey. Architects, building planers, building operators and 
actual users will be asked. The survey will primarily be focused on the aspects mentioned 
above in order to have a relevant basis to establish the weighting coefficients. 

4.1 Evaluation of energy efficiency 

The methods mentioned in 3.1 to evaluate the energy performance of DRVs will be the ones 
taken into account for the holistic. Nevertheless, it might still be possible to consider further 
methods for the energy efficiency to integrate into the holistic method if it is necessary in 
future. 

The EU 1254/2014 requires at least a temperature exchange rate η
ϑ
 between extract and 

supply air flow measured with balanced mass flow, under standard air conditions (20 °C, 
101325 Pa) and an indoor-outdoor temperature difference of 13 K (European Commission 
2014, pp.5). Depending on the requirements for the temperature sensor position EU 
1254/2014 can be equal to η

ϑ
 in EN 308 (DIN EN 308, pp.3). But more importantly η

ϑ
 in 

EN 13141-8 equals EU 1254/2014 in the case where the mass flow ratios of the extract and 
supply air are perfectly balanced and the temperature sensor positions are defined to be at the 
in- and outlet of the entire housing of the DRV (DIN EN 13141-8, pp.21–26). The following 
Table 1 summarizes the pros and cons of the different evaluation methods for DRVs. 

Table 1: Evaluation methods to evaluate the energy efficiency of decentralised façade-integrated ventilation 
systems with heat recovery. 

Source and equation Pros Contras 

EU 1254/2014 

(European Commission 
2014) 

ηϑ=
ϑ22-ϑ21

ϑ11-ϑ21
 

- Broad range of values to indicate the 
energy consumption characteristics 

- Widespread acceptance 
- Open to technical and scientific 

improvements 
- Provides an annual m²-specific energy 

consumption as well 
- Internal leakages need to be evaluated 

for 100 Pa pressure 
- External leakages need to be evaluated 

- Because of the legislative 
character of the regulation: 
 no details concerning the 

required measurement 
uncertainties and 
procedures 

 the values required can be 
based on different 
evaluation methods 



for {-250, 250} Pa 

DIN EN 13141-8:2014-09 

(DIN EN 13141-8) 

ηϑ=
ϑ22-ϑ21

ϑ11-ϑ21
⋅
mሶ 22

mሶ 11
 

ηx=
x22-x21

x11-x21
⋅
mሶ 22

mሶ 11
 

 

- influences of hygrothermal differences 
are take into account for: 
     temperature 
     humidity  

- Specific, mandatory and optional 
measurement conditions  

- Vሶ , Δp െ curve	has to be specified 
according to (DIN EN 13141-4) and 
(EVS EN ISO 5801) for over and under 
pressure {-20, 0, 20} Pa 

- PE has to be specified at least for the 
maximum, the minimum and the 
reference air flow 

- the allowed sensor uncertainties are 
specified  

 ஬,ୱ୳ multiplies the ηt by the ratio of theߟ -
mass flow rates, which leads to a 
correction for slightly unbalanced 
DRVs  

- considers internal and external volume 
flow leakages and defines a maximum 
allowed leakage rate   

 
- temperature, humidity and 

electric power input are not 
used together in a actual heat 
recovery ratio 

- thermal bridges are not 
specifically evaluated  

- contrary statements for the 
measurement setup: 
  ambient temperature of 

the device = dry bulb 
temperature of the extract 
air ⇒ forced thermal 
boundary condition for the 
housing 

 parts of the device in the 
façade have to be well 
insulated ⇒ temperature 
gradient through the 
façade 

DIBt LÜ-A. Nr. 22-2 as a 
variation of 
DIN EN 13141-8:2014-09 

(Mirring and Busler 2014) 

ηϑ=
ϑIM,out,trans  - ϑIM,out,st

ϑIM,in - ϑIM,out,st
 

- influences of hygrothermal differences 
are take into account for: 
 temperature 

- specific mandatory measurement 
conditions according to (DIN EN 
13141-8) 

- Vሶ ,Δp-curve has to specified according 
to DIN EN ISO 5801:2012-11 for over 
and under pressure {-20, 0, 20} Pa 

- ୉ܲ has to be specified at least for the 
maximum, the minimum and the 
reference air flow 

- Applies EN 13141-8 for internal and 
external leakages 

- temperature, humidity and 
electric power input are not 
used together in a actual heat 
recovery ratio 

- influences of hygrothermal 
gradients are not indicated 
for: 
 humidity 

- ηϑ(DIBt) does not multiply by 
the ratio of the mass flow rates 
of the DRVs ⇒ no correction 
for slightly unbalanced DRVs 
sensor uncertainties are not 
indicated 

- uncertainties of the results are 
not indicated 

- evaluation of thermal bridges 
is not possible 

Passivhaus-Institut 
requirements for 
ventilation devices 
< 600 m³/h   

(Passivhaus Institut 2009) 

ηϑ=
ϑ11	-	ϑ12 +	

Pel
mሶ ⋅cp

ϑ11- ϑ21
 

- influences of hygrothermal gradients 
are indicated for: 
 temperature 

- specific mandatory measurement 
conditions according to (Passivhaus 
Institut 2009) 

- Vሶ ,Δp-curve has to specified for over 
and under pressure {-300, 300} Pa 

- Pel has to be specified for	100 Pa 
pressure difference  

- temperature, humidity and 
electric power input are not 
used together in a actual heat 
recovery ratio 

- influences of hygrothermal 
differences are not indicated 
for: 

- humidity 
- mass flow rates are not part 

of	ηϑ(PHI) representing the 
heat recovery ratio for 
EU 1254/2014 (European 
Commission 2014) 



- sensor uncertainties are not 
indicated 

- uncertainties of the results are 
not indicated 

- thermal bridges are not 
specifically evaluated 

Dissertation Fabien 
Coydon 

(Coydon 2015)  

ηϑ=
Eref,v-Eheating,v-Eelec

Eref,v
 

- Reference condition is not just 
representing mass flows entering and 
leaving the black box of the device, or a 
reference volume of the indoor air, but a 
whole reference room without any 
ventilation device.  

- Considered effects 
 the heat from the fans received by 

the supply and exhaust airflows 
 heat exchange through the envelope 

of the ventilation device 
 Imbalance between the supply and 

exhaust airflows 
 Considers internal and external 

leakages 
 Influence of both airflows on the 

thermal performance of the building 
envelope  

- There are hardly any 
specifications regarding the 
measurement procedures and 
equipment necessary for the 
evaluation. 

- An evaluation of just one type 
of ventilation devices 
according to this method 
would rise the question if the 
results were still comparable 
to the results of evaluation 
methods for other ventilation 
devices. 
 

4.2 Hygrothermal comfort  

Even though ventilation devices are not yet evaluated directly in terms of their impact to the 
indoor comfort, there is a broad range of technical regulations and standards available to 
describe hygrothermal comfort itself. As mentioned in 3.2 Hygrothermal comfort the 
evaluation methods for this aspect can be distinguished into steady and adaptive comfort 
models. Table 2 and Table 3 are summarising the basic concepts of these models. 

Table 2: Summary of the referenced steady comfort models (DIN EN ISO 7730; DIN 4108-2) 

Source ISO 7730 DIN 4108-2 

reference values 
 
Proposed percentage dissatisfied PPD 
- Activity (Office, class room) = 1,2 met 
- Clothing factor  

 heating period = [0.7; 1.1] clo 
 cooling period = [0.3; 0.7] clo 

- Operative indoor temperature limit:  
 heating period ϑo = 24.5 °C 
 cooling period ϑo = 22.0 °C 

- humidity: φ11 = 50 %rh 

- indoor air velocity: ൛v11,I, v11,II, v11,IIIൟ in 
m⋅s-1	 
 heating period {0.1; 0.16; 0.21} 
 cooling period {0.12; 0.19; 0.24} 

⇒ evaluation values: PPD, PDΔT, DR 
 

 
Operative indoor temperature limit: 
- ϑo = 25 °C for ϑe,a < 16.5 °C 
- ϑo = 26 °C for 

16,5 °C ≤ ϑe,a ≤ 18 °C 
- ϑo = 27 °C for 18 °C < ϑe,a 

Comfort classes 
 
I: 94% acceptance ±1 °C 
II: 90% acceptance ±2 °C 
II: 85% acceptance ±3 °C 
 

No  



Table 3: Summary of the referenced adaptive comfort models (DIN EN 15251; ANSI/ASHRAE Standard 55) 

Source EN 15251 ASHRAE 55 

Reference values 
 
- Activity (living space, seated) = 1.2 met 
- Clothing factor  

 heating period = 1 clo 
 cooling period = 0.5 clo 

- Operative indoor temperature limit 
ϑo = 0.33 ϑe,a + 18.8 

- humidity: φ11 = 50 %rh 
⇒ evaluation value: PPD 
 
Reference to (ISO 7730) 
- draft 
- vertical temperature gradient 
- floor temperature 
- asymmetry in radiation temperature 
⇒ evaluation values: DR, PDΔT 
 

 
- Activity (living space, seated) = 

[1; 1.3] met 
- Clothing factor = [0.5; 1] clo 
- Operative indoor temperature limit 

ϑo = 0.31 ϑe,a+ 17.8 
- indoor air velocity: v11 < 0.2	m⋅s-1 
- humidity: X11 ≤ 0.012 kg(w) 

kg(da)-1 
⇒ evaluation values: PPD, PDΔT, DR 

Comfort classes 
 
I: 94% acceptance ±2 °C 
II: 90% acceptance ±3 °C 
II: 85% acceptance ±4 °C 
 

 
I: 90% acceptance ±2.5 °C 
II: 80% acceptance ±3.5 °C 

4.3 Indoor air quality and air exchange efficiency 

For both aspects 3.3 Indoor air quality and air exchange efficiency already mentions DIN EN 
15251. Even though this method is not yet applied for evaluating the IAQ and air exchange 
efficiency provided because of ventilation devices it will be the central technical standard 
considered for the further evaluation. The first important regulation applied out this standard 
are the satisfaction categories for CO2-concentration in Table 4 (DIN EN 15251, pp.31 + 34). 

Table 4: necessary volume flow values considered to provide certain satisfaction categories for the CO2-
concentration (DIN EN 15251, pp.31 + 34) 

Cat.  Volume flow per 
person (in single 
office) 

Specific volume flow 
for building with low 
air pollution  

Allowed CO2-
concentration above 
outdoor level  

 PDCO2
 in % Vሶ P⋅nP

-1 in l s-1 pers-1 Vሶ B⋅A11
-1 in l s-1 m-2 in ppm 

I 15 10 1 350 
II 20 7 0.7 500 

III 30 4 0.4 800 

IV >30 <4 <0.4 >800 

As already mentioned EN 15251 refers to EN 13779 to evaluate the ventilation efficiency 
(DIN EN 15251, pp.34). However, EN 13779 is just one possibility to master the evaluation 
of the ventilation efficiency. Table 5 provides a summary of the selected evaluation methods 
to evaluate the ventilation effectiveness. 



Table 5: Comparison of methods to evaluate the ventilation effectiveness (Rietschel and Fitzner 2008; EVS 
EN ISO 16000-26; DIN EN 13779; DIN ISO 16000-8) 

Source and equation Pros Contras 

ISO 16000-26 

Ventilation efficiency 

εv = 
γ12,a - γ21,a

γ11,a - γ21,a

  

- Examination and determination of the average 
gas concentration throughout a relevant 
space/plane in the room 

- Simple to implement   
- Calculation based 

on steady or 
instantaneous 
values ⇒ the 
reaction of a 
ventilation device 
to a sudden 
variation is not 
clear, and 
alternating DRVs 
may not be assessed 
correctly. 

- Limited evidence 
about the 
distribution of the 
pollutant 

- No statement about 
the user acceptance 
level 

 

EN 13779 

Ventilation efficiency 

εv	=	
c12,a	-	c21,a

c11,a	-	c21,a
  

- Examination and determination of the average 
gas concentration throughout a relevant 
space/plane in the room 

- Simple to implement 

Rietschel & Fitzner 

Contaminant removal 
effectiveness (CRE) 

εv = 
C12,st,a

C11,st,a
 

- Examination and determination of the average 
gas concentration throughout a relevant space = 
room 

- Simple to implement 

Rietschel & Fitzner 

Local air quality index 

εv = 
C12,st,a

C11,st
 

- Examination and determination of the a specific 
point in a relevant space/plane in the room 

- Simple to implement 

Rietschel & Fitzner + 
ISO 16000-8 

Local or average air 
exchange efficiency 

εv = 
τ

τi
, with	τi={τ11, τ12}  

τi=න
Ci(t)

Ci(t = 0)

∞

0
dt 

- Examination and determination of 
 a specific point in a relevant space/plane in 

the room possible 
 the average concentration in the room for 

each time step 
- evaluation of the transient behaviour of the 

concentration 
 step-up behaviour 
 step-down behaviour 
 entering and exit point of the steady state 

behaviour  
- Evaluation of the transient distribution in the 

room possible by installing several points of 
measurement 

- No statement about 
the user acceptance 
level 

 

5 CONCLUSION 

In this contribution, a new holistic method (HM) to evaluate Decentralised Residential 
Ventilation (DRV) units are presented. The method combines different aspects such as energy 
efficiency, hygrothermal comfort, ventilation efficiency and indoor air quality (IAQ). The 
method is modular and other aspects could be added later on.  For each aspect, a selection has 
been made among existing evaluation methods. The next steps are: 

- Construction of a test chamber (TC) to evaluate the energetic, comfort, IAQ and 
ventilation efficiency of DRVs. 

- Using the TC to evaluate different existing DRVs according to the above methods. 
- Choice of the most suited evaluation methods for each aspect, to be used in the HM. 



- Apply the HM to the different DRVs and compare the DRVs performance. 
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