
Abstract
This article presents a detailed analysis of thermal 
comfort in six low-energy non-residential buildings 
in Germany, according to the comfort standard 
EN15251:2007-08 for the cooling period. Further, 
the thermal comfort ratings are related to the 
energy use for cooling and the efficiency of 
generating the cooling energy. The investigated 
buildings employ the ground as heat sink in 
combination with thermo-active building systems, 
which are promising approaches for slashing the 
primary energy use of buildings without violating 
occupant thermal comfort. 

Introduction
High performance buildings have shown that 
it is possible to go clearly beyond the energy 
requirements of existing legislation and obtaining 
good thermal comfort. However, there is strong 
uncertainty in day-to-day practice due to the lack of 
legislative regulations for “mixed-mode buildings” 
which are neither only naturally ventilated nor fully 
air-conditioned but use a mix of different low-
energy cooling techniques, e.g. ground cooling in 
combination with thermo-active building systems.

Low-energy cooling concepts can often not 
guarantee for a 100% cooling load due to limited 
heat transfer with small temperature differences. 
In this way and due to the users’ influence (e.g. 
window opening, use of shading systems or 
control of HVAC systems) on the indoor climate, 
these building concepts can not guarantee a very 
stringent thermal comfort requirement or a certain 
room temperature, respectively.

The ThermCo project, which is funded by the 
European Commission under the Intelligent Energy 
Europe program, follows up this discussion. 
The main outcome of the ThermCo project is a 
REHVA Guidebook on low-energy cooling which 
is expected in late 2009. This Guidebook shall 
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provide planning reliability for architects and 
HVAC-engineers. A summary of case studies 
provides precise information to key market actors 
concerning good and best practice examples all 
over Europe.

In this context, this study evaluates low-energy 
non-residential buildings in Germany with a net 
floor area of 1,000 to 11,000m². These buildings 
employ thermo-active building systems (TABS) in 
combination with the ground as environmental 
heat sink and therefore forbear from active cooling 
by conventional means.

Measurements comprise the energy use for cooling 
and the auxiliary equipment, the performance of 
the environmental heat sink (ground), occupant 
thermal comfort, and local climatic site conditions. 
The main results from a comprehensive data 
analysis are:
w The thermal comfort is good in all buildings. 

According to EN15251, thermal comfort 
conforms to class A or B in all buildings. 

w Due to passive cooling concepts, the cooling 
energy consumption is low and varies typically 
from 10 to 20kWh(m²a).

w Energy is required merely for the distribution 
of cooling energy and not for their generation. 
Typical annual seasonal performance factors (SPF) 



of the environmental heat sinks – considering the 
cooling season – are typically within the range of 
8 to 10kWhtherm/kWhend related to the end energy 
use (electricity).

Energy saving versus occupant thermal 
comfort
Human thermal comfort is defined as the state 
of mind that expresses satisfaction with the 
surrounding environment. Thermal comfort is 
achieved when both:
w a thermal equilibrium is maintained between the 

human body and its surroundings
w and the person’s anticipation on the surrounding 

conditions
are satisfied. Correspondingly, there are various 
models to describe and determine human thermal 
comfort. The new European standard EN15251 
considers two approaches:
w Thermal comfort in buildings with mechanical 

cooling should be evaluated using the static 
approach according to EN ISO7730.

w Thermal comfort in buildings without mechanical 
cooling should be evaluated using the adaptive 
approach, which takes variations in the outdoor 
climate and the person’s exertion of influence on 
the interior conditions into account.

The term “mechanically cooled” comprises all 
concepts that employ a mechanical device in order 
to condition the space such as air-conditioning, 
supply and/or exhaust air systems, thermo-active 
building systems, and convectors. Only buildings 
that employ natural ventilation due to opening 
windows constitute the category of “non-
mechanical” concepts. 

According to the definition of EN15251, the 
investigated buildings of this study belong to 
the category of “mechanically cooled buildings” 
since thermo-active building systems (TABS) in 
combination with environmental energy are used 
to condition the built environment. 

Notwithstanding, the authors believe that 
this very absolute classification of only two 
building standards does not meet the necessary 
requirements on buildings in terms of energy 
efficiency and sustainability: The introduced 
buildings constitute a category designated as 

“mixed-mode buildings” that allow, on the one 
hand, for the interaction of the occupants on their 
surrounding conditions by operating windows 
and solar shading devices. On the other hand 
the occupants are not required to meet a dress 
code, thus, allowing for the adaptation to the 
surroundings. In addition, the buildings’ energy 
concepts employ environmental heat sinks, which, 
in fact, prove to be energy efficient, but, obviously, 
can not guarantee a very stringent thermal comfort 
requirement. 

Deviating from the regulations of EN15251, 
thermal comfort of the buildings is deliberately 
evaluated according to the adaptive comfort 
model.

Methodology
Various scientific teams carried out comprehensive 
long-term energy monitoring in high time 
resolution. The obtained raw data (climate, energy 
and thermal comfort) are processed for data 
evaluation using a sophisticated method to remove 
errors and outliers from the database. 

The daily presence of the occupants at their 
workplace is not recorded. To facilitate a direct 
comparison of the buildings though, the occupancy 
period is defined from 8am to 6pm from Monday 
to Friday, for all investigated buildings. As the time 
of holidays and vacation is not taken into account, 
the working hours amount to 2,610 per year.

Operative room temperatures and, finally, thermal 
comfort ratings are evaluated separately for all 
monitored rooms of each building for the summer 
season. Evidently, the recorded temperature 
measurements vary significantly throughout 
the day within a building due to different user 
behavior, room orientation and presence of 
occupants.

Thermal comfort assessments of the buildings in 
summer are evaluated according to EN15251 by 
means of the number of hours during occupancy 
when the operative room temperatures exceed the 
static or, respectively, adaptive comfort limits.

The exceedance of the comfort criteria is 
crucial only during periods with high ambient 
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temperatures, since the users can 
counteract – if desired – the violation 
of the lower comfort limits by closing 
windows or opening solar shading 
blinds. A violation of comfort criteria 
during lower ambient temperatures is 
usually caused by internal and solar heat 
gains, which can easily be dissipated by 
opening the windows. Therefore, the 
presented analysis only takes exceedance 
of the upper comfort limits during 
summer days with a daily mean ambient 
air temperature above 15°C into account.

In correspondence to the comfort 
criteria, the buildings are assigned to a 
comfort class A, B and C indicating the 
percentage of satisfied occupants:
w EN15251 recommends that the comfort criteria 

should be met in at least 95% of the rooms. This 
approach is good for design purposes, but may 
lead to wrong results for monitoring campaigns 
with less than 20 rooms. Hence, the requirement 
for a certain comfort class is fulfilled, when 
at least 75% of the recorded operative room 
temperatures remain within the defined comfort 
limit. (This approach considers that extremely 
high room temperatures are temporarily caused 
by user misbehavior, e.g. closed windows, open 
blinds and cooling off.)

w As recommended by EN15251, measured values 
of the operative room temperature are allowed 
to be outside the defined comfort boundaries 
during 5% of the working time. If all measured 
values meet a certain comfort class, the building 
is classified as A+, B+ or C+, respectively. If the 
measured room temperatures meet a certain 
comfort class for at least 95% of the working 
time, the building is classified as A-, B- or C-, 
respectively. (This approach considers also smaller 
differences between the building concepts.)

Investigated buildings
In spite of different approaches for architecture 
and design all promoted buildings (Table 1) strive 
for a significantly reduced primary energy use with 
carefully coordinated measures.

The thermo-active building systems (TABS) serve in 
the cooling mode as the main delivery system in all 

buildings. All buildings forbear from active cooling 
of the main floor space, apart from laboratories 
and server rooms.

During occupancy, the ventilation strategy uses 
hybrid ventilation in the buildings depending 
on operation time and user behavior. In some 
buildings, the supply air is conditioned by a water-
to-air heat exchanger connected to the ground or 
by an earth-to-air heat exchanger – additionally 
to the TABS. The ventilation concepts include in 
winter heat recovery from the exhaust air which is 
essential to reduce the annual heating demand.
In summer, environmental heat sinks are used 
directly (EBD, EGU, ZUB) or by means of a heat 
exchanger (BOB, GMS, LHL) to cool the buildings 
via TABS. The borehole heat exchangers, the 
ground water wells, and the base plate heat 
exchanger, provide water supply temperatures 
between 16 to 22°C. 

Exemplary evaluation of thermal comfort in 
summer
The following subsection describes the measured 
operative room temperatures in one of the 
investigated buildings (BOB) in summer (Figure 1) 
and, further, demonstrates exemplarily how the 
two comfort criteria given by EN15251 are applied 
to the monitored data (Figure 2). 

The evaluation of the monitored thermal comfort 
according to EN15251 is illustrated in figure 2 for 

*Heat sink: borehole heat exchanger (BHEX), ground water well (GW), base 
plate heat exchanger (BPEX).
**Thermo-active building system (TABS): concrete core conditioning (CCC) 
radiant floor conditioning (RFC), ceiling suspended radiant cooling panels 
(SCP); 1: main system in combination with other TABS in parts of the
building; 2: with phase change material PCM.

Table 1.Monitored low-energy buildings in Germany

building location

heated net
floor area  

[m²] use

monitored
office 
rooms heat sink* TABS**

BOB Aachen 2,076   office 9 BHEX CCC

EBD Karlsruhe 950 office 3 BHEX SCP2

EGU Ulm 6,911   office 21 BHEX CCC1

GMS Biberach 10,650 school 2 GW CCC1

LHL Lindenber 4,315 production 3 GW RFC1

ZUB Kassel 1,347 institution 21 BPEX CCC/
RFC



the BOB building. Minimum, maximum and median 
of the operative room temperatures are portrayed 
for all 8 monitored offices. Obviously, the operative 
room temperature varies distinctively between 
the monitored offices. Considering the adaptive 
comfort criteria for the cooling period (daily 
ambient air temperature above 15°C), measured 
operative room temperatures in the offices rarely 
exceed the temperature limit for class A. In 
contrast, measured operative room temperatures 
in the offices more often exceed the temperature 
limit for class A and even for class B for the static 
comfort model.

Figure 3 shows the foot-print of thermal comfort. 
Deviating from the proposed methodology, the 
comfort assessment in this section takes only the 
median of the room temperature in the office 
rooms into account for better clarity. Obviously, 
this approach improves the comfort assessment 
considerably since high room temperatures 
are attenuated and, hence, are only indirectly 
considered for comfort assessment.

Note: The user behavior has a crucial influence 
on the thermal performance of the rooms, e.g. 
opening of windows and solar shading, presence 
of the occupant, use of office equipment, and 
control of the cooling. In the next section, the 
comfort assessment corresponds to the proposed 
methodology.

Building signatures in terms of thermal 
comfort and efficient cooling
A building signature relates thermal comfort to 
the energy use for cooling and the efficiency of 
generating the cooling energy. The grey triangle 
in figure 5 illustrates the targeted objective for 
these three parameters. An optimally designed and 
operated building;
w  provides thermal comfort in compliance with 

comfort class B according to the adaptive 
approach given by EN15251

w with a reduced cooling energy use provided by 
the environmental heat sink below 

   15(kWh/m²neta) and
w with an high energy efficiency expressed as 

seasonal performance factor (SPF) above 
10kWhtherm/kWhend.

Conclusion
With respect to the building categorization of 
EN15251:2007, the investigated buildings belong 
to the class of “mechanical conditioned” buildings, 
since they employ hybrid ventilation and radiant 
heating/cooling by means of environmental energy 
and thermo-active building systems. Consequently, 
the static comfort approach should be applied for 
the thermal comfort evaluation. 

However, all buildings in this study are “mixed-
mode buildings” with complementary low-energy 
cooling and a high user influence on the indoor 

Figue 1. Median of the operative room temperatures in 8 office 
rooms (green line) during the time of occupancy in two weeks 
during summer 2003. Additionally, the ambient air temperature 
and the running mean ambient air temperature (blue thick line) are 
shown.

Figue 3.  Foot-print of thermal comfort for the median of the room 
temperature in 8 office rooms during the cooling period in summer 
2003.
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Figue 2. Evaluation of hourly measured operative room 
temperatures [°C] during occupancy according to the adaptive 
(left) and static (right) approach in EN 15251:2007. The grey lines 
demonstrate the temperature range for comfort class A, B and C.
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environment, which allows for thermal adaptation 
of the occupant to the surroundings. Further, 
occupant satisfaction with the thermal conditions 
correlates strongly with both the possibility and 
the effectiveness of the occupant’s interaction 
with the surroundings. In order to foster efficient 
and sustainable energy concepts, the authors 
decided on the application of the adaptive comfort 
approach in this study.

All buildings employ the ground or groundwater 
as heat sink and provide good thermal comfort 
over the summer period with mean operative room 
temperatures between 22 and 25°C.

Evidently, the recorded temperature measurements 
vary significantly within a building due to different 
user behavior, room orientation and presence of 
occupants. Therewith, the user behavior has a 
crucial influence on the thermal performance of the 
rooms.

The authors propose to evaluate the achieved 
thermal comfort in a building in correlation with 
the cooling energy and the energy efficiency. An 
optimally designed and operated building provides 
thermal comfort in compliance with comfort class 
B (adaptive approach) of EN15251, with a reduced 
cooling energy demand below 15kWh/(m² a) and 
with an energy efficiency SPF above
 10kWhtherm/kWhend.

The investigated buildings are proof that well-
designed low-energy cooling concepts have no 
adverse effect on thermal comfort. However, the 
experience with low-energy buildings indicates 
clearly that cooling concepts can be significantly 
improved by an ongoing commissioning.
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Figure 4. Building signature: The grey triangle illustrates the 
targeted objective of comfort class, cooling energy and energy 
efficiency. The arrows symbolize the direction of the optimum.

Figure 5. Building signature for six low-energy buildings. Numbers 
behind building name indicate monitoring year.


