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Terminology

Acronyms 

AHU Air Handling Unit
ASHP Air Source Heat Pump
API Application Programming Interface
BOPTEST Building Optimisation Performance 
 Test
BTES Borehole thermal energy storage
BAS Building Automation System
BMS Building Management System
COP Coefficient of Performance
DBFM Design-Build-Finance-Maintain
DHW Domestic Hot Water
EGRT Enhanced Geothermal Response 
 Test
FCU Fan Coil Unit
GEO Geothermal energy
GEOTABS Geothermal heat pump combined  
 with TABS
GRT Geothermal Response Test
GHG Greenhouse Gas
GSHP Ground Source Heat Pump
GSHX Ground Source Heat Exchanger
HP Heat Pump
HVAC Heating Ventilation and Air 
 Conditioning
ICT Information and Communication 
 Technology

IAQ Indoor Air Quality
IEQ Indoor Environmental Quality
KPI Key Performance Indicator
MPC Model Predictive Control
OSI Open System Interconnection
PCM Phase Change Material
PV Photovoltaic
PLC Programmable Logic Controllers
PMV Predicted Mean Vote
PS Primary system
PID Proportional integral derivative
RES Renewable Energy Sources
R2ES Renewable and Residual Energy  
 Sources
RC Resistance Capacitance
RBC Rule Based Control
RMOT Running Mean Outdoor 
 Temperature
SCADA Supervisory Control and Data 
 Acquisition
SPF Seasonal Performance Factor
TACO Toolchain for Automated Control 
 and Optimisation
TABS Thermally Activated Building System
UTES Underground Thermal Energy 
 Storage
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Terms and definitions

Building Automation 
System

A system for automatic centralised control of a building’s HVAC (heating, 
ventilation and air conditioning), electrical, lighting, shading, access control, 
security systems, and other interrelated systems. 

Building Management 
System

A building management system is a computer- based system that controls 
and monitors the mechanical and electrical installations, fire alarm and 
security systems of a building.(*)

Convective heat  
transfer

This is the transfer of heat between room surfaces or objects within the room 
and the room air (combined effect of motion and conduction).(*)

Cooling load This is the instantaneous cooling rate required to keep the building “in 
balance” at a specific temperature level (e.g. a design temperature of 25 °C). 
Expressed in W or W/m2.(*)

Coefficient of 
Performance

Coefficient of Performance of a compression heat pump at a particular 
working point is the momentary ratio of the thermal heat output to the 
consumed electric power, referred to particular boundary conditions. (*)

Enhanced Geothermal 
Response Test

An improved GRT allowing to determine the thermophysical properties 
of each layer in the underground (instead of the average of all layers), 
by measuring the thermal response to heat injections/extractions in the 
borehole over the entire length of the borehole.

Fan Coil Unit Heating/cooling emission system consisting of a heat exchanger (coil) and 
fan.

Geothermal energy Energy stored below the surface of the solid earth in the form of thermal 
energy. (*)

GEOTABS Heating and/or cooling system combining TABS and GEOthermal energy, 
using a ground source heat pump

Geothermal Response 
Test

An in-situ test allowing to determine the average thermophysical properties 
of the underground, such as the effective thermal conductivity, by measuring 
the thermal response to heat injections/extractions in a borehole at the inlet/
outlet.

Ground Source Heat 
Pump

Heat pump using geothermal energy as heat source (or sink).

Ground Source Heat 
Exchanger

An underground heat exchanger, typically consisting of loops of tubes that 
are placed or drilled into the top layers of the earth crust and exchange heat 
with the surrounding ground.

Heat capacity The energy quantity that is needed to heat 1m³ of the material by 1 K (Kelvin). (*)
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Heat gains Heat generated within or entering into the conditioned space from heat 
sources other than technical building thermal systems (e.g. heating, cooling, 
domestic hot water preparation, etc.). (*)

Heat gains, internal Heat provided within the building by occupants (sensible metabolic heat) and 
by appliances such as lighting, domestic appliances, office equipment, etc., 
other than energy intentionally provided for heating, cooling or hot water 
preparation. (*)

Heat gains, solar Heat provided by solar radiation entering directly or indirectly (after 
absorption in building elements), into the building through windows, opaque 
walls and roofs, or passive solar devices such as sunspaces, transparent 
insulation and solar walls. (*)

Heat Pump Heat pumps are thermodynamic cycles by means of which low temperature 
ambient energy can be upgraded such that it can be utilised for heating (heat 
pump) or cooling (chiller) buildings. The ambient energy is extracted from the 
ambient air, the groundwater or the ground soil. By using electrical power  
the temperature is brought to the desired temperature. (*)

Heat sink A spatially limited area or structural element which serves as a basin for 
injected thermal energy. (*)

Heat source A spatially limited area or structural element which serves as a reservoir of 
thermal energy to be extracted. (*)

Heat transfer  
coefficient

The combined convective and radiative heat transfer coefficient between the 
heated or cooled surface and the space operative temperature (design indoor 
temperature). (*)

Heating load The combined convective and radiative heat transfer coefficient between the 
heated or cooled surface and the space operative temperature (design indoor 
temperature). (*)

Hybrid system HVAC-system combining different types of emission and/or energy 
conversion systems

hybridGEOTABS hybrid heating and/or cooling system combining GEOTABS with a fast-
reacting emission system and (possibly) another conversion system, 
controlled by MPC

Model Predictive  
Control

Control strategy where optimal control actions are determined by optimising 
an objective function using a model of the system and predictions of future 
disturbances. 

Primary system The primary system in a hybrid system combination (often the most preferred 
system) e.g. in hybridGEOTABS the primary system is GEOTABS
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Radiant heat transfer Heat generated within or entering into the conditioned space from heat 
sources other than technical building thermal systems (e.g. heating, cooling, 
domestic hot water preparation, etc). (*)

Rule Based Control Control strategy where control actions are based on direct rules. 

Secondary system The secondary system in a hybrid system combination, e.g. in hybridGEOTABS 
it is the fast-reacting emission system and additional conversion system

Slow reacting system Cooling and heating systems that are characterised by a large time constant; 
for example TABS. (*)

Seasonal Performance 
Factor

The ratio of the seasonal heat output to the seasonal consumed electric 
power, referred to particular system boundary conditions. (*)

Thermal Comfort Condition of mind, which expresses satisfaction with the thermal 
environment

Thermal Conductivity The ability of a material to transport thermal energy by means of heat 
conduction. (*)

Thermally Activated 
Building System

Radiant heating and cooling systems with pipes embedded in the building 
structure (slabs, walls). (*)

Underground Thermal 
Energy Storage

Underground heat and cold seasonal storage system in soil and rocks 
(borehole storage) or aquifer (Aquifer Thermal Energy Storage ATES). (*)

Window-to-wall Ratio The percentage of the transparent glazed surfaces to opaque facade surfaces 
of the building (not including the roof). (*)

 
(*) Terms and definitions following the existing terms and definitions used in the REHVA Guidebook  
No. 20 (Boydens et al., 2013).  
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Introducing Smart, but Simple, 
Approaches for Clean Integrated Systems

Author: Wim Boydens

KEY TAKE-AWAYS
The main purpose of HVAC systems is to provide comfort in buildings, as energy-
efficiently as possible, using a clean and renewable energy supply… so why not call it a 
clean ‘comfort supply’ system?

Clean comfort can be achieved by combining technologies that complement each 
other’s strengths, depending on the time of use and the type of buildings. We call this 
a hybrid system.

Storage of thermal energy, in the long and short term, should be considered a powerful 
player in a hybrid system, on both the supply side and the indoor emission side. Storage 
enables the enhanced use of renewable energy.

System integration is essential to realise optimal energy-efficiency, but is not easy to 
handle in either early design or in operation and commissioning. Innovative model-
based control and novel simulation-based design approaches can deploy system 
integration, making it feasible and effective and ready for practice. 

Digitalisation enters the building sector and enhances the efficiency of the construction 
process. However, digitalisation merits integration in predesign, where the most crucial 
decisions are made, and in controls, which are the enabler of optimal operation, as well. 

When we design and size, considering the implementation of front running control, 
then welcomed cost savings in investment and operation are in reach. Moreover, 
these savings can be combined with improved indoor comfort and health and a more 
responsible ecological impact.

During the past decade, accelerated by the growing focus on the energy transition, we have 
witnessed a rush for ‘best’ solutions to minimise both the economic and environmental cost 
related to providing comfort in our buildings. Indeed, the impact of building HVAC installations 
on the amount and cleanliness (environmental effects) of energy used in this sector is substantial. 
We provide thermal comfort by supplying thermal energy. Therefore, we call the target ‘a clean 
way to supply comfort’.



12 Storage integrated and hybrid renewable comfort supply concepts for buildings

This new, competitive performance goal occurs not only in the design and construction 
stakeholder biotope in the building sector, but also amongst academics, component 
manufacturers, software developers and control providers. When focussing on one single and 
simple HVAC solution, especially in midsize to large buildings, actual results of performance are 
never near the predicted performance. The main reasons for this gap are the changing outdoor 
conditions and occupant behaviour and needs throughout the year, plus the variability in the 
performance of HVAC and renewable energy supply systems. No one silver bullet solution enables 
optimal operation under varying conditions. A better approach is to combine technologies and 
integrate storage and building systems that are more dynamic in real operation to achieve better 
performance throughout the year. The investment cost for these hybrid solutions becomes 
marginal and thus feasible with the growing scale of the project. The complexity of the design 
and operation strategies, however, becomes more challenging, and guidance for conceptual 
and system designers, providers and operators is needed. This work aims to provide insights 
into a different approach, as lean as acceptable, to take up this challenge in practice. It is based 
on the work elaborated in the hybridGEOTABS project, funded under the European Commission 
HORIZON 2020 programme (2016–2020).

Indeed, the hybridGEOTABS concept is exemplary for a complex combination of technologies, 
including multiple storage systems. It shows enormous potential towards comfort, economics 
and the environment. However, it requires an assessment in the initial phase of a building project 
that takes the system-level interaction between the HVAC equipment, building, building use, 
control and their dynamics in operation into account. A fair comparison of the hybridGEOTABS 
concept’s performance with other conventional systems needs more than just a simple stationary 
or semi-stationary approach. This is exactly the mindset that is brought to your attention as a 
reader of this book:

High performing concepts that help us reach so many societal goals at once really 
deserve a fair comparison in the decision-making phase of a project, even if they seem 
hard to assess and operate.

The barriers in this initial and important decisive step need to be solved in a way that designers 
can quickly make first assessments and commission the project using a very efficient procedure. 
The operation should also be automated and optimised so that the predicted performance can 
be established in the real world. The final goal of the design and control approach is to minimise 
the effort of designers and operators that until now was an unavoidable consequence or related 
cost for these stakeholders when choosing such a challenging and ambitious low-carbon 
concept for the thermal comfort of their building projects.

But let us first introduce you to this hybridGEOTABS concept.

The concept of hybridGEOTABS is a combination of at least two energy supply systems, 
one being a geothermal heat pump (GEO) that uses the long-term storage capacity of 
the earth. At least two emission systems are involved, one of them defined as a thermally 
activated building system (TABS), where water pipes are embedded in the building structure,  
e.g. in the concrete floor and ceiling slabs. The building structure then acts as a thermal 
emission system with high inertia and serves as integrated thermal storage for a day or more.  
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The GEO and the TABS combined in the pure GEOTABS1 concept, provide extremely clean and 
energy-efficient performance. In the past, this combination was even referred to as a perfect 
marriage, combining these in one system, which attracted researchers and practitioners. 
The TABS operation in heating (22–28 °C water temperature) and cooling (15–22 °C water 
temperature) enables very high performance of the geothermal heat pump in both modes.  
In addition, the system can benefit from passive geothermal cooling during long periods of 
the year in the temperate and cold climates covering large parts of Europe, making it far more 
efficient than any other cooling system. The heat extracted from the building in summer is used 
for more efficient, environmentally friendly and renewable heating in winter, and vice versa. 
On top of that, the comfort level is very high, avoiding any draught. No large volumes of air 
distribution and velocities are involved; the floor surfaces simply radiate what is needed.

Figure 0.1: GEOTABS concept in heating (left), passive cooling (centre) and active cooling (right) (source: Verhelst, 2012)

hybridGEOTABS goes a step further than GEOTABS. It enlarges the application field of GEOTABS to 
a much wider range of buildings, including those in which the architectural design or the building 
use results in more challenging energy demand profiles for GEOTABS. Applications include 
buildings with high glazing percentages, where daylight quality and a view of the surroundings 
can contribute to the holistic well-being of the users and, therefore, increased productivity. Solar 
gains in these buildings may lead to sudden shifts from heating to cooling demands during the 
course of a single day, a change that is too fast for the TABS. In this situation, we start thinking 
‘hybrid’: Why not use the GEOTABS as a primary player in the hybrid team, and add a secondary 
system to overcome the limitations of the pure GEOTABS concept in this building design?  
We keep the architectural qualities of the design and its benefits towards holistic comfort and well-
being while ensuring a high level of thermal comfort. We also keep the flexibility of architecture 
provided by the TABS, rather than filling the space with bulky air conditioning systems. Then, 
we realise high environmental and energy performance, thanks to GEOTABS. This combination 
sounds like a good deal between architecture, well-being and environmental impact.

1 The name GEOTABS was first introduced by prof. L. Helsen in 2010 in the EU-EraSME-GEOTABS project “Towards optimal design and control 
of geothermal heat pumps combined with thermally activated building systems in offices.”

Qheating Qcooling Qcooling

Qextraction

P el P el

Qrejection Qrejection
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The secondary, fast-emission system should be able to add thermal power when the limits of 
TABS or its control are challenged. In most buildings, this function can simply be achieved by 
adding heating or cooling coils to the ventilation system. This ventilation system is installed to 
provide clean air to the indoor environment, so these coils can be added at a small marginal cost 
for this secondary installation. In the mid-season, where the needs switch from heating to low-
load cooling during the day, this system can take over and leave the TABS to rest since its inertia 
does not make it the best player in these circumstances.

The secondary supply system for heating and cooling can assist one or both of the emission 
systems. In some cases, the ground source appreciates a secondary thermal supply system 
as well because it is more sustainable when balanced. A balanced system means that the heat 
source and the heat sink functionality match each other over the year and years, and, as such, 
avoiding the slow, but certain heating or cooling of the ground source. Clearly, going hybrid 
brings advantages and solves weaknesses in a cost-friendly way. The design, or rather, the  
pre-design challenge is clear, namely, how to assess and thus quantify the advantages of  
hybrid systems in the early project phase in a time- and cost-efficient manner? The HVAC 
concept can then be decided based on a fair comparison with other thermal supply and  
emission systems for the building being designed.

In operation, the advantages should also be harvested, with the different elements in the hybrid 
system working together and not against each other. This outcome is only possible with a novel 
control system that can manage the short- and long-term energy storage requirements involved 
and can predict the need to activate the faster-reacting secondary supply and emission system. 
The model predictive control (MPC) plays a major role in the concept, managing the varying 
conditions, needs and behaviour of the building and environment towards an optimal system 
operation.

The search and research for a methodology to pre-design and operate hybrid systems, while 
overcoming the barriers arising from the complexity of the hybridGEOTABS concept, has led to 
a somewhat novel approach. The following functions are key:

1. Using big databases of building variations and their dynamic energy profiles (pre-simulated,  
monitored and measured, or both) as a canvas for an automated sizing exercise.

2. Semi-automated design of near-optimal controllers.
3. Integrating the effects of near-optimal control in the cost optimal design. 
4. Using actualised cost functions as the feedback loop from real designs. 

The approach developed and demonstrated for hybridGEOTABS and made available to 
professional building, system and control designers and installers lives on and grows after the 
project in a knowledge-centre community linking researchers, building practice professionals 
and industry.

This approach can even be broadened in further work to any other system that involves hybrid 
operation, thermal storage over the long and short term, and innovative controls. We can 
even imagine integrating dynamic building envelopes, thermal grids in districts with flexible 
prosumers, electrical grid interaction and variable availability of onsite renewable energy 
sources; including photovoltaic (PV), thermal solar and others, plus their storage.  



 15

The authors, together with their research and engineering groups and all partners involved 
in the hybridGEOTABS project, invite you to be inspired by their findings and developments 
introduced in this book and in the materials and deliverables available on the hybridGEOTABS 
website. An open collaboration and collective approach can only speed the transfer of research 
knowledge and experiences out of practice. These efforts should be integrated and translated 
into societal values in one strong movement. This acceleration is needed to mitigate the adverse 
environmental global and local effects that have been partly, but substantially triggered and 
caused by the way we have provided comfort in our buildings until now.

The lead authors, driven to inspire building practitioners, governments and industries to join 
forces and knowledge in the energy transition, are the initiating partners in the EU Horizon 2020 
hybridGEOTABS project:

Wim Boydens, professor at Ghent University, is engaged in GEOTABS projects as the 
CSTO of boydens engineering since 1995, is dedicated to exploring nearly zero fossil 
fuel projects in the design practice, and is a board member of the European Heat 
Pump Association (EHPA) and the International Building Performance Simulation 
Association NVL (IBPSA NVL). 

Lieve Helsen, a professor in Mechanical Engineering at the University of Leuven, leads 
the Thermal Systems Simulations (The SySi) Team that focuses on the optimisation 
of thermal systems in the built environment and industry through integrated optimal 
design and control. She is the initiator of the former EU-EraSME-GEOTABS project in 
2010, a core-member of EnergyVille and a member of AcademiaNet.

Bjarne W. Olesen, professor at the Technical University of Denmark, International 
Centre for Indoor Environment and Energy, has 40 years of experience in research 
and industry with radiant heating and cooling systems. Bjarne published more than 
400 papers on the influence of the indoor environment on people and heating, 
cooling and ventilation systems. 

Lukáš Ferkl, professor and director of University Centre for Energy Efficient Buildings, 
CTU Prague, and board member of the Czech Green Building Council. Focused 
on cybernetics in buildings, his aim is to promote optimal operation by modern 
automation methods, for the benefit of both the environment and the people.

Jelle Laverge, associate professor in Building Physics and Services at Ghent University,  
focuses on the design and operation of comfortable and healthy spaces for  
occupants of the built environment. He is the operating agent of IEA-EBC Annex 86  
and the project leader of the EU-H2020-hybridGEOTABS project.

Eline Himpe, editor of this work, is a post-doctoral researcher at Ghent University 
dedicated to harmonise collaboration to create a sustainable built environment.  
She is the project manager of the EU-H2020-hybridGEOTABS project.
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GEOTABS
hybrid

Controlling the power of the ground by integration

PROJECT OBJECTIVES

• Improve the effi  ciency of heating 
and cooling of a hybrid MPC 
GEOTABS system by 25% compared 
to the existing best practice

• Develop a method of choosing 
appropriate components for hybrid 
MPC GEOTABS solutions to achieve 
optimal performance and off er grid 
 exibility through demand-response

• Develop a Smart Grid-ready 
automated control system based 
on MPC and provide this as an 
open source solution

• Establish a trade body or 
association to promote the hybrid 
GEOTABS concept and best 
practices

• Validate the technology and 
approach on a virtual validation 
test-bed and on at least three real, 
high-visibility buildings

GEO-HP + =
TABS

GEOTABS

Geothermal energy is limitless, ubiquitous and free at the point of use. When combined with 
the very high energy effi ciency of TABS and application range of hybrid systems, it offers huge 
potential to meet heating and cooling needs in Europe, and reduce CO2 emissions.

GEOTABS hybrid  is an active 
research project to optimise 
the predesign and operation 
of a hybrid combination of 
geothermal heat pumps 
(GEO-HP) and thermally 
activated building systems 
(TABS). It will design an 
improved, automated ‘Model 
Predictive Control’ (MPC) 
solution for testing on hybrid 
supply and emission systems 
in demonstration buildings 
such as offi  ces, elderly care 
homes, schools and apartment 
blocks. Applying MPC to hybrid 
GEOTABS optimises the 
performance and effi  ciency, 
making it more economically 
attractive and increasing 
take up.

WHAT IS GEOTABS?

An innovative clean technology for 
energy effi  cient and healthy buildings 
is the combination of thermally 
activated building system (TABS), 
a ground heat exchanger and heat 
pump in between both systems 
(GEOTABS). They have several 
advantages. The radiant heating 
and cooling system has proven to be 
one of the most comfortable ways to 
condition indoor spaces, especially 
multi-storey offi  ces.

Comprehensive information 
on GEOTABS systems is available 
in the REHVA guidebook 20 
“Advanced system design and 
operation of GEOTABS buildings”.

Funded by the European Commission under the Horizon 2020 Programme: project number 723649
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History and Challenges of GEOTABS

Author: Bjarne W. Olesen
with contributions from Eline Himpe and Wim Boydens

1.1. History of Radiant Heating and Cooling Systems

Radiant heating has been used since people discovered how to use fire to become more 
comfortable and survive severe environments. Today, we talk about radiant heating systems if 
more than 50% of the energy exchange between the heated surface and the space happens by 
radiation. The use of a heated surface in a room to provide heating goes back several thousands 
of years. Much credit is afforded the Romans for giving life to radiant floor heating. However, 
archaeology and research into ancient texts show the Asian world to be its earliest known 
developer, preceding the Romans by thousands of years. Bean, Olesen and Kim (2010a; 2010b) 
give an extensive history.

Looking into the northern areas of ancient China, including the northeast Manchuria region and 
northern Korea, archaeologists find early forms of radiant heating known as kang, dikang and 
ondol. The word kang can be traced to the 11th century BCE and originally meant ‘to dry’ before 
it became known as a heated bed (see Figure 1.1). Dikang, literally meaning ‘heated floor’, can be 
regarded as an extended kang with more heated surface. The traditional Korean floor heating 
system ondol, which means ‘warmed stone’, is somewhat different from kang or dikang as it 
occupies the entire floor of a room (see Figure 1.2). In both cases, the surface was heated by the 
flue gas from cooking or a fire.
 

1

EXHAUST
SECTION

Cooking Pot

Gulduk
(Chimney)

Opening to supply
fire wood and

combustion air

Gudeul (Under floor
heating structure)

Gorae
(Flue gas passages) Bulgogae

(Fire throat)

Budumak (Kitchen range) 
or Agungii (Fire furnace)

Floor finishing with clay

COMBUSTION
SECTION

HEAT RELEASING
SECTION

Figure 1.2: Structure of an entirely ondol floored room 
(Source: Yeo et al., 2003; Song, K. 2006; Bean, Kim & 
Olesen, 2010a)

Figure 1.1: Kang, Raised Heated Surface  
Credit: Harry A. Franck (Source: Guo, Q., 2005 ; 
Bean, Kim & Olesen, 2010a)   
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From the 3rd century BCE, the Romans independently developed an analogous floor heating 
system called Hypocaustum, mainly used in baths (terme). The heating system comprised the 
furnace (hypocausis) positioned outside the heated rooms and a series of passages realised 
under the floor by means of square pillars carrying a slab made of tiles, several layers of gravel, 
clay and flooring. Warm air circulated under the floor and was then exhausted by cavities in the 
walls (see Figure 1.3).

Figure 1.3: Hypocaust from the Roman Baths at 
Bath, England  © CC BY-SA 3.0, https://commons.
wikimedia.org/w/index.php?curid=1278700  
(Source: Bean, Kim & Olesen, 2010b)

From numerous historical resources in archaeological literature, we know the Romans 
significantly advanced the design and application of floor heating; however, they were not its 
inventor. In Europe, the use of heating flooring hibernated for centuries whilst Korea, China 
and parts of Japan continued to use floor heating systems to modern times.

The ancient radiant heating systems were, in fact, air based, as the energy was transported 
by air. In modern times, radiant floor heating was introduced in the USA in the 1930s by the 
famous architect Frank Lloyd Wright. He used his experience in Japan during the construction 
of the Imperial Hotel in Tokyo and introduced the system in his USONIAN houses. The heat 
was distributed by steam or hot water in steel pipes integrated into the floor construction 
eliminating the need for radiators (Bean, Kim & Olesen, 2010b). 

Figure 1.4: Installation of large metal pipes for steam 
floor heating of the Quintin Blair residence by Frank 
Lloyd Wright  ©1993 William Allin Storrer “Frank Lloyd 
Wright Companion”, Storrer, W. A., 1993 (Source: 
Bean, Kim & Olesen, 2010b)

The use of radiant heating (mainly floor heating) got a new start in the 1970s because of better 
building thermal insulation and because of PEX, a method to chemically crosslink polyethylene, 
developed by Thomas Engel in 1967 (Bean, 2007). Thanks to good thermal insulation, the 
radiant surface temperature was properly adjusted at moderate values, avoiding local thermal 
discomfort. The use of PEX solved some important problems associated with metal and other 

https://commons.wikimedia.org/w/index.php?curid=1278700
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plastic tubing because it does not corrode and stands up to poor water quality. Oxygen barriers 
were added in the 1980s.

In the beginning, most radiant floor installations in Europe were found in residential buildings. 
Many systems in France and England were installed in the 1950s. Unfortunately, at that time, 
the buildings were not very well insulated, with heat losses higher than 100 W/m2. Therefore, 
many people were unsatisfied with the floor heating because surface temperatures were too 
high. People in France and England remembered this problem, and it was very difficult to  
re-introduce floor heating in these countries during the 1980s. The situation has changed now, 
and floor heating is again becoming a very popular heating system. After mainly residential use, 
the applications in middle Europe (Germany, Austria, Switzerland) during 1980–1990 became 
more common in non-residential buildings like industrial storage buildings, offices, schools, 
hangars, churches, sports gymnasiums, hospitals, small commercial buildings and museums.

Radiant heating installations are easily converted into radiant cooling installations by running 
cold water through the radiant panels or floors. Most of the early cooling ceiling systems 
developed in the 1930s failed, however, because condensation often occurred in the cooling 
mode. Subsequent studies showed that this problem could be avoided if the radiant system 
was used in conjunction with a small ventilation system designed to lower the dewpoint of 
the indoor air. This combination proved successful in a department store built in 1936–1937 
in Zürich, Switzerland and in a multi-story building built in the early 1950s in Canada (Stetiu, 
1998). In the San Francisco Bay Area, the Kaiser Building in Oakland, dating from the early 1950s,  
is equipped with a radiant cooling system.

Due to the condensation risk and the increasing internal heat gains, radiant cooling systems 
completely disappeared until the 1980s, when people started to complain about discomfort 
due to all-air conditioning systems and their enormous energy use. Suspended ceiling cooling, 
with better controls and generally combined with primary air ventilation systems, quickly 
developed in the 1990s and 2000s. Today, very large applications of radiant cooling exist in 
very extreme climates like the Bangkok Airport consisting of over 150,000 m2 of cooled floor 
surfaces (Simmonds et al., 2000).

From a global perspective, radiant cooling and heating is well past the ‘popular science 
experiment’ stage with well-established codes, standards and best practices supported 
by sophisticated modelling software for the building scientist and application engineer.  
As evident by the number of radiant conditioned projects featured in ASHRAE’s High 
Performance Buildings magazine, including a number that have won ASHRAE Technology 
Awards, and the hundreds of PEX production plants scattered all over the globe producing 
billions of meters of pipe for millions of installed radiant systems in all types of architecture, the 
authors wish to emphasise there is no longer a need to associate radiant-based HVAC systems 
with the word ‘concept’.

Engineers and architects of low-thermal-load buildings are applying these low-exergy, radiant 
systems with high-temperature, sensible cooling using dedicated outdoor air systems for 
latent loads and low temperatures for heating loads because of their demonstrated ability to 
enhance the energy efficiency of boilers, chillers and heat pumps, their ability to work well with 
renewable energy sources and their contributions to indoor environmental quality.
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Water-based heating systems are mainly used in Europe. These systems use radiators or floor 
heating as heat emitters. One advantage compared to all-air systems is the more efficient means 
of transporting energy. The demand for comfort, better insulation of buildings, and greater 
internal loads from people and equipment have increased interest in installing a cooling system 
to keep indoor temperatures within the comfort range. This need resulted in the introduction 
of suspended ceiling panels for cooling, and in recent years, cooling has been integrated into 
embedded systems (floor, wall and ceiling) (Olesen, 1997; Simmonds, 1994; Simmonds et al., 
2000; Børresen, 1994). Typical positioning of pipes for radiant wall, floor and ceiling systems is 
shown in Figure 1.5.

Figure 1.5: Examples of water-based embedded radiant systems: a) floor, b) ceiling, c) wall and d) TABS. 
Credit:Bjarne W. Olesen

A new trend that started in the early 1990s in Switzerland (Meierhans, 1993, 1996) is using the 
thermal storage capacity of the concrete slabs between each story in multi-story buildings. 
Pipes carrying water for heating and cooling are embedded in the centre of the concrete slab 
(Figure 1.5d). Activating the building mass provides both a direct heating or cooling effect and, 
due to the thermal mass, reduces the peak load and transfers some of the load outside the 
period of occupancy. Because these systems for cooling operate at a water temperature close 
to room temperature, they reduce the risk of condensation and increase the efficiency of heat 
pumps, ground heat exchangers and other systems using renewable energy sources.

1.2. History of Ground Source Heat Pump Systems

The use of geothermal energy, a natural source of heat stored in the earth, dates to palaeolithic 
times. Hot springs in regions with geothermal surface activity have always been directly used for 
heating, bathing and cooking activities, giving rise to settlements and cultural developments in 
Japan, China, Turkey, Europe, Iceland and the western United States (Soltani et al., 2019; EERE, 
n.d.). The first engineered examples in Europe are found in the Roman city of Pompeii, where 
heat from the volcanic area was used in the thermal baths, and in Aquae Sulis (the English city of 
Bath), both dating back to the first century. In 14th-century France, a district heating network 
in the village of Chaudes-Aigues brought hot water from the springs to the buildings where it 
was used for floor heating and domestic uses (Redko et al., 2020).  

A CB D
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While these early applications were restricted to places where geothermal heat was easily 
accessible at the earth’s crust, developments and innovations from the industrial era until 
today have made geothermal heat more widely exploitable and usable. For example, a steam 
boiler with geothermal heat was made operational in the Italian village of Larderello in 1827, and 
in 1913, the first commercial geothermal power plant started. Large scale geothermal (district) 
heating systems started in the USA in the 1890s and in Iceland in 1930 (Soltani et al., 2019; EERE, 
n.d.). In places where high temperature (> 100 °C) geothermal heat is not available close to the 
earth’s surface, continuously improving drilling techniques allow reaching depths of several 
kilometres in large-scale, deep geothermal applications today. Shallow geothermal energy  
(up to 400 m depth) at moderate temperatures is used for small- to large-scale projects with 
lower temperature requirements. These projects can be upgraded to higher temperatures 
using a heat pump. In 1912, the Swiss Heinrich Zoelly received a patent for a ground-source 
heat pump (see Figure 1.6) that consists of a heat pump using the ground as a heat source 
or heat sink (Zoelly, 1912). Such systems were applied in houses and other buildings from the 
1930s, and, in the past decades, they became an established solution for heating and cooling 
buildings (Sanner, 2017). 

Figure 1.6: Drawing from Swiss patent 
on a ground source heat pump by 
Heinrich Zoelly (source: Zoelly, 1912)

Yet another perspective is crucial in understanding geothermal energy. The earliest examples 
are cave cities that date from palaeolithic times, such as the Sassi di Matera in southern Italy 
or the Rock Sites of Cappadocia in Turkey, where humans and goods found protection from 
harsh climates and steady temperatures all year round (UNESCO, 1985, 1993). Ice cellars, where 
natural ice was stored in winter for preserving food for consumption in summer, were known 
in China around 7th century BCE and were in vogue in the western world from the 18th century 
until the mass introduction of refrigerators in the 20th century.  

Indeed, the steady temperatures and thermal storage capacity of the ground have long been 
recognised. The first scientific research into underground temperature fluctuations dates 
from the late 17th century. By the end of the 19th century, the temperature gradients in the 
ground were fairly well understood (Sanner, 2017). The seasonal variation in temperature at  
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the surface gradually decreases with increasing depth, and below a depth of about 15–20 m, the 
temperature remains constant throughout the year. The undisturbed ground temperature at 
depths of about 100 m is around 10 °C (in Central Europe) with thermal conductivities varying 
depending on the soil composition (see also Chapter 2.3).  

Seasonal thermal storage requires large and inexpensive storage volumes and low energy losses, 
which is why underground thermal energy storage (UTES) systems are promising (Nordell, 
1998, 2000). Among the UTES systems developed since the 1970s, the borehole thermal energy 
storage (BTES) is the most well-known. The ground-source heat exchanger (GSHX) consists of 
one or many boreholes with tubes conducting heat or cold from outside and exchanging that 
heat or cold with the ground. When the boreholes are grouped, and soil thermal conductivities 
are low, the thermal storage capacity is enhanced. In contrast, higher conductivities and a 
more elongated layout will increase the energy dissipation into the surroundings and help to 
maintain a steady ground temperature. The application of ground-source heat exchangers 
and heat pumps in GEOTABS buildings today takes place on the shared edge of these two 
perspectives: considering the earth as a thermal source and as thermal storage.  

Ground source heat pumps (GSHP) become increasingly efficient as the temperature of the 
heat source and the heat sink of the heat pump (the ground and the building, or vice versa) 
become closer to each other. In practice, this happens when the temperature requirement 
for space heating is low, below 35 °C. In the last decades, increased energy performance of 
the building fabric has led to a reduction of the building heating demands and the possibility 
of covering them with low-temperature heating systems. Combining this with large emission 
surfaces available in TABS has proven successful in practice with heating water temperatures 
as low as 22–28 °C and cooling water temperatures as high as 15–22 °C. With a proper system 
design, this leads to very high seasonal performance of the heat pump and very high energy 
efficiency of the whole system. Moreover, in buildings with moderate cooling demand,  
the heat pump can be bypassed as the underground temperature is sufficiently low to cool the 
building in a very energy-efficient way. This method is called passive cooling. 

In the GEOTABS building, the TABS acts as a short-term (daily) heat or cold storage, reducing 
the maximum required powers and temperatures, and decoupling the time of energy supply 
and demand. The geothermal source can be understood as an unlimited energy source that can 
be exploited at a relatively constant temperature throughout the year. On the other hand, the 
geothermal source can be conceptualised as seasonal storage (yearly cycle) from which heat 
is extracted in the winter season (to heat the building), and the heat is stored in the summer 
season (to cool the building), in which case yearly temperature cycles appear underground 
(see Figure 1.7). Both aspects of storage and dissipation are present in the design of GSHP 
systems. A system will be more inclined to one or the other depending on a number of factors, 
such as the heating and cooling demands of the building(s), the properties and temperature 
levels of emission systems and heat pumps, the availability of additional energy sources  
(e.g. cooling towers or solar thermal boilers) to regenerate the ground thermal balance, the 
thermal and geological properties of the ground (or aquifer) and the geometrical design of  
the GSHX (see Figure 1.8). These parameters must be considered to achieve an optimal system 
that works efficiently in economic, technical and environmental terms.  
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Figure 1.7: Concept of seasonal storage: winter situation (left), summer situation (right) and seasonal cycles of 
underground temperature

Figure 1.8: Most common types of BTES geometrical design: vertical, horizontal and energy piles

GSHP and UTES systems are applied in various European countries and North America. While, 
in many countries these systems are already considered as a standard design option for 
heating and cooling, in others the technology is quite recent. Rybach et al. (2000) describes 
the technologies, the market situation, future trends and questions related to GSHP systems 
development in Europe. Applications and experiences with UTES systems in combination with 
GSHPs in various European countries are given in Hendriks et al. (2008). A world overview of 
geothermal heat pumps development and utilisation is presented by Lund et al. (2004). Finally, 
seasonal cold storage systems with heat pumps, as a more energy-efficient alternative to 
chillers, have been under investigation by the IEA since many years and are now commercialised 
in some countries (see IEA ECES Annex 7). 

Underground temperature

winter spring summer autumn

Energy pilesHorizontalVertical
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1.3. Challenges for GEOTABS

Practical issues around design and installation were challenges when introducing TABS to the 
market in the 1990s. In a classical building process, HVAC is installed after the building fabric 
is constructed. TABS requires an accurate HVAC design earlier in the construction process so 
that pipes can be embedded in the construction slabs or walls. TABS must be integrated with 
the structural design of the steel reinforcement in the concrete. The contractors involved 
in the construction and piping process must plan and work carefully. Gradually companies 
started offering prefabricated TABS-slabs, making the construction process faster and 
reducing the risk of damaging the pipes during construction. Also, thorough preparation of the 
design, and in some cases, a reallocation of the coordination budget to the designers, leads to  
a reduction of the construction time and, therefore, can be beneficial for the developer. 

Another important challenge was the acoustic comfort in spaces with TABS. In most cases, 
the main heat exchange between TABS and the room is via the ceiling, so the concrete 
ceiling surface cannot be covered with suspended acoustic ceiling panels. It has turned out 
that acoustic comfort has not been a major problem for the implementation of TABS. Both 
laboratory and field studies show that even with some suspended acoustic baffles and ceilings, 
there is still a significant heat exchange between the TABS surface and the room (Dominguez 
et al., 2017). A suspended surface coverage of 70% leads to only about 30% emission decrease 
(Peperkamp & Vercammen, 2009).

Today, the biggest and most stable market for ground source heat pump systems is Sweden due 
to favourable policies. Although TABS may not be the preferred emission system due to climate 
conditions, pilot projects are being completed with low exergy building solutions in extreme 
winter conditions. The heat pump revolution has also reached Switzerland, which leads the 
European market for the number of heat pumps per m2. In Spain, shallow geothermal systems 
experience steady growth and, more specifically, passive cooling of buildings is increasingly 
relevant to decrease the carbon intensity of space cooling, which is expected to see a six-fold 
increase in the residential sector.

Drilling boreholes was a major concern in the 1990s, for fear of potential environmental 
damage. The main issues at that time were not sealing the soil between two underground 
aquifers, neglecting pressure levels in those aquifers, using non-biodegradable brine, which 
could affect the soils in the event of leaks, and using return temperatures that were too high, 
which could affect water biology in pipes and aquifers. Since that time, many best-practice 
international documents have converged into a final report (Reuss, 2020). In most countries, 
certification is mandatory for drilling companies. Legislation that reduces or prevents risk 
should be enforced in countries where GSHPs are new. Good execution practices also consider 
grout types, grout filling procedures, and spacers between the inserted probes, keeping the 
focus on avoiding short- and long-term damage to the boreholes caused by unprofessional 
behaviour from inexperienced drilling companies. 

The technology is mature. Supporting documentation offers sound guidelines, growing quality 
assurance, and examples of legislation and certification schemes. In 2020, the framework is being 
adopted region by region, and different regions have different degrees of implementation. 
Seeking out a good selection of qualitative and experienced partners when starting a project 
remains key.
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State-of-the-art GEOTABS Design  
and Control

Author: Bjarne W. Olesen
with contributions from Héctor Cano Esteban

2.1. Design of Embedded Radiant Heating and Cooling Systems

Radiant systems embedded in floors, walls, ceilings and construction slabs are used in all types of 
buildings: residential, commercial, offices, health care buildings, airports and industrial facilities. 
Due to the large surfaces for heat transfer, the systems are operated at temperatures very close 
to room temperature with low water temperature for heating (as low as 22–28 °C) and high 
water temperature for cooling (as high as 15–22 °C). Depending on the position of the piping 
(see Figure 1.5), the system can take advantage of the thermal storage capacity of the building 
structure.

The heat exchange coefficients between the heated or cooled surface and the room are 
essential elements in the design of radiant heating and cooling systems. Figure 2.1 shows the 
total heat transfer coefficients between a heated or cooled surface and a room ((REHVA-2007; 
ISO 11855-2, 2018; Olesen, 1997, 2000). The radiant heat transfer is, in all cases, 5.5 W/m2K.  
The convective heat transfer then varies between 0.5 and 5.5 W/m2K, depending on the surface 
type and on the heating or cooling mode. The radiant heat transfer varies between 50 and 90% 
of the total heat transfer. The heat transfer coefficient for a cold ceiling and warm floor will vary 
between 9 and 11 W/m2K depending on the difference between the operative temperature in 
the space to and the average surface temperature of the room tS,m according to the following 
equation: 

q = 8.92 (to − tS,m )1.1

Figure 2.1: Heat transfer coefficients between heated/cooled surface and room. Credit:Bjarne W. Olesen

2

Floor Ceiling Wall

Heat transfer coefficient
Heating          Cooling

W/m2K

15

10

5

0

11

7 6
8 8

11



26 Storage integrated and hybrid renewable comfort supply concepts for buildings

The radiant heat transfer does not directly affect the room air temperature. The longwave 
radiation heats or cools the surfaces surrounding the room, which then indirectly heat or cool 
the room air. The heat transfer process between the water and the room is quite different from 
conventional air systems. Therefore, international standards on radiant heating and cooling 
systems have been developed based on system design and existing standards from different 
countries. The international standard ISO 11855-2018, Building environment design – Design, 
dimensioning, installation and control of the embedded radiant heating and cooling systems 
has six parts:

Part 1: Definition, symbols, and comfort criteria
Part 2: Determination of the design and heating and cooling capacity
Part 3: Design and dimensioning
Part 4: Dimensioning and calculation of the dynamic heating and cooling capacity of 
thermo-active building systems (TABS)
Part 5: Installation
Part 6: Control

At a given average of surface temperature and indoor air temperature (the operative 
temperature,  to), all surfaces of floor, wall and ceiling will deliver the same amount of heat 
flux to the space regardless of the embedded radiant system type. Therefore, it is possible to 
establish basic formulas or characteristic curves of heating and cooling for all the heating and 
cooling surfaces independent of the embedded system types. Simplified calculation methods 
are specific for the given system types within boundary conditions. Based on the calculated 
average surface temperature at a given heat-transfer-medium temperature and space 
temperature, it is possible to determine the steady-state heating and cooling capacity. In the 
case that a simplified calculation method is not applicable for the considered system, either 
two- or three-dimensional finite element or finite difference methods or laboratory testing 
may be applied. The temperature distribution in a floor cooling system, calculated using 
transient FEM software, is shown in Figure 2.2.

 

Figure 2.2: Temperature distribution and cooling effect for a floor system calculated by FEM software for a floor cooling 
system with 19 °C water temperatures and 26 °C room temperature (REHVA-2007).
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The ceiling has a capacity up to 100 W/m2 for sensible cooling and 40 to 50 W/m2 for heating. 
The floor has a capacity up to 100 W/m2 for heating and 40 W/m2 for sensible cooling. When 
direct sunlight strikes the floor, the sensible cooling capacity of the floor may rise to more than 
100 W/m2 because of the increased temperature difference between the cooled floor and the 
solar radiation on the surface. For this reason, floor cooling is often adopted in spaces with 
large window areas like airports, atriums and lobby halls. In addition, floor cooling offers the 
architectural advantage of space liberty, where the building interior is not occupied by radiators, 
fan coil units (FCU) or suspended ceilings to cover air ducts. See also Chapter 5.

For TABS, the steady-state heating or cooling capacity calculation is not sufficient because 
these systems often operate in the transient regime. Therefore, the analysis must use dynamic 
simulation software that can predict the dynamic behaviour and performance of the system 
and the building (Olesen 2012). Today, all major commercial building simulation programs can 
dynamically simulate TABS.

TABS allow shifting the time between energy demand (e.g. during office hours) and energy 
supply (e.g. during nighttime), by exploiting a building’s high thermal inertia. This load shifting 
allows anticipating or delaying heating or cooling loads and using energy at the most efficient 
moment. For example, electricity for heat pumps and pumps can be used at times with low 
rates, and free cooling can be applied at night. At the same time, peak shaving is used to reduce 
peaks in the required heating or cooling power. Peak shaving allows reducing the size (and thus 
investment cost) of heating and cooling production systems. 

Figure 2.3: Example of peak shaving effect, with (1) heat gain, (2) power needed to condition the ventilation air,  
(3) power needed on the water side and (4) peak heat gain reduction Credit: Michele de Carli (ISO11855-4, 2018)

Peak shaving is illustrated in Figure 2.3, where the TABS is supported by a ventilation system. 
During the day, the heat is extracted from the occupied space by the ventilation system and 
stored in the (pre-cooled) concrete slabs. During the night, the level of ventilation is reduced, 
and the circulation of cool water in the TABS slabs removes the stored heat. 

4000

3400

2900

2400

1900

1400

900

400

-200

0.0
0

1.0
0

2.0
0

3.0
0

4.0
0

5.0
0

6.0
0

7.0
0

8.0
0

9.0
0

10
.00

11
.00

12
.00

13
.00

14
.00

15
.00

16
.00

17
.00

18
.00

19
.00

20
.00

21
.00

22
.00

23
.00 0.0
0

Y

X

4

1

2

3

 1 heat gain

 2 power needed for 
conditioning the  
ventilated air

 3 power needed on the 
water side

 4 peak heat gain reduction



28 Storage integrated and hybrid renewable comfort supply concepts for buildings

In the cooling mode for both TABS and conventional air systems, the load over a day (curve 1 
in Figure 2.3) must be removed within 24 hours. Otherwise, the room will become warmer day 
by day if the weather remains the same. Air systems immediately remove the heat delivered to 
the space and, therefore, the load in the room will be the instantaneous system load. Radiant 
systems, and especially TABS, remove the load from the room in three ways: absorption into 
the concrete slab, removal by the ventilation system and removal by the water circulating in the 
slabs. Therefore, the load is removed by a slab system over 24 hours and by an air system over 
8–10 hours. Thus, for TABS, the calculated design space load does not equal the system load. 
After the water circulation in the slab has been stopped during the day and before it starts again 
in the evening, there will be a high peak cooling load between the heated slab and the cool 
water. This load should not be used to size the cooling production system, as it is a very short 
peak and the capacity needed will decrease significantly after some minutes. Therefore, the use 
of dynamic building simulations is recommended to estimate the size of the energy production 
systems and the ventilation system (which acts here as a secondary cooling emission system) to 
avoid significant overestimation. In Chapter 4, a more straightforward methodology to design 
these systems is introduced.

 2.2. Radiant Heating System Controls

The control of the heating and cooling system maintains the indoor temperatures within the 
comfort range under the variation of internal loads and outdoor climate. The control system 
must maintain the balance between the heat gains and losses of the building and the supplied 
energy from the system. Several studies in literature deal with the control of radiant heating and 
cooling systems.

The control of radiant heating and cooling systems takes place at different levels that can be 
classified as central control of the entire installation, zone control of groups of rooms and 
individual room control. The central control will control the supply water temperature for the 
radiant system based on the outside temperature. The room control will then control the water 
flow rate or water temperature for each room according to the room set-point temperature.  
For TABS, an individual room control will be less important and is mainly used to control a 
secondary emission system, which often will be a ventilation system. For TABS systems, the 
concrete slab can be controlled at a near-constant core (water) temperature all year. Therefore, 
control at the zone level rather than individual room control is more appropriate because,  
at the zone level, control of the supply water temperature, average water temperature, or flow 
rate would be possible. A TABS-zone is a group of rooms with similar thermal properties. Larger 
buildings especially should be divided into several thermal zones (e.g. a building or building floor 
can be divided into a north zone and south zone) to optimise energy and control performance. 
Each zone can be controlled from a temperature sensor in a representative space of the zone. 

Controlling the average water temperature (which is the mean value of supply and return water 
temperature) according to outside and indoor temperatures provides faster and more accurate 
control than controlling the supply water temperature. As the internal load increases during 
the heating period, the heat output from the radiant system will decrease, and the return 
temperature will rise. If the control system controls the average water temperature, the supply 
water temperature will automatically decrease due to the increased return water temperature. 
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This method of control will result in faster and more accurate control of the thermal output to 
the space. It will give better energy performance than controlling the supply water temperature.

Radiant surface cooling systems must include controls to avoid condensation, for example, by 
limiting the minimum supply water temperature based on the zone with the highest dew point 
temperature. Therefore, the temperature of the rest of the system will be higher than the dew 
point, and there is no risk of condensation on the pipes or the surface of the radiant system. 
However, high indoor humidity levels will also lower the cooling power of the radiant system. 
Therefore, dehumidifying the ventilation air is one solution that allows a higher cooling capacity 
of the radiant system.

In a dynamic building simulation study, different control concepts were used to regulate TABS 
in an office with two people in the German city of Stuttgart. TABS used a rule-based control 
(RBC) system active from 18:00 to 06:00, providing heating when the operative temperature was 
lower than 22 °C, and cooling when it was higher than 23 °C (Olesen and Dossi, 2004). Figures 
2.4 and 2.5 summarise the operative temperature ranges and energy use in the summer period 
May-September, for six different TABS control concepts. In the first control, the supply water 
temperature Tsup was set equal to the internal dew point temperature Tdp. This control provides 
comfortable room temperatures between 22–25 °C during 85% of the occupied time, but the 
space was cooled below 22 °C for 15% of the time. However, the energy use is extreme because 
of the need to re-heat after using water temperatures that were too low. The second and third 
controls, respectively, set the supply water temperature and the average water temperature 
Tavg equal to a function of the outside temperature. Both controls provided similar thermal 
comfort with room temperatures between 22 °C and 26 °C for 95% of the time, and the energy 
use was much lower with only a little reheating needed. However, in the third concept with  
Tavg , the pump running time and auxiliary energy use for the pump was much lower. The 4th, 
5th and 6th control concepts used a constant average water temperature of 22 °C, 20 °C and  
18 °C, respectively. These three concepts did not provide optimal comfort, increased energy 
use and increased pumping energy use. In conclusion, this study shows that overcooling 
should be avoided during nighttime to reduce the need for re-heating during the day.  
The study also shows that keeping a constant water temperature is not optimal. 



30 Storage integrated and hybrid renewable comfort supply concepts for buildings

Figure 2.4: Operative temperature range for different water temperature control concepts (Olesen and Dossi, 2004).

Figure 2.5: Energy use for heating/cooling and pump for different water temperature control concepts (Olesen and 
Dossi, 2004)

The relatively small temperature differences between the TABS surface and the space lead  
to an interesting effect called ‘self-regulation’. This ‘self-regulating’ effect depends partly  
on the temperature difference between the room and the heated/cooled surface, and partly on 
the difference between the room and the average temperature of the pipe-embedded-surface 
layer. This impact is higher for systems with surface temperatures close to room temperature 
because the small temperature change represents a higher percentage compared to the same 
temperature change at a high-temperature difference. The TABS’ self-regulating effect supports 
the control equipment in maintaining a stable thermal environment and providing comfort to 
the people in the room.
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As the TABS does not remove the room load immediately, a small room temperature drift 
will appear in the room. Figure 2.6 shows the result of a dynamic building simulation used to 
verify whether, for the water temperature or given chiller capacity, the room will be kept within  
the comfort range. Water of 20 °C is circulating in the concrete slab from 18:00 to 08:00, and the  
room is kept within the comfort range –0.5 < PMV < +0.5. The operative temperature runs 
between the line for air temperature and mean radiant temperature and is within the comfort 
range of 23–26 °C.

Fig 2.6: Example of the temperature changes during a day in a space with TABS. Credit: Michele de Carli

Temperature fluctuations up to 3–4 °C per hour will not cause any additional comfort problems 
if the room temperature is within the specified comfort zone. Moreover, allowing for such 
temperature fluctuations in the room may reduce the energy demand of the room and bring 
significant energy savings compared to maintaining very constant temperatures. 

Control strategies that can incorporate this temperature ‘flexibility’ that is natural to TABS in their 
boundary conditions can exploit the TABS capability to reduce peak demands in the building. 
Similarly, these buildings can absorb peaks of renewable energy from the grid. In sum, these 
systems offer promise for reaching better results about their objectives of minimising energy 
use, energy cost and environmental impact. Chapter 3 will discuss advanced control concepts 
that have this power. For more reading about state-of-the-art control of GEOTABS, we also refer 
to Deliverable 4.8. 
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2.3. Design and Control of Ground-source Heat Pumps

The earth is a ubiquitous thermal energy source and an immense thermal storage. The 
temperature measured in the first kilometres of the earth’s crust slowly increases with depth, 
following an average progression of about 3 °C per 100 m of depth. The relationship between 
the variation in temperature and the depth under the earth’s surface is called the geothermal 
gradient (see Figure 2.7) and remains stable throughout the year. Close to the surface of the 
earth, where the influence of the climate and the atmosphere can still be felt, the temperature 
undergoes a seasonal variation that is gradually attenuated until it becomes stable at a depth of 
about 15–20 m (dependent on the subsoil thermal properties). At that point, the temperature is 
typically close to the yearly average outdoor temperature at the surface, which is around 10 °C 
in Central Europe. 

Figure 2.7: Theoretical depth-temperature profile in the ground in Central Europe (source: Boydens et al., 2013)

Knowledge of the subsoil properties is essential when designing a GSHX for a project. 
Bibliographic data in tables and maps can be consulted to estimate these properties. For 
example, the average underground thermal conductivities map in Figure 2.8 shows a significant 
variation between nearby locations. Therefore in midsize and large building projects using 
shallow geothermal sources, the use of an on-site geothermal response test (GRT) is the most 
prevalent practice. The GRT consists of an on-site test in a pilot borehole to determine the 
thermodynamic parameters of the subsoil. A constant heat input is brought into the borehole 
for about 2–3 days, and the temperature response is measured. This test allows estimating (1) 
the effective thermal conductivity of the subsoil, which describes the heat transfer through 
conductivity in the subsoil, (2) the thermal resistance of the geothermal probe, which indicates 
the thermal resistance between the collector circuit and the subsoil for dissipation of power, and 
(3) the prevalence of groundwater flows. 
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Figure 2.8: Average thermal conductivity in postal districts of the Spanish Principality of Asturias (source: RGS, 2018) 

However, conductivities not only vary depending on the location on earth but also on the depth 
in the subsoil, where the boreholes pass through various geological layers, each having their own 
properties. Groundwater flows may also affect conductivity. Improved devices and technologies 
such as enhanced geothermal response tests (EGRT) can monitor the earth and know how it 
changes with time and depth of the geothermal resources. A better knowledge of the subsoil 
allows optimising the design and configuration of the borefield, reducing the total metres of 
drilling and increasing the security of thermal supply during the building’s lifetime.

Figure 2.9 shows the temperatures measured by use of an EGRT performed in Madrid in 2017. 
The temperatures of the subsoil are shown at various depths and times. First, the unaltered 
temperature was measured along the geothermal probe (red curve). The graphic validates the 
typical theoretical depth-temperature profile of the earth, as seen in Figure 2.7. The unchanging 
temperature point appears at around 20 m depth, at 15.5 °C. A geothermal gradient can be 
observed from that point. The rest of curves represent temperatures along the drilling length 
during a 48 hours heating and recovering process induced by a heating cable installed inside  
of the geothermal probe. The temperature variation rate is due to the different characteristics of 
the layers of the subsoil. Between about 65 and 85 metres, considerably higher water flow rates 
dissipate the heat more quickly, pointing to the presence of an aquifer. These measurements 
provide information about which zones of the sub-soil have a lower or a higher thermal 
conductivity and the influence of the different materials or groundwater. Different layers of the 
subsoil might be the most efficient, depending on the desired use of the geothermal resource, 
such as storage, extraction or dissipation. 
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Figure 2.9: Temperature along the drilling depth at different times in Madrid, Spain (source: Deliverable 4.8)

Once the thermal properties of the ground have been mapped, the GSHX can be designed2, 
considering the yearly heating and cooling loads and peak power of the building. The design will 
consider the thermal loads of the building and the complete HVAC production and distribution 
system. The design will also address possible renewable or residual energy sources to regenerate 
the ground. The information and energy simulation programs make it possible to calculate the 
change of the temperature of the carrier fluid that circulates inside of the geothermal field over 
years of operation. 

Simulating the GSHX is needed to validate the geothermal system design and ensure its long-
term operation. The yearly average ground temperature for GSHX must not change too much 
over the years (typically, up to 50-year simulations are performed), as a more extreme change 
would render the heat pump less efficient. In the worst case, the GSHX could become useless. 
This outcome can happen, for example, when there is a severe imbalance between the heat 
extracted and the heat injected to the ground on a yearly basis in combination with a low 
conductivity of the subsoil. Figure 2.10 illustrates the ground temperature during a 10-year period 
for a case-study building with a GSHP and a radiant heating and cooling system. The simulation 
was done for Copenhagen and Madrid. The different undisturbed ground temperature in both 
locations can be observed, as well as the seasonal fluctuations due to heat extracted and injected 
in the ground. The GSHX was used in winter for heating with a heat pump and in summer for 
cooling, including passive cooling. The results show a small decrease in the ground temperature 
in Copenhagen and an almost completely balanced ground temperature in Madrid, over the 
10-year period. In Copenhagen, the need for heating this case-study building is higher than for 
cooling, which means the ground temperature will not be fully re-established during summer. 
The case-study building design is more suitable for Madrid, where it offers a better balance 
between heating and cooling needs with respect to the ground thermal conductivity (Kazanci 
et al., 2014). 
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Figure 2.10: Average ground temperature (source: Kazanci et al., 2014)

The heating and cooling demands of the TABS and the properties of the GSHX will affect the 
design of the heat pump, which is the central element between both energy flows in the GEOTABS. 
The heat pump allows to transfer heat from a heat source at lower temperature to a heat sink at 
higher temperature. Depending on whether the building requires heating or cooling, either the 
GSHX or the TABS are the heat source, and the heat pump cycle is reversed. The work performed 
by the heat pump to supply heat to the heat sink requires energy. Often electricity is used as 
an energy carrier. The efficiency of the heat pump process is expressed by the coefficient of 
performance (COP). As shown in Figure 2.11, the smaller the temperature difference between 
the source and the sink, the higher its efficiency. For example when the TABS heating supply 
water temperature is 25 °C and the GSHX supplies 5–10 °C, one unit of electricity input will result 
in more than 6 units of heat output of the heat pump. When the temperature supplied by the 
borefield is lower than the TABS cooling supply temperature, the heat pump is not required and 
can be bypassed. An additional heat exchanger placed between the GSHX and the distribution 
system for the TABS allows to use the ground source directly. This is called passive cooling, and 
is extremely energy efficient, as only the circulation pumps require electricity. In many GEOTABS 
buildings in central and northern Europe, the entire cooling demand of the building can be 
provided by passive cooling. In climates or building typologies with high cooling requirements, 
the heat pump will assist in active cooling of the building. 
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Figure 2.11: Coefficient of Performance of a heat pump2 at various inlet and outlet temperatures (source: Deliverable 6.4)

This is why TABS, operating at temperatures very close to comfort temperatures, makes a very 
energy-efficient match with shallow geothermal energy (Himpe et al., 2018). A good hydraulic 
design and optimised control will try to maximise the HVAC system efficiency throughout the 
varying temperature conditions at the source and the sink side throughout the year. More 
information on the state-of-the-art design and control of GEOTABS and its key components can 
be found in Deliverable 4.8, 6.1 and 6.2 and in REHVA Guidebook No.20 (Boydens et al., 2013). 

co
effi

ci
en

t o
f p

er
fo

rm
an

ce

0

2

4

6

-5 0 5 10 15 20

8

-10

water/brine inlet temperature in °C

THF  = 25 °C

THF  = 35 °C

THF  = 45 °C

THF  = 55 °C

THF  = 60 °C

THF Flow temperature, 
heating circuit



 37

 
Why hybridGEOTABS?

Author: Wim Boydens

In the previous chapters, we have focused on the behaviour of a low-temperature heating 
and high-temperature cooling radiant emission system, TABS, that integrates thermal energy 
storage. We have illustrated the multiple advantages it brings and could bring to the building 
by providing a high and robust comfort level and aesthetic integration. Also, TABS offers 
opportunities for flexible interaction with a district energy system. We have discussed the GSHP 
as a low-carbon thermal supply that enables cooling and heating with a very low environmental 
impact, and we have explained why these two technologies can be combined into GEOTABS to 
complement each other’s strengths both economically and environmentally. Finally, we saw 
that a good ventilation system, required to provide good indoor air quality (IAQ) in GEOTABS 
like in any other building system, could offer more functionality than simply providing clean 
air…

Despite its interesting benefits, the ‘pure’ GEOTABS concept also has some limitations. Due 
to its thermal storage capacity, switching TABS from heating to cooling mode within a single 
day may destroy its energy-efficiency, and thermal comfort in buildings that demand such fast 
switches may be violated. One strategy is to design the building so that its demand profile 
matches perfectly with GEOTABS by optimising the insulation levels, glazing and shading. This 
was common practice in previous decades and is still an interesting approach for some buildings. 
However, some design decisions may affect the architectural appearance of the building 
more than desired, come at a too-high investment cost, or may not be possible at all because 
they are strongly influenced by the climate in combination with the building function/use.  
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Does this mean that a large number of buildings cannot benefit from GEOTABS? No, many 
buildings with high sustainability and comfort targets and much mass in their structures 
deserve GEOTABS by all means. Therefore, the design question becomes: What share of the 
load is appropriate to assign to GEOTABS? After all, the limitations of GEOTABS happen only 
during specific times of the year, for specific uses or in specific zones of the building. Moreover, 
sizing GEOTABS for the entire demand may also lead to system oversizing and a too-long 
return on investment, due to the high investment in the geothermal borefield. The hybrid logic 
makes sense from both a financial and a technical perspective. The goal is an optimum hybrid 
configuration in terms of both investment and operation costs. GEOTABS manages the largest 
share of the thermal demand over the year with the typical splendid performance, and we add 
a fast and low-cost secondary system to solve the weaknesses of the primary system when they 
occur. Because it is less performant, its activation is limited to only those times it is needed.  
A suitable controller, like an MPC, is essential.

Shall I compare this to a world-class soccer team? The best and most expensive players are 
counted on to win the most challenging games and make the difference on the field. They 
are complemented with a bench of alternates who are always available when the core team is 
exhausted, injured or has a lesser day. They are a needed and an essential part of the team if 
it wants to reach its targets and successes. A good coach anticipates and decides when these 
players come into action, controlling and managing the team.
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Market-ready MPC Implementation

Author: Lieve Helsen
with contributions from Filip Jorissen, Damien Picard, Iago Cupeiro Figueroa, Ján Drgoňa

KEY TAKE-AWAYS
Energy and comfort supply concepts for buildings that have integrated storage, are 
hybrid and use renewables are harder to control by proportional–integral(–derivative) 
(PI(D)s) and rule-based control (RBC) systems. The latter typically use control logics such 
as hysteresis controllers and heating/cooling curves, which do not inherently integrate 
both anticipatory system dynamics and forecasts. Model predictive control (MPC) 
incorporates knowledge of the building and its energy system (using a computer model) 
and predictions (of weather, occupancy and energy prices) to anticipate and optimally 
control the energy system. Moreover, MPC is an enabling technology for grid flexibility 
services via price-responsiveness and active demand response capabilities. MPC 
implementation requires three steps: control configuration, supervisory control and 
data acquisition (SCADA) architecture, and communication infrastructure. These steps 
lead to dedicated tools for automated MPC design, plug-and-play implementation, and 
robust operation. The open-source BOPTEST framework allows benchmarking different 
advanced controllers in a virtual test bed to assess MPC performance. In addition to these 
simulations, real demonstrations have shown a systematic thermal comfort improvement 
with simultaneous HVAC (primary) energy savings of around 30%.

3.1. Why Model Predictive Control (MPC)?

Modern HVAC solutions, such as GEOTABS, are energy efficient because of their ability to 
increase the efficiency of energy conversion, which reduces the demand for primary energy. 
Low-temperature emission systems, such as TABS or floor heating, benefit from increased 
thermal mass. Together with higher insulation levels of the building, the time constants of both  
the buildings and the heating and cooling emissions systems are thus increased. These time 
constants determine the dynamics of the entire building. Hybrid renewable comfort supply 
concepts are characterised by intermittent energy sources that feed multiple heat and cold 
production units, while integrated forms of storage allow decoupling energy supply and demand.

Storage-integrated, hybrid building systems, which provide comfort and use renewables 
extensively, are harder to control using PI(D) or RBC. The latter uses a control logic such as 
hysteresis control and heating-cooling curves, which do not explicitly integrate both system 
dynamics and forecasts. RBC strategies typically include timetables or occupancy schedules. 
However, RBC systems do not dynamically anticipate the impact of future disturbances  
(e.g. solar radiation or user behaviour) on the current control action, nor do they consider 
the impact of the current control action on future system states and, therefore, on the future 

3
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system control action. This lack of anticipation incurs an efficiency loss for such control systems; 
they are unable to shift thermal loads to times when production is either more efficient or 
when a more sustainable heat source can be used, enabled by the thermal capacity inherently 
present in buildings. New buildings typically have more complex thermal systems, with many 
degrees of freedom such as valve openings, pump speeds and supply temperature set points 
(Jorissen et al., 2018a). A single degree of freedom often affects many thermal zones in such 
buildings, and coordinating between these different interests is hard for an RBC system. 
Designers may use conservative set points to satisfy the zone that needs the largest control 
action, which can lead to excessive control actions for other zones. For example, when using 
return water-temperature-controlled two-way valves for a set of parallel TABS circuits, an 
increase in the supply water temperature demand for one TABS slab will increase the heat 
delivered to all TABS slabs. Secondary systems may automatically compensate for this, which 
can sometimes lead to simultaneous heating and cooling of the same zone. In addition to 
increasing the primary energy use of such buildings, thermal comfort may be jeopardised, 
e.g. due to overheating caused by fast disturbances, such as solar gains, or by insufficient 
secondary capacity to compensate for an excessive control action of the primary system.  
Such problems can cause an uncomfortable environment and a loss of productivity, which  
also has indirect financial implications (Verhelst, 2017; Wargorcki et al., 2006).

Badly performing RBC systems can lead to long commissioning periods that generate 
additional hidden costs and possibly even lead to the installation of extra secondary systems 
that increase the total cost of building ownership. In extreme cases, energy-efficient devices 
may be switched off in favour of secondary systems, or a malfunction of the energy-efficient 
device or controller may go unnoticed if the secondary device takes over. The underground 
thermal balance in the borefield should be guaranteed to ensure long-term sustainable 
operation of hybridGEOTABS systems. Until now, this balance has been covered by sizing 
the borefield large enough. However, in hybrid systems that are controlled by predictive 
controllers that take both short- and long-term objectives into account, these control 
strategies may facilitate smaller (and thus cheaper) borefield sizes without harming the  
long-term sustainable operation. State-of-the-art RBC systems are not always capable 
of coping with the complexity of contemporary thermal systems in buildings, such as 
hybridGEOTABS (Jorissen et al., 2018a). MPC is a fundamentally different type of controller  
that has the potential to solve many, if not all, of the problems.  

3.2. What is MPC?

MPC is a control strategy that optimises a system’s control inputs using a computer model of the 
system and predictions of disturbances such that an objective function is minimised. Constraints 
can be enforced to bound the allowed solution space of the optimisation problem. MPC can be 
applied to building control problems (see Figure 3.1 for a schematic presentation). It is an optimal 
controller which computes the optimal value of the control inputs of a system so that the system 
behaves as required and in the best possible way. In a simple example case of a building, the 
desired behaviour may be that the temperature inside the building remains above 20 °C and 
below 24 °C during the daytime. Within these temperature constraints, the ‘best possible way’ 
can mean using as little energy as possible or using the energy of the photovoltaic panels as 
much as possible and the electricity from the grid as little as possible. MPC uses a model and 
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measurements of the building and HVAC and predictions of phenomena that will disturb the 
state of the system, such as the weather and occupancy. This information is used to know 
the current state of the systems and estimate the effect of possible actions in the near future. 
The control inputs, resulting from the optimisation, can be the pump frequency or the valve 
opening, which determine the amount of heat or cold sent to a building zone (Jorissen et al., 
2018a; Picard, 2017). 

Figure 3.1: Schematic presentation of the principle of MPC (Picard, 2017).

3.3.  MPC Basics

MPC is a constrained optimal control strategy that calculates the optimal control inputs by 
minimising a given objective function over a finite prediction horizon, typically a number of 
days for buildings. The mathematical model of the system together with the current-state 
measurements and weather and occupancy forecasts are used to predict and optimise the 
future behaviour of the building. The terminology used is summarised in Table 3.1 (based on 
Picard, 2017), and an overview of useful objective functions is presented by Cupeiro Figueroa  
et al. (2018) and Deliverable 3.2.
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Table 3.1: Terminology used for MPC

Models Controller model The model used by the MPC algorithm to predict 
the behaviour of the system. The complexity of 
the controller model is typically kept low as it is 
used by the MPC optimisation algorithm.

 Emulator model More detailed model of the system used to 
mimic the behaviour of the real system. Emulator 
models can be used as a virtual testbed.

State-space model (SSM) Mathematical representation of a physical 
system written as a set of first-order differential 
equations composed of inputs, outputs and 
states.

Variables Control variable/input; also called 
manipulated variable

Variable that the MPC algorithm can optimise  
to bring the system to its desired state. 
Examples: pump frequency and valve opening.

 Disturbance variable A variable that is not controllable but which 
influences the system. Example: outdoor 
temperature

 Input variable, also called 
measured variable, though not all 
input variables are measured

The input of the controller model. Typically, the 
control variables and the disturbances constitute 
the inputs.

 State variable Differentiated variable from the controller 
model. The state variables are, loosely speaking, 
the memory or the inertia of the system.

Horizons Prediction horizon The time window for which the MPC algorithm 
receives disturbance predictions and optimises 
the control variables.

 Effective horizon A subset of the prediction horizon during which 
the optimal value of the control variables is 
applied to the system before the MPC algorithm 
re-measures the system and re-computes the 
optimal values.

Objective 
function

 The function that the MPC algorithm minimises 
by finding the optimal value of the control 
variables for the entire prediction horizon while 
fulfilling the constraints.

Constraints Equality constraints Constraint that is an equation that obliges a 
variable to be equal to a time-varying value. 
Example: fixed ventilation flow rate

 Inequality constraints Constraint that obliges a variable to be larger or 
smaller than a time-varying value. Example: the 
temperature inside the building must remain 
higher/lower than the lower/higher comfort 
temperature.

 Hard/soft constraints A constraint is called hard if it must always be 
respected. If the constraint is soft, the constraint 
violation is caught by a slack variable that is 
penalised in the MPC objective function.
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Figure 3.2 illustrates a typical abstract closed-loop MPC scheme that can describe most of the 
building control applications (Drgoňa et al., 2020b). The control loop consists of the building 
affected by disturbances d (e.g. weather conditions), predicted by weather forecast ^d, and 
the state estimator providing the state estimates ^x (because the measurements of the system 
generally do not coincide directly with the states of the controller model). The MPC controller, 
which optimally manipulates the control actions u (e.g. heat flow, valve opening, pump power), 
such that it minimises the energy used and keeps the output vector y (e.g. room temperatures) 
within the given comfort bounds/constraints, is also part of the control loop. The MPC 
performance depends on the accuracy of the prediction of the disturbances and of the building 
behaviour and on the prediction and effective horizon lengths. Key performance indicators (KPIs) 
assessing MPC performance could include primary energy savings, operating costs savings, 
indoor environmental quality improvement, and greenhouse gas emission reduction. Additional 
performance indicators are computer hardware and software requirements, computation 
time, robustness to changing conditions, sensitivity to model and forecast uncertainty, data 
requirements, implementation effort, and installer expertise. For the mathematical formulation 
and more details, the reader is referred to Drgoňa et al. (2020b).

Figure 3.2: Schematic representation of the standard closed-loop system for building control with MPC and a state 
estimator (Drgoňa et al. 2020b).

3.4.  Main Challenges in MPC Design and Application

Despite the abundance of research and several pilot installations, the transfer of MPC 
technology to the building market is still in its early stages. Building management systems 
(BMS) engineers do not have advanced education in modern optimal control methods and 
tools, unlike control engineers in other fields such as the process industry that have utilised 
MPC successfully. Moreover, in contrast to the production of cars or user electronics, the 
design and production of buildings and their HVAC systems are not standardised. Every 
building is a unique system that requires tailored modelling and control design, hence 
imposing increased engineering time and cost, particularly for advanced control strategies. 
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All of this emphasises the requirement for extending the theoretical education and practical 
skill set of the building control practitioners to the installation, maintenance, and operation 
of advanced MPC applications. An additional limiting factor is the poor information and 
communication technology (ICT) infrastructure in existing buildings. One of the emerging 
advanced building control solutions is cloud-based control as a service platform. However, 
significant privacy and cyber-security challenges are linked with these remote-control 
architectures. Based on the observations described above and reflections presented in Cigler 
et al. (2013) and Prívara et al. (2013), six main challenges for the wide-spread application of  
MPC to buildings are defined (Drgoňa et al., 2020b):

1. Availability of appropriate hardware and software infrastructure with compatible 
communication interfaces.

2. User-friendly, control-oriented, accurate and computationally efficient building modelling.
3. Automated design, tuning and deployment of MPC.
4. Plug-and-play implementation and robust operation of MPC.
5. Privacy and cyber-security issues and user trust.
6. Trained personnel to handle commissioning and maintenance of MPC in practice.

The first challenge is about market adaptation. The EU-H2020-hybridGEOTABS project has 
contributed to the second, third and fourth challenges by developing a toolchain for semi-
automated control and optimisation starting from physics-based, white-box models in 
Modelica (Jorissen et al., 2018a), as well as a workflow for grey-box models. Other approaches 
start from building information models (BIM) (e.g. Andriamamonjy, 2018) or from physically 
inspired, reduced-order grey-box models obtained by the GreyBox Toolbox (e.g. De Connick et 
al., 2016). Dedicated tools are emerging for automated MPC design (e.g. Jorissen et al., 2018a; 
Blum and Wetter, 2017; Drgoňa, 2019), tackling the third challenge. The fourth challenge is taken 
by computationally lightweight approximations of MPC control laws (e.g. Drgoňa et al., 2018), 
rule-extraction algorithms based on machine learning (e.g. Domahidi et al., 2014) or toolchains 
for the generation of optimised C-code (e.g. Jorissen et al., 2018a). Privacy and cyber-security 
issues (Challenge 5) could be solved in two ways: (1) by using local control solutions without 
the need for real-time remote communication, and (2) by adopting advanced cybersecurity 
measures. An international team delivered a comprehensive summary on the topic of MPC in 
buildings (Drgoňa et al., 2020b) to contribute to the last challenge.

The ground thermal balance sets an additional challenge to MPC design because a typical 
MPC prediction horizon is in the order of days, while the ground dynamics range in the order 
of months and even years (see Section 2.3). The controller thus needs to account for both 
short- and long-term objectives, which might explode the computation time or even make the 
optimisation problem computationally intractable. A methodology that considers the long-term 
effects in the borefield by including a shadow-cost in the objective function has been developed 
in the EU-H2020-hybridGEOTABS project (Cupeiro Figueroa et al., 2020). The shadow-cost is 
computed for a given long-term horizon that is discretised over time using predictions of the 
building heating and cooling needs. The methodology can optimally use active regeneration of 
the borefield and reduce the overall operational costs. However, this optimisation comes at an 
increased, but tractable computational cost compared to short-term MPC.
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3.5.  Main Steps in MPC Implementation

The three key elements in practical MPC implementation are (1) control configuration, 
(2) supervisory control and data acquisition (SCADA) architecture and (3) communication 
infrastructure, as illustrated in Figure 3.3. These elements lead to eight successive steps in the 
implementation process, as discussed by Drgoňa et al. (2020b). 

Figure 3.3: General framework for MPC implementation in buildings (Drgoňa et al. 2020b).

This section provides some experience-based practical guidelines for MPC implementation 
in real buildings, presented as eight successive steps (Drgoňa et al., 2020b; Jorissen et al., 
2018b; Perarnau, 2018). The preliminary phase starts with a feasibility analysis that should be 
based on controllability and measurability of the building via the installed building automation 
system (BAS). The second step is to evaluate the economic potential for a building of interest 
incorporating investment, engineering, commissioning and operating costs, thereby 
internalising the external costs (e.g. CO2 emissions) as much as possible. The MPC design 
phase starts by setting up the real-time communication between the BAS and the supervisory 
computer for automated data logging and storage (communication infrastructure – third 
step). This automated communication functionality is a great advantage for any real-time 
dynamic optimisation scheme such as MPC, while historical data stored in databases serve for 
modelling and tuning purposes. If automated communication is not available, at least access 
to all building data is necessary. Required data points need to be selected based on the design 
of the model and control architecture. Today, such functionality still represents a bottleneck  
due to the large variety of protocols, interfaces and BAS vendors with closed solutions.  
The fourth step consists of modelling. First, engineers need to define the objectives, constraints 
and KPIs for performance assessment of the models and control strategies. Subsequently,  
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a control-oriented model needs to be developed via dedicated software tools. After construction 
of a sufficiently accurate model, a control configuration needs to be defined in the fifth step.  
If the selected configuration is not realisable within the current communication infrastructure, 
then either the control configuration is modified, or the list of available data points is extended. 
In the sixth step, the problem class is identified, and the solution method, including appropriate 
solvers, is selected to solve the optimal control problem that was formulated in the fourth step. 
The implementation of the MPC algorithms follows. 

After tuning and performance evaluation in closed-loop simulation studies when needed3, the 
controller is deployed in the seventh step of the workflow. MPC solvers need to be installed 
either locally or on a remote computational platform and integrated into the BAS of the building. 
The SCADA architecture defines the standards for modern industrial hierarchical control 
systems with four basic levels that are widely adopted in modern buildings. In line with the open 
system interconnection (OSI) architecture, developed by the International Organization for 
Standardization (ISO, 1994), it is generally not recommended to run SCADA on the automation 
or field layer, even though many applications are implemented this way. The deployment phase 
consists of functionality tests and installation of the user interface and backup solutions, such 
as watchdog timers, alarms and automatic controller recovery. The operation phase can be 
initiated in the final eighth step after testing is completed. The installed applications continuously 
monitor MPC functionality, and if error handling logic is triggered, then alarms are automatically 
sent with messages to the building operators and responsible engineers.

In the EU-H2020-hybridGEOTABS demonstration building Infrax/Fluvius, an office building 
located in Belgium (see Section 5.3), a centralised approach with the bottom-level open 
communication protocol BACnet, remote MPC deployment and data storage in the cloud was 
used, as depicted in Figure 3.4 and described in detail in Deliverable 3.6. The building and its 
HVAC system are controlled by several programmable logic controllers (PLC) containing the 
original BAS, which can be consulted through the local computer installed in the building.  
The PLC has a BACnet-over-IP interface giving access to the read and write variables of the 
system (e.g. temperature from sensors, a control signal for valve opening, etc.). The MPC 
computer contains the optimisation code. It can interact with the BAS using the BACnet-over-
IP network and retrieve or send information from the internet (weather forecast using darksky.
net4, measurement data to the database using kb.mervis.info5, MPC metadata using Podio.com6, 
etc.). The MPC computer does not need to be in the same building as long as it has access to the 
BACnet-over-IP network, and it should offer remote access for maintenance.

Functional, automated and full-scale communication outside the commercial BAS is currently 
one of the tedious tasks of real MPC implementation. The problem lies in a large number  
of communication protocols used, closed commercial BAS software solutions, and lack of 
standardised interfaces that make the integration of hardware components from different 
vendors a real challenge. 

3 This need might disappear whenever accurate white-box models are used as controller models and the workflow has been validated.
4 © 2020 Apple Inc.
5 © Energocentrum Plus, s.r.o. 2017 - 2020
6 © 2020 Citrix Systems
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Figure 3.4: MPC implementation in the hybridGEOTABS Infrax/Fluvius-Boydens demonstration building. Credit: Picard

3.6.  MPC Benchmarking

The literature presents several studies that compare two or more MPC formulations, modelling 
methods and tools that were designed to compare MPC performance among various 
conditions and parameter settings. However, both the MPC performance indicators and the 
assessment approach lack a unified framework. The literature studies are limited to the specific 
implementations and conditions under which they were compared, while the tools are limited 
to the building models and MPC approaches implemented by the tool designers. In an ideal 
situation, the benchmark framework would provide representative yet bounded testing 
conditions and scenarios which any control developer could use to test an individual approach.

Such a common framework for testing and assessing MPC performance is being developed 
within IBPSA Project 1 (see Figure 3.5 (Blum et al., 2019)). This framework is a virtual test bed that 
represents a common architecture with detailed building emulator models that allow MPC. Both 
the hydronic systems that are more common in Europe and the air-based systems that are more 
common in North America are represented for different building types and complexities. The 
prototyped framework utilises next-generation building energy modelling techniques to create 
reference building models, applies a scalable approach to encapsulate the building models in a 
standard, deployable simulation environment with associated application programming interface 
(API), and defines a number of standard performance indicators. The outcome is an open-source 
Building Optimisation Performance Test (BOPTEST)7. Different MPC formulations can be tested 
and benchmarked using the BOPTEST according to selected performance indicators including 
operational performance (such as energy, cost, CO2 emission and comfort) and implementation 
metrics (such as computational requirements and data needs). MPC developers can use this 
common framework to test their implementations, allowing true comparison and assessment 
relative to other approaches. Development of high-performing, cost-effective MPC approaches 
is accelerated.

7  hosted on https://github.com/ibpsa

PLC with
BMS

Local
computer

Any computer

Web services: weather
forecast, database,

management, …

MPC
computer

Internet

Building

BAC net
over IP

network



48 Storage integrated and hybrid renewable comfort supply concepts for buildings

 Figure 3.5: BOPTEST framework concept (Blum et al. 2019). 

3.7.  Case Study Results

Real-world implementations of MPC have demonstrated energy savings of 17% in a Swiss office 
building (Sturzenegger et al., 2013, 2016), 17% for a grey-box approach in the winter season (Váňa 
et al., 2014) even more than 50% for a linearised white-box approach in the mid-season in a 
Belgian office building in Hasselt (Drgoňa et al., 2020a), more than 30% in a Belgian office building 
in Brussels (De Coninck and Helsen, 2016), 19% and 27% in two Australian office buildings (West et 
al., 2014), and 15–28% in a Czech building (Cigler et al., 2013; Prívara et al., 2011; Široký et al., 2011), 
all with a similar or improved thermal comfort. Hilliard et al. (2016) present a review of recent MPC 
strategies. Clearly, there is a large potential for energy savings using MPC while at the same 
time improving thermal comfort, although the potential savings depend on the building type 
and the comparable reference (Cigler et al., 2013). The hybridGEOTABS buildings, in particular, 
have a high potential for energy or CO2 emission savings and improved thermal comfort, thanks 
to the inherent thermal capacity of the system that allows for anticipating future disturbances and 
the availability of renewable and residual energy sources. 

This saving potential has been demonstrated in the EU-H2020-hybridGEOTABS project in a 
hybridGEOTABS office (Infrax/Fluvius (BE), see Section 5.3), an elder-care home (Ter Potterie 
(BE), see Section 5.4) and a school (Libeznice school (CZ), see Section 5.2). The former 
two demonstrate a white-box MPC that uses a model based on the physical description of 
the building and its systems, while the latter implements a grey-box MPC, in which a lumped 
parameter building model is used which estimates its parameters from measurement data. 
The implementations are explained in detail in Deliverable 3.6, and the virtual and real-life 
performance results are documented in Deliverable 4.9 and Deliverable 4.12.
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The office building has been controlled by white-box MPC since May 24, 2019. The MPC is 
developed with the toolchain for automated control and optimisation (TACO) (Jorissen et al., 
2018a). Figure 3.6 shows the thermal comfort, as indicated by the zone temperature, and the 
indoor air quality, as indicated by CO2 concentrations in the zones. Figure 3.7 shows the electrical 
energy used for three weeks in May 2020. From the graphs, one can see that when the MPC 
program is on, both the zone temperature and the CO2 concentrations are well within the 
bounds set. When the MPC program is off, the total HVAC electricity use is similar to the use in 
2019 (also using an RBC system), except on Sundays, which is an issue of commissioning. When 
the MPC program is on, we observe 32–48% energy savings on the total HVAC electrical energy 
use during weekdays for the three weeks of the study. The graphs of the heat pumps and supply 
fan electrical energy use indicate that most savings originate from decreased ventilation and 
decreased heat pump electrical energy use.

Figure 3.6: Measured zone temperatures and CO2 zone concentrations (and their comfort bounds), outdoor 
temperature and MPC status for the office controlled by a white-box MPC program when the MPC program status = 1 
and by an RBC system when the MPC program status = 0. Credit: Picard
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Figure 3.7: Daily electrical energy used by total HVAC, heat pumps and supply fan, together with the measured outdoor 
temperature and the MPC program status for the office controlled by a white-box MPC program when the MPC 
program status = 1 and by an RBC system when the MPC program status = 0. The boxplots represent the corresponding 
daily electricity use in 2019 for days with a similar daily outdoor temperature, when the building was controlled by an 
RBC system. Credit: Picard

White-box MPC has many strengths, including operation at optimal system efficiency  
(as predicted by the controller model) and low electricity tariff. Additional strengths include 
the possibility of using different objectives such as sustainability and operation cost, control of 
the system as an integrated whole instead of device by device, and more energy savings thanks 
to the use of detailed models. White-box MPC allows building managers to avoid ‘destruction 
of energy’ by anticipation, avoiding overheating and undercooling and guaranteeing good 
indoor air quality, the potential for automated commissioning and fault detection. Most of these 
strengths can also be observed in the grey-box MPC approach, but the controller model is less 
detailed, which may lead to smaller energy savings and more difficult fault detection. The grey-
box model is simpler and easier to develop but needs tuning of the lumped parameters and 
thus, measurement data of the operational building, to train the model. Furthermore, grey-box 
MPC implementations typically need some sort of conversion of MPC outputs into low-level 
hardware setpoints. The white-box approach directly determines these setpoints but needs the 
development of detailed models at that level. For this step, a semi-automated approach is set up 
to reduce the associated engineering cost.
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3.8. Future Outlook

Today, most buildings still adopt rather complex RBC techniques with only limited energy-saving 
capabilities and intensive commissioning requirements to obtain proper operation. The promise 
of a digital age comes with decreasing costs in computation and sensing, which pave the way for 
the adoption of advanced control strategies like MPC (Drgoňa et al., 2020b). In the last decade, 
MPC has become an extensively studied control strategy in research on intelligent building 
operation.

The practical aspects of integration of MPC algorithms with contemporary BAS create an 
opportunity for start-up companies to deliver customised MPC solutions backed by universal 
SCADA platforms with multi-protocol, multi-manufacturer compatibility. Examples of such 
companies are DeltaQ, IES, BuildingIQ, Feramat Cybernetics and Energocentrum with their 
Mervis control as a service platform. A big leap forward in MPC market penetration could also 
be made by implementing MPC applications into integrated software platforms, enabling the 
communication management and control of diverse systems regardless of manufacturer or 
protocol. The most notable of such communication platforms are the commercial Niagara 
Framework® or the open-source Volttron™. It is very hard to make predictions, especially 
about the future. However, based on the advanced stage of basic research tackling the current 
bottlenecks of MPC, several pilot case studies, emerging start-ups, and awareness of the 
major companies in the field of building controls, the large-scale market penetration of MPC 
technology for newly built buildings can be optimistically expected to happen within the next 
decade (Drgoňa et al., 2020b).

The hybridGEOTABS concept contributes to the three European goals, originally set as headline 
targets of the European 2020 strategy for smart, sustainable and inclusive growth, and updated 
in the 2030 climate and energy framework as part of the European Green Deal, regarding:  

1. increasing energy efficiency (low exergy systems, optimally controlled, exchange of 
thermal flows),

2. increasing share of renewable and residual energy sources (R2ES) (geothermal, potentially 
combined with solar and residual thermal flows) and 

3. decreasing greenhouse gas (GHG) emissions (thanks to the high energy efficiency and use 
of R2ES), at the same time creating a comfortable environment in the building. 

As such, the hybridGEOTABS concept plays a crucial role in the path towards clean energy.

The main benefit of MPC is a systematic thermal comfort improvement with simultaneous 
(primary) energy savings spanning 15–50% demonstrated on numerous simulation and several 
pilot case studies (Široký et al., 2011; Oldewurtel et al., 2012; Ma et al., 2012; Sturzenegger et al., 
2016; Drgoňa et al., 2020a), as well as grid flexibility services via price-responsiveness and active 
demand response capabilities (Borsche et al., 2014; Bianchini et al., 2017; Esther and Kumar, 
2016; Van Cutsem et al., 2019). Indeed, the intrinsic storage capacity, available in the building, 
TABS and underground, combined with the predictive control offered by MPC, renders the MPC 
hybridGEOTABS concept a perfect candidate to offer flexibility to the broader energy system. 
This flexibility allows increasing the R2ES share even further by using demand-side flexibility, 
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through demand response or energy storage. MPC has features to unlock flexibility by demand 
response (shifting loads in time or changing loads in size to better match the available supply 
without jeopardising thermal comfort). This flexibility may create substantial cost reductions  
by using electricity when it is cheap (operating cost), by flattening peaks (investment cost), and by  
avoiding grid problems (grid stability and reliability) and high investments in the reinforcement 
and extension of electricity grid infrastructure (investment cost). Synergies can be exploited in 
multi-energy carrier systems thanks to the presence of thermal loads fed by electricity, such 
as heat pumps. Future scenarios extend this with electric vehicles providing direct electricity 
storage. These scenarios lead us to the second option, which uses the available energy storage 
(thermal or electrical), resulting in a decoupling of demand and supply. The energy from R2ES is 
then stored when it is available and used in the building when it is needed, without re-injecting 
it into the grid, fulfilling the demand profile. 

Demand response leads to some important advantages. First, the system’s adequacy increases, 
as well as its stability. Because demand response is an attractive, alternative, cost-effective 
balancing resource, some considerable investments can be reduced or avoided, such as 
investments in i) expensive ancillary services (inefficient peak generation, using reserves in 
coal- and gas-fired generators), and ii) local grid reinforcement and extension. Consequently, 
the electricity systems and markets obtain higher efficiency and are characterised by lower 
investment and operation costs. Second, because of the higher efficiency, and because available 
renewable energy sources are used more effectively, CO2 (and other air pollutants) emissions are 
lowered. Finally, there is also something to gain for the end consumer. Because flexible demand 
can offer many balancing advantages to the system and the market, it has a monetary value, 
leading to an additional income (Uytterhoeven et al., 2019).

The hybridGEOTABS concept involves multiple energy vectors: heat/cold, electricity and 
potentially also green gas or hydrogen in the hybrid part. These multiple vectors allow 
extending the storage options even further by implementing power-to-X (where X can be heat, 
cold, methane or hydrogen) technologies that store electricity by conversion to another vector 
whenever it is cheaply available and use the energy vector (with or without further conversion) 
when demand is high. Furthermore, interactions between multiple grids (electricity, thermal, 
natural gas, hydrogen) need to be considered. All these options will contribute to the 
decarbonisation of heating, cooling and ventilation in buildings.
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A New Approach in Low-carbon-oriented 
Pre-design

Author: Jelle Laverge
with contributions from Rana Mahmoud, Mohsen Sharifi, Josué Borrajo-Bastero, Eline Himpe, 
Filip Jorissen, Lien De Backer, Pascal Simoens

TAKE-AWAYS FOR DESIGNERS 
In the early stages of the design process, only limited information about the project 
is available, while at the same time, crucial decisions about the HVAC design must be 
made. Assessing the feasibility of more complex, low-carbon integrated systems such 
as hybridGEOTABS at this stage is not straightforward, but it is essential because the 
system is an integral part of the building structure. 

Therefore, we introduce a new design method that relies on pre-simulated heating 
and cooling loads for a large variety of buildings and building properties that are 
collected in a database. This method can replace costly case-by-case simulation and 
pre-design studies. 

The accompanying web tool provides technical sizing, energy and economic 
performance metrics for hybridGEOTABS during the earliest stages of the design 
process. The tool accounts for the key physical properties influencing the design, 
such as the thermal inertia of TABS and the thermal balance of the geothermal source, 
as constraints in the control and HVAC-design. 

This new approach can also be applied to other complex HVAC systems such as 
systems integrating weather-dependent renewables and systems with integrated 
storage capacity, load shifting and peak shaving.

4.1.  The hybridGEOTABS Concept as a Design Strategy

Chapters 1 and 2 provided an overview of the challenges that are inherent to the GEOTABS 
concept and state-of-the-art GEOTABS design and control. In moving towards a climate-friendly 
future, the GEOTABS concept has a series of clear advantages over traditional HVAC concepts, 
particularly the easy integration of renewables through the very low-temperature emission 
system and the large short-term and seasonal storage capacity. These same properties, on the 
other hand, create control-related challenges, especially in buildings with fast-changing heating 
and cooling needs. The main result is that the application of the concept has been limited to a 
relatively narrow range of ‘suitable’ building types, mostly office buildings with modest internal 
gains and window-to-wall ratios. 

4
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The recent developments in MPC discussed in Chapter 3 allow for the extension of the application 
of the GEOTABS concept to a broader range of building types because the load and discharge 
cycles of the TABS can be better scheduled to fit the anticipated fluctuations in the heating and 
cooling demand. However, the range of application is still limited by the physical properties of 
the TABS and the building envelope.  

By introducing a fast-reacting secondary emission system, the hybridGEOTABS concept extends 
the applicability of GEOTABS to the point that ‘every building deserves a share of GEOTABS’. 
Within the constraints of the system properties, an as-large-as-possible share of the heating 
and cooling loads are covered by the GEOTABS system, while the secondary system covers 
the remaining peak loads and fast fluctuations. This functionality changes the main question 
facing the designer and client during the design process from ‘should we consider GEOTABS 
for this project?’ to ‘what combination of GEOTABS and other system components is the most 
appropriate for this project?’. The hybridGEOTABS concept thus becomes the design strategy.

This chapter will first list the challenges that the designer faces during preliminary design and 
subsequently outlines a design method and a web tool that support the designer during the 
feasibility and pre-design stages.   

4.2.  Main Challenges for the New Sizing Method in the Feasibility and  
 Pre-design Stages 

Every building deserves a share of GEOTABS, but how big is that share? 

The combination of the internal and solar loads with the thermal properties of the TABS and the 
building envelope creates an upper limit to the share of the total heating and cooling loads that 
can be covered with the TABS. This upper limit is an essential element that the designer needs 
to consider when choosing an appropriate system configuration for the project. The remaining 
loads will need to be covered by the secondary emission system. Figure 4.1 shows the conceptually 
simplest system configuration for a hybridGEOTABS system where the primary (GEOTABS) and 
secondary (non-GEOTABS) heating and cooling systems are fully separated across emission, 
distribution and production components. The secondary system can be a conventional system 
composed of a chiller and gas boiler combined with fan coil units, as in Figure 4.1, but can also 
incorporate additional renewable sources and alternative fast-reacting emission systems (e.g. 
coupling to AHU). A series of more complex and integrated system configurations for the 
hybridGEOTABS concept have been developed during the EU-H2020-hybridGEOTABS project 
and are available in its Deliverable 6.5 and on the hybridGEOTABS website. 
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Figure 4.1: System configuration for hybridGEOTABS with fully separated primary (GEOTABS) and secondary heating 
and cooling systems (source: Deliverable 2.7)

Because the capital cost of the ground source heat exchanger and the heat pump is relatively 
high when compared to traditional production units such as boilers and chillers, the designer 
needs to be able to estimate the upper limit of the GEOTABS share early in the design process 
as input for the feasibility assessment. As an illustration, Figure 4.2 shows a breakdown of the 
capital and operational costs for an optimised implementation of such system configurations in 
an office building in three different climates and with high and low insulation levels.

     

Figure 4.2: Breakdown of the capital and operational costs for an optimised implementation of fully separated 
hybridGEOTABS system configuration with MPC and RBC controls in an office building in three different climates,  
with low (A) and high (B) insulation levels (source: Deliverable 2.4).
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During the feasibility study and pre-design stages, the designer is often still in the process of 
convincing the client (e.g. through a design competition), and is therefore severely limited  
in the resources that can be allocated. Additionally, the architectural design is still very much in 
flux at this point and will only be specified in more detail at a later stage. The designer, therefore, 
needs to be able to provide the client with feedback about the implications of high-level design 
choices on the choice of the HVAC system. These design choices include factors such as broad 
volumetric choices, overall thermal performance of the envelope or window-to-wall ratio. 

Figure 4.2 shows that the optimal share of GEOTABS in the total operating cost is highly 
dependent on the specific properties and boundary conditions of the building. Figure 4.3 
also shows that the default, simplified steady-state design calculation based on a fixed design 
day (‘Qdesign’) does not directly correlate with a reasonable size estimate for the different 
components. Due to the thermal mass of the TABS and the limits this imposes on the control, 
the critical operating points for a hybridGEOTABS design can be situated in the intermediate 
season, where fluctuations in heating/cooling loads are larger, and thus standard design 
calculations for the sizing of the HVAC components cannot be used. At this stage in the design 
process, however, the designer faces a lack of input information and resources to accurately 
perform state-of-the-art dynamic simulations as introduced in Chapter 2 to achieve a better 
prediction. A usable design approach, therefore, needs to combine reasonable accuracy about 
the sizing of the system components with a minimum of resources. 

The new hybridGEOTABS design method set out below provides the designers with an 
alternative to the resource-intensive, case-by-case simulation. The method is based on  
an extensive database of pre-simulated building and boundary condition configurations and 
provides near-optimal sizing and performance characteristics for a hybridGEOTABS system 
solution.

Figure 4.3: Component size for an optimised implementation of fully separated, hybridGEOTABS system configuration 
in an office building in three different climates and with low (A) and high (B) insulation levels (source: Deliverable 2.4).
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4.3. The Principles of the New Pre-design Method 

The new pre-design method is based on a database of pre-calculated, multizone dynamic 
heating and cooling demand curves for a large variety of buildings from office buildings, 
schools, elder-care homes and multi-family residential building typologies throughout the EU, 
with varying building geometric and building physical properties (Mahmoud et al., 2019a, 2019b; 
Deliverable 2.2, 2.6). The accompanying load-splitting algorithm emulates the behaviour of an 
optimal controller splitting the load between the TABS and a secondary emission system while 
respecting thermal comfort and accounting for the TABS thermal properties (Sharifi et al., 2019; 
Deliverable 2.1). Based on the resulting load curves for both systems and a set of predefined 
hydronic schemes, each of the main components of the hybridGEOTABS buildings is sized. 

The complementary operation of emission systems that is at the core of the hybridGEOTABS 
concept creates an inherently complex control problem that is sensitive to suboptimal control 
(Sourbron, 2012). For example, because an amount of heat or cold is stored in the TABS, changing 
from heating to cooling mode will take some time. In a typical RBC algorithm for TABS, the TABS 
will first be put in neutral mode for a day before enabling the change from heating to cooling 
mode or vice versa (Boydens et al., 2013). Therefore, if sudden and high power fluctuations in the 
heating or cooling demand appear, the system fully relies on the secondary system and thermal 
comfort in the room might be jeopardised if insufficient power is available through that system. 
Figures 4.2 and 4.3 clearly illustrate that accommodating for this behaviour in the design results 
in substantial oversizing of the components. 

The implementation of an optimal controller is a basic assumption because the design method 
provides the designer with feedback about the upper limit of the share of GEOTABS in the HVAC 
design for a given building. At first glance, this assumption introduces a circular definition because 
the optimal control strategy will depend on the system configuration that is selected and vice 
versa. In reality, the heating and cooling demand of the spaces in the building is independent 
of the heating and cooling system. Demand is the result of the boundary conditions, including 
weather and comfort bounds, and, assuming more or less uniform comfort levels within the 
heated volume, the properties of the building envelope. An ideal heating system with an optimal 
controller will then deliver exactly the heating and cooling demand to the space. 
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Figure 4.4: Total heating and cooling energy delivered to the TABS (admittance, dotted line) and total heating and 
cooling energy provided to the conditioned space (transmittance, striped line (double-sided TABS) and full-line, 
single-sided TABS)) as a function of the time period between changes from heating to cooling and back using a sine 
wave (source: Sourbron, 2012).

A fundamental characteristic of the hybridGEOTABS system is that the heating or cooling load 
is split between the TABS and a secondary emission system because the TABS can be operated 
profitably within their normal range of operation, but have inherent limitations with respect to 
their output. In other words, due to their specific properties, TABS can be operated at very low 
exergy levels and therefore provide a good basis for high overall system efficiencies, especially 
in combination with geothermal heat pumps. On the other hand, this advantage is lost and even 
reversed when these systems operate over steep output gradients, such as those resulting from 
sudden solar gains or sudden variations in internal gains, and fluctuations between heating 
and cooling over a time period that is smaller than their time constant. In those cases, some of 
the energy delivered to the TABS is only stored in the TABS, but not emitted to the space and, 
therefore, contributes to the production and system losses (Sourbron, 2012). 

This situation is shown in Figure 4.4, where these storage losses are shown as the difference 
between the admittance and transmittance of the TABS for a series of time periods of the 
fluctuations. At time periods longer than 1 week (168 h) the losses become negligible (dotted 
and striped lines are at the same level). At a time period of 1 day (24 h), less than 50% of the total 
energy input is transmitted, and below a time period of 1 hour, virtually no energy is transmitted 
to the space. 

In conditions with high-frequency disturbances, covering the full load with the TABS will therefore 
result in lower overall system efficiency. The secondary system, which is assumed to operate at 
higher exergy levels but has shorter time constants, can become more advantageous.   

At what point the secondary system becomes more advantageous depends on the specific 
boundary conditions and system properties, such as the relative prices, carbon emissions or 
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primary energy use of energy carriers and the production efficiencies for the primary and 
secondary systems. Precise system properties are not available in the early design stages. 
However, the range of the resulting relative advantage of heating and cooling delivered through 
the primary system compared to the secondary system can still be estimated reasonably well for 
conditions where no extra losses occur due to stored energy in the TABS. This relative advantage 
is called the preference factor. Consequently, an optimal controller will select the primary system 
if the relative storage losses in the TABS are lower than the preference factor. The remainder of 
the load is then covered by the secondary system. 

An optimal controller will, under the conditions described above, also take advantage of  
the storage available in the space itself through an allowable range of comfort conditions.  
Pre-heating or -cooling the space using the TABS above or below the setpoints, respectively, will 
be preferred over delivering just-in-time heating or cooling with the secondary system, even if 
the losses to the environment are slightly increased. 

The preference factor and the allowable comfort range, therefore, define the behaviour of an 
optimal controller sufficiently to be able to derive a good estimate of the upper limit of the share 
of TABS in the total heating and cooling load and of the component sizes from the ideal heating 
and cooling demand without requiring further details about the system configuration.  
 

Figure 4.5: RC model used to estimate the 
storage losses and optimise the load split 
between TABS and the secondary system 
(source: Deliverable 2.1)
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Within the tool provided to support designers during the pre-design stages, this load splitting 
and subsequent sizing of the components is achieved using a customised heuristic algorithm. 
This algorithm maximises the share of the TABS by calculating a dynamic heat balance over 
a 4th order, RC model (graphically represented in Figure 4.5) with the pre-simulated ideal 
heating and cooling demand time series as the main input, the heat delivered to the TABS as 
the optimisation variable and the comfort ranges as constraints (Deliverable 2.1, 2.5, 2.6, 2.7). 
The algorithm assumes a fully separated system configuration, in which the energy delivered to 
the TABS is provided by the geothermal heat pump, while the energy provided to the secondary 
emission system is provided by a secondary production system operating at a lower overall 
thermodynamic system efficiency.  

The result is a time series of the load for the power draw on the primary and secondary production 
systems, respectively, that represents the required estimation of the upper limit of the share of 
TABS over a year. Figure 4.6 shows an example of this output for a summer day for an office 
building in Belgium. As expected, only the relatively high-frequency fluctuations in the demand 
profile (Q̇demand) are allocated to the secondary system (Q̇secSys). The time shift between the 
input into the TABS and the output from the TABS (Q̇TABS) to the space due to storage is also 
clearly visible. 

Figure 4.6: Time series of ideal cooling demand and estimated inputs to the primary (TABS) and secondary emission 
systems, as well as the cooling emitted by the TABS to the space over one day in summer for an office building in 
Belgium (source: Deliverable 2.5)

The last step in the design method is determining the size of the different system components. 
The size of the TABS is not optimised and is assumed to cover 80% of the available floor/ceiling 
surface. For the sizing of the secondary emission units and primary and secondary production 
units, the maximum power draw on the primary and secondary systems over the course of a year 
is selected. Figure 4.3 showed the results for several cases. The large undersizing compared to 
the steady-state design load is, to a certain extent, attributable to the large time constants of 
the TABS and to the optimal controller, that reduce the impact of the fluctuations of the outdoor 
temperature. Therefore, the equivalent design temperature for the primary system is the 
minimum outdoor temperature averaged over a longer time period (e.g. 1 week instead of 1 day), 
which leads to considerably less extreme conditions for sizing, as explained in Deliverable 2.5.
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For the primary system, the maximum load will typically be situated in the hottest and coldest 
periods of the year, which is illustrated by the example in Figure 4.7. This is not the per se case for 
the sizing of the secondary system. The maximum load on the secondary system for heating is 
situated in the intermediate season when larger fluctuations in the load are present. For relatively 
cooling-dominated buildings, on the other hand, the maximum load on the secondary system 
for cooling will typically be situated during the peak of the cooling season. 

Generally speaking, the peak power of the secondary system occurs when the dominant 
components in the fluctuations in the heating and cooling demand profiles have a time period 
that is close to or below 24 hours and have a high amplitude. This 1 day time period is typically 
close to the time constant of the TABS, on the steep gradient in the frequency response of the 
TABS (see Figure 4.4) and represents the critical condition for the efficient use of TABS, leading 
to a higher share of the total load covered by the secondary system. 

Figure 4.7: Time series of the estimated heat inputs to the primary (TABS) and secondary emission systems over 1 year 
for an office building in Belgium (source: Deliverable 2.5)

4.4. The Typical GEOTABS Share in Large and Mid-size Buildings

The load-splitting algorithm described in Section 4.3 is used to convert pre-simulated heating 
and cooling demands into load shares for the TABS and secondary systems and to size the 
secondary emission units as well as the primary and secondary production units. 

By pre-calculating these design values for a broad range of buildings, the new design method 
can be used to inform the designer about the typical results obtained for specific building design 
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choices, e.g. by summarising them as a decision tree or rules of thumb, thus helping to develop 
a relatively robust engineering judgment underpinned by the data. If the database is sufficiently 
large, the pre-calculated results can also be used to match variants of the envisioned project with 
one of the precalculated results to give a more precise estimate of the impact of specific design 
choices in the early design stages, thus avoiding having to resort to costly dynamic simulations at 
that stage of the design process. This section will, therefore, first provide an overview of typical 
results obtained for general reference, while Section 4.5 will give a more detailed overview on 
how the accompanying web tool that unlocks the pre-calculated data can be used to support 
the pre-design process.

The method supports the design of midsize to large buildings (> 1000 m2) because that is the 
scale of buildings where the investment cost of the hybridGEOTABS system, including the 
implementation cost of a state-of-the-art optimal controller, is currently economically viable. 
For a more detailed discussion on the cost-benefit analysis of hybridGEOTABS systems, we refer 
to Deliverable 5.5.  

The database currently includes approximately 150,000 pre-calculated results covering four 
typologies (office buildings, schools, elder-care homes and multi-family residential buildings). 
The database provides a variety of building geometries, data for the three most-populated 
climate zones in Europe (see Figure 4.9) and a broad range of building properties, including 
main orientation of the glazing, shading, thermal mass of the internal partitions (the floors 
are TABS-floors), insulation and airtightness level of the building envelope and internal gains 
related to occupancy, lighting and appliances are addressed. The range of properties included 
in the database is summarised in Figure 4.8. The specific values corresponding to each branch 
included in the figure were selected based on data available for the relevant strata of the EU 
building stock. They can be consulted in Deliverable 2.6. 
                                    

                                                                                             

Figure 4.8: Breakdown of the building geometry variations across building typologies and variations in building 
properties available for every geometry in the database (source: Deliverable 2.2)
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Figure 4.9: Selected reference weather files (Madrid, Brussels, Warsaw) based on population density and climate zones 
(source: Deliverable 2.2)

By applying the design method to the buildings included in the database, we can conclude that 
TABS covers over 80% of the total energy demand of the building in more than 75% of the cases 
and the share is larger than 50% in virtually all cases (see Figure 4.10). Considering the range of 
buildings and conditions included in the database, this result clearly confirms the rather bold 
statement that the new design method allows a designer to claim that every building deserves 
a share of GEOTABS. 
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Figure 4.10: Distribution of the share of the total energy demand that can be covered by TABS in the office buildings 
included in the database (source: Deliverable 5.4)

The potential of implementing hybridGEOTABS at scale in midsize and large buildings in Europe 
is further illustrated by the impact this would have on the carbon footprint of these buildings.  
As shown in Figure 4.11, this implementation would cut the median yearly carbon emissions 
in half compared to a conventional heating and cooling system with a gas boiler and chiller,  
to below 5 kg CO2/m2. 

Figure 4.11: Distribution of the carbon intensity per m2 building floor area of hybridGEOTABS and conventional HVAC 
based heating and cooling in the office buildings and schools included in the database (Mahmoud et al., 2020b)

These CO2 savings are highly dependent on the specific properties and conditions of specific 
buildings. In the case of schools (Figure 4.12), for example, higher savings can be achieved in 
buildings with external shading, except for cases with high insulation levels in cold and moderate 
climates, where shading is a more efficient measure to reduce the total cooling load and 
therefore reduces the relative savings of using a hybridGEOTABS system. 
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Figure 4.12: CO2 savings of hybridGEOTABS compared to conventional HVAC based heating and cooling in the schools 
included in the database as a function of building properties and conditions (source: Deliverable 5.4)

The results of applying the design method to the buildings included in the database indicate that 
for many buildings, sizing based on traditional steady-state conditions will lead to considerable 
oversizing. This was also demonstrated in Figure 4.3. This oversizing is, in a similar way as the 
predicted CO2 savings, related to the building properties, as can be seen in Figure 4.13. Roughly, 
one can conclude that the oversizing of the heat pump (and secondary system) will be high in 
the traditionally best-adapted buildings, but even in less-adapted buildings, the installed power 
can be reduced by up to 50% in many cases. 

Figure 4.13: Sizing of the total installed power (heat pump and secondary system) as a share of the design power in 
offices for a fully separated system configuration (source: Deliverable 2.5). 
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Both the relative sizing of the primary system and the CO2 savings improve with increasing 
insulation levels in cold and moderate climates because improved insulation is directly related 
to a better balance between heating and cooling demand in these conditions. As illustrated 
in Figure 4.14 for offices and schools, the simulated heating and cooling demands cover a 
broad range from highly heating-dominated to highly cooling-dominated for all typologies.  
The relative weight is different depending on the typology of the properties considered.  
Office buildings are relatively cooling dominated, while schools are relatively heating dominated.

Figure 4.14: Distribution of the share of heating in the total energy demand of the office buildings and schools included 
in the database (source: Deliverable 2.2)

A complete analysis of the energy and environmental performance of hybridGEOTABS,  
of the system sizing and the influence of the thermal balance of the borefield, can be found in 
Deliverables 5.4 and 2.5, respectively. 

4.5. Tool for Feasibility Study and Pre-design

General observations and guidelines (such as those discussed in Section 4.4) provide a general 
intuition for the potential of hybridGEOTABS, but the designer will require more precise and 
case-specific results when assessing feasibility and pre-designing a project. Especially during 
these early design stages, the client and designer are trying to find common ground through a 
series of draft proposals that explore the different options within the design space. 

While the load-splitting principles outlined in Section 4.3 can be applied to any project when a 
time series of heating and cooling demands is available, dynamic building energy simulations 
that can provide such demand curves are typically not available at this stage and for the variety 
of building design options under consideration. Moreover, the assessment of the GEOTABS 
potential using such simulations would be an even more expensive, labour-intensive activity 
requiring specialised engineers. Therefore, the large database of pre-simulations and sizing 
results is made available to designers through a webtool that is available on the hybridGEOTABS 
website. 
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The webtool provides designers with design information using a few basic properties of the 
building as input. Based on these inputs, the pre-simulated building that is the closest match 
with the project at hand is selected from the database and used as a reference for the estimation 
of the share of GEOTABS. By assuming either a nearly ideal controller (MPC) or an optimised 
traditional controller (RBC), the design tool outputs a relatively conservative estimate of  
the component sizes and building performance. By playing with the input parameters and the 
control functionalities, the designer can go beyond the ‘safe’ design options typically deemed 
‘suitable’ for GEOTABS from the earliest stages of the design process.

Design choices made during the early design stages have a very large impact on the total 
life cycle cost of the building (Figure 4.15). Clients, however, may be biased towards heavily 
discounting future expenditures during the capital-intensive design and construction phase 
of the project. Building construction is most often approached in a stage-by-stage sequence 
due to its complexity: during the design, a fixed construction budget is used, and competitive 
proposals by designers are compared based on their general appeal and design cost, rather than 
their lifecycle implications. Therefore, the design tool also documents the lifecycle cost of the 
GEOTABS solution and alternative HVAC-solutions.  

 

Figure 4.15: The impact of decisions during the early design stages on the design cost and the total life cycle costs 
(source: Deliverable 2.6)

The required inputs for the webtool are building type, climate zone, basic geometrical inputs 
and building physical properties (Figure 4.8). The output of the tool includes visualisations of 
the monthly heating and cooling energy delivered by the GEOTABS and the secondary system 
for a typical year (Figure 4.16), as well as time series of the expected heating and cooling loads 
for typical weeks in the summer, winter and intermediate seasons. This information allows the 
designer to get a good grip on the behaviour of the system. 
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Figure 4.16: Output of heating and cooling delivered by the GEOTABS and the secondary system for the reference case 
with an MPC program (left) and an optimised RBC system (right) for the selected case (source: Deliverable 2.6)

At the system level, the output includes the size of the key components, a visualisation of the 
core temperature of the TABS over the year and of the balance of the borefield. This information 
is then further broken down into cost estimates for the main system components and a projected 
life cycle cost over the selected lifetime of the building, an example of which is shown in  
Figure 4.17. 

Figure 4.17: Output of the breakdown of the investment cost per system component (left) and projected life cycle cost 
for hybridGEOTABS and alternative HVAC-solutions of the selected case (right) (source: Deliverable 2.6).
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4.6. Future Steps to Support hybridGEOTABS in the Early Design Stages

The new design method with its accompanying sizing algorithm (Section 4.3), database (Section 
4.4) and tool (Section 4.5) provides designers with a workflow that enables them to include 
hybridGEOTABS into the early stages of their design process, albeit the application of these 
tools is limited to the building typologies that are presently covered in the database. The next 
developments that will help to support designers are, on the one hand, the further extension of 
the range of buildings and system configurations that are available in the database. On the other 
hand, a systematic analysis of the available cases in the database is ongoing to translate the general 
observations into reliable rules of thumb and decision trees that can further help the designers 
develop their intuition and engineering judgement about the feasibility of hybridGEOTABS and 
be used as rough estimates in meetings and discussions with clients. 

The database now focuses on midsize and large buildings because the high investment cost of  
a hybridGEOTABS system (currently often more than the total operational cost over a lifetime  
of 50 years, see Figure 4.2) is a serious impediment for the single-family residential section of 
the market. This market segment is dominated by small private investors with limited resources 
on the one hand, and on the other hand, large commercial players that need to sell to small 
private owners. As a result, detailed HVAC engineering is mostly absent in developing single-
family dwellings. Cost competitive, but carbon-intensive HVAC solutions (gas boiler + radiators) 
are available that require virtually no engineering. A more complex, zero-carbon system 
like hybridGEOTABS will only be considered if simple, straightforward sizing guidelines and 
configurations are available. Therefore, the next typologies to be added to the database will  
focus on single-family dwellings to provide project developers with a specific sizing tool  
dedicated to single-family, hybridGEOTABS dwellings to move this concept from a niche  
product to the mainstream in this section of the market. 

In terms of system configurations, the GEOTABS system can also provide additional benefits 
for the inclusion of renewables. TABS could be a very good fit for the use of, for example, PV or 
solar thermal collectors because their large storage capacity would help to overcome the time 
shift between sun availability and the heating demand of the dwellings. Solar collectors can also  
help regenerate the geothermal source in heating-dominated climates and reduce the impact of 
high-temperature operation, needed for domestic hot water production, on the overall efficiency 
of heat production. Also, natural ventilation systems can provide ventilative cooling in addition 
to, or an alternative for, direct or passive cooling with TABS in many regions in Europe. The further 
development of the load-splitting algorithm will, therefore, focus on quantifying and maximising 
the potential of these additional benefits through the sizing of the components. 
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Proof of Concept & Case Studies

Author: Wim Boydens
With contributions from Ongun Berk Kazanci, Rick Kramer, Eline Himpe, Josué Borrajo Bastero, 
Iago Cupeiro Figueroa, Ineke Schepens

5.1. hybridGEOTABS Buildings 

GEOTABS buildings have been constructed all over Europe in the past decades. Most of these 
buildings are hybrid, as designers target creating comfort in all circumstances, even when 
the architecture of the building or the climate of the location challenges the limits of TABS as  
the only emission system. As the designers are increasingly aware of the importance of 
balancing the ground source, they either adapt the building design or enrich the design towards 
a hybrid concept by adding a secondary emission system, a secondary supply system or both. 
The first path, adapting the building design, could sometimes lead to misunderstanding, 
denial of the architectural and aesthetic value of the design, or to building designs with poor 
daylight quality. The latter path, enriching towards a hybrid concept, may lead to the perception 
that the investment cost is higher than needed – why do we need to install two systems? – 
and the question of optimising the design arises. The new approach to optimal sizing is thus 
highly relevant. A third element is the complexity of managing a hybrid system as perceived 
by the building operator. ‘When exactly do I activate the primary baseload system and when 
the secondary one? And how do I consider the ground balance? How do I measure it? How can  
I anticipate, on both the source side and the emission side storage?’ These last questions justify 
the need for smart predictive control. Therefore, in the hybridGEOTABS project, MPC control is 
the second research pillar, adjacent to the optimal design challenge.

The uniqueness and simplicity of the hybridGEOTABS concept can be phrased as:

The hybridGEOTABS building concept uses the heat extracted from the building in 
summer to heat it in winter and provides an unbeatable annual efficiency while using 
renewable sources to the maximum to provide a very robust, year-round comfort. 
Draught will not be induced, and the interior will not be hampered by exhaustive or 
visible technical elements. It is a real building-integrated concept with a maximum 
architectural freedom and energy sustainability that transcends the limitations of the 
current assessment methods.

The elaborated solutions for optimal design (Chapter 4) and control (Chapter 3) are needed to 
assess and prove these statements; however, among others, the recently constructed GEOTABS 
buildings discussed in this chapter already illustrate most of the strengths mentioned above.

5
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5.2. GEOTABS and Architecture

Some remarkable GEOTABS buildings have been constructed in central Europe and the Nordic 
countries during the past decade, funded by private and public investments. Read here about 
some features of the hybridGEOTABS concept that are generally appreciated by architects.

Liberty and quality of space.
The main advantage of TABS is the liberty of space. This was already recognised by the famous 
architect Frank Lloyd Wright in the 1930s, who applied them in open floor plan building designs 
(see Section 1.1). As the main emission system is embedded in the construction floors, the 
interior spaces are less obstructed by HVAC emission components such as radiators or fan coil 
units. The amount and size of these secondary emission systems are significantly reduced, and 
if the ventilation system is used as secondary system, they are not needed at all. As there is 
no need for suspended ceilings to cover air ducts, room heights can be increased, or the total 
building height decreased, for the same amount of storeys, with significant material savings. 

Phasing out the chimney; unspoiled architectural appearance.
The technical rooms for thermal supply turn out to be less demanding. An electrical connection 
for the heat pump introduces many fewer constraints to the ground floor layout and involves 
fewer safety concerns than a fuel tank or gas connection. The connection with the surrounding 
environment is also discrete, the boreholes are invisible, and when designing an all-clean-
energy hybrid, a chimney no longer pollutes the air nor the appearance of the building.  
The equipment on the rooftops (e.g. boiler room, chiller, large AHU and ducts in an all-air 
system) can be significantly reduced.

Inspiring architectural landmarks.
As hybridGEOTABS has limited visibility in buildings, and its goal is to add sustainable comfort 
to the experience of the user in the building, it is not easy for the authors to detect which 
architecturally distinctive buildings today are also hybridGEOTABS buildings. Therefore, most 
examples are situated in regions well known to the authors. Moreover, they do not wish to 
express an architectural preference between buildings because this is a domain adjacent  
to their expertise. We want to show the reader some remarkable examples that, in some cases, 
are distinguished or nominated in architectural awards and competitions, or that are designed 
by well-known architects.
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Province Headquarters, Antwerp, Belgium, XDGA, opened 2019

XDGA designed the new passive Provincial Government Administrative Office 
‘Provinciehuis’ in Antwerp. The 33,000 m² office building combines a challenging 
architecture uncompromised by the extensive sustainability elements, such as 
hybridGEOTABS as an overall concept, and a Passive House certification. The project 
was nominated for the Mies van der Rohe award in 2022

An extensive geothermal borefield, containing 350 boreholes, was installed below the 
underground parking, and the conditioned ventilation air serves as a secondary emission 
system to the TABS. Only passive and indirect adiabatic cooling are used. The facade of 
the building shows an advanced integrated design approach, characterised by triangular 
windows to minimise heat transfer and maximise uniform daylight effectiveness in the 
core of the building.

Both images © Boydens Engineering 
(Render:Xaveer De Geyter Architects)
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Herman Teirlinck building, Brussels, Belgium, Neutelings Riedijk architects, 
opened 2017

The Herman Teirlinck building accommodates 2,500 civil servants of the Flemish 
Government. It is located on the Tour&Taxis site in Brussels, next to the BIM building, 
which is another hybridGEOTABS office. Apart from offices, the building also includes 
conference and public spaces and underground parking. It was procured as a design-
build-finance-maintain (DBMF) project competition and won the Belgian Real Estate 
Society Award in 2018.

With a floor area of 48,000 m² above ground, the project is the largest stand-alone 
office building in Brussels and was the largest certified passive building in Belgium when 
it opened. Geothermal energy supplies about 90% of the building’s energy needs for 
heating and cooling. The cooling needs for the hygienic ventilation air are reduced to a 
minimum by indirect adiabatic cooling using rainwater. The basic thermal comfort in the 
offices is achieved using TABS. The variable ventilation flows and small, hydraulic, low-
temperature heating coils guarantee flexibility and reactivity as a secondary emission 
system in the hybrid.
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Art Museum, Bregenz, Austria, Büro Peter Zumthor, opened 1997

One of the early hybridGEOTABS buildings was the Art Museum in Bregenz, which was 
designed by the renowned architect Peter Zumthor, who won the Mies Van der Rohe 
award for this building in 1998. The energy concept design was elaborated by Meierhans 
+ Partner, AG, one of the pioneers in implementing the concept in different building 
typologies in Switzerland and Austria.

The firm developed a cost-cutting solution in Bregenz that delivered a well-performing 
art museum, without huge airflows, that maintained conditions in the museum between 
severe boundaries of temperature and humidity. Applying an innovative hybrid solution 
provided savings in space and costs, enabling the feasibility of the award-winning project.

  

 ̂  © Markus Tretter
� © Helene Binet 



76 Storage integrated and hybrid renewable comfort supply concepts for buildings

Hollebeek elder-care home, Antwerp, Belgium, XDGA, opened 2017

A remarkable first prize winner in the design competition in 2011 for an elder-care home 
in Antwerp opened its doors in 2017. The hybridGEOTABS building is the first of its kind 
for the Patrimonium Investment Foundation. This building follows the dedication of other 
care facility providers that are more and more convinced of the suitability of the concept 
for the safety of older people in hot summer periods. The technical equipment had to 
be placed discretely to enhance and support the architectural design concept, such as  
the choice of the artificial lighting system as well as the air vents.

The main advantages associated with this project are the strong architectural concept 
and innovative framework to accommodate an elder-care home, where architecture and 
technology go hand in hand to ensure comfort. The same applies to the service flats where 
the search for a balance between achieving comfort, architecture and economic feasibility 
has led to a design that fully meets the needs of the building occupants and management.

© Kenniscentrum  
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Libeznice school, Czech republic, Ing. Arch. Adam Halíř Ondřej Hofmeister, 
Projektil Architekti s.r.o., opened 2015

The new pavilion of the elementary school in Libeznice follows the design of a building 
encircling a courtyard and outdoor classroom shaded by a plane tree, inspired by the 
solar and planetary system. The project is an award winner of the BigSEE Wood Design 
Award 2018 and was nominated for the Mies van der Rohe Award in 2017. 

The thermal energy concept is pure GEOTABS supplemented with individual ventilation 
for each classroom. The building was equipped with a white-box MPC after running for 
several years on a grey-box MPC, elaborated by Feramat Cybernetics as a demonstration 
project in the EU-H2020-hybridGEOTABS project, considerably improving summer 
comfort.

Photos: Andrea Thiel Lhotáková
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5.3. GEOTABS and Sustainability

Figure 5.1: The Antwerp Province Headquarters (Belgium) also received the BREEAM excellent label ©XDGA

Increasing numbers of green concept competitions and sustainability awards are a clear sign of 
the growing value that our society places on the responsible use of resources in the construction 
industry. The GEOTABS and hybridGEOTABS concepts have been used in many prize-winning 
buildings in technology-neutral organisations. The concepts have been accepted as a clean-
energy, comfort solution with a very long lifespan, a very interesting total cost of ownership 
and the flexibility to fully exploit the intermittent nature of renewable electricity. As such, these 
positive scores and the lifespan of these systems counteract the classical unfavourable circularity 
aspects of the embedded pipes and the concrete. Also, the producers of concrete and steel 
construction materials are adapting and developing new processes to improve their life cycle 
analysis. The seasonal storage of renewable ‘comfort’ is an essential advantage, and even allows 
an optimisation of the year-round behaviour of the building envelope. This optimisation enables 
balanced insulation and sun-shading of buildings, not only avoiding the overuse of construction 
material but also improving the quality of these buildings for the users, by conserving daylight 
and views.

Although quantifying these positive effects and including their metrics objectively in comparing 
competing concepts remains unfinished work, the advantages of the GEOTABS concept are 
leading to increased success in sustainability award-winning projects. 

It is like architecture, barely tangible, but sensible.

A nice example of holistic sustainability is illustrated by the SolarWind building that also served as 
a demonstration building in the EU-H2020 hybridGEOTABS project (see Deliverable 4.1).
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SolarWind building, Windhof, Luxembourg, Schuler-Progroup-Atelier 
d’Architecture Dariusz Pawlowski, opened 2012

 
SolarWind is the spearhead of sustainable construction in Luxembourg, with a 
triple environmental certification (BREEAM, HQE™ and DGNB) and a Passive house  
certification. 
 
The construction followed cradle2cradle principles for the upper part of the building.  
The building meets the most stringent criteria in terms of sustainable development  
and eco-citizenship by using solely renewable energies: geothermal, biomass, solar,  
wind and water. It is a hybridGEOTABS building both on the source-side and the  
emission side.

The building received the first prize in the renewable energies category of the Green 
Building Solutions Awards in 2015. 

© Boydens Engineering
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Haus M multi-family building, Zürich, Switzerland, Duplex Architecten AG, 
opened in 2015

Haus M is a multi-family building in the Hunziker-Areal project in Zürich, Switzerland. 
This project is designed and implemented as a holistic sustainable beacon and living lab 
project. It received several awards, including the World Habitat Award in 2017, and was 
one of the first areas in Switzerland to be certified as operational 2000-Watt. The project 
is owned by the ‘mehr als wohnen’ housing cooperation, an innovation and learning 
platform for non-profit housing. Lemon Consult AG was involved in the project from 
the beginning, providing consultancy services on energy concept, monitoring and 
certification.

Haus M consists of 29 apartments and has a day care centre on the ground floor.  
The building is very well insulated, has no active cooling requirements and uses 
mechanical extract ventilation with heat recovery via a heat pump. A combination of 
a horizontal geothermal field and heat pump, solar thermal collectors and ventilation 
waste heat pump is applied to provide heat to the floor heating system and domestic hot 
water. The building is a case-study project in the EU-H2020-hybridGEOTABS project.

© Johannes Marburg
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Environmental performance of hybridGEOTABS case-study buildings

While the overall sustainability of a building is the result of a whole range of design choices and 
is qualified and quantified by checking a range of criteria, CO2 emissions are a key sustainability 
indicator for the choices related to the design of HVAC and energy systems. The EU-H2020-
hybridGEOTABS project has demonstrated reductions in CO2 emissions in four case-study 
buildings, including the Infrax/Fluvius office building8 in Belgium. By use of detailed dynamic 
building energy models, three HVAC- and control scenarios have been simulated (see Deliverable 
4.7). The nonGEOTABS-RBC scenario represents a traditional non-renewable reference scenario, 
where a gas condensing boiler and a chiller provide heating and cooling to the building via fan 
coil units. In the second and third hybridGEOTABS scenarios, a nonGEOTABS production and 
emission system assists the primary GEOTABS system. All three scenarios use a mechanical 
ventilation system with heat recovery, which also serves as a secondary emission system for 
heating and cooling. While the first and second scenarios have a rule-based controller, the third 
scenario applies a model predictive control. Therefore, these scenarios allow quantifying the 
benefits achieved by the GEOTABS system, as well as those by the controller. Figure 5.2 (left) 
shows the CO2 emissions for heating and cooling and the electricity use of the ventilation 
system during a reference weather year. Introducing GEOTABS as a primary system reduces 
CO2 emissions by about 26%, and additional savings of 38% are achieved by replacing the RBC 
with MPC. The savings from the MPC are mainly due to the reduction of electricity and pre-
heating in the ventilation system and reduction of heating demands of the secondary system. 
As introduced in Chapter 3, Figure 3.7, high energy savings have also been realised in the 
implementation of MPC in real buildings. Deliverable 4.9 and Deliverable 4.12 show results for all 
case-study buildings based simulations and measurements respectively.

The CO2 emissions in Figure 5.2 (left) assume CO2 conversion factors for electricity use that are 
representative for the whole European Union in 2020 (260 g CO2/kWh). However, the increasing 
use of low-carbon energy sources will lead to a significant reduction in CO2 intensity of the 
electricity mix in the next decades. This reduction is already the case in some EU-countries 
today, as well as in buildings using locally produced electricity (e.g. photovoltaic). Therefore, 
Figure 5.2 (right) demonstrates that a cleaner electricity mix (CO2 factor of 90 g CO2/kWh) only 
accentuates the environmental benefits of hybridGEOTABS as compared to a nonGEOTABS 
building. Therefore, hybridGEOTABS is a sustainable solution for today and for the future.

8  The Infrax/Fluvius office building in Brussels (BE), completed in 2011, architecture by evr-architecten (BE), HVAC-engineering by Boydens 
engineering (BE), owner Fluvius. The building is a demonstration building in the EU-H2020-hybridGEOTABS project.



82 Storage integrated and hybrid renewable comfort supply concepts for buildings

Figure 5.2: yearly CO2 emissions by net-conditioned area for a nonGEOTABS-RBC, hybridGEOTABS-RBC and 
hybridGEOTABS-MPC office building simulation, considering the CO2 emissions in the average EU electricity mix in 
2020 (260 g CO2/kWh) (left) and a low-carbon electricity mix (90 g CO2/kWh) (right) (source: Deliverable 4.9)

5.4. GEOTABS and Comfort and Health

The benefits of radiant heating and cooling systems such as TABS have long been recognised by 
users of TABS buildings as well as in scientific studies. Benefits in terms of indoor environmental 
quality (IEQ) are the quiet operation, improved indoor air quality, uniform temperature 
distribution in indoor spaces, reduced risk of draught, reduced vertical air temperature 
differences, easier cleaning and space flexibility (Olesen, 2008; Kazanci, 2016). Research on 
the comfort and health implications of the IEQ delivered by these systems in buildings has 
accelerated in the late 20th century. It has been a specific element of the EU-ERASME-GEOTABS 
project and the EU-H2020-hybridGEOTABS project.

The GEOTABS and TABS concepts has attracted much interest in office building construction. 
Side effects like avoiding draught, avoiding installation noise and more comfortable room 
heights have added to the popularity of the system. In the Netherlands, the term ‘silent cooling’ 
also refers to the smooth self-regulating control (as explained in Chapter 2.2). The comfort was 
more than competitive compared to conventional emission systems. The ‘fit to ground-balance’ 
combination with ground source heat pumps, adding operational cost efficiency and renewable 
energy to the values, has led to a stable niche position in the office building market in central 
and northern Europe.

GEOTABS equipped elder-care buildings have experienced significant market growth since 
the extreme summer heatwaves in central Europe in 2003 that caused over 14,000 fatalities in 
France, including many older people. The ‘fit to ground-balance’ in these buildings is less obvious 
because the cooling demand is limited, especially in central and northern Europe. However, 
the robustness and low maintenance of the (silent) cooling and absence of draught have put 
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GEOTABS buildings in the picture in this sector as well. An example is the Ter Potterie9 elder-care 
home (BE), a demonstration building in the EU-H2020 project. Moreover, one system for both 
summer and winter comfort is a convincing argument, both for investment and operation of the 
building. Many EU countries have enacted legal obligations to ensure a ‘temperature safe zone’ 
in official elder-care homes. During the COVID-19 pandemic, the GEOTABS elder-care homes 
delivered room-by-room summer comfort, so quarantined inhabitants were comfortable. 
Buildings that had opted for shared-space, air-conditioned shelters for inhabitants were not 
able to deliver this added value to patients with COVID-19 or otherwise bedridden inhabitants. 
Summer comfort has become increasingly important in collective-housing residential buildings 
and educational buildings. Therefore, the comfort studies and assessments performed in the 
hybridGEOTABS project for offices, apartments, schools and elder-care homes have become 
even more relevant.

Comfort and health in hybridGEOTABS case-study buildings

The measurements and survey studies support the following general conclusions. The indoor air 
quality was rated as very good on average: the air was perceived as fresh. TABS circulate less dust 
and particles than systems with radiators, so this rating is supported by fact. All health aspects 
were rated on average as good, indicating that sick-building syndromes such as nose and throat 
irritation or headache seldom occurred. Although dry eyes did not present a problem according 
to averages, the survey responses showed large differences among individuals. Some individuals 
reported suffering from dry eyes. In some cases, limited humidification of the ventilation air 
might improve the users’ appreciation of the indoor climate. 

Interestingly, comfort ratings are very high for buildings using a conventional control (Rule 
Based Control)  and slightly lower for buildings using the Model Predictive Control,  but both 
sets of results were still very much within acceptable limits. The MPC algorithm tends towards 
the boundaries of thermal comfort, instead of focussing on optimal comfort, which is one of the 
main reasons for the energy savings compared to the conventional RBC control. It is possible 
that the MPC allows more variation of indoor temperature and therefore may have important 
contributions to positive health effects due to more stimulation of occupants’ thermoregulation 
(van Marken Lichtenbelt et al., 2017).

The results of the SolarWind office building (see Section 5.2) are used as an example. Figure 5.3 
shows the measured operative temperature of the indoor thermal environment during working 
hours (08:00 to 18:00) in four representative zones in the SolarWind building during 2018 
(Kazanci et al., 2018). The indoor thermal environment was classified according to the categories 
defined in EN16798-1:2019 for office buildings. Category I represents the indoor environment 
where the occupants have a high level of expectation, while Category IV is associated with a low 
level of expectation. 

9  The Ter Potterie elder-care home building in Bruges (BE), completed in 2016, architecture by Arch. Michel Van Langenhove (BE), 
HVAC-engineering by Boydens engineering (BE), owner Mintus Brugge. The building is a demonstration building in the EU-H2020-
hybridGEOTABS project. 
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Figure 5.3: Long-term indoor thermal environment evaluation, SolarWind building, 2018 – operative temperature at 0.6 m  
height measured in the reception area (RA), reception office (RO), corner office (CO) and the open-plan office (OP). 
CAT = Category, H/C = Heating/Cooling season. (Source: Deliverable 5.2)

During 2018, limited to no risk of discomfort was registered for the occupants as the indoor 
thermal environment was between high (Category I) and moderate (Category III). Moreover, 
no sudden or frequent fluctuations occurred in all investigated spaces with a normal thermal 
stratification over the entire year. Therefore, the occupants in the investigated rooms were not 
subject to local thermal discomfort from floors that were too cold or too warm, or a vertical 
air temperature differential (head to ankles) that was too high. The occupants were also asked 
to assess how they perceived thermal comfort. Although the median of occupants’ votes was 
around ‘just comfortable’, a large variance was observed. Figure 5.4 shows the responses for 
thermal sensation. The thermal sensation was rated as close to neutral but shifted a bit towards 
the slightly cool side. 

Figure 5.4. Thermal sensation responses for each season. The blue box represents 50% of the data, and the whiskers 
represent 25% of the data above and below. (Source: Deliverable 5.2)
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5.5. GEOTABS and Private Investors

Van Roey offices, Reginald Schellen architects, Rijkevorsel, Belgium, opened 2015

Van Roey is a project developer and turnkey and general contractor. The company’s new 
office was designed with sustainability as a starting point. Working in a multidisciplinary 
manner from the start of the project made the combination of challenging architecture 
and far-reaching sustainability possible. The result is a nearly zero energy building (nZEB) 
office building that is heated and cooled without traditional solutions such as boilers or 
cooling machines.

Van Roey has started integrating the GEOTABS concept in their own developments and 
DBFM projects because they have witnessed the comfort, the cost (all year comfort for  
1 €/m².y) and the growing sustainable image. 

The ground source is an aquifer energy thermal storage (ATES), and the emission system 
in the building is mainly TABS with low-temperature convectors as a secondary emission 
system. These low-temperature systems enable the optimum efficiency of the heat 
pumps and passive cooling. The building envelope has also been adapted to achieve the 
best possible balance between heat and cold demand.

© Group Van Roey
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Alheembouw offices, B2AI architects, Oostnieuwkerke, Belgium, opened 2017

The office of this general contractor has both architectural aesthetic appeal and is a 
landmark building due to its sustainability statement. This project provided an energy-
efficient challenge due to the extensive use of glass on the façade.

The type of glass and insulation were selected to achieve the required airtightness inside 
the building. The size and spacing of the exterior window shutters were also extensively 
analysed to maximise natural indoor lighting while reducing solar gains in the summer. 
The shutter blades on the south side are closer to one another than the shutter blades on 
the north side of the building.

An nZEB classification was achieved by using the GEOTABS concept, adjusting the 
integrated design as needed.

© Boydens Engineering
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Nathan headquarters, Zevenaar, The Netherlands, opened 2018

Nathan is a system supplier company for HVAC in buildings. Construction on a new 
headquarters in the municipality of Zevenaar started in 2016. This building is not just any 
head office: the new building is completely in line with Nathan’s vision of sustainability. The 
new headquarters, designed by the WillemsenU architectural firm, shows how architecture 
can combine construction materials and products with climate technology to develop a 
sustainable building.

The property was built according to the latest techniques in sustainable heating and 
cooling. The new head office will serve as an example of this total solution, using Nathan’s 
products, Uponor and Alpha Innotec. In addition, the building contains teaching rooms 
for theory and practice, designed to transfer knowledge of sustainable installations and 
their successful integration.

The indoor climate is pleasantly stable. The choice of TABS ensures a very sustainable 
building that optimally combines technology and design. By incorporating most 
installations into the concrete floor and omitting the usual suspended ceiling, the clean 
concrete ceiling comes into view and undisturbed heat exchange can take place between 
the floor, the ceiling and the room. Only the grids cast into the concrete for air treatment, 
luminaires for the basic lighting and the sprinkler heads are visible. The result is sleek  
with minimal use of material and a stable temperature.

The design of the building is tailored to the environment to support the energy-zero 
concept. Awnings and orienting the open facades to the south use the heat and light of 
the sun and exclude that energy when necessary. Materials, such as the PV cells in the 
atrium roof and triple glazing, offer indoor climate-stabilising solar protection in addition 
to their well-known sustainable properties.

© Nathan
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Westbay residences, Luxembourg, first phase opened 2019
 

Off the main road between Arlon (BE) to Strassen (LU) are four new three-story residential 
apartment blocks, sheltered from traffic with a beautiful view of the hilly countryside.

This site provides over 60 luxury residential units comprising of 40 spacious 1-bedroom 
to 3-bedroom apartments, 20 furnished studios and five stunning penthouses. The 
apartments have complied with Luxembourg’s AAA and passive label, and the developer 
is keen on reusing the hybridGEOTABS concept in future projects. This development 
provides a very high comfort at a responsible environmental and economical price.

The buildings are heated by two heat pumps that extract energy from the helicoidal 
borehole field located under the building. The heat pumps supply the underfloor heating 
to the apartments. During the summer months, solar energy is regenerated via thermal 
solar collectors located on the roof of the blocks.

The hot water is also supplied by the heat pump, which can extract thermal energy from 
the greywater recycling system (wastewater from showers, baths, sinks and dishwashers). 
The hot water produced by the heat pump returns to the heating system.

© Westbay
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Further Developments  
& Knowledge Centre

Author: Lukáš Ferkl

The European Union has set a path towards a decarbonised society in 2050. Today, the main 
policy in effect is the European Green Deal, very ambitious after Ursula von der Leyen’s speech 
of September 2020, to reduce the CO2 emissions by at least 55% by 2030 to maintain the global 
temperature rise below 1.5 °C compared to 1990 levels. The Green Deal has seven main goals, one 
of them being ‘Building and renovating’. So, how can the hybridGEOTABS concept contribute to 
this goal in new buildings?

The rate of replacement of old buildings by new buildings is around 1.5% per year in the EU, 
which means that the building stock turnover is roughly 15% over ten years. Buildings consume 
around 40% of primary energy in the EU, so there is significant energy savings potential in new 
buildings. If a new building uses about 20% of the energy used by an older building (from F-class 
to B-class, to be conservative), new buildings could reduce the carbon footprint of the EU by 
around 5% in 10 years, if the energy mix is same as it was in 1990.

Of course, the energy mix is changing, with more and more renewable and residual energy 
sources (R2ES) on the market. In this scope, hybridGEOTABS is becoming an enabling technology 
for the integration of R2ES. Why is that?

The hybridGEOTABS system allows the R2ES to work more efficiently. With the peak-shaving 
and load-shifting capability, the system has very low instantaneous energy demands, and the 
energy demand can be shifted in time (to a certain extent). Therefore, the peak demand can  
be reduced. Moreover, the TABS system operates on low temperatures for heating (typically 
22–28 °C) and high temperatures for cooling (typically 15–22 °C), which is very beneficial, 
especially for the heat pumps, which can operate with higher seasonal performance factors 
(SPF). The average seasonal COP is typically around 3.5, while we can achieve values around  
5 with hybridGEOTABS.

With the MPC program controlling the whole system, the hybridGEOTABS concept also aims at 
the targets set for Digital Europe, which is explicitly and closely related to the European Green 
Deal. Information is a crucial commodity in the 21st century, and building energy flows are no 
exception. A building communicating with its neighbourhood and sending its present and 
future energy demands – which are an advantageous output of the MPC program – can share its 
resources with other buildings, acting as a ‘prosumer’. The prosumer concept was foreseen by 
the EU ‘Winter Package’ of 2016 and made mandatory in EU legislation by 2024.
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The ‘prosumer’ is not a new concept for buildings, but existing legislation, which favours the 
energy oligopoly, and has long prevented this concept from being implemented. In traditional 
grid technologies, it was extremely difficult to mix electricity producers with electricity 
consumers, due to the inability to guarantee the stability of electricity parameters, such as 
voltage, frequency or shape of the signal. However, this is no longer an issue with modern 
technologies, and there is no technology barrier stopping buildings from becoming prosumers. 

One of the key features of prosumers is the ability to store energy. With a vast share of R2ES in 
the grid, end components that can (a) receive energy in case of excess and (b) deliver, or at least 
have zero demand, in case of shortage, are crucial. This flexibility can be achieved by energy 
storage, which is natural for the TABS and GEO components, with no need for expensive and 
controversial batteries. Moreover, the MPC program has full control over the energy use and 
storage, so the building can communicate with the grid operator and provide information about 
the energy needs and availability.

The following important characteristics of hybridGEOTABS for energy-use scheduling turn it 
into a future-proof concept:

•  The hybridGEOTABS building provides flexibility to the grid, thanks to inherent energy 
storage capabilities, which ensures higher efficiency for the R2ES

•  The MPC program provides full information to the grid operator, which ensures – within 
the prosumer concept – lower energy prices for the customer, ie, for the building.

Even though the hybridGEOTABS concept is an enabling technology for future trends in the 
energy system, its complexity is not much different from existing systems. The technologies of 
the hybridGEOTABS systems typically represent less than 10% of the total investment cost of the 
building. They are less than 1% more expensive than the competing technologies (within the 
whole building cost). If we aim at buildings with low environmental impact related to energy use 
and efficiency of the R2ES, the life cycle costs of the hybridGEOTABS buildings are cheaper than 
those of existing buildings by 1–5%.

For almost no extra investment cost, hybridGEOTABS provides significantly lower operating 
costs and a lower carbon footprint. One of the significant additional advantages is the high-
quality indoor environment. The TABS component of the system provides radiant heating and 
cooling, with a high level of comfort for building occupants. A stable and comfortable indoor 
environmental quality can be maintained with the help of MPC.

According to our market survey, architects welcome the ‘space liberty’ provided by the 
hybridGEOTABS system. The TABS system is integrated into the building construction, so 
none of the primary system technologies, such as radiators, fan coils, or tubes, are visible in 
the interior. Only the grills of a possible secondary system like a ventilation system are present, 
and these can be incorporated into architectural features. This space liberty also means that the 
building occupants are free to place the furniture wherever they want, which is not possible with 
radiators, which must not be blocked, or large fan-coil units that require open paths for airflow 
(see Chapter 5). 



 91

The design of the hybridGEOTABS system is made easier by our design tool (see Chapter 4). The 
design tool is crucial for sizing the system and setting up the key components. Sizing is a crucial 
step because, with the use of MPC, the predictive controller, we can perform control optimisation 
‘tricks’, such as load shifting or peak shaving, and the components of the system may be smaller 
compared to buildings using existing control strategies. Apart from MPC, which is software 
running on ordinary hardware, the system uses no special technology, as hybridGEOTABS can 
take advantage of off-the-shelf products.

The MPC program is the crucial part of the hybridGEOTABS concept, with the following key 
features:

•  High-quality automation
•  Easy commissioning, no hard-tuning process
•  Integration within the BMS
•  Provides Smart Grid ready capacities
•  Is in line with the EU’s Energy Performance of Buildings Directive and increases a building’s 

smart readiness indicator (SRI)

Even though MPC is quite common in industry, automotive and aerospace applications, it is still 
rather rare in buildings. The results of the hybridGEOTABS project (see Chapter 3) show that its 
use will be very advantageous.

In addition to its technical advantages, the hybridGEOTABS concept presents an opportunity 
for innovative companies. According to our market research, there is a great demand for green 
solutions – especially among generation Z themselves, and Boomers, who are buying properties 
for their generation Z children. Moreover, green technologies are trending in the EU and 
supported by state subsidies in many member states. Society must invest in environmentally 
friendly solutions that are not expensive and are available right now.

We have established a Knowledge Centre to support the hybridGEOTABS concept. The centre’s 
mission is to promote the system, help the investors with their decisions and provide necessary 
advice for architects, designers and engineers. The decision makers must be aware that there 
is an elegant and sustainable solution to the buildings called hybridGEOTABS and that they 
can benefit from it, not only environmentally, but also economically. During our Horizon 2020 
project, we have gathered an impressive amount of experience, data and know-how, and we 
want to share it with the general public through the Knowledge Centre.
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hybridGEOTABS deliverables

publicly available from www.hybridgeotabs.eu 

Design methodology for feasibility study and pre-design

D2.4 Quantified differences in optimal TABS, HP and GSHX sizing for MPC and RBC  
(lead: Ghent University)

D2.5 Specifications of a set of standardised modular hybridGEOTABS component packages.  
(lead: Ghent University)

D2.6 hybridGEOTABS sizing in feasibility studies and pre-design: tool and manual  
(lead: Boydens engineering)

 Including hybridGEOTABS design webtool for feasibility study and pre-design 

MPC Development and implementation

D3.2 Report/paper describing the mathematical formulation of different objective functions for  
MPC in hybridGEOTABS buildings (lead: University of Leuven)

D3.5  Report describing robust MPC formulation and its validation (lead: Energoklastr)
D3.6  MPC implementation for hybridGEOTABS buildings (lead: University of Leuven)

Demonstration and validation

D4.1-2  List of hybridGEOTABS demonstration and case studies (lead: Boydens engineering)

 Including hybridGEOTABS building data sheets

D4.3  Implementation, demonstration and validation plan for the 3 selected demos (lead: Ghent 
University)

D4.4  Measurement protocol to be used in the demonstration cases (lead: Danish Technical University)
D4.5  Report describing the two baseline cases: nonGEOTABS-RBC and hybridGEOTABS-RBC  

(lead: University of Leuven)
D4.6  Component models added to the Open IDEAS library (software code) (lead: University of 

Leuven)
D4.8  Report describing the current and good practices for design and control of hybridGEOTABS 

buildings (lead: Lemon Consult)
D4.9  Concept and impact validation for the case-study buildings based on the virtual test bed  

(lead: Ghent University)
D4.11  Report describing the demo cases with newly implemented MPC-GT design and/or control 

concepts (lead: University of Leuven) 
D4.12  Concept and impact validation for the demonstration buildings based on the real-life test bed 

(lead: Ghent University)

http://www.hybridgeotabs.eu/
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People Planet Profit validation

D5.1  Review of thermal comfort, IEQ, productivity and health in hybridGEOTABS buildings  
(lead: Danish Technical University)

D5.2  Validation of thermal comfort, IEQ, productivity and health in hybridGEOTABS buildings  
(lead: Maastricht University)

D5.4  Environmental impact assessment of hybridGEOTABS buildings (lead: Ghent University)
D5.5  Overall cost/benefit analysis for hybridGEOTABS buildings (lead: Energoklastr)
D5.7  Policy support report (lead: Energoklastr)

Exploitation

D6.1  hybridGEOTABS system concept: document defining the system concept, individual modules 
and interfaces (lead: Danish Technical University)

D6.2  Development and optimisation of individual modules for hybridGEOTABS solutions  
(lead: GEOTER)

D6.3  Report on the usability of TABS-panels (radiant ceiling panels with PCM) (lead: Danish Technical 
University)

D6.4  Industrialisation strategy (lead: Viessmann)

 Including set of hybridGEOTABS hydraulic schemes 
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building and energy world.
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