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Abstract 
Today, the pre-design and feasibility assessment of 
hybrid, low-carbon and storage-integrated HVAC-
concepts, such as hybridGEOTABS, mainly relies on 
resource-intensive case-by-case building energy 
simulations, which is a barrier to the realisation of these 
sustainable concepts in the EU. A new design tool has 
been developed that allows designers to assess the sizing, 
performance and feasibility of the hybridGEOTABS 
concept for their project, which is straightforward to use 
in the early design stages. This paper sets out the main 
lines of the research study that has led to this design tool, 
which is based on an extensive database of pre-simulated 
building and boundary condition configurations. 
Key Innovations 
• Using big databases of building variations and their 

dynamic energy use profiles as a basis for feasibility 
study and pre-design of complex HVAC-solutions 

• Integrating the effects of near-optimal control in the 
cost optimal sizing of HVAC-components 

Practical Implications 
An easy-to-use web-tool and guidelines for the feasibility 
assessment and pre-design of hybridGEOTABS concepts 
is available from www.hybridgeotabs.eu. Tailored to the 
needs of HVAC-designers, energy consultants and 
architects in the early stages of the design process, the tool 
provides the sizing and performance of the concept as 
output, based on a few basic properties of the building as 
input. It relies on an extensive database of pre-simulated 
office, school, elderly home and multi-family buildings 
throughout the EU and experience based cost correlations.  
Introduction 
Future-proof HVAC-concepts 
On the path towards a low-carbon society, as set out for 
example by the European Green Deal, more and more 
renewable and residual energy sources (R2ES) are 
integrated in the energy mix, and the balancing of this 
more variable energy supply with the demand is a 
challenge. Future-proof buildings not only reduce their 
energy demands, they are also efficient and flexible in 
their energy use: on one hand by combining 
complementary technologies into hybrid systems, on the 
other hand by using the energy when it is excessively 
available, and by reducing the demands in case of 
shortage. Key building features are therefore the ability to 

store energy in the building and the availability of smart 
communication and control. 
hybridGEOTABS is an example of such a future-proof 
HVAC-concept, supplying comfort to buildings while 
using hybrid renewable energy systems and by activating 
the building thermal storage capacity. GEOTABS refers 
to the combination of a geothermal heat pump with 
thermally activated building systems (TABS), as 
explained in Boydens et al. (2013). TABS is a radiant 
heating and cooling emission system in which the 
heating/cooling pipes are embedded in the mass of the 
building elements (e.g. concrete floors), therefore 
activating them as thermal storage. This thermal storage 
allows to decouple moments of demand and supply on an 
intra-day time window and to shave the demand peaks, 
both properties which are beneficial for providing 
flexibility. By turning entire floor or ceiling surfaces into 
heavy-weight emission systems, TABS can provide very 
low-temperature heating (as low as 22-28°C) and high-
temperature cooling (as high as 15-22°C). These 
temperatures are close to the temperatures available in the 
shallow layers of the underground, which allows to 
operate geothermal (GEO) heat pumps at a high 
efficiency. The geothermal source acts as a seasonal 
storage, from which heat is extracted in the heating season 
and injected again in the cooling season. GEOTABS is the 
core of the hybridGEOTABS system and is 
complemented with secondary heating and/or cooling 
emission systems, in order to maintain the thermal 
comfort in moments when TABS is not the most efficient 
emission system, for example when sudden and 
significant changes in heating or cooling loads appear. 
Complementary energy sources can be beneficial to 
maintain the geothermal balance or to increase the 
financial or environmental performance of the system. 
In summary, hybridGEOTABS is an HVAC-concept with 
a high potential to meet the requirements for buildings in 
the future. However, for the concept to also realise this 
potential in real-life operation, it does require an adequate 
system integration and smart control based on exchange 
of information between the building zones, the various 
levels of the systems and the energy grids. Each moment, 
the system has to be able to decide how much heating or 
cooling to provide to the TABS or secondary emission 
system in order to maintain comfort, and to decide which 
energy supply system is the most efficient to use. Also 
dynamic effects such as the inertia of the TABS, the 
balance of the geothermal field, the expected variations in 
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building use and renewable energy supply are ideally 
taken into account when making these decisions. In the 
hybridGEOTABS concept, as documented in Boydens et 
al. (2021), this vital role is taken up by a Model Predictive 
Controller (MPC), which optimises the operational 
efficiency of the system in terms of energy, environmental 
and/or cost performance while safeguarding the indoor 
environmental quality constraints (Drgoňa et al., 2020).   
Design challenges  
The design of hybrid and storage-integrated systems such 
as hybridGEOTABS, brings along challenges when it 
comes to the HVAC-design. The main questions are what 
shares of the heating and cooling demands can be 
optimally covered by the GEOTABS and secondary 
system respectively, and what are the resulting sizes of the 
key HVAC-components (the heat pump, geothermal 
borefield and secondary system). As a result of their 
thermal inertia, and if well-controlled, the heat inputs to 
the TABS can be smoothed out over time, resulting in 
peak shaving and reduced size of the heat pump. On the 
other hand, as it takes some time to charge and discharge 
this thermal storage, a sudden change from heating to 
cooling mode of the system would lead to energy losses. 
Therefore in such situations, it is often more desirable to 
engage a secondary fast-reacting emission system (e.g. 
fan coil units, air handling systems…). Yet another 
element to consider is the effect of the MPC on the 
component sizing and load shares. MPC optimises the 
system performance, and has knowledge of the building 
and system properties and behaviour (by using a model) 
and of future disturbances (by using predictions, e.g. 
weather predictions). This allows the controller to 
anticipate future demands, and thus reduce the peak 
powers that would otherwise be needed to maintain 
thermal comfort.  
The aforementioned dynamic aspects influence the sizing 
and load share of the hybridGEOTABS system. As a 
result, the critical conditions for the sizing of the 
system(s), typically appearing at the warmest and coldest 
days of the year, are no longer valid for hybridGEOTABS 
buildings, and will lead to an oversizing of the system and 
increased investment costs. Also, classical steady-state 
heat loss calculation methods do not allow to split the 
loads and energy supply shares between the two systems, 
and are thus insufficient for sizing hybridGEOTABS.  
Instead, the state-of-the-art design of GEOTABS 
buildings today relies on detailed, case-by-case dynamic 
building energy simulations (BES), performed by experts. 
Especially in the early design stages, where budgets are 
often limited, and where even the basic design properties 
may still vary considerably, this is a significant barrier for 
considering hybridGEOTABS solutions. The application 
field is rather limited to buildings with limited 
fluctuations in loads, where GEOTABS is very likely to 
be a suitable solution. This leaves a whole range of 
building designs unexploited.  In conclusion, there is need 
for more straightforward yet not over-simplified methods 
to assist the designer in assessing the sizing and 
performance of the system in the early design stage.  

Design solutions 
The increasing availability of computational power, of the 
possibilities of building energy simulation programs and 
of the storage of and access to large amounts of data, open 
new opportunities to tackle the aforementioned design 
challenge in a different way. By pre-simulation and pre-
engineering of the hybridGEOTABS pre-design for a 
large variety of buildings, a database of inputs and outputs 
can be populated and made available via a web-tool. As a 
result, the complex and time-consuming efforts of the 
individual design engineer in the early design stage are 
reduced to the search for the available case-study building 
that approaches best his/her project, and the study of the 
resulting design solutions for varying building design 
properties. At the same time, it allows a dedicated study 
and implementation of the aforementioned dynamic 
aspects influencing the design, by the researchers and 
engineers developing the database. This results in an 
interesting trade-off between effort and quality for 
designers in the early building and HVAC-design stages. 
This approach was used in the development of a design 
methodology for hybridGEOTABS concepts by a multi-
disciplinary team of HVAC-engineers, researchers in the 
fields of building physics, building services and building 
control engineering, and product manufacturers. The 
method was developed in the hybridGEOTABS project 
(2016-2021), funded by the European Commission in the 
Horizon 2020 programme. 
This paper provides an overview of the different steps in 
the development of this new hybridGEOTABS design 
tool, with reference to more in-depth literature of the 
various sub-studies. Then, in the results section, some of 
the key results of this method are explained.  
Methods 
First an overview of the main steps in the development of 
the database with pre-simulated and pre-engineered 
hybridGEOTABS building cases is given. A logical first 
step is the collection of data describing the building cases 
that is representative of today’s building design and use 
in Europe. It is important that the variety of cases is large, 
about 140,000 in this study, so the designer can find a 
building that is close to the project he wants to assess.  
The collected building-related data serves as input for step 
two, that is the development and simulation of dynamic 
BES-models for this high amount of cases. In a state-of-
the-art HVAC-design practice exercise, such a simulation 
model would include a rather detailed multi-zone building 
model, the modelling of the ventilation and 
hybridGEOTABS system components and a classical 
control, and running this model for at least one week in 
winter, summer and intermediate season conditions. The 
sizing of the key components would have to be estimated 
by rules of thumb, assessed and possibly reiterated based 
on the simulation results. Even if the development of such 
models could be partially automated, the simulation time 
itself would easily be higher than 1 hour per case, and total 
simulation time for 140,000 cases would take years. 
Moreover, how close to optimal would be the outcomes 
of this approach, given that the building and HVAC-
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design variation options in this approach are limited? 
Additionally, considering the effect of the MPC on the 
sizing and performance requires even more specialist 
work and simulation time.  
This is why in this methodology another approach was 
used. The BES-models in step two are focused on 
obtaining hourly heating and cooling demand profiles for 
one year, for the building cases and assuming an ideal 
heating and cooling system. The actual GEOTABS and 
secondary system components, as well as the control, are 
not included in these BES-models. Their behaviour will 
be incorporated in subsequent steps. 
Step three tackles the question what share of the heating 
and cooling demands of the building (as simulated in step 
two) can be delivered by TABS? The resulting load is 
called the baseload. The residual loads are then provided 
by a fast-reacting heating and/or cooling emission system. 
The baseload is estimated by use of a newly developed 
load splitting algorithm, that optimises the share of 
GEOTABS and of the secondary system at each moment 
in time and incorporates dynamic effects such as the 
thermal inertia in the TABS and key control strategy 
features.  
The development of the load splitting algorithm and 
subsequent sizing, is complemented by a detailed 
simulation and optimisation study on the near-optimal 
control integrated design of hybridGEOTABS buildings. 
Applied to selected building cases and for MPC as well as  
for classical Rule-Based Controls (RBC), it allows to see 
the effect of control on the system design, and check 
consistency with the more simplified, but less 
computationally-demanding load splitting algorithm.  
Based on the baseload and residual load profiles (from 
step three), the final processing in step four determines (1) 
the required sizing (power) of the heat pump, the 
geothermal borefield and the secondary system, which are 
the key components of the hybridGEOTABS solution, 
and (2) the energy and environmental performance. 
Together with the properties of the building cases, these 
are the key data in the database that feeds into the design 
tool. In the next sections, each of the steps is elaborated 
more in detail. All BES-models in this study were 
developed in Dymola, using components from the IDEAS 
library (Jorissen et al., 2018).  
Step 1: Building stock data 
Based on analysis of data from the building stock and 
building regulations in European countries, as explained 
in Mahmoud et al. (2021), a sample of about 140,000 
building cases was constructed, focussing on mid-size and 
large buildings (> 1,000 m²), four building typologies and 
the three most populated climate zones in Europe. Table 
1 gives an overview of the considered parameter 
variations. For each of the four typologies, a variety of 
geometries was selected, leading to a total of ca. 500 
building geometries. For each geometry the other 
parameter variations are applied, as documented in 
Mahmoud et al. (2020).   
 

Table 1: Variations in building stock cases 
Parameter Variations 
Typologies  Office; School; Elderly-

home; Multi-family building 
Window-to-wall ratio Low; Medium; High 
Orientation West; South 
Internal heat gains High dense; Low dense 
Thermal mass Heavy; Medium 
Envelope 
performance 

High; Medium; Low 

Shading Yes; No 
Climate Madrid; Brussels; Warsaw 

On the other hand, for each building typology a 
parametric geometry was developed, consisting of floor 
plans with the typical functions appearing in each 
typology, as the basis for a multi-zone building model 
with between 4 and 6 zones per floor (dependent on the 
typology). The dimensions of the zones and the number 
of floors are automatically fitted to the dimensions of each 
of the geometrical variations in the building stock cases. 
Furthermore, for each typology and zone/function, typical 
ventilation rates and low- and high-dense use profiles 
(with associated internal heat gains) were selected. 
Step 2: Heating and cooling load simulations 
For each typology a BES-model was made with a multi-
zone building model based on the parametric geometries 
defined in step 1, a heat recovery ventilation system and 
an ideal heating and cooling system with a fixed set-point. 
The parameters in Table 1 are automatically adapted for 
each case building that is simulated, as explained in 
Mahmoud et al. (2020).  

 
Figure 1: BES-modelling approach (source: Mahmoud 

et al., 2019) 
To reduce the simulation time of the BES-models, that is 
significantly influenced by the amount of zones to be 
simulated, each of the building floors was simulated using 
a separate model, assuming that the floors to adjacent 
floors are adiabatic (see Figure 1). This relies on the 
assumption that there is negligible heat transfer between 
zones on top of each other, because they are separated by 
a TABS-floor. This modelling approach was validated in 
Mahmoud et al. (2019), and reduces the simulation time 
of the building stock cases with about 65%, to on average 
3 min per building case (and per CPU core).  
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Step 3: Load splitting algorithm 
In this study it is assumed that the hybridGEOTABS 
system consists of GEOTABS as the primary system, and 
a separate secondary system consisting of a fast-reacting 
emission system supplied by a production system that is 
not the geothermal heat pump. The baseload is defined as 
the maximised share of GEOTABS that allows to 
minimise the energy use of the entire (GEOTABS + 
secondary) heating and cooling system, while maintaining 
thermal comfort in the building and by using and taking 
into account the thermal storage in the TABS. The 
baseload algorithm is the mathematical formulation of the 
baseload definition. It computes the baseload, by 
minimising the energy use for heating and cooling of a 
building for an entire year, using the building heating and 
cooling demand from step 2 (𝑄̇𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) as an input and the 
thermal comfort and thermal inertia of the TABS as 
constraints. The outputs of the optimisation problem are 
the baseload (𝑄̇𝑄𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃), and residual load (𝑄̇𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆), or 
thus the shares of the GEOTABS and secondary system.  

 
Figure 2: Simplified RC-model of the building and TABS 

(Boydens et al., 2021)  
The algorithm should have limited calculation time 
combined with enough accuracy for the purpose of the 
study. Therefore, it consists of a simplified model of the 
building and TABS and a fast optimisation algorithm, that 
are validated (Sharifi et al., 2020a). The model of the 
building and TABS is a resistance-capacitance (RC) 
model of which a schematic is provided in Figure 2. It 
incorporates the thermal inertia in the TABS and building. 
The parameters of the model are estimated using inverse 
modelling techniques and validated by comparison with a 
more detailed BES-model for three distinct case-studies. 
The validation shows that when replacing the detailed 
model by the simplified RC-model, the RC-model allows 
to maintain thermal comfort in the building throughout 
the year, and the concrete core temperature follows a very 
similar behaviour in both models with deviations within 
±1 °C. The modelling and validation are documented in 
Sharifi et al. (2020a). 

The optimisation algorithm is a heuristic algorithm, 
designed to find a near-optimal solution resulting from a 
trade-off between accuracy and calculation speed. It is 
validated by comparison to a standard linear 
programming (LP) solver, for the three validation cases. 
It is found that the obtained load split on a yearly basis as 
obtained by both optimisers, is very similar. The baseload 
algorithm typically results in a slightly higher total yearly 
energy use (3-7%) and uses a bit more of the primary 
system than the standard LP optimiser. Importantly, the 
calculation time of the baseload algorithm is 1 minute, 
while the standard LP optimiser takes about 2 hours to 
split the loads (Sharifi et al., 2020a).  

 
Figure 3: 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 (Sharifi et al., 2021) 
Figure 3 illustrates a summer-day excerpt of the load 
splitting time series for the case of an office building in 
Belgium. The cooling demand is mostly provided by the 
TABS, with some additional power of the secondary 
system in the afternoon peak. Remark the shift between 
the time that the geothermal heat pump (primary system) 
provides the cooling to the TABS-floor, and the moment 
it is actually released to the room, as an illustration of the 
load shifting capabilities of the system.  
Step 4: Component sizing and performance 
estimation 
The outputs of the optimisation problem are the baseload 
and residual load, or thus the shares of the primary 
GEOTABS system and the secondary system. These 
outputs are the basis for sizing the hybridGEOTABS key 
components and calculating the energy performance via a 
subsequent post-processing step described in Sharifi et al. 
(2021). It accounts for the translation to system sizing, 
incorporation of energy conversion efficiencies of the 
various sub-systems, including active and passive cooling 
with GEOTABS, CO2-emission and primary energy 
conversion factors. Also a strict balance of the geothermal 
source is imposed, in which the heat injected to the field 
should be between 40% and 60% of the sum of injected 
and extracted heat.  
Steps one to four make up a computationally friendly 
strategy that takes altogether about 5 – 10 minutes per 
case (and per CPU-core). 
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Control-Integrated design study 
Complementary to the previously described process, on a 
selection of 5 building cases a more detailed study is 
performed that integrates the building, HVAC-system and 
control into the optimisation of the design, using a 
toolchain and algorithm developed by Jorissen (2018). 
The algorithm uses the building model from step one, 
replacing the ideal heating and cooling system with more 
detailed models of the hybridGEOTABS HVAC-
components and control. The sizes of the key HVAC-
components are optimisation variables and for each 
HVAC-design a controller is automatically generated. 
Two types of controllers were tested: on one hand a 
current practice rule-based controller, which is based on a 
heating curve, and on the other hand a model predictive 
controller. The optimal HVAC-design is the design with 
the highest net present cost, thus optimising the 
combination of investment and operation costs, that fulfils 
the constraints such as thermal comfort and temperature 
limitations in the geothermal borefield, and is obtained 
using a non-linear programming solver. The study is 
documented in Sharifi & Jorissen (2020b). 
Results 
Control-integrated design 
The control-integrated design study focuses on five office 
building cases with the same geometry (2,400 m²; 2 
floors; 40% glazing; compactness 1.9) and varying 
climate (Madrid, Brussels, Warsaw) and building 
physical properties: buildings A with medium insulation 
and air tightness level and low-dense occupancy; and 
buildings B with high insulation and air tightness level 
and high-dense occupancy. All five cases have the main 
façade orientation to the South and an automated shading 
system. Figure 4 shows the building energy use per sub-
system, this is the heating and cooling provided to the 
TABS and secondary system (consisting of fan coil units) 
for heating and cooling the building to temperatures 

between 22°C and 24°C, excluding the distribution and 
conversion efficiencies. Results of the detailed control-
integrated design study are given for the RBC- and MPC-
scenario, as well as the results of the simplified approach 
with the baseload splitting algorithm (BA-MPC). For 
reference, also the ideal heating and cooling demands for 
the same temperature ranges are given (Qideal22-24). The 
right-hand graph shows the maximum heating and cooling 
power as obtained by standard steady-state heat loss 
calculations (Qdesign) and the power of the heat pump 
(HP), and secondary heating and cooling systems 
(SecSysHeat and SecSysCool) for the same three 
scenario’s.  
Regarding the energy use, the scenario’s with TABS, 
even when control is optimised, may lead to a higher total 
energy need than the ideal demands, as a result of the high 
inertia of the TABS and the collaboration between the two 
emission systems. However, as TABS and geothermal 
heat pumps are a very energy-efficient and low-carbon 
combination (see Introduction section), this will be 
largely compensated for at the level of the primary energy 
performance and CO2-savings. Comparing RBC and 
MPC, throughout the cases a consistent tendency is 
observed: the MPC leads to an increase of the share of the 
GEOTABS system of up to 10%, to an overall share of 
over 80% of the heating and cooling energy use. Using 
MPC instead of RBC will lead to a reduction in primary 
energy use (and operation cost) between 3% and 26% for 
the five cases observed (Sharifi & Jorissen, 2020b). Of 
course, some building designs are more energy-efficient 
or more suitable for hybridGEOTABS than others. For 
example in the Madrid climate, a medium insulated 
building like MadridA, will bring a better balance 
between heating and cooling, a higher GEOTABS share, 
and an as low primary energy use when using 
hybridGEOTABS as a high insulated (passive house 
standard) building like MadridB, where the high peaks in 
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cooling loads require more intervention of the secondary 
emission system.  
Comparing the key component sizing for RBC and MPC, 
it is observed that the MPC leads to a decrease in the size 
(and thus the investment cost) of the secondary HVAC-
system (except for case MadridB) and a reduction of the 
heat pump size between 13% and 60%. The control-
optimisation provided by the MPC thus allows an 
increased use of GEOTABS, combined with a decrease in 
the power and cost needed for the installation. To allow 
this increased GEOTABS share, of course the geothermal 
borefield size remains or may even be slightly increased. 
As a result, for the five studied cases, apart from 
environmental benefits, improvements up to 20% in the 
net present value were observed when using MPC instead 
of RBC, assuming that for both controllers the design is 
optimised. A non-optimised method relies on the design 
powers for heating and cooling as calculated by 
standardised steady-state heat loss calculations, as also 
shown in Figure 5 (right).  Analysis shows that by using 
the control-integrated design, the overall heating and 
cooling powers for hybridGEOTABS are reduced by 
between 16% and 62% for both heating and cooling when 
the RBC-approach is used, and by 52% to 77% when the 
MPC-approach is used. This illustrates the need ànd the 
value of an integrated sizing methodology for 
hybridGEOTABS systems that considers the properties of 
TABS, the interactions between primary and secondary 
systems and the control as system-integrator.  
Finally, Figure 4 shows the results from applying the 
simplified process as described in steps one to four, 
including the load splitting algorithm (BA-MPC), for the 
same five cases. When comparing it to the more detailed 
simulation study with MPC, it is found that the load 
splitting with the BA-MPC is similar to the one with the 
MPC. The highest difference in total energy use of 9% is 
observed for case BrusselsA. Regarding sizing of the key 
components, the results of the splitting algorithm are also 
significantly lower than using the design heating and 
cooling powers, and roughly in the same order of 
magnitude as for the MPC (and RBC). The load splitting 
algorithm will typically lead to a bigger size of the 
secondary systems and similar or bigger size for the heat 
pump. This means the results of the load splitting 
algorithm are a bit conservative estimations, which is 
good in context of a pre-design study where the designer 
prefers to make ‘safe’ estimations. 
hybridGEOTABS sizing and performance results 
The methodology described in steps one to four is applied 
to about 140,000 building cases for the three major 
European climates, as listed in Table 1. Figure 5 shows a 
sample of the results, more specifically the results for 
about 20,000 office buildings with a high-dense type of 
occupancy. The results are grouped for the parameters 
climate and insulation level and are presented as violin 
plots, showing the entire distribution of the data. 
The top left graph in Figure 5 shows the share of 
GEOTABS in the total heating and cooling demand. It is 
known that TABS is able to provide more than 80% of the 

demand for more than 75% of the cases (Boydens et al, 
2021), as was also illustrated in Figure . We see here that 
for many cases in Figure 5 the GEOTABS share is lower. 
This is a result of the post-processing as explained in step 
four, which adds a strict thermal balance of the borefield, 
leading to a more conservative estimation of the 
GEOTABS potential for the building. As a result, cases 
with a high imbalance between the heat injected and 
extracted from the borefield, result in a reduced 
GEOTABS share. Examples are heavily cooling 
dominated buildings such as high insulated offices in 
Madrid and Brussels. From one point of view this 
illustrates that also building designs that are ‘challenging’ 
can still benefit (to a more limited extend) from 
incorporating GEOTABS. From another point of view, 
we can see that for each climate it is possible to design 
buildings with high GEOTABS shares, which highlights 
the importance of a design integrating the building 
properties. Moreover, in further design stages, when a 
detailed design of the borefield takes place, or options to 
regenerate the borefield can be taken into account, an even  
higher share of GEOTABS can  be achieved.  
The top right graph estimates the reduction in CO2-
emissions by introducing the share of GEOTABS in the 
building cases. hybridGEOTABS is thus compared to a 
traditional non-renewable heating and cooling solution 
(gas boiler and chiller), which is also used as secondary 
system in the hybridGEOTABS scenario. Assuming an 
EU average CO2-emission factor of 260 gCO2/kWh for 
electricity and 220 gCO2/kWh for natural gas, savings up 
to about 70% can be achieved, especially for those 
buildings having high GEOTABS shares. The 
hybridGEOTABS scenario will also benefit more from 
low-carbon electricity mixes, leading to increased saving 
potential as compared to the traditional solutions 
(Boydens et al., 2021). Furthermore, additional renewable 
energy sources and energy-efficient systems can be 
integrated in the secondary system, thus further 
improving the environmental performance. 
The bottom left graph shows the overall required heating 
power of the combined primary and secondary system, 
over the steady-state design heating demand. The bottom 
right graph expresses the power of the heat pump over the 
installed power in heating. These sizing results confirm 
that for all cases the required installed power (in this case 
in heating) is between 30% and 80% of the steady-state 
design demand, dependent on the properties of the case. 
For example, cases with medium insulation level that are 
located in the climate zones of Brussels show a high 
GEOTABS potential, with installed power in heating 
about half of the design calculations. From this installed 
power, for most of the cases the heat pump, which is the 
more expensive component, has a power between 40% 
and 60% of the installed power. 
More results on the performance and sizing of 
hybridGEOTABS buildings for the entire building stock 
data set, are documented in Mahmoud et al. (2021) and 
Sharifi et al. (2021).  
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Design tools and perspectives 
The database with all the building stock cases, their 
properties, sizing and performance results, that is the 
outcome of the methodology documented in this paper, is 
the basis for the development of design tools, readily 
applicable for the user. The results in Figure 5 illustrate 
that by grouping and analysing the results for the building 
stock by their key input properties (as listed in Table 1), 
key performance or sizing indicators can be derived. They 
are the basis for the development of rules of thumb and 
decision trees, allowing the designer to quickly make a 
first assessment of the feasibility of hybridGEOTABS for 
a specific project. These are available in Mahmoud et al. 
(2021) and Sharifi et al. (2021).  
Similarly, the relationships between the installed power of 
the heat pump and secondary system, and the steady-state 
design calculations, gives lead to the development of a 
stepwise calculation methodology, allowing the designer 
to estimate the power of hybridGEOTABS components, 
starting from steady-state calculations of a project.  

Thirdly, a web-interface has been developed that makes 
the information in the database readily available for 
HVAC-designers and architects. Using this web-tool, the 
designer can find the building stock case that is closest 
related to the project at hand, and see the more detailed 
performance and sizing outcomes, such as the monthly 
averaged and peak heating and cooling demands for 
GEOTABS and the secondary system, the sizing of the 
key components, and the effect of different controllers.   
Moreover, the web-tool provides additional results useful 
in feasibility studies, such as a comparison of 
hybridGEOTABS with other HVAC-solutions in terms of 
energy and environmental performance, sizing, and life-
cycle-costs, as explained in Boydens et al. (2021b). Thus 
the web-tool allows to the designer to obtain an overview 
of the behaviour of the building and system, and the key 
performance indicators relevant in pre-design phase and 
feasibility study, and this in a short time, similar to the 
time required in the early design of traditional HVAC-
solutions. The tool is available on www.hybridgeotabs.eu.  

Figure 5: hybridGEOTABS sizing and performance results for a sample of 20,000 office buildings with 
high-dense occupation and variation of building geometrical and building physical parameters  
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Conclusions 
hybridGEOTABS is a heating and cooling solution that 
provides comfort in buildings in a sustainable way. Being 
a hybrid, low-carbon, storage-integrated and smart 
controlled HVAC-concept, this system has high potential 
to meet the requirements for buildings for the future 
regarding grid flexibility, load shifting, peak shaving, 
smart communication and smart control. In order to lift up 
one of the barriers to a larger scale implementation of this 
concept for HVAC-designers today, we developed new 
design tools that allow designers to assess the sizing, 
performance and feasibility of the hybridGEOTABS 
concept for their project, taking into account the main 
effects of the thermal storage in the TABS and geothermal 
system, the secondary system and effects of the control. 
The tools are straightforward to use and avoid specialised 
and time-consuming case-by-case simulations in the early 
stages of the design process, when the HVAC-concept is 
decided. Moreover, the tools allow to widen the range of 
building designs for which hybridGEOTABS can be 
considered, including more challenging building designs.  
The tools rely on an extensive database of about 140,000 
pre-simulated and pre-designed buildings for the major 
EU climate zones. This paper provided an overview of the 
research study that was conducted to arrive to this 
database, and illustrated some of the results. The 
computationally friendly method relies on (1) set-up of a 
relevant building stock, (2) simulation of heating and 
cooling loads, (3) load splitting into baseload (covered by 
GEOTABS) and residual load (covered by secondary 
system), and (4) key component sizing and performance 
estimation. A more detailed control-integrated design 
study complements this methodology.  
It is concluded that the required power of the systems is 
significantly lower than estimated by traditional steady-
state design calculations. Also, using a control-integrated 
design with model predictive controller instead of a rule-
based controller resulted in an improvement of  the net 
present cost of the system with up to 20% for the studied 
cases. In general, the hybridGEOTABS concept has a 
great potential in Europe today, showing CO2-emission 
reductions up to 70% in high-dense office buildings. This 
potential will become more and more distinct in the 
future, as hybridGEOTABS, thanks to its thermal storage 
potential exploited by optimal controllers, is able to 
provide flexibility to the electrical grid fed with 
increasing shares of renewables.  
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