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EXECUTIVE SUMMARY 
Atlas building operation strategies 
This study designs the strategies that will help Dienst Huisvesting achieve a thermally balanced ATES 
system, with less (or no) use of the cooling towers on the TU/e campus in the future. To do so, the 
operation strategies of the main TU/e building, Atlas, which was recently renovated, are investigated, 
as to whether and to what extent they can help reduce the use of the cooling towers. At the same 
time, thermal energy balance of the ATES system should be obtained and thermal comfort of 
occupants of the Atlas building should not be put in jeopardy. 

To this purpose, building performance simulation methods were used, to analyse the Atlas building 
and obtain performance predictions under a number of design solutions, i.e. operation strategies on 
the building level. Such operation strategies included combinations of different elements: natural 
ventilation, adjustments of heating and/or cooling setpoints, and the control of the internal shading 
device. The performance predictions obtained were extended on the district level (ATES system), in 
relation to the contribution of the Atlas operation strategies to the reduction of use of the cooling 
towers. Also, uncertainties of occupant behaviour in the Atlas building were considered in the used 
methods. Finally, a performance assessment of the Atlas operation strategies was conducted, based 
on multiple criteria, as expressed by the key performance indicators (KPIs) of this study, while the 
robustness of performance under uncertainties was taken into account to assist the decision-making 
process of Dienst Huisvesting. 

It is found that the introduction of natural ventilation in the Atlas building can improve the thermal 
comfort of occupants, as well as contribute to the reduction of the cooling towers use on the TU/e 
campus. Moreover, among the investigated operation strategies, natural ventilation is found to be a 
necessary element in order for an operation strategy to perform better than the baseline. Depending 
on the operation strategy applied, it is found that, in comparison with the baseline, on the building 
level, the cooling demand can be reduced up to almost 73%, while the total number of weighted 
unmet hours (thermal discomfort), consisting of undercooling and overheating hours, can be reduced 
up to approximately 51%. On the district level, the cooling towers load reduction (%) can increase 
from roughly 4% (in the baseline) up to nearly 11% (depending on the Atlas operation strategy), i.e. 
nearly a three times higher contribution to the ATES system, albeit small as a percentage of the 
annual load of the cooling towers. That could save up to nearly € 5,000 per year, in operation and 
maintenance costs of the cooling towers. 

A recommendation is also provided based on multi-criteria performance assessment of the Atlas 
operation strategies investigated. Based on this assessment, the operation strategy S14 (consisting of 
natural combined night- and day-time cooling, increase of the heating setpoint by 1°C during working 
hours, and basic automatic control of the internal shading devices) turns out to be the ‘best of the 
best’ solution. This strategy would at the same time optimise the most important KPIs of this study: 
the thermal comfort of occupants in the Atlas building, and the contribution to the reduced use of 
the cooling towers. Specifically, this strategy would result in a total of 18 weighted unmet hours per 
year on the building level, while it would reduce the annual load of the cooling towers by nearly 11%, 
saving approximately € 5,000 per year in operation and maintenance costs. Moreover, if robustness 
indicators are considered, i.e. performance variations under uncertainties of occupant behaviour in 
the Atlas building, in addition to the multi-criteria performance assessment, the operation strategy 
S14 ultimately appears to be the best design solution overall. Nevertheless, the final decision, 
regarding the choice of operation strategy to put into practice in the Atlas building, is to be made by 
the main project stakeholder, Dienst Huisvesting. 
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Cooling through drinking water 
To obtain an alternative way towards a thermally balanced ATES system, with less (or no) use of the 
cooling towers on the TU/e campus in the future, the feasibility of cooling through the use of the 
drinking water pipelines near the TU/e campus is also explored in this design project, in collaboration 
with Dienst Huisvesting and Brabant Water. Among the available pipelines, the John F. Kennedylaan 
pipeline is found to have the highest cooling energy potential for the ATES system. 

Two promising design options were investigated, by developing a basic (simplified) model involving 
analytical methods in heat transfer and fluid flow: a heat pump design option and a heat exchanger 
design option. The developed model calculated the energy, financial and environmental (electricity-
based CO2 emissions) performance of these design options. 

It is found that a heat exchanger design option has a shorter payback period than a heat pump design 
option for the same cooling towers load reduction (%) achieved. Depending on the exact scenario of 
operation hours per year assumed, the optimal point (shortest payback period) of a heat exchanger 
placed between the drinking water (Kennedylaan) and the ATES system, occurs between 24%-28% of 
cooling towers load reduction (%) achieved. A 28% reduction achieved, for instance, would lead to a 
payback period of the heat exchanger between 6-10 years, based on the investigated scenarios of 
operation hours per year. Comparatively, a heat pump design option that would achieve the same 
cooling towers load reduction (28%) would have a payback period of more than 10 years, even if we 
assume very promising seasonal performance factors (SPF). 

Also, a heat exchanger design option would reduce CO2 emissions, while a heat pump design option 
would increase CO2 emissions, based on the net difference in electricity consumption and assuming 
imported electricity from the grid in a conventional way. 

Nevertheless, a heat exchanger design option is not always more advantageous than a heat pump 
design option. According to the available (measured) data of the drinking water temperature, a heat 
exchanger would be dependent on the cooling towers, in order to achieve the desired temperature 
(7°C) of the cold wells of the ATES system. Thus, a series connection between the heat exchanger and 
the cooling towers would be required. In other words, as a heat exchanger is limited by its basic 
operation principle (imposed by heat transfer laws) and according to the available (measured) data 
of the drinking water temperature, a heat exchanger design option does not appear to have the 
potential to completely phase out the use of the cooling towers in the future. 

On the other hand, a heat pump design option appears to have the potential to completely phase out 
the use of the cooling towers on the TU/e campus in the future, under the following conditions: 

• The current limit (dT=0.5°C) of temperature increase of the full flow of drinking water (on 
average over one year), as agreed between Brabant Water and the local authorities, would 
be allowed to move up to a limit of dT=1.4°C. 

• The heat pump would operate on a full-year basis (8,760 hours/year). 

• The heat pump would have a seasonal performance factor SPF≥8.5. 

Under these conditions, a heat pump would offer a very short payback period (≤6 years). Certainly, in 
that case, Dienst Huisvesting should guarantee that the net increase of electricity consumption, 
induced by the heat pump design option, would not lead to a net CO2 emissions increase, which can 
be certified by maintaining a ‘green electricity’ policy. 
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1. INTRODUCTION 
1.1. Motivation 

District heating and cooling systems are expected to play a significant role in the renewable energy 
systems of the future (Lund et al., 2010; IRENA, 2017). However, the current district heating and 
cooling technologies will have to be developed further in order to play such a role. More specifically, 
for that purpose, they will have to be developed into a new generation, the so-called 4th generation 
district heating (4GDH). This development will involve meeting the challenge of energy efficiency in 
buildings, while being an integral part of smart thermal grids (Lund, et al., 2014). 

The motive behind the development of 4GDH is to reach a future renewable non-fossil heat supply 
within the context of transition to overall sustainable energy systems. The essence of a 4GDH smart 
thermal grid is its ability to connect multiple buildings on a district level (neighbourhood, town or 
city), while they can be served through a low-temperature heat distribution network with low grid 
losses. At the same time, synergy between the connected buildings is created, which helps decrease 
the total heating and cooling demand (Lund, et al., 2014). 

An essential element of such a thermal grid is the technology of thermal energy storage (Guelpa and 
Verda, 2019). Long-term (seasonal) thermal energy storage can have great potential in district 
heating and cooling (DHC) applications of the 4th generation. Among different types of seasonal 
storage on a large scale, aquifer thermal energy storage (ATES) is a promising cost-effective 
technology, whose potential for integration in DHC systems of the future has frequently been 
addressed in literature (Xu, Wang and Li, 2014; Schmidt et al., 2018; Guelpa and Verda, 2019). 

The Eindhoven University of Technology (TU/e) has been operating one of the largest ATES systems 
in Europe since 2002. This system is coupled to the district heating and cooling system on the TU/e 
campus, providing heating and cooling to the connected buildings. For this study, the focus was to 
determine whether the current system can be improved in its operational performance, whilst more 
buildings are being connected and supplied by it. Hence, the investigation of potential improvements 
in the operation of the ATES system on the TU/e campus was the main motivation of this study. 

1.2. Problem statement 
In general, according to the Dutch policy on ATES systems, a thermal energy balance is required 
between heat and cold extraction from the subsurface (Dutch ATES, 2016). That is, the amount of 
heat that is extracted from the subsurface during the winter should be equal to the amount of heat 
that is injected into the subsurface during the summer. 

An imbalanced ATES system, e.g. due to different amounts of thermal energy extracted for cooling 
than for heating of the connected buildings, can result in lower performance than a balanced system 
(Sommer et al., 2013). For example, if the aquifer is used to a higher extent for cooling than heating 
buildings, without being balanced by sufficient amount of cooling energy, there would be a net 
heating of the aquifer, i.e. the subsurface temperature would increase. As a result, the warm storage 
wells would expand and, at a certain point, this heat would reach the cold storage wells, limiting 
their suitability for providing cooling in the future (Ferguson and Woodbury, 2006). Therefore, to 
avoid the occurrence of net heating (or cooling) of the aquifer and the subsurface in general, Dutch 
regulations require a thermally balanced system (Sommer et al., 2013). 

The current situation of the ATES system on the TU/e campus involves several buildings with higher 
cooling demand than heating demand, supplied through the DHC system, creating an energy 
imbalance problem on a yearly basis. Hence, the seasonal storage system has a tendency to deplete 
its cold storage every year, if no additional measures are taken. 
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To balance the cold storage of the ATES system, TU/e 
has been using two cooling towers on its campus to a 
considerable extent over the past years (Figure 1.1). 
Their role is to cool water and, thus, provide sufficient 
amount of cold water to the cold storage wells of the 
ATES system. Their operation is based on discarding heat 
from the warm storage wells to the ambient air during 
the winter. Through this process, TU/e has been striving 
to maintain a thermally balanced ATES system on the 
campus. 

Since the operation of the cooling towers is not considered a sustainable solution in the long term, 
alternative ways to maintain thermal energy balance have been identified for the ATES system. Two 
options were considered as the main objectives of this study. The first option is related to the recent 
renovation of the main TU/e building, Atlas (Figure 1.2), and its connection to the ATES system. It is 
expected that the Atlas building will have higher heating demand than cooling demand on a yearly 
basis, therefore a positive contribution to the ATES system balance is possible. 

 
Figure 1.2: Main TU/e building Atlas, after renovation [Photographer: Bart van Overbeeke (TU/e, 2019, “Atlas”)] 
The second option considered in this study is the use of the drinking water pipelines near the TU/e 
campus, in combination with heat exchangers or heat pumps. The exchange of thermal energy 
between the warm storage wells of the ATES system and the colder drinking water is expected in the 
future to offset to some extent the current cold storage deficit of the ATES system. 

Overall, at the beginning of this study it was expected that the yearly amount of thermal energy 
discarded by the cooling towers to the ambient air, which currently is being wasted, can be reduced 
in the future by following the considered options, while maintaining a thermally balanced ATES 
system on the TU/e campus. 

1.3. Aim and objectives 
The aim of this study was to design the strategies in order for the Real Estate Management of TU/e 
(Dienst Huisvesting) to achieve a thermally balanced ATES system, coupled to the DHC system on the 
TU/e campus, while reducing the cooling towers use and contributing to the targets of TU/e in regard 
to CO2 emissions savings in the future. 

Figure 1.1: Cooling towers on the TU/e campus [Source: (Stimulus, 2017)] 
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The main objectives derived from the overall aim were identified as follows: 

• To investigate whether and to what extent the different operation strategies of the Atlas 
building can help reduce the use of the cooling towers, whilst obtaining a thermally balanced 
ATES system and maintaining the thermal comfort of occupants of the Atlas building within 
acceptable levels, and 

• To explore the feasibility of potential future design solutions for the ATES system, particularly 
the use of cooling through drinking water as an alternative option to remedy the cold storage 
deficit of the ATES system. 

Figure 1.3 provides a graphic overview of the PDEng project aim and objectives. 

 
Figure 1.3: PDEng project aim and objectives 

1.4. Project questions 
The project questions addressed in order to achieve the overall aim are elaborated for each of the 
objectives, as follows: 

1.4.1. Atlas building operation strategies in relation to the ATES system 
It is important to point out here that, when this study started, the Atlas building was under 
renovation. Hence, conducting actual experiments in the building was not possible, which has 
influenced the methods used in this study for the design of the operation strategies. Accordingly, the 
project questions for this objective are formed as follows: 

 Which operation strategies of the Atlas building can help reduce the use of the cooling 
towers, while achieving a thermally balanced ATES system as well as maintaining comfort 
of building occupants within acceptable levels? 

• Which operation strategies can be implemented in the Atlas building? 

o Which operation strategies are appropriate for the occupied indoor spaces 
of the main part of the Atlas building (floors 2-11)? 

• What performance indicators do we need in order to assess the performance of the 
Atlas building and its impact on the ATES system? 
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o How do we define the energy performance of the Atlas building? 

o How do we define the thermal comfort of occupants of the building? 

o How do we define the reduced use of the cooling towers as a result of the 
connection of the Atlas building to the ATES system? 

• How can we assess the operation strategies investigated in this study by using 
building performance simulation (BPS) methods? 

o What are the requirements of the model as a simulation tool? 

o What are the available modelling types and tools? 

o What are the appropriate modelling types and tools to evaluate the 
performance of the Atlas building? 

• How can the Atlas building be represented within the selected modelling tool? 

o What is the appropriate level of spatial complexity of thermal zones within 
the building model? 

o What assumptions are necessary to be made when modelling the Atlas 
building? 

• How can the simulation results assist the decision-making process by the project 
stakeholders, in regard to the suggested operation strategies for the Atlas building? 

1.4.2. Cooling of the ATES system through drinking water 
Accordingly, the project questions for this objective are formed as follows: 

 Is it feasible to utilise cooling energy from drinking water near the TU/e campus in order to 
achieve a thermally balanced ATES system? To what extent can cooling through drinking 
water reduce the use of the cooling towers? 

• Which drinking water flow, among the available pipelines near the TU/e campus, has 
the highest cooling energy potential for the ATES system? 

• How do the temperatures of the drinking water and the ATES system water affect the 
possible design options of a system exchanging thermal energy between them? What 
assumptions can be made in this regard? 

• What are the most promising design options of a system utilising cooling energy from 
drinking water for the ATES system? 

• What performance indicators are necessary to assess the performance of the most 
promising design options in relation to the cooling towers? 

• How can the performance of the promising design options be assessed by using an 
appropriate modelling approach? 

o What are the requirements of the model as a simulation tool? 

o What are the available modelling types and tools? 
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o What is the appropriate modelling type and what is an appropriate tool to 
evaluate the performance of each design option? 

• How can the most promising design options be represented within the modelling 
tool? 

o What is the appropriate level of complexity within the model? 

• How can the simulation results assist the decision-making process by the project 
stakeholders, in regard to the implementation of a promising design option? 

1.5. Final outcome and deliverables 
The final outcome and deliverables of this PDEng project are: 

• The design of suitable operation strategies for the Atlas building, e.g. passive cooling 
strategies, such as natural ventilation. 

• The assessment of performance of the designed operation strategies in relation to multiple 
performance criteria. 

• The assessment of the performance robustness of the best-performing operation strategies, 
in relation to uncertainties of occupant behaviour in the Atlas building. 

• The determination of whether and to what extent the ‘cooling through drinking water’ is 
feasible, which will potentially give the green light to future projects for further investigation 
of such design solutions for the ATES system on the TU/e campus. 

• The assistance in informed decision-making and in shaping the future policies of Dienst 
Huisvesting, who is the main stakeholder in this project. 

1.6. Report outline 
The outline of this PDEng report is presented schematically in Figure 1.4. 

 
Figure 1.4: PDEng report outline 
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Chapter 2 presents an overview of the ATES system on the TU/e campus (including the cooling 
towers) and the main TU/e building, Atlas. 

The following Chapters 3, 4, 5, and 6 (green-coloured) focus on the objective of the Atlas building 
operation strategies and the impact of those on the ATES system: 

• Chapter 3 sets out the fit-for-purpose design approach followed to investigate this objective. 
• Chapter 4 focuses on different modelling aspects of the Atlas building, providing a detailed 

description of the model complexity used and all the assumptions made during the model 
development process. 

• Chapter 5 summarises the simulation results and conducts a performance assessment for the 
baseline case on the zone, building, and district level. 

• Chapter 6 showcases the performance of the investigated operation strategies, as a result of 
the conducted simulations, and indicates the best-performing strategies, based on the 
predefined performance criteria. Additional information for better decision-making is 
provided in regard to the performance robustness of the best-performing strategies, under 
uncertainties of occupant behaviour in the Atlas building. 

Subsequently, the objective of cooling through drinking water was addressed and developed 
throughout Chapter 7 (blue-coloured), which presents the fit-for-purpose design approach, the 
promising design options, and the results of the performance assessment, which will determine the 
feasibility of this objective. 

Finally, Chapter 8 discusses how the communicated results of this study will assist Dienst Huisvesting 
to make an informed decision and provides recommendations for further work in the future. 
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2. OVERVIEW OF THE CURRENT SITUATION 
2.1. ATES system on the TU/e campus 

2.1.1. Operation principle and thermal energy balance 
The basic operation principle of the ATES system is shown in Figure 2.1. 

During the summer season, when the ATES system is used for cooling purposes, cold water is 
pumped up from the cold wells into the cold ring. Then, cold water is distributed from the cold ring 
to the substations, where it is used to provide cooling to the HVAC installation of the buildings. 
Thereafter, the warmed up water is supplied into the warm ring and then into the warm wells, by 
opening their injection valves. 

The reverse process takes place during the winter season, when the ATES system is used for heating 
purposes. Firstly, warm water is pumped up from the warm wells into the warm ring and then to the 
substations, where it is used to provide heating to the HVAC installation of the buildings. Thereafter, 
the cooled down water is supplied into the cold ring and afterwards is infiltrated back into the cold 
wells, by opening their injection valves. Since the temperature of the warm groundwater is relatively 
low, the HVAC installations of the buildings use heat pumps to provide the desired hot water 
temperature. 

 
Figure 2.1: ATES system operation principle [Source: (IF Technology, 2017)] 

From the operation principle, the concept of thermal energy balance of the ATES system can be 
derived (Figure 2.2). 

On the one hand, the warm water that is produced through the process of cooling the buildings in 
the summer and stored in the warm wells, should be sufficient to provide heating to the buildings in 
the winter (in combination with heat pumps). On the other hand, the cold water that is produced 
through heating the buildings in the winter and stored in the cold wells, should be sufficient to 
provide cooling to the buildings in the summer. 

For the ATES system on the TU/e campus, the cold water produced through heating the buildings in 
the winter is not sufficient to cover the cooling demand of the connected campus buildings. 
Therefore, the cooling towers have been used during the heating season to a significant extent, in 
order to supplement the cooling energy requirements of the campus buildings and maintain the 
desired thermal energy balance over the year. 
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Figure 2.2: Thermal energy balance of the ATES system 

2.1.2. Operational details 
The ATES system on the TU/e campus has been executed with two central rings, a warm and a cold 
ring. The connected buildings can independently use heat and cold simultaneously, while heating and 
cooling energy is exchanged on the rings. That is a unique feature of the ATES system installation on 
the TU/e campus (TU/e, 2019, “Heat and Cold Storage (ATES)”). An overview of the location of the 
ATES system on the TU/e campus is shown in Figure 2.3. 

 
Figure 2.3: ATES system on the TU/e campus [Source: (Aarssen, 2017)] 

A total of 70% of the built-up area of TU/e is connected to the 
ATES system. Currently, the installation counts 32 wells (16 
warm and 16 cold), which are to be extended to 48 in the future, 
namely 24 warm and 24 cold (TU/e, 2019, “Heat and Cold 
Storage (ATES)”). The wells are divided into 3 warm and 3 cold 
clusters (Stimulus, 2017). The division into clusters is also 
apparent in the thermal impact assessment shown in Figure 2.4. 
The central ring tubes have an outer diameter of 450 mm each 
and they are spread out over the terrain. The current capacity of 
source water flow is 2,000 m3/h, still allowing further expansion 
up to 3,000 m3/h (TU/e, 2019, “Heat and Cold Storage (ATES)”). 

According to data from Unica Energy Solutions, the company responsible for the operation of the 
ATES system on the TU/e campus, as long as the wells have the right temperature, the current 

Figure 2.4: Thermal impact 
assessment of TU/e clusters of wells 
[Source: (Aarssen, 2017)] 
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demand of all buildings does not usually create a total flow rate higher than 1,000 m³/h. With the 
renovation of the Atlas building and the expansion of the ATES system, the total flow rate is expected 
to increase, but not higher than 1,200 m³/h. 

Unica Energy Solutions has also provided additional information regarding the operation of the ATES 
system at TU/e. The wells draw water from an aquifer located at approximately 30-75 meters below 
the ground level. The aquifer mainly consists of sand layers, which are completely saturated with 
groundwater. For every well, there is 1 submerged borehole pump (Melotte) to extract groundwater 
from the aquifer and 2 injection pipes/valves to infiltrate the water back into the aquifer. Each pump 
is controlled by a frequency converter to regulate the desired capacity between 30 and 150 m³/h. 
The injection pipes are designed with such a length and diameter that they allow a flow of 75 m³/h 
into the well when the injection valve is open. 

Currently, 19 campus buildings are connected to the two central rings of the ATES system. Every 
building is equipped with an ATES substation, consisting of plate heat exchangers, pumps and control 
valves. The pumps and valves displace groundwater between the ring tubes and the heat exchanger, 
according to each building’s demand. The heat exchanger extracts the required thermal energy from 
the groundwater to the building’s HVAC system, while hydraulically separating the two circuits. 

The temperature of the cold water (in the cold ring and in the cold wells) varies between 8°C to 11°C. 
Temperature generally tends to rise as moving further in the summer season. The temperature of 
the warm water (in the warm ring and in the warm wells) varies between 14°C to 16°C. According to 
the operation data of the ATES system in 2016, the yearly average temperature measured in the cold 
clusters was 9°C, while the yearly average temperature measured in the warm clusters was 15.1°C. 

More details about the system configuration and temperatures during the summer and the winter 
operation of the ATES system can be seen in the schematics of Figure 2.5 and Figure 2.6, respectively. 

 
Figure 2.5: Schematic of the summer operation of the ATES system on the TU/e campus 
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Figure 2.6: Schematic of the winter operation of the ATES system on the TU/e campus 

The borehole pumps and injection valves are controlled such that they maintain a constant pressure 
of 250 kPa (2.5 bar) in both rings. This pressure is essential to prevent groundwater from degassing, 
as well as to prevent air from entering the system and avoid cavitation occurring in the pumps of the 
substations. 

2.1.3. Cooling towers 
The two cooling towers on the TU/e campus are 
used to a significant extent in order to produce 
sufficient cold water to remedy the cold storage 
deficit of the ATES system. They discard heat from 
the warm water (≈15°C), coming from the warm 
storage wells, to the cold ambient air during the 
winter, thus producing cold water (≈7°C), which is 
injected into the cold storage wells. This process 
can also be seen schematically in Figure 2.6 above. 

A picture of the two cooling towers on the TU/e 
campus can be seen in Figure 2.7. Figure 2.7: Cooling towers on the TU/e campus 
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Dienst Huisvesting provided measured data regarding the operation of the cooling towers during two 
different years, 2017 and 2016. These data include measurements of the thermal energy load (or 
cooling energy produced), water consumption, and electricity consumption, and they are 
summarised in Table 2.1. 

Operation of the two cooling towers on the TU/e campus [yearly data] 

Year 
Thermal energy load 

(MWh/year) 
Water consumption  

(m3/year) 
Electricity consumption 

(kWh/year) 

2017 4,187 6,518 185,139 

2016 5,634 8,091 241,064 

Table 2.1: Cooling towers yearly operational data for years 2017 and 2016 [Source: Dienst Huisvesting] 

Representing the available data points on a graph and considering zero water or electricity 
consumption for zero use, or zero thermal energy load discarded, the correlations between the 
water consumption and the thermal energy load, as well as between the electricity consumption and 
the thermal energy load, were approximated with the polynomial functions of Figure 2.8. 

 
Figure 2.8: Polynomial curve fitting for the water and electricity consumption of the cooling towers in relation to the 
thermal energy load discarded during their operation 

The use of the cooling towers is associated with considerable costs for Dienst Huisvesting (Table 2.2). 
The total costs consist of operation and maintenance (O&M) costs. 

The operation costs are related to the above data, specifically the water and the electricity 
consumption. According to Dienst Huisvesting, the tariffs used for the calculation of these costs are 
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0.62 €/m3 for the water consumption and 0.088 €/kWh for the electricity consumption. Accordingly, 
the total operation costs for 2017 were estimated, as can be seen in Table 2.2. 

The same table includes a calculation for the maintenance costs of the cooling towers during the 
same year (2017), according to the provided data by Dienst Huisvesting as well. To do so, it was 
considered that the maintenance organisation in Dienst Huisvesting is divided into the four branches 
that are listed under maintenance costs in Table 2.2. 

Cooling towers O&M costs [yearly data] 

Operation costs  
[€/year] 

Maintenance costs  
[€/year] 

Water consumption: 
(6,518 m3)∙(0.62 €/m3) 

€ 4,041 1. WTB - Mechanical engineering € 28,316 

Electricity consumption: 
(185,139 kWh) ∙ (0.088 €/kWh) 

€ 16,292 2. GA - Building automation € 2,500 

  3. B - Construction € 440 

  4. E - Electrical € 13,500 

Total operation costs € 20,333 Total Maintenance Costs € 44,756 

Total operation and maintenance (O&M) costs: 
€ 65,089 

Table 2.2: Operation and maintenance (O&M) costs of the cooling towers (2017) [Source: Dienst Huisvesting] 

Throughout this study, in regard to the cooling towers, the data of the year 2017 were used. This 
decision was based on the availability of measured data. Especially for the maintenance costs, data 
were available only for 2017. 

At the same time, the use of the measured data of 2017 about the cooling towers was justified, 
based on the comparison between the actual (measured by KNMI) weather data of 2017 and the 
‘typical’ weather data used as input into the building model of this study, as explained in Section 4.6. 

2.1.3.1. Cooling towers O&M cost savings 
For both the objectives of this study (investigation of Atlas operation strategies, and cooling through 
drinking water), the ultimate target (project aim) was the same: to reduce the use of the cooling 
towers on the TU/e campus, which is expressed by the indicator ‘cooling towers thermal energy load 
reduction’. Therefore, it is necessary to clearly state hereby how the cooling towers O&M cost 
savings are calculated, for a given cooling towers load reduction (%), based on the data of 2017 
(4,187 MWh/year). 

Firstly, the operation cost savings of the cooling towers (€/year) are calculated based on the new 
water and electricity consumption, estimated through the polynomial correlation of Figure 2.8 for a 
given cooling towers load reduction (%), and using the tariffs for water and electricity consumption. 

As for the maintenance cost savings of the cooling towers (€/year), after discussions with Dienst 
Huisvesting and with the help of Unica Building Services, it was considered that for a given cooling 
towers load reduction (%), not all the categories of the maintenance cost would contribute to cost 
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savings. Specifically, it was discussed that only the 1st category (WTB – Mechanical engineering 
maintenance), would result in cost savings, which were assumed proportional to the cooling towers 
load reduction (%) achieved. This category includes costs for the use of salt, corrosion inhibitor, 
biocide, as well as for mechanical maintenance work. 

This assumption is close to the 
estimations made by Unica Building 
Services (by using actual prices), in 
regard to potential cost savings, for 
different scenarios of reduction of 
the cooling towers load, i.e. keeping 
1.5 or 1, instead of 2 cooling towers 
(Table 2.3). 

The other three categories of maintenance costs (GA – Building automation, B – Construction and E – 
Electrical) were considered to be fixed maintenance costs and, thus, to not lead to cost savings, when 
the cooling towers load is reduced. This assumption is on the ‘conservative’ side, so as not to 
overestimate the total potential cost savings (from reduced use of the cooling towers), and was 
confirmed by Dienst Huisvesting as well. 

Certainly, if both cooling towers were phased out completely, i.e. a cooling towers load reduction 
≥100% occurred, all the cost categories would be eliminated. 

2.2. Main TU/e building Atlas 
The main TU/e building Atlas was under renovation, when this PDEng project started. The renovation 
was completed by the end of 2018 and the operation of the building started in the first months of 
2019. The official opening took place on the 21st of March 2019. Figure 2.9 and Figure 2.10 show 
pictures of the Atlas building taken in the first months after renovation. 

 
Figure 2.9: The Atlas building after renovation [Photographer: Bart van Overbeeke (TU/e, 2019, “Atlas”)] 

Table 2.3: Estimation of cooling towers cost savings when their thermal 
energy load is reduced [Source: Unica Building Services] 
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Figure 2.10: The Atlas building in the first months after renovation [Photo taken in February 2019] 

2.2.1. Functions and social structure 
The indoor spaces of the Atlas building are a mix of open areas, offices, classrooms, meeting rooms, 
seminar rooms and laboratories. They are mainly occupied by the academic staff (scientific and 
administration), as well as the students of the departments based throughout the building. These 
departments are the Industrial Engineering & Innovation Sciences, and the Industrial Design. Other 
building users are the Executive Board and the supporting services of TU/e, such as the Real Estate 
Management (Dienst Huisvesting). 

The analysis conducted in this study concerns the main part of the Atlas building, which is defined as 
the part of the superstructure from the 2nd up to the 11th floor. The floor plans of these floors, as well 
as the construction details, can be found in Appendix A.1 and A.3.4, respectively. 

2.2.2. Main design features 
The design of the building’s renovation focused on energy efficiency, achieved by energy-efficient 
building systems, a high-insulated glass curtain wall, the use of sustainable materials (and reuse of 
materials as much as possible during the renovation), and smart energy saving lighting. In fact, the 
design of the Atlas building was awarded the BREEAM certificate, with an ‘outstanding’ performance 
score of 96.01%, as the most sustainable education building in the world (TU/e, 2019, “Atlas”). 

The windows of the Atlas building have high visible light transmittance (≈55%), according to the 
report of (Stimulus, 2017). That, in combination with the large surface area of the windows, ensures 
adequate daylight entry and reduced artificial light requirements. At the same time, the internal 
shading devices, i.e. roller blinds, ensure visual and thermal comfort of occupants, while assisting in 
reducing the cooling energy demand of the building. 

The design of the Atlas building included operable windows, which make it suitable for natural 
ventilation. Moreover, the role of the thermal mass of the building structure can be very important in 
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this regard. For example, natural ventilation during the night can cool down the building in the hot 
summer months, by removing the heat absorbed and produced by internal heat sources during the 
day (MPA, 2012). Thus, the combination of operable windows with the thermal mass of the Atlas 
building enhance its suitability for the passive cooling strategies investigated in this study. 

Finally, the design of the cooling and heating system in the Atlas building included climate ceilings, 
which operate mainly on a radiation basis, using water as the means of transferring energy, while 
enhancing comfort of occupants (TU/e, 2019, “Atlas”). The mechanical ventilation depends on the 
occupancy of the indoor spaces, using CO2 sensors, while the same system features a heat recovery 
function as well. 

2.2.3. Connection to the ATES system 
The connection of the cooling and heating system of the Atlas building to the ATES system is 
presented schematically in Figure 2.11 and Figure 2.12, respectively. 

Where:  

εcool: effectiveness of the heat exchanger between the ATES system and the cooling system of the 
Atlas building (cooling operation) 

εheat: effectiveness of the heat exchanger between the ATES system and the heating system of the 
Atlas building (heating operation) 

SPFheat: Seasonal performance factor of the heat pumps used for the heating operation of the 
Atlas building 

In order to evaluate the impact of the Atlas building operation on the district level, i.e. the ATES 
system and specifically the operation of the cooling towers, specific assumptions were followed in 
this study (εcool=0.99, εheat=0.99, SPFheat=3.2). The impact of these assumptions on the calculation of 
the reduction of the cooling towers use is described in equation 3.1 of Section 3.4.2.1, while the 
reasoning behind these assumptions is explained through the conducted sensitivity analysis on the 
results in Appendix B.2. 

 
Figure 2.11: Connection of the cooling system of the Atlas building to the ATES system 
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Figure 2.12: Connection of the heating system of the Atlas building to the ATES system 

When this PDEng project started, it was expected that the connection of the Atlas building to the 
ATES system would have a positive impact on the thermal energy balance of the latter. Specifically, it 
had already been estimated during the design phase of the Atlas renovation project that the building 
would have a higher actual (on-site) heating energy demand (≈2,500 GJ or ≈694 MWh) than cooling 
energy demand (≈700 GJ or ≈194 MWh) on a yearly basis (Stimulus, 2017). Accordingly, there was 
potential for the use of cooling towers on the TU/e campus to be reduced in the future. 
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INVESTIGATION OF THE IMPACT OF ATLAS 
OPERATION STRATEGIES ON THE ATES SYSTEM 
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3. A FIT-FOR-PURPOSE DESIGN APPROACH 
3.1. Methodology framework 

The design approach that was used, in order to investigate the impact of operation strategies of the 
Atlas building on the thermal energy balance of the ATES system, followed the established 
methodology framework of ‘validation, verification, and testing (VV&T) techniques throughout the 
life cycle of a simulation study’, as displayed in Figure 3.1 (Balci, 1994). 

 
Figure 3.1: Methodology framework: Validation, verification, and testing (VV&T) techniques throughout the life 
cycle of a simulation study [Source: (Balci, 1994)] 

This framework was used to adapt our design approach to, regarding the investigation of the impact 
of operation strategies of the Atlas building on the thermal energy balance of the ATES system. 
Accordingly, our fit-for-purpose design approach can be seen in Figure 3.2. 

The colours used in this figure are consistent throughout the report: 

• Orange boxes refer to the ATES system balance, as the project aim. 
• Green boxes refer to the design of the operation strategies of the Atlas building. 
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Figure 3.2: Fit-for-purpose approach for the design of the operation strategies of the Atlas building in relation to 
the ATES system balance 

The labelling of our design approach was defined as follows: 

• The communicated problem, which was introduced in Chapters 1 and 2 of this report, 
includes: 

o The thermal energy imbalance problem of the ATES system. 
o The unfavourable use of the cooling towers to maintain the ATES system balance. 
o The Atlas building connection to the ATES system, through the district heating and 

cooling system on the TU/e campus, as one way to assist in solving the energy 
imbalance problem of the ATES system. 

• The formulated problem includes: 
o The analysis of the current energy imbalance problem of the ATES system and the 

yearly cooling energy load of the cooling towers, presented in Section 2.1, resulting 
from the raw (communicated) data. 

o The definition of the operation strategies to be investigated for the Atlas building, 
which follows in Section 3.2. 

• The proposed solution technique that was applied is the use of building performance 
simulation (BPS) methods, since the building was under renovation when this project started. 
Thus, measurements and experiments in the actual building were not possible. In Section 3.3, 
a literature review was conducted to showcase the importance of BPS, as a solution 
technique for problems of this kind. Moreover, common causes of discrepancy in building 
performance predictions are analysed. The most important of those are considered in this 
simulation study. 
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• Before the development of the building model, the step of system and objectives definition is 
very important. This step includes the selection of the key performance indicators (KPIs), 
regarding both the Atlas building and the ATES system, which is elaborated in Section 3.4. 

• Thereafter, the development of the building model follows in Chapter 4, including different 
parallel, or iterative, steps: 

o The formulation of the model starts on a conceptual level, where the specific system 
elements, including system boundaries and inputs/outputs, can be described within a 
conceptual model. 

o The representation of the model should be in such a way that other people are able to 
identify or perceive its characteristics, as part of a communicative model. 

o The elements of the model, including inputs/outputs, usually need to be able to be 
input in a suitable simulation (software) tool and to be calibrated such that they fit the 
actual system characteristics. Then, the so-called programmed model becomes a 
powerful tool, including a detailed description of the actual system and the physics 
equations within one computer model. The selection of the simulation tool for this 
study is addressed in Section 3.5. 

o At the same time, the design of experiments concerns the virtual experiments, which 
are the simulations conducted using the computer model. The experimental model 
should be designed such that the virtual experiments (simulations) correspond to the 
real (actual) system and the design changes (in the operation strategies) that we would 
like to implement or improve, in a clear and meaningful way. 

All the above steps of development of the building model are in close interaction with each 
other. Data exchange between these steps plays an important role in achieving a successful 
model representation of the actual system. At the same time, model complexity is another 
crucial aspect to be addressed during these steps. The process of modelling the Atlas building 
is elaborated throughout Chapter 4. 

• The simulation results include the performance assessment of the Atlas building based on the 
selected KPIs. The assessment of performance is divided into the baseline performance 
assessment, presented throughout Chapter 5, as well as the performance assessment under 
different operation strategies, presented in Chapter 6. 

• Finally, the presentation of results is expected to be valuable for the integrated decision 
support, following up the PDEng project. Among the decisions to be made by the relevant 
stakeholders will be the implementation of one or more operation strategies in the Atlas 
building. This decision will affect the thermal energy balance of the ATES system and the use 
of the cooling towers, by reflecting back to the original aim of this project. Dienst Huisvesting 
is the main decision maker, who will determine the acceptability of the results and decide 
whether or not, and which results to integrate into the organisation’s future policies. Chapter 
8 addresses this aspect, in regard to potential future work. 

3.2. Operation strategies of the Atlas building 
The operation strategies of the occupied indoor spaces of the main part of the Atlas building (floors 
2-11) will aim to assist in solving the thermal energy imbalance problem of the ATES system. At the 
same time, the thermal comfort of occupants in the Atlas building should be maintained within 
acceptable levels. In order to achieve that, the design of the operation strategies should be such that 
it meets the objectives of this study. 
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Both the deficit of cold storage of the ATES system and the overheating risks implied by the use of a 
glass curtain wall in the Atlas building suggest the need to design energy-efficient cooling strategies. 
In other words, it is crucial to design such operation strategies for the Atlas building that combine 
two characteristics: 

• They provide sufficient cooling for the occupants inside the Atlas building. 
• They use the cooling energy coming from the ATES system as efficiently as possible, 

therefore they should result in minimal cooling energy consumption. 

The considered operation strategies of the Atlas building were combinations of different elements: 
passive cooling (natural ventilation), adjustment of heating and/or cooling setpoints, and control of 
the internal shading device. 

3.2.1. Passive cooling (natural ventilation) 
Passive low-energy cooling strategies, such as natural ventilation, are introduced as a main element 
of the Atlas operation strategies (Harvey, 2006, pp. 197-198). Specific design features of the Atlas 
building, addressed in Section 2.2, such as the operable windows and the thermal mass of the 
building’s structure, enhance its suitability for the use of natural ventilation. 

Natural ventilation can be separated into night- and day-time ventilation. Accordingly, the following 
passive cooling strategies, with the respective automatic controls, are investigated for the Atlas 
building in this study: 

1. Natural night-time cooling (or night flushing): 

 Windows open when:  weekday 23:00 – 07:00 

Tzone > Tsp, heating 

ΔTzone-amb > 3°C 

2. Natural day-time cooling: 

Windows open when: weekday 07:00 – 23:00 

Tzone > Tsp, cooling – dT* 

ΔTzone-amb > 2°C 

*dT is a temperature difference (1.5°C) below the cooling setpoint temperature, in order to 
prevent the building’s cooling system to be activated before the opening of the windows. 

3. Natural combined night- and day-time cooling: 

Combination of the above strategies (#1 and #2) 

When natural ventilation is active in any of the above strategies, there is always mixed-mode 
ventilation, since the mechanical ventilation system (Section 4.4.1) in the Atlas building is running 
during the 24-hour period. 

3.2.2. Heating and cooling setpoints adjustment 
The reference control strategy regarding the heating and cooling setpoints during the staff working 
hours comes from the discussion with Valstar Simonis, the consultant engineering partner involved in 
the renovation of the Atlas building, who followed the recommendation of setpoints in the 
publication 74 of (ISSO, 2004), as can be seen in Figure 3.3. Accordingly, in this study the reference 
heating and cooling setpoints of the Atlas building during the staff working hours are considered 
Tsp,heating = 21°C and Tsp,cooling = 24.5°C, respectively. 
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This guideline is also used for the assessment of thermal comfort in Section 3.4.1.2. 

 
Figure 3.3: Setpoint recommendation (dotted line) in accordance with NEN-EN-ISO 7730 [Source: (ISSO, 2004)] 

Alternative operation strategies of the Atlas building can be based on the adjustment of the 
reference heating and cooling setpoints, as follows: 

4. Increase of (fixed) cooling setpoint (during the staff working hours): 

From the reference cooling setpoint (Tsp, cooling = 24.5°C) up to +1°C 

5. Increase of (fixed) heating setpoint (during the staff working hours): 

From the reference heating setpoint (Tsp, heating = 21°C) up to +1°C 

6. Combined increase of (fixed) cooling and heating setpoints (during the staff working hours): 

Combination of the above strategies (#4 and #5) 

It is apparent that the increase of the cooling setpoint will decrease the cooling demand and the 
increase of the heating setpoint will increase the heating demand of the Atlas building. Hence, a 
positive impact on the thermal energy balance of the ATES system is expected. The conducted 
assessment (Chapter 6) shows the magnitude of this impact, as well as whether the thermal comfort 
of the building’s occupants is maintained. 

An additional note for the 2nd alternative operation strategy, i.e. increase of heating setpoint, would 
suggest to be careful to not disregard any energy saving policies that are in place, due to the increase 
of heating demand that this strategy would imply. Thus, this strategy should be implemented only 
under the scope of enhancing thermal comfort of occupants during the heating season, while 
contributing to the thermal energy balance of the ATES system. 

3.2.3. Internal shading device 
In regard to the use of the internal shading devices in the Atlas building, as an element of the 
operation strategies of the building, an automatic control strategy is suggested, in order to improve 
the thermal and visual comfort of occupants, while reducing the cooling demand of the building as a 
result of blocking direct solar gains through the glass-façade. 
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A simple set of rules for automatic control of blinds is suggested in (Hoes, 2014), according to which 
the blinds are closed when solar irradiation exceeds 300 W/m2 and they are opened when solar 
irradiation drops below 250 W/m2. In (Gaetani, 2019), a number of blind control strategies is listed 
with different lowering thresholds (300 W/m2 or 200 W/m2), while according to (Atzeri, Cappelletti 
and Gasparella, 2014) the shading devices normally need to be closed above 250-300 W/m2. That is 
also confirmed by the publication of (Newsham, 1994), where it was measured that almost 50% of 
blinds were already manually closed for an office building in Japan at a solar radiation higher than 
the threshold of 250 W/m2. 

Therefore, after combining the literature sources above, the operation strategy suggested as a 
reference strategy for the automatic control of the internal shading device in the Atlas building is: 

Blinds down when radiation > 250 W/m2 

Blinds up when radiation < 200 W/m2 

This reference automatic control strategy is included as the base case in this study, unless it is 
overridden by the occupants’ use of the internal shading device (Section 6.4.1). 

3.2.4. Considered operation strategies 
Considering all the possible combinations of the above elements, Table 3.1 lists the investigated 
operation strategies for the main part of the Atlas building (floors 2-11) in this study. 

Operation strategy 
Passive cooling 

(natural ventilation) 
Heating and cooling 

setpoints adjustment 
Internal  

shading device 

Baseline _ 
Reference setpoints 

(Tsp,heating = 21°C, Tsp,cooling = 24.5°C) 
Down > 250 W/m2 

Up < 200 W/m2 

S1 Night-time cooling 
Reference setpoints 

(Tsp,heating = 21°C, Tsp,cooling = 24.5°C) 
Down > 250 W/m2 

Up < 200 W/m2 

S2 Day-time cooling 
Reference setpoints 

(Tsp,heating = 21°C, Tsp,cooling = 24.5°C) 
Down > 250 W/m2 

Up < 200 W/m2 

S3 Combined night- and 
day-time cooling 

Reference setpoints 
(Tsp,heating = 21°C, Tsp,cooling = 24.5°C) 

Down > 250 W/m2 
Up < 200 W/m2 

S4 _ Tsp,cooling (24.5°C): +1°C Down > 250 W/m2 
Up < 200 W/m2 

S5 _ Tsp,heating (21°C): +1°C Down > 250 W/m2 
Up < 200 W/m2 

S6 _ Tsp,cooling (24.5°C): +1°C 
Tsp,heating (21°C): +1°C 

Down > 250 W/m2 
Up < 200 W/m2 

S7 Night-time cooling Tsp,cooling (24.5°C): +1°C Down > 250 W/m2 
Up < 200 W/m2 

S8 Night-time cooling Tsp,heating (21°C): +1°C Down > 250 W/m2 
Up < 200 W/m2 

S9 Night-time cooling Tsp,cooling (24.5°C): +1°C 
Tsp,heating (21°C): +1°C 

Down > 250 W/m2 
Up < 200 W/m2 

S10 Day-time cooling Tsp,cooling (24.5°C): +1°C Down > 250 W/m2 
Up < 200 W/m2 

S11 Day-time cooling Tsp,heating (21°C): +1°C Down > 250 W/m2 
Up < 200 W/m2 

S12 Day-time cooling Tsp,cooling (24.5°C): +1°C 
Tsp,heating (21°C): +1°C 

Down > 250 W/m2 
Up < 200 W/m2 
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S13 Combined night- and 
day-time cooling Tsp,cooling (24.5°C): +1°C Down > 250 W/m2 

Up < 200 W/m2 

S14 Combined night- and 
day-time cooling Tsp,heating (21°C): +1°C Down > 250 W/m2 

Up < 200 W/m2 

S15 Combined night- and 
day-time cooling 

Tsp,cooling (24.5°C): +1°C 
Tsp,heating (21°C): +1°C 

Down > 250 W/m2 
Up < 200 W/m2 

Table 3.1: Investigated operation strategies for the main part of the Atlas building 

3.3. Proposed solution technique 
For the particular problem, in regard to the design of the operation strategies of the Atlas building, it 
was important to identify an appropriate solution technique, as part of the fit-for-purpose design 
approach followed in this study, as presented earlier in Figure 3.2. 

Since the Atlas building was under renovation when this PDEng project started (and for most of its 
duration), conducting actual experiments in the building was not an option. Therefore, the proposed 
solution technique for the design of the operation strategies of the Atlas building was the use of 
building performance simulation (BPS) methods. 

3.3.1. Introduction to building performance simulation (BPS) 
An introduction to building performance simulation (BPS) follows, in order to prepare the reader for 
the technical aspects of this simulation study. 

Ac can be seen in Figure 3.4 below (Augenbroe, 2018), on a theoretical basis, if a top-down approach 
is followed, the main function of a building can generally be divided into sub-functions, which are 
subdivided into specific (measurable) performance requirements, or performance criteria. On the 
other hand, following a bottom-up approach, the elements of a building and its technical systems can 
be aggregated into the sub-systems and thereafter into the aggregated technical systems. The latter 
can match to the specific performance requirements/criteria defined previously. 

 
Figure 3.4: Top-down functional decomposition and bottom-up assembly of building systems [Source: 
(Augenbroe, 2018)] 
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For a certain design, each aspect of performance can be expressed and measured via the respective 
performance indicator. For the particular design of the operation strategies of the Atlas building, the 
selection of the key performance indicators (KPIs) is addressed in Section 3.4. Nevertheless, before 
that, it is important to understand the role of simulation support in performance-based design 
decisions in the built environment. 

The simulation is a virtual experiment, as graphically shown in Figure 3.5 below (Augenbroe, 2018). 
Before the simulation process, a piece of reality needs to be transformed into a model. The model is 
developed in a controlled environment or an ‘experiment box’, inside the selected simulation tool 
(Section 3.5), according to the performance criteria defined for the specific design problem. 

The input parameters into the ‘experiment box’ are the controls we can have on this virtual 
experiment. This experiment (simulation) produces observed states as outputs of the behaviour of 
the model, in a measurable way. Through the simulation runs, the produced observed states are 
aggregated to the predicted performance of a specific design, which is compared with the 
performance criteria of the building (or the district energy system within the context of the whole 
project), according to the selected key performance indicators. 

The predicted performance of a specific design, e.g. the design of an operation strategy for the Atlas 
building, through the use of BPS methods, serves as a feedback to the design process (Figure 3.5), in 
order for the building project to finally meet the expected performance requirements (Becker, 2008). 

 
Figure 3.5: Performance testing requires a virtual experiment (simulation) [Source: (Augenbroe, 2018)] 

Moreover, the use of BPS methods during the design process offers the capability of taking into 
account uncertainties, which are inherent in a real system. Hence, performance predictions are 
possible under a number of operation strategies, each of which can introduce uncertainties through 
the model inputs. Therefore, performance-based simulation support is important to predict and 
understand the impact of uncertain input parameters on the outputs of a specific design. In other 
words, the simulation support makes it possible for the designer to evaluate the robustness of a 
specific design, in relation to the uncertainties involved in the system inputs (Augenbroe, 2018). 
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Consequently, one can argue that the role of simulation support is essential in the design process 
and it should constitute an integral part of informed decision-making by the involved stakeholders. 
On top of that, simulation support can enhance decision-making when multiple performance criteria 
exist (multi-criteria decision-making). For all these reasons, the use of BPS during the design process 
is possible to lead to a higher performance of a specific design, as well as to meet the expected 
performance requirements of the design to the highest extent possible. 

3.3.1.1. Performance gap 
In any case, it is important to acknowledge that BPS predictions may not always be accurate to the 
fullest extent. There can be various causes of discrepancy between the predicted and the actual 
performance during a building’s operation. This phenomenon is known as the ‘performance gap’ and 
has widely been addressed in the literature (Menezes et al., 2012; Wilde, 2014; Dronkelaar et al., 
2016). 

One main cause of discrepancy can be the fact that the input parameters in a building model may 
have a significant reliance on fundamental assumptions, which certainly have to be addressed and 
challenged properly prior to the simulation, according to (Menezes et al., 2012). Moreover, many 
aspects of the building’s functions might be unknown or uncertain when the design project is 
executed. Uncertainties can be carried down to the predicted results and create a performance gap 
down the line (Dronkelaar et al., 2016). Furthermore, uncertainties can be inherent during the 
operational stage of a building, such as occupant behaviour, actual weather conditions, and HVAC 
system control settings (Wilde, 2014). 

Other causes of discrepancy may involve miscommunication, in regard to the performance criteria of 
a building, between the different stakeholders (engineers, designers, consultants, contractors and 
clients), or even within the design team itself (Wilde, 2014). The inability at early stages to predict 
the future use or the exact functions of a building may also induce changes in the initial design, 
occurring during construction or renovation (Bordass, Cohen, and Field, 2004). On top of that, there 
can be inattention to the exact construction/renovation procedures, buildability, simplicity or 
appropriate detail level, which might be an embodied source of the performance gap between 
design and operation (Zero Carbon Hub, 2010). 

3.3.1.2. Occupant behaviour 
Occupant behaviour (OB) indeed is identified as one of the main sources of discrepancy between the 
predicted and the actual performance in the built environment (Gaetani, Hoes and Hensen, 2016). It 
is not easy task to predict the specific use of a building by occupants, thus large uncertainties are 
usually involved in the process of modelling occupant behaviour through BPS tools (Clevenger and 
Haymaker, 2006). Hence, the variability and the unpredictability accompanying occupant behaviour 
are large contributors to the performance gap in the built environment (Wilde, 2014). 

Not only have occupants already been identified as a main source of discrepancy in the built 
environment, but also with buildings and building systems becoming more intelligent, the focus is 
shifted even more towards the occupants. This fact is more apparent when thermal comfort aspects 
of occupants are considered, together with the occupant behaviour impact on energy performance 
aspects of buildings (Paone and Bacher, 2018). Consequently, the impact of the OB-related 
uncertainties on the performance of buildings is even higher, when advanced control strategies are 
in place. In fact, as building envelopes and systems are optimised while moving towards more 
intelligent buildings, energy-efficient systems gain popularity and technical performance standards 
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ratchet tighter, the influence of occupant behaviour on building performance increases (Gaetani, 
Hoes and Hensen, 2016). 

To give an indication of the magnitude of impact occupants can have, for instance, on energy 
performance of buildings, large discrepancies have actually been measured in energy use, even 
between buildings with the same function located in similar climates. Driving factor for these 
discrepancies to occur has been occupant behaviour, as addressed by (Hong and Lin, 2013). The 
same study has shown the large impact that occupants can have on energy use, when they set their 
comfort criteria in an office environment, through the way they operate the HVAC system, shading 
devices, windows, lights and office equipment. The huge variation in performance, observed 
between the extremes of occupant behaviour (austerity versus wasteful energy use), is another 
indication of the importance to take occupant behaviour into account when conducting energy 
performance assessments of buildings. 

However, the occupant domain is relatively immature with respect to building performance metrics 
(O’Brien et al., 2017). This fact is a missed opportunity that should be addressed, since occupants are 
the actual recipients of the building services. Consequently, the authors of the same study have 
proposed a first rigorous attempt to introduce occupants in the assessment of building performance. 
They also argue that adopting occupants’ viewpoint, during the design stages of a building or its 
operation strategies, can support the successful integration of sensing techniques, which are the 
‘eyes’ of an intelligent building. It can be said, in general, that taking occupant influence into account 
can lead to better and more accurate building performance predictions (Yan et al., 2017). 

Accordingly, in this study, the performance of the Atlas building is subject to uncertainties related to 
the actual operation of the building and its systems by occupants. Consequently, occupant behaviour 
uncertainties are taken into account in this simulation study, in order to evaluate the performance 
robustness of the investigated operation strategies (Section 6.4). 

3.4. Selection of key performance indicators (KPIs) 
The next step in our design approach was to select suitable key performance indicators (KPIs), in 
order to evaluate whether the design of the operation strategies meets the expected performance 
criteria of both the Atlas building and the ATES system, according to the objectives of this study. 

3.4.1. KPIs of the Atlas building 
3.4.1.1. Energy performance 

KPI 1: Annual heating and cooling energy demand, or consumption (kWh/m2∙a). 

The heating and cooling energy demands are expressed as specific thermal energy demands, i.e. 
energy use per surface unit per year (kWh/m2∙a). 

3.4.1.2. Thermal comfort performance 
KPI 2: Total number of unmet hours per year, consisting of undercooling hours and overheating 
hours (over the total number of occupancy hours). 

For the assessment of thermal comfort in the Atlas building, a sliding scale was used, i.e. the adaptive 
temperature limit value (adaptieve temperatuur grenswaarde or ATG), which is based on the running 
mean outdoor temperature (RMOT), according to the publication 74 of (ISSO, 2004). The value of 
RMOT, or alternatively θrm, is calculated based on the average ambient temperature of the last seven 
days, using the expanded formula (3.2) of Figure 3.6, included in the same publication (ISSO, 2004). 
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Figure 3.6: Calculation of the RMOT (θrm) [Source: (ISSO, 2004)] 

The same publication (ISSO, 2004) suggests the indoor operative temperature (θo,i) limits indicated in 
Table 3.2, for class B of thermal comfort (a maximum of 10% of people dissatisfied). According to this 
suggestion, during the mid-season the upper limit of temperature is 18.8+0.33∙θrm+2 (°C), in the 
summer period it is 26°C (following case β), and in the winter period it is 24°C. Thus, the upper limit 
of operative temperature during the mid-season, defined by the above formula, is always between 
24–26°C. The lower limit of operative temperature is also defined accordingly. 

 
Table 3.2: Operative temperature limits indoors for different classes of thermal comfort [Source: (ISSO, 2004)] 

The limits of the indoor operative temperature (θo,i), in relation to the RMOT (θrm), calculated for the 
weather file of Beek, Netherlands that was used in this study, can be seen in Figure 3.7. 

 
Figure 3.7: Allowable operative temperature indoors based on class B requirements of thermal comfort (with an 
expected percentage of people dissatisfied to a max. of 10%), in relation to the RMOT [Source: (ISSO, 2004)] 
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According to the Dutch criterion (GTO-criterion), published by the Government Buildings Agency 
(Rijksgebouwendienst) in 1991 and also included in the publication of (ISSO, 2004), the number of 
weighted overheating hours should not exceed 150 hours per year, in order for the indoor conditions 
to stay within the acceptable range of thermal comfort (Hopfe et al., 2007). 

Although that method refers to the weighted overheating or undercooling hours using the predicted 
mean vote (PMV) value, it has remained common practice for the Dutch government to use this 
recommendation of 150 hours per year (over the total number of occupancy hours) as the maximum 
number of hours that the thermal comfort criteria are not met, i.e. in regard to the total number of 
unmet hours per year. This recommendation was confirmed by Dienst Huisvesting, as well as by 
Valstar Simonis, in order to be used in this study. 

It should be noted that the thermal comfort performance of the Atlas building, in regard to the total 
number of unmet hours which consist of undercooling and overheating hours, is assessed only over 
the total number of occupancy hours per year: 

• For most of the building (open spaces, offices, meeting rooms, small seminar rooms, labs), 
the occupancy hours were considered from 08:00-17:00 on weekdays throughout the year. 
Holidays were not considered, as they do not usually coincide for all the staff members or 
other occupants in these types of spaces. Thus, it was considered that occupants are present 
in these types of spaces throughout the year, for simplicity when assessing the thermal 
comfort. Accordingly, the thermal comfort assessment, based on 261 working days per year 
and 9 hours per working day, regards a total of 2,349 occupancy (working) hours per year. 

• For classrooms, the occupancy hours were considered from 09:00-20:00 on weekdays, while 
the holidays were excluded from the thermal comfort assessment in classrooms, since the 
student holidays are fixed (there is no teaching or examination for 9 weeks per year, 
according to the academic calendar of TU/e). Accordingly, the thermal comfort assessment, 
based on 216 teaching days per year and 11 hours per teaching day, regards a total of 2,376 
occupancy (teaching) hours per year. 

When conducting a thermal comfort performance assessment on the building level, the calculated 
unmet hours per year, consisting of undercooling and overheating hours, for each modelled zone, led 
to the total weighted unmet hours per year, correspondingly weight undercooling and weighted 
overheating hours, on the building level, using weights based on the maximum number of occupants 
in the total areas deriving from each modelled zone type (Appendix A.2). 

In order to have a clear understanding whether or not the thermal comfort limits are exceeded, it is 
advisable to investigate the most critical zones (for comfort to be jeopardised). However, this 
indicator (weighted unmet hours per year) is suitable when comparing the performance between 
different operation strategies investigated on the building level (consisting of all the building zones). 

3.4.2. KPIs of the ATES system 

3.4.2.1. Energy performance 
KPI 3: Cooling towers load reduction (%), referring to the reduction of the thermal energy load of 
the cooling towers on the TU/e campus, i.e. on district level, and is calculated as a result of the 
connection of the Atlas building to the ATES system. 

To calculate this indicator, based on the heating and cooling energy demand that we obtained for the 
Atlas building through simulation, we used the following equation: 
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Where: 

Specific heat demand: Annual heating demand of the Atlas building per surface unit (kWh/m2∙a) 

Specific cool demand: Annual cooling demand of the Atlas building per surface unit (kWh/m2∙a) 

Area: Total surface area of the main part of the Atlas building (m2), within the scope of this study 

SPFheat: Seasonal performance factor of the heat pumps used for the heating operation of the 
Atlas building, considered equal to 3.2 in this study 

εheat: effectiveness of the heat exchanger between the ATES system and the heating system of the 
Atlas building (heating operation), considered equal to 0.99 in this study 

εcool: effectiveness of the heat exchanger between the ATES system and the cooling system of 
the Atlas building (cooling operation), considered equal to 0.99 in this study 

Cooling towers thermal energy load: Total thermal energy load (or cooling energy produced) by 
both cooling towers, measured during the year 2017 at approximately 4,187,000 kWh 

The sensitivity analysis conducted on the results, regarding the assumptions of the SPFheat, εheat and 
εcool above, can be seen in Appendix B.2. 

The use of the measured data of 2017 about the cooling towers thermal energy load was justified, 
based on the comparison between the actual (measured by KNMI) weather data of 2017 and the 
‘typical’ weather data used as input into the building model of this study, explained in Section 4.6. 

The highest the ratio of heating demand over cooling demand on the building level, the highest the 
cooling towers load reduction (%) is. 

3.4.2.2. Financial performance 
KPI 4: Cooling towers O&M cost savings (€/year). 

The calculation of the O&M (operation and maintenance) cost savings of the cooling towers was 
explained in Section 2.1.3.1. 

It is important to understand here that this performance indicator refers to the cost savings for the 
operation and maintenance of the cooling towers, achieved as a result of the connection of the Atlas 
building to the ATES system, while applying suitable operation strategies in the building. 

However, the increase in other costs, which may occur in parallel with the reduced use of the cooling 
towers, is neglected. For example, the increase in energy cost (electricity), to operate the windows of 
the Atlas building, is unknown or uncertain, hence neglected in this analysis. Also, the investments in 
the renovation of the Atlas building are considered to have already been made, such as investments 
in operable windows, insulation, materials and others. Additional investments that may needed, for 
example the cost of hiring a company to make the settings of the Atlas operation strategies, e.g. 
windows opening/closing, is also unknown or uncertain, hence neglected in this study. 
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3.5. Simulation tool 
The selection of a suitable BPS tool was an important step in our design approach. In general, BPS 
tools are validated through procedures of quality assurance. One of these procedures is the BESTEST 
(building energy simulation test) of International Energy Agency (IEA), which can assure the quality of 
the predicted results through the used tool and identify sources of discrepancy to reality (Wilde, 
2014). Nonetheless, even when a simulation tool has passed the BESTEST, the simulation results may 
not be completely accurate in any case, due to the performance gap discussed in Section 3.3.1.1. 

The simulation tool selected for this study, in regard to the performance prediction of the Atlas 
building under different operation strategies, was TRNSYS (transient system simulation tool). TRNSYS 
is a flexible, graphically-based, commercial software environment, developed at the University of 
Wisconsin, used to perform dynamic simulation of the behaviour of transient systems, such as 
thermal and electrical energy systems among other dynamic systems (Trnsys.com, 2019). Therefore, 
TRNSYS has been used in a large number of scientific and technical publications for (renewable or 
conventional) energy systems design as well as BPS studies (Scientific.net, 2019). 

An elaborate description of the main aspects considered in order to develop the baseline model of 
the Atlas building follows. For the building model itself, TRNBuild user interface, within TRNSYS 
software, has been used with the ‘multi-zone’ building model, referred to as Type 56. 
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4. MODELLING OF THE ATLAS BUILDING 
4.1. Spatial zoning complexity 

Addressing the model complexity in the field of building performance simulation (BPS) is a non-trivial 
issue which can have a significant impact on the predicted performance. As a general principle, the 
model should be of the lowest possible complexity while retaining its validity for the objectives of the 
specific simulation study in terms of the performance indicators (Trčka and Hensen, 2010). A higher 
complexity would increase the cost of creating and using the model. At the same time, uncertainties 
due to unknown input parameter values in the model would be likely to increase. The process of 
simplifying the model in BPS is an abstraction process, mainly occurring in regard to the system 
boundaries considered when accounting for different zones of the building. 

In regard to this simulation study, it was important to consider how to translate a ‘piece of reality’ of 
the Atlas building into a model of such complexity that it would be able to remain valid, regarding the 
representation of reality, as well as provide answers to the specific questions of this study. A starting 
point to elaborate on the model development for the Atlas building would be to conduct an analysis 
on the complexity level of spatial zoning, which includes the division of building floors and floor areas 
into separate thermal zones in the model. The process of simplifying the model started on the floor 
level, before making an analysis on the building level, i.e. the main part of the Atlas building (floors 2-
11), within the scope of this study. 

4.1.1. Floor level 
The 4th floor of the Atlas building was selected to start the development of the model. The reason 
behind this selection was the representativeness of this floor, as being one of the intermediate 
building floors, where similar performance is anticipated. That is in contrast to the top floor and the 
bottom floor, where the boundary condition of the ceiling and the floor, respectively, is defined by 
the external environment. 

From the analysis of the floor plan of the 4th floor of the Atlas building (Figure 4.1), different spatial 
zoning complexity levels were identified, from the simplest to the most complex level, as follows: 

1. One thermal zone corresponding to the whole floor plan (orange-coloured boundary). 
2. Three thermal zones within the floor plan, separated as indicated by the blue-coloured 

boundaries, while defining three different ‘open space’ departments, the south (4-S), the 
middle (4-M) and the north department (4-N). 

3. Numerous smaller zones within each ‘open space’ department, as indicated by the green-
coloured boundaries, for example five zones (mix of open and closed spaces) within the south 
department (4-S). 

 
Figure 4.1: Layout of the 4th floor of the Atlas building showing different spatial zoning complexity levels 
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The first listed complexity level is deemed very simplistic and may not represent the reality 
accurately. Thus, it is possible that a selection between the second and third spatial zoning 
complexity would lead to a more suitable representation of this floor of the Atlas building in the 
model. This selection would aim for the lowest possible complexity that would preserve the validity 
of the model in regard to the performance indicators of the current study (3.4.1). 

It is important to explain how the mix of single- and double-height floor spaces, shared between 
pairs of floors (i.e. 2-3, 4-5, 6-7, 8-9, 10-11) in the Atlas building, was dealt with in the model. For 
instance, regarding the department 4-S, the pair of floors 4-5 was separated in the model, in an 
effort to simplify it, assuming single-height (h=2.7 m) indoor spaces for each floor, i.e. when 
considering complexity level #2 listed above. 

Based on (virtual) experiments conducted using the model of the department 4-S in TRNSYS, and 
regarding the KPI 1, i.e. energy performance of the Atlas building, insignificant deviation (<1%) was 
observed when comparing the different spatial zoning complexities listed above (#2, #3). More 
specifically: 

• As a result of the conducted simulations, it was observed that for the pair of floors 4-5, the 
sum of the indicators KPI 1 (energy performance), when considering two single-height south 
departments (4-S and 5-S) in the model (complexity level #2), is almost equal (with small 
deviation <1%) to the sum of the corresponding indicators KPI 1 (energy performance) of the 
smaller zones considered separately (complexity level #3), i.e. when modelling and 
simulating separately every single- and double-height smaller zone shared within these two 
south departments (4-S and 5-S). 

• The main reason why the different model complexities (#2, #3) were found to have small 
performance deviation, in terms of the energy performance, is the low impact of internal 
construction surfaces (floors, ceilings, partitions) on KPI 1. That is due to the fact that these 
surfaces are adjacent to other (similar) internal zones, thus their boundary is set to ‘identical’ 
space in the model. 

• Therefore, we were able to select the lowest possible complexity that was sufficient to 
describe the performance of the building with good accuracy, based on KPI 1, used for the 
intended objectives of this study, according to (Trčka and Hensen, 2010). Hence, complexity 
level #2 was selected, based on the energy performance of the Atlas building. Moreover, the 
impact of this selection on the calculation of KPI 3, regarding the energy performance of the 
ATES system (3.4.2), was insignificant as well. 

Regarding the KPI 2 (thermal comfort performance), in addition to following the selected complexity 
level #2, which was reasonable to assume to be valid for the areas of the building where open spaces 
dominate, e.g. the department 4-S, it was deemed critical to evaluate comfort also in specific closed 
spaces. Such spaces for example are the classrooms (4-5-E, 4-5-W) in the middle part (Figure 4.1), 
which have different occupancy schedules than the open spaces and are always shared between two 
floors (double-height rooms), in this case between floors 4-5. 

Since these spaces are very different in many aspects, for example occupancy schedules, occupancy 
density, ventilation rates and internal gains, they should be considered separately for the calculation 
of the KPI 1 (energy performance) as well. Therefore, the (single-height) middle department (4-M) of 
Figure 4.1 refers to the spaces included within the respective blue-coloured dashed line without 
including the two big (double-height) classrooms (4-5-E, 4-5-W). The north department (4-N) was 
treated with the same complexity as the south department (4-S) above. 
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Moreover, separate models were created for the side rooms facing east (4-E) and the side rooms 
facing west (4-W), which on the 4th floor are the textile and actuator laboratories (Figure 4.1). The 
traffic areas (stairs, elevators and toilets) were considered as ‘thermally untreated’ spaces and, thus, 
were not included in the analysis. 

4.1.2. Building level 
The floor level analysis was conducted for all the floors from 2nd to 11th, which constitute the main 
part of the Atlas building that is included in the scope of this study. The spatial zoning complexity of 
level #2 (4.1.1) was used in the analysis of every floor, considering similar departments all over the 
main part of the building, as can be seen in Figure 4.2. 

 
Figure 4.2: Corresponding departments on floors 2nd-11th of the Atlas building [Source: Autodesk Navisworks 
model by Valstar Simonis] 

The identification of similar ‘open space’ departments is summarized in Table 4.1, where the 
nomenclature derives from the combination of boundary conditions and orientation. 

Orientation 
South 

department 
Middle 

department 
North 

department Boundary 
conditions 

Intermediate 
floors (3rd - 10th) 4-S 4-M 4-N 

Top floor (11th) 11-S 11-M 11-N 

Bottom floor (2nd) 2-S 2-M 2-N 

Table 4.1: Departments of ‘open space’ type identified in the main part of the Atlas building (floors 2nd-11th) 
In addition to the ‘open space’ departments identified above, different zone types were identified, 
which could be replicable when modelling the main part of the Atlas building. For example, the big 
(double-height) classroom 4-5-E was identified 3 times, in total, and could be replicated with the 
same modelling assumptions. Other replicable critical zone types that were identified include small 
(double-height) classrooms (east- and west-facing), single-height side rooms (east- and west-facing), 
as well as a specific type of side rooms, i.e. single-height small seminar rooms. 
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All the identified zone types, that constitute the considered model complexity in this study, are listed 
in Table 4.2. 

Nr. Zone type 
Frequency of appearance 

on floors 2nd-11th  
(± m2 corrected) 

1 4-S  
department 8 times 

2 4-M  
department 

8 times  
(+ 918.19 m2) 

3 4-N  
department 8 times 

4 11-S  
department 1 time 

5 11-M  
department 

1 time  
(– 98.83 m2) 

6 11-N  
department 1 time 

7 2-S  
department 1 time 

8 2-M  
department 

1 time  
(+ 26.88 m2) 

9 2-N  
department 1 time 

10 4-5-E  
big classroom 3 times 

11 4-5-W  
big classroom 1 time 

12 2-3-E  
small classroom 2 times 

13 2-3-W  
small classroom 3 times 

14 4-E  
side rooms 5 times 

15 4-W  
side rooms 4 times 

16 
2-E  

side room 
(small seminar room) 

1 time 

17 2-W  
side room 1 time 

18 
5-E  

side room 
(small seminar room) 

3 times 

19 
5-W  

side room 
(small seminar room) 

4 times 

20 
11-E  

side rooms 
(small seminar rooms) 

1 time 

21 
11-W  

side rooms 
(small seminar rooms) 

1 time 

Table 4.2: Model complexity for the main part of the Atlas building (floors 2-11) 
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More details about the floor area of the modelled zones and the total actual area considered for the 
main part of the Atlas building (floors 2-11) are provided in Appendix A.2. 

4.2. Building construction 
The construction of the Atlas building in the model includes the description and definition of all the 
details regarding zone dimensions and surfaces, material layers and properties, windows, infiltration 
defined by the airtightness of the construction, and the convective heat transfer correlations of 
internal and external surfaces. 

4.2.1. Zone dimensions and surfaces 
The analysis of the model development started with the department 4-S, as one single zone of single-
height floor with dimensions 41.5 m x 20.6 m x 2.7 m. 

From these dimensions the reference floor area (854.9 m2) and the zone volume (2,308.23 m3) were 
calculated. The zone surfaces were connected to four different construction types for this 
department, namely floor, ceiling, partition wall and façade side. 

Regarding the boundary conditions, the surfaces of floor, ceiling and partition wall are set as 
boundary to ‘identical’ space in the model, while each façade side is set as boundary to ‘external’ 
with east, west and south orientation respectively, and a view factor to sky of 0.5 (vertical surface 
with unobstructed view). 

The area of each surface was calculated from the dimensions above and entered in the model, as can 
be seen in Appendix A.3.1. 

4.2.1.1. Internal thermal mass 
The zone capacitance in Type 56 could be used to model (indirectly) the effect of internal thermal 
mass, by increasing the air capacity of the zone in the model. The internal thermal mass in the model 
was considered to be mixed with the air. That includes furniture, office equipment, papers and any 
other items which can increase the effective thermal mass of the zone response (DesignBuilder, 
2019). 

The interior of the Atlas building was considered as a lightweight configuration, with little furniture 
and light office equipment. According to the recommendation from (Lee and Hong, 2017), the 
internal thermal mass multiplier is from 3 to 6 for light office configurations. 

A sensitivity analysis in the model showed small sensitivity of the model response to the variations of 
the internal thermal mass multiplier, or zone capacitance multiplier. More specifically, the energy 
performance indicators (KPI 1) varied no more than 2% between the lower and the upper edge of the 
above range for the internal thermal mass multiplier. 

To account for the little exposure of concrete inside the building, such as concrete pillars, the upper 
edge of the range for the internal thermal mass multiplier was assumed in the model. Therefore, the 
zone capacitance multiplier used in the model of the department under analysis (4-S) was 6 kJ/K∙m3, 
thus for the total volume of the department the capacitance was 13,849.38 kJ/K (Appendix A.3.1). 
This value definitely does not consider the thermal mass of the building structure (floor, ceiling, 
partition walls and façade), which is included in the definition of the materials that follows. 

The zone capacitance multiplier was considered the same (6 kJ/K∙m3) in all the single-height zone 
types modelled for the Atlas building. Only in the double-height modelled zones, i.e. big and small 
classrooms (the zone types #10–#13 in the model complexity of Table 4.2), the zone capacitance 
multiplier was considered 3 kJ/K∙m3 (to account for more ‘empty’ space in the total zone volume). 
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4.2.2. Material layers and properties 
The construction types that were defined for the main part of the Atlas building (floors 2-11) are: 
‘floor’, ‘ceiling’, ‘partition wall’, ‘façade side’, ‘roof’, and ‘floor second’. 

The model inputs in the ‘construction type’ manager interface of Type 56 for these construction types 
can be seen in Appendix A.3.2. The corresponding layers of materials and their properties are listed 
in Appendix A.3.3, while the actual construction surfaces of the Atlas building are provided in 
Appendix A.3.4. Where necessary, simplifications had to be made to avoid convergence errors in 
TRNSYS. 

4.2.3. Windows 
Windows are among the most important elements of the construction of the Atlas building, since the 
building’s façade mainly consists of glass. In the model, the windows were connected to the surfaces 
of the ‘façade side’ construction type, acquiring almost the total surface area of the latter. 
Specifically, the window area was set to the maximum allowable value in relation to the surface area 
of the respective ‘façade side’ construction. 

The most critical parameters considered for the window selection in the model were the U-value 
(thermal transmittance) and the g-value (solar heat gain coefficient or SHGC). A triple-glazing window 
(ID 3500) from the TRNSYS libraries was selected, with a U-value of 0.72 W/m2∙K and a g-value of 
0.26, close to the design specifications (Appendix A.3.5), from the ‘conservative’ side. Moreover, the 
visible light transmittance is 53%, which is very close to the value reported (approximately 55%) in 
the project plan published by (Stimulus, 2017). 

The properties of the selected window in the model are summarised in Table 4.3. 

WinID Description 
Design 
(mm) 

U-value 
(W/m2∙K) 

g-value T-sol 
T-vis 

daylight 

3500 GU_SunGuard 6/12/4/12/4 0.72 0.26 0.222 0.53 

Table 4.3: Properties of the selected window for the Atlas building in Type 56 

The window frame area in the model was considered within the defined surface area of each 
window. The fraction of the frame area over the total window area was calculated, through actual 
measurement, at approximately 16% and was input into the model. The c-value of the frame (1/R), 
without convection and radiation heat transfer coefficients, is 0.8 W/m2∙K according to the design 
documents (Appendix A.3.5), or 2.88 kJ/h∙m2∙K (unit conversion to input into the model). Finally, the 
solar absorptance and emissivity of the frame were considered fixed at 0.6 and 0.9, respectively. 

4.2.3.1. Internal shading device 
Regarding the modelling of the internal shading device, its thermal resistance (Rdevice) was calculated 
at approximately 0.298 h∙m2∙K/kJ and was input into the model. The reflection coefficients of the 
internal shading device towards the window and towards the zone were assumed in the model 
REFLISHADE=0.5 and REFLOSHADE=0.25, respectively, while the emissivity of the internal shading 
device towards the zone was considered fixed at 0.9. 

The fraction of absorbed solar radiation by the internal device transformed to a convective heat flow 
rate (CCISHADE), by additional convection between the inner window pane and the internal shading 
device element, was assumed 0.45, just in the middle of the typical values range (0.3–0.6). 
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A justification for this assumption is provided here. According to the TRNSYS manual (TRANSSOLAR 
Energietechnik GmbH, 2017), if the internal shading device is located very close to the inner window 
pane, without any air flow between them, CCISHADE should be set to 0, while a value of 1 for this 
parameter would represent an internal shading device located in the room very far from the window. 
In the Atlas building, the distance measured between the window and the internal shading device is 
around 20 cm (neither very close nor very far), which justifies our assumption (CCISHADE=0.45). 

Last but not least, the reference automatic control strategy for the internal shading device, described 
in Section 3.2.3, was modelled accordingly, using the internal model of TRNSYS regarding the 
radiation-depended shading control: 

- Close if total radiation on window > 900 kJ/h∙m2  (250 W/m2) 
- Open if total radiation on window < 720 kJ/h∙m2  (200 W/m2) 

More details about the calculations and the assumptions regarding the internal shading device can 
be seen in Appendix A.3.5. 

4.2.4. Infiltration 
The infiltration rate defined in the model was related to the airtightness of the building construction, 
when all windows are closed. According to the specification from the Valstar Simonis, the air flow 
through the façade should be: 

0.2 L/s∙m2 or 0.72 m3/h∙m2,  
where m2 refers to the corresponding façade area 

For this air flow through the façade, the infiltration rates calculated and input into the model for the 
departments of the 4th floor of the Atlas buildings were: 

Infiltration4-S ≈ 0.11 h-1 

Infiltration4-M ≈ 0.09 h-1 

Infiltration4-N ≈ 0.11 h-1 

More details in regard to this calculation, as well as to the infiltration rates calculated for all the 
different zone types identified for our model complexity shown earlier in Table 4.2, can be seen in 
Appendix A.3.6. 

4.2.5. Convective heat transfer correlations 
4.2.5.1. Internal surfaces 

The calculation of the convective heat transfer coefficients (CHTC) of the internal surfaces depends 
on the temperature difference between the surface and the fluid (air) inside the zone. TRNSYS 
features an internal calculation model for the calculation of the internal CHTC (TRANSSOLAR 
Energietechnik GmbH, 2017), in the form of: 

hc, int = const ∙ (Tsurf – Tzone) exp       (4.1) 

The coefficients const and exp can be changed in order to fit different approaches from heat transfer 
research. For example, the flow pattern evolved by a chilled ceiling is similar to that of a heated floor 
and vice versa, but they are completely different to the flow pattern of a vertical surface 
(TRANSSOLAR Energietechnik GmbH, 2017). 

Standard values for the coefficients const and exp can be found in literature. Specifically, (Peeters, 
Beausoleil-Morrison and Novoselac, 2011) have made a review of experimentally derived 
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correlations in internal convective heat transfer modelling, useful in building energy simulation 
programs. From these correlations, we fit in our case study the ones in Table 4.4. 

Surface Correlation Remarks Surfaces used for in 
our study 

Novoselac et al. 
Ceiling hc, int=2.12∙ΔT0.33 Cooled ceiling with internal heat sources in 

chamber 
Chilled ceiling,  
heated floor 

Ceiling hc, int=2.72∙ΔT0.13 Ceiling in room with heated floors, 
circulating fan or radiator under window 

Heated ceiling,  
chilled floor 

Window hc, int=7.61∙ΔT0.06 Window for room heated by radiator not 
under window 

Vertical surfaces 
(windows, part. walls) 

Table 4.4: Experimentally based convection coefficient correlations used in our study [Source: (Peeters et al., 2011)] 

Where: ΔT = Tsurf – Tzone (°C) 

hc, int: internal convective heat transfer coefficient (W/m2∙K) 

The differences between this approach and the simplified approach, which would be the use of 
constant internal CHTC (hc, int=3.055556 W/m2∙K), as suggested in TRNSYS manual (Obyn and van 
Moeseke, 2015; TRANSSOLAR Energietechnik GmbH, 2017), were insignificant (≤2%), in regard to the 
energy performance indicators of this study. 

More details regarding the definition of the internal convective heat transfer coefficients (CHTC) in 
Type 56 can be seen in Appendix A.3.7. 

4.2.5.2. External surfaces 
For the calculation of the convective heat transfer coefficients (CHTC) of the external surfaces of the 
building construction, we used the Loveday mixed model, which originally was implemented in the 
ESP-r source code (ESRU, 2015). The influencing factor in this model is the wind speed. Specifically, 
the model implementation in ESP-r for the calculation of the external CHTC is (Mirsadeghi et al., 
2013): 

         Vloc = 2
3
 ∙ V10        (4.2) 

      hc, ext = 16.7∙Vloc
0.5        (4.3) 

Where: V10 is the wind speed measured at 10 m above ground level in the upstream 
undisturbed wind flow, which is usually the only type of wind speed data available in 

standard building energy simulation (BES) program weather files. 

ESP-r implements this model for all surface types, regardless of the building type, surface texture, 
orientation (windward, leeward, or roof), sheltering conditions and terrain types (Mirsadeghi et al., 
2013). 

In our case, this model was implemented in TRNSYS and was applied to all types of external surfaces 
of the Atlas building, i.e. façade side, windows, roof, and external parts of the second floor. The 
implementation of this model in TRNSYS can be seen in Appendix A.3.8. 

Comparing the results between this approach and the simplified approach of using constant external 
CHTC (hc, ext = 17.777778 W/m2∙K) suggested in TRNSYS manual (Leenknegt et al., 2013; TRANSSOLAR 
Energietechnik GmbH, 2017), the performance variation between the two approaches was found 
small (≤2.5%). 
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The small performance variation when applying different models for the calculation of the external 
CHTC for the Atlas building is reasonable, due to the fact that convection plays a less important role 
in the thermal energy balance calculations in buildings with increased insulation standards. In fact, 
the use of higher insulation values results in a much weaker impact of the façade-averaged CHTC on 
the thermal energy demands (Iousef et al., 2019). In other words, the contribution of the convective 
resistance at the external surfaces of the building envelope becomes small in relation to the overall 
thermal resistance, when higher insulation values are used in the building envelope (Zhang et al., 
2013), which is the case for the Atlas building. 

4.3. Occupancy schedule and internal gains 
The internal gains in the model of the Atlas building come from people, lights, and electrical 
equipment. For each of these types of gains, the occupancy schedule is a determinant factor. Thus, 
valid assumptions were necessary to be made for the occupancy schedules in the different zone 
types of the Atlas building (Table 4.2). 

This Section describes the assumptions that were made in regard to the occupancy schedule and the 
internal gains of the considered ‘open space’ departments, shown earlier in Table 4.1. 

Figure 4.3 shows the weekly occupancy schedule assumed when modelling the ‘open space’ 
departments in the Atlas building. Based on (virtual) experiments conducted in the model of the 
department 4-S, applying different occupancy schedules, e.g. office and meeting room schedules, 
insignificant energy performance variations (≤3.5%) were observed in the results. Hence, the 
occupancy schedule of Figure 4.3 was deemed reasonable to assume for all the considered ‘open 
space’ departments of the Atlas building, similarly to the department 4-S. 

 
Figure 4.3: Weekly occupancy schedule of considered ‘open space’ departments in the Atlas building 

This schedule represents a ‘typical’ occupancy schedule of the Atlas building, according to which the 
building does not operate at maximum occupancy. Specifically, on weekdays from 08:00 to 17:30 it 
operates at 70% of the maximum occupancy, excluding the lunch break (12:00-13:00) when it 
operates at 40%. A 10% of the maximum occupancy is assumed from 17:30 to 23:00, when the 
building closes until the next working day. During the weekends, the building is always closed. 

Based on this schedule, all the different types of internal gains were defined in the model of the 
considered ‘open space’ departments of the Atlas building, as presented in Table 4.5. 
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Gain 
name  
(in the 
model) 

Gain type Gain mode Scale 
Sensible gains Latent  

gains Ref. area 
fraction Radiative 

power 
Convective 

power 
Absolute 
humidity 

ASHRAE_1
30W-

Person_A 
IV_ 

24°C 1 

people 
absolute 

gain 

83.5∙(weekly 
occupancy 
schedule) 2 

156.6 
(kJ/h)  

[58%] 

113.4 
(kJ/h)  

[42%] 

0.081 
(kg/h) 

no 

LED_ 
lighting 3 

lights 
gain related 
to reference 

floor area 

1∙(weekly 
occupancy 
schedule) 

4.536 
(kJ/h∙m2)  

[18%] 4 

20.664 
(kJ/h∙m2)  

[82%] 

0 
(kg/h∙m2) 

    0.7 5 

SIA_2024_
Dev_32_ 
office 6 

electrical 
equipment 

gain related 
to reference 

floor area 

1∙(weekly 
occupancy 
schedule) 

7.2 
(kJ/h∙m2)  

[20%] 

28.8 
(kJ/h∙m2)  

[80%] 

0 
(kg/h∙m2) 

0.7 

Table 4.5: Definition of internal gains in the model (Type 56) of the ‘open space’ departments of the Atlas building 

The (occupancy and internal gains) schedules assumed for the other modelled zone types of the Atlas 
building, i.e. classrooms, small seminar rooms and other side rooms, are shown in Appendix A.4. 

4.4. HVAC system controls 
The heating, ventilation and air conditioning (HVAC) system was important to be developed in the 
model according to the real specifications, since it determines to a significant extent the calculation 
of heating and cooling demands in TRNSYS. Firstly, the mechanical ventilation controls are described, 
including an elaboration on how the heat recovery through the mechanical ventilation system was 
                                                            
People gains: 
1 Typical gains from one person working in an office in a moderately active way (degree of activity IV) in a 24°C 
room, according to 2013 ASHRAE Handbook Fundamentals, are defined in TRNSYS library (Trnsys.com, 2019). 
2 The absolute gains per person are multiplied by the number of people within the modelled zone at maximum 
occupancy, and then by the weekly occupancy schedule of Figure 4.3. For the department 4-S, the maximum 
occupancy is calculated at 83.5, deriving from the division by 2 (to fit with the considered model complexity) of 
the maximum occupancy of both departments 4-S and 5-S (167 people), since in reality they share double-
height spaces. 

Lighting gains: 
3 The lighting gains are expressed per reference floor area and the total (sensible) lighting gains are estimated 
at 7 W/m2 (25.2 kJ/h∙m2) at maximum occupancy of indoor spaces, according to the consultant Valstar Simonis. 
4 According to (Liu et al., 2016), for a recessed LED luminaire (downlight), as in the case of the Atlas building, 
the radiative heat fraction is around 18%. The rest 82% is the convective heat fraction. 
5 The lighting gains are calculated internally in the program based on the reference floor area defined in the 
model. Here, we use a fraction of the reference floor area (70%) for the allocation of the lighting gains, due to 
our model complexity, which considers every modelled department to have single-height (h=2.7m). In reality, 
around 30% of areas are shared double-height spaces between two departments, e.g. 4-S and 5-S. Thus, the 
actual distribution of luminaires pertains to the 70% of the modelled area. 

Equipment gains: 
6 The electrical equipment gains are expressed per reference floor area and the total (sensible) equipment 
gains are estimated 10 W/m2 (36 kJ/h∙m2) at maximum occupancy, according to Valstar Simonis. Accordingly, 
the equipment gains presented in this table are defined in TRNSYS library (Trnsys.com, 2019). 
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modelled. Then, the controls of the heating and cooling system in the model are explained, as well as 
the methodology followed in order to size them accordingly. 

4.4.1. Mechanical ventilation 
The ventilation requirements in the indoor spaces of the Atlas building are 12.5 L/s per person, or 45 
m3/h per person, as communicated by the consultant Valstar Simonis. This ventilation rate is well 
above the minimum ventilation requirements of ASHRAE for acceptable indoor air quality in offices, 
lecture classrooms, conference/meeting rooms, laboratories, lobbies and other similar types of 
rooms (ASHRAE, 2015). 

The mechanical ventilation system throughout the Atlas building was modelled based on occupancy, 
in order to match the reality, i.e. occupancy-based ventilation using CO2 sensors. 

In this Section, the modelling assumptions regarding the mechanical ventilation system in the 
considered ‘open space’ departments of the Atlas building are described. 

Firstly, the ventilation rate at maximum occupancy needed to be calculated. To estimate the 
maximum occupancy density in the ‘open space’ departments of the Atlas building, we started the 
analysis from the 4-S and 5-S departments. These departments together can fit 167 people, when 
they are fully occupied, in a total area of 1,709.8 m2 in the model. Hence, the maximum occupancy 
density estimated for all the ‘open space’ departments was approximately 0.1 person/m2. This 
occupancy density is also in line with the specifications from Valstar Simonis, and also evident in 
literature (Grondzik and Kwok, 2015). 

Therefore, the ventilation rate at maximum occupancy, input into the model (Type 56) of the ‘open 
space’ departments, expressed as a volume flow rate related to reference floor area, was: 

1
max_  

3 3

2 2        1.  45 0.1 4 6  5 . 7open spaces
m p mVentilation

h p m
h

h
o

m
r −   = ⋅ =   ⋅ ⋅  

 

This maximum ventilation rate was multiplied by the weekly ventilation schedule, assumed for the 
‘open space’ departments of the Atlas building, as shown in Figure 4.4: 
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3
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h
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m
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To define this weekly ventilation schedule, we considered that the building operates at 70% of the 
maximum occupancy on weekdays from 08:00 to 17:30, except for the lunch break from 12:00 to 
13:00, when it operates at 40%. The difference between the occupancy schedule defined earlier and 
the ventilation schedule here is that the mechanical ventilation system is never switched off 
completely. Hence, a ventilation rate that corresponds to 40% of the maximum occupancy was 
assumed outside of working hours, as well as on weekends, as can be seen in Figure 4.4. 

 
Figure 4.4: Weekly ventilation schedule of considered ‘open space’ departments in the Atlas building 
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The modelling assumptions regarding the mechanical ventilation system in the other modelled zone 
types of the Atlas building, i.e. classrooms, small seminar rooms and other side rooms, can be seen in 
Appendix A.5.1. 

4.4.1.1. Heat recovery 
The mechanical ventilation system of the Atlas building has also a heat recovery function. The role of 
the so-called mechanical ventilation with heat recovery (MVHR) system is to reduce the heating 
demand of the building, by recovering heat from the extracted air through a heat exchange process 
and, thus, preheating the colder supply air flow coming from outside for ventilation purposes. 

The heat recovery function of the MVHR system should definitely be bypassed during the cooling 
season; otherwise the cooling demand of the building would be increased significantly. The condition 
that was used in our model to bypass the heat recovery function is: Tamb > 10°C (Hoes, 2014). 

The efficiency of heat recovery in the model of the Atlas building was considered 70% (on average), 
according to the technical specifications communicated by the consultant Valstar Simonis. Therefore, 
the controls implemented in the model concerned the calculation of temperature of the supply air 
(THR), after the heat exchanger to the inside of the building, as follows (TRANSSOLAR Energietechnik 
GmbH, 2017): 

     ( )HR zone amb ambT T T Tη= − ⋅ +        (4.4) 

0.7, when 10ambT C≤ °  
η =  

 0, when 10ambT C> °  

Where: η is the sensible efficiency of heat recovery 

  Tzone is the zone air temperature, which is the same as the extracted air temperature 

  Tamb is the ambient (outdoor) air temperature 

4.4.2. Heating and cooling system 
This Section describes the assumptions regarding the modelling of the heating and cooling system in 
the considered ‘open space’ departments of the Atlas building. 

The reference heating and cooling setpoints during the staff working hours were considered 21°C 
and 24.5°C, respectively, as explained earlier in Section 3.2.2. Accordingly, the weekly schedules of 
the heating and cooling system were defined in the model of the ‘open space’ departments, as can 
be seen in Figure 4.5 and Figure 4.6, respectively. 

 
Figure 4.5: Weekly heating system schedule of considered ‘open space’ departments in the Atlas building 
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Figure 4.6: Weekly cooling system schedule of considered ‘open space’ departments in the Atlas building 

Specifically, on weekdays from 07:30 to 17:30, the heating setpoint in the model was considered 
fixed at 21°C and the cooling setpoint at 24.5°C. It is noted that both the heating system and the 
cooling system were programmed to start earlier in the morning (07:30) than the actual occupancy 
schedule (08:00), in order to preheat or precool the indoor spaces, respectively. This suggestion 
came up after observing (through virtual experiments with the model) a considerable number of 
unmet hours (in terms of thermal comfort), mainly due to undercooled spaces in the first working 
hour(s) of the morning. 

Outside of the staff working hours on weekdays, as well as all the time on weekends, the so-called 
‘setback temperatures’ for the heating and cooling system were set to 17° and 27°C, respectively. 

An important consideration for the heating system was to understand what percentage of the 
sensible heating power comes from radiation and what percentage from convection. The Atlas 
building features climate ceilings for heating and cooling, which mainly work on a radiation basis 
(TU/e, 2019). 

Evidence regarding the radiative and convective power of heating though ceiling-mounted radiant 
panels has been found in literature. In the study of (Okamoto et al., 2010), the researchers 
developed a simplified calculation method to estimate heat flux from ceiling radiant panels and 
found out that the ratio of radiant heat flux to the total heat flux was 70–80% for heating. Moreover, 
according to an article published in CIBSE journal (Dwyer, 2009), flat plate radiant heating panels, 
typically ceiling-mounted, emit predominantly infrared radiation (radiant heat) with a high radiant 
factor, likely to be at least 67%. 

Consequently, a radiative fraction of 70% was considered in the model and was input into the 
‘heating type’ manager of Type 56 for the climate ceilings of the Atlas building. 

Finally, for the ‘heating type’ in Type 56 the percentage of relative humidity below which 
humidification starts was set to 40% and for the ‘cooling type’ the percentage above which 
dehumidification starts was set to 60%. This setting is in line with CIBSE recommendation (Guide A), 
regarding the generally accepted levels of humidity, or ‘safe zone’, in offices, i.e. a relative humidity 
between 40% and 60% (CIBSE, 2006). 

The modelling assumptions regarding the heating and cooling system in the other modelled zone 
types of the Atlas building, i.e. classrooms, small seminar rooms and other side rooms, can be seen in 
Appendix A.5.2. 

4.4.2.1. Sizing of heating and cooling system 
It was important to size the heating and cooling system in the model such that it corresponds to the 
reality to the highest extent possible, where a specific (limited) capacity is available. To do so, we 
simulated one department of the Atlas building, in this case the department 4-S, firstly using 
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unlimited sensible power in both the heating and the cooling system. The simulation resulted in the 
load duration curves displayed in Figure 4.7, which include some ‘unreasonably’ high peaks occurring 
for a few hours per year. 

 
Figure 4.7: Load duration curves (heating and cooling) for the department 4-S of the Atlas building (simulated with 
unlimited heating and cooling capacity) 

A real system would not possibly be able to meet the highest of these peaks, due to limited capacity. 
To model such a system, we set the capacity limit accordingly, so that the modelled system would 
have the necessary power to satisfy the energy requirements during 95% of the operation hours of 
the system, following a similar approach as (Gaetani, 2019). 

By following this approach, separately for the heating and the cooling system, we resulted in a 
limited power heating and cooling system, shown in Table 4.6, where the small impact of the system 
maximum capacity on the thermal comfort of occupants (total number of unmet hours per year) can 
also be seen, simulated for the department 4-S of the Atlas building. 

Simulation 
method 

Heating system 
max. power 

(W/m2) 

Cooling system 
max. power 

(W/m2) 

Total number of  
unmet hours per year 

(undercooling + overheating) 

Unlimited power 91.5 37.6 39 
(0+39) 

Limited power 
(95% of hours) 52.5 28.8 41 

(2+39) 

Table 4.6: Sizing of the heating and cooling system in the model (resulting from the simulation of department 4-S 
of the Atlas building) 

These capacity limits were used in the model of each different zone type identified in the Atlas 
building, since they are expressed per reference floor area and can retain their validity on the 
building level. However, only for the double-height classrooms, these capacity limits were adjusted 
accordingly, due to the classrooms’ double volume per m2 of floor area that would imply double 
capacity of the heating and cooling system available per m2 of floor area. Moreover, these capacity 
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limits are considered close to the real specifications of the HVAC system of the Atlas building, as 
estimated through the information provided in the design documents by the consultant Valstar 
Simonis. 

4.5. Natural ventilation 
Natural ventilation for the Atlas building was modelled as additional infiltration, occurring during the 
time that the windows were open. That was on top of the infiltration defined in the model of each 
zone type due to the airtightness of the building construction with closed windows (Section 4.2.4). 

4.5.1. Night-time ventilation 
In order to define the air change rate to input into the model due to natural night-time ventilation, a 
sensitivity analysis was conducted in the model of the department 4-S. The simulation results, in 
regard to the influence of the air change rate on the energy performance of the department 4-S in 
the model, are shown in Figure 4.8. 

 
Figure 4.8: Sensitivity of energy performance of the department 4-S to the air change rate assumed for the natural 
night-time cooling strategy in the model 

According to the simulation results, little additional cooling energy savings were observed with 
increasing air change rates above a certain point, especially between 3-9 ACH. Moreover, evidence in 
literature (Harvey, 2006, pp. 216-218) suggests that for night-time ventilation rates above a certain 
point (corresponding to 6 ACH in total, together with the mechanical ventilation assistance), little 
additional cooling energy savings were achieved. This evidence is in line with our observations from 
the sensitivity analysis conducted through the simulations. 

A conservative approach was decided to be followed in this study and, thus, a value of 3 ACH was 
assumed as the infiltration rate in the model of natural night-time ventilation for each zone type of 
the Atlas building. In fact, this assumption can additionally be supported by literature, as regards the 
range of the values used when modelling natural ventilation (Breesch and Janssens, 2010; Goethals, 
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Breesch and Janssens, 2011; Leenknegt et al., 2013; Guo et al., 2019; Hoang, Reisi and Frenzel, 2019), 
and especially in accordance with (or in close proximity to) the lower ends of the air change rate 
ranges used in these studies (conservative approach). 

4.5.2. Day-time ventilation 
As for the modelling of natural day-time ventilation, since the operation of the windows in the Atlas 
building would leave smaller openings for air flows to occur during the day than during the night (due 
to the different modes of windows opening), a lower air change rate (than 3 ACH) was reasonable to 
assume, accordingly, as infiltration in the model of natural day-time ventilation. 

With reference to the assessment of diurnal ventilation through operable windows in (Parys et al., 
2012), while a conservative assumption regarding the air flows through open windows was followed, 
the air flow rates in that study averaged at approximately 2 ACH during the simulation period. 

Therefore, the assumption of 2 ACH was decided to be followed in this study, as the infiltration rate 
in the model of natural day-time ventilation for each zone type of the Atlas building. 

4.5.3. Combined night- and day-time ventilation 
Finally, for the combined natural night- and day-time ventilation, the weighted average between the 
assumed night-time air change rate (3 ACH) and the assumed day-time air change rate (2 ACH) was 
estimated at approximately 2.35 ACH, using weights based on the yearly hours of night-time and day-
time ventilation calculated by TRNSYS simulations. 

More details about the modelling of natural ventilation can be found in Appendix A.6. 

4.6. Weather data 
An important consideration in BPS is the availability of weather data, which typically are available in 
hourly resolution (Hensen, 1999). 

In this study, the weather data used as input in the building model are International Weather for 
Energy Calculations (IWEC) data (ASHRAE, 2001), available in EnergyPlus weather (epw) format. The 
IWEC data files are ‘typical’ weather files suitable for use in building energy simulation programs, 
provided in hourly resolution (EnergyPlus, 2019). The epw format is compatible with the weather 
processor of TRNSYS simulation studio. 

The weather data for the location of Beek, Netherlands were used in this study. This location is the 
closest possible (around 60 km) to Eindhoven (where the Atlas building is located), among the 
locations with available IWEC data. 

Since the measured data of the year 2017 were used in this study for the cooling towers load 
(Section 3.4.2), we needed to confirm that the weather data used in the model, in order to calculate 
the energy performance of the Atlas building and its impact on the cooling towers use, could be 
‘representative’ or close enough to the actual weather data measured in that location in 2017. 

In order to do so, we used the measured temperature data, provided in hourly resolution for 2017 
for the location of Maastricht by the Royal Netherlands Meteorological Institute (KNMI, 2019). By 
performing a statistical analysis of these data and comparing with the temperature data coming from 
the IWEC hourly data (epw) for the location of Beek, used in the Atlas building model, the full year 
comparison results can be seen in the box plots of Figure 4.9. It should be noted that the location of 
Beek is next to the Maastricht airport. 
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Figure 4.9: Box plot comparing the temperatures between the IWEC (typical) data for Beek (epw) and the 
measured data in Maastricht in 2017 by KNMI (full-year basis) 

The use of a box plot, specifically a box-and-whisker diagram, is a standardized way to display the 
distribution of data, based on minimum value, first quartile, median value, third quartile, and 
maximum value. Comparisons between the temperature data of each month of the year can be seen 
in Appendix A.7.1. The comparisons indicate that the weather data used in the model (IWEC data) 
can be ‘representative’ of the actual weather data measured in 2017. 

4.7. Time step of simulation 
For the simulations conducted in this study, an hourly time step was used. The use of hourly time 
steps is typical in the field of BPS. A 1-h time step has been, and still is being, used in several building 
simulation models as a natural interval, which is short enough to capture behaviours of interest and 
long enough to allow practical execution times (Crawley and Barnaby, 2019). 

In fact, the structural components of buildings with substantial (thermal) mass, as in the case of the 
Atlas building, typically have long time constants, usually hours. This is the primary reason behind the 
adequacy and the success of the approach using hourly time steps. Nevertheless, there are building 
elements that respond more quickly, such as the air inside a building, furnishings, HVAC system, and 
daylight controls (Crawley and Barnaby, 2019). 

The simplification made in this study for such elements was to represent them with quasi steady 
state models, which assume average performance during each time step of the hourly model. It was 
found that this simplification did not lead to significant variation in performance predictions for the 
Atlas building. For instance, compared with the use of half-hour time steps, a variation less than 5% 
was observed in the energy performance indicators (KPI 1). Therefore, the hourly time step approach 
was deemed adequate for the purposes of this study. 

Moreover, there are several similar studies found in literature that use hourly time steps in 
simulation models for building performance predictions. For example, the thermal model developed 
in TRNSYS, for the feasibility assessment of passive cooling for office buildings in a temperate climate 
(Belgium) through uncertainty analysis, uses a 1-h time step (Parys et al., 2012), or the EnergyPlus 
model that uses the same (hourly) time step for the simulation of natural ventilation in large sports 
buildings (D'Aquilio et al., 2016). 
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5. BASELINE PERFORMANCE ASSESSMENT OF THE ATLAS BUILDING 
This chapter describes the results of the simulations, run on a yearly basis, in regard to the baseline 
case of this study, and conducts a performance assessment of the Atlas building on the zone level, on 
the building level and on the district level. Table 5.1 reminds how the baseline case was defined. 

Operation 
strategy 

Passive cooling 
(natural ventilation) 

Heating and cooling 
setpoints adjustment 

Internal  
shading device 

Baseline _ 
Reference setpoints 

(Tsp,heating = 21°C, Tsp,cooling = 24.5°C) 
Down > 250 W/m2 

Up < 200 W/m2 

Table 5.1: Definition of the baseline case in this study 

5.1. Performance on the zone level 
The yearly simulation results for the different modelled zone types of the Atlas building, in regard to 
the baseline energy performance (KPI 1) and the baseline thermal comfort performance (KPI 2) are 
shown in Figure 5.1 and Figure 5.2, respectively. 

 
Figure 5.1: Baseline energy performance (KPI 1) on the zone level of the Atlas building 

Among all the zone types, the most heating energy-intensive was found to be the department 2-N 
(heating demand of 44 kWh/m2∙a). The reason is that this department, apart from the façade sides, is 
exposed to the external environment also through the floor, which primarily consists of concrete 
(Ufloor_2 = 0.438 W/m2∙K in the model). That is in contrast to the corresponding department on the top 
floor, i.e. the department 11-N (heating demand of 26.2 kWh/m2∙a), which has less exposure through 
the roof (view factor is 0.7) as well as a better roof insulation (Uroof = 0.171 W/m2∙K in the model). 
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Accordingly, the most cooling energy-intensive zone types were found the classrooms, especially the 
west-facing ones, among which the 2-3-W small classroom has the highest cooling demand (19.7 
kWh/m2∙a). This finding is justified due to the high occupancy density assumed in the classrooms, as 
well as due to the way the energy demands are expressed per m2 of the actual floor area, which for 
the double-height classrooms corresponds to double volume area, in relation to the single-height 
zone types. 

Overall, the highest total thermal energy demand pertains to all the classrooms, the 2-N and the 2-S 
departments, as well as the 11-W and the 11-E side rooms (small seminar rooms). 

 
Figure 5.2: Baseline thermal comfort performance (KPI 2) on the zone level of the Atlas building 

Accordingly, the most undercooling hours per year occur in the department 2-N (45 hours), following 
the reasoning above, and in the 11-W side rooms (small seminar rooms) (45 hours), due to the high 
ventilation rates resulting from the high occupancy density (and assumed schedules) in these rooms. 

The most overheating hours per year occur in the 5-W side room (small seminar room) (101 hours), 
due to the high occupancy density assumed, inducing high internal gains, as well as due to the west-
facing orientation. 

Overall, the most total unmet hours per year occur in the 11-W side rooms (small seminar rooms) 
(121 hours), as well as in the 5-W side room (small seminar room) (120 hours), remaining lower than 
the limit of 150 hours per year for both the zone types. 

On a special note, the simulation results led to a very interesting observation, with regard to both the 
energy performance (KPI 1) and the thermal comfort performance (KPI 2) on the zone level. There 
were seven different clusters (C1-C7) identified among the modelled zone types of the Atlas building, 
which include similarly-performing zone types, as classified in Figure 5.1 and Figure 5.2 for the energy 
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and the thermal comfort, respectively. Moreover, these clusters consist of the same zone types with 
regard to both the energy and the thermal comfort performance, as follows: 

• C1: 4-S, 4-M, 4-N, 2-M (departments) 
• C2: 11-S, 11-M, 11-N (departments) 

• C3: 2-S, 2-N (departments) 

• C4: 2-3-W, 2-3-E (small classrooms), 4-5-W, 4-5-E (big classrooms) 

• C5: 4-W, 4-E (side rooms), 2-W (side room) – treated as open areas 

• C6: 5-W, 5-E, 2-E (side room) – each one is a small seminar room 

• C7: 11-W, 11-E (side rooms) – small seminar rooms 

More details regarding the baseline performance on the zone level of the Atlas building can be seen 
in Appendix B.1, presented through clustered column charts. 

5.2. Performance on the building level 
Based on the model complexity on the building level, presented in detail in Appendix 0, the total 
energy and thermal comfort performance of the main part of the Atlas building (floors 2-11), for the 
baseline case of this study, was estimated as can be seen in Figure 5.3. 

 
Figure 5.3: Baseline energy and thermal comfort performance on the building level 
According to this estimation, the Atlas building has a higher heating demand than cooling demand on 
the building level (approximately 2.5 times higher) for the baseline case of this study, while its total 
thermal energy demand is roughly 32 kWh/m2∙a. 

In regard to thermal comfort, overheating is likely to be a larger issue than undercooling in the Atlas 
building. The weighted unmet hours on the building level (37 hours per year)7 remain well below the 
limit of 150 hours per year, even for the baseline case. 

                                                            
7 Sum of the weighted undercooling and the weighted overheating hours (small round-off error) 
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5.2.1. Comparison with reference values 
One of the main challenges of this study was that there were not actual measured data on the Atlas 
building to compare with our simulation results. That was due to the renovation of the Atlas building 
when this study started, while during the last months of this study the building was in operation only 
for a few months, without real monitoring data available and without even one completed year of 
operation. 

However, it was possible to compare our simulation results, regarding the energy performance on 
the building level, with references values deriving from: 

• Atlas energy performance estimations published in the project plan of (Stimulus, 2017). 
• The energy performance calculation for the Hoofdgebouw TU/e, Atlas (Peutz BV, 2015). 
• The comparison to one building with several similar characteristics to Atlas: TNT Green Office 

in Hoofddorp, Noord-Holland (RVO, 2019). 

The comparison with these references values is presented in Table 5.2. 

Comparison with  
reference values 

Heating 
demand 

(kWh/m2∙a) 

Cooling 
demand 

(kWh/m2∙a) 

Total thermal 
energy demand 

(kWh/m2∙a) 
Project plan  

(Stimulus, 2017) 19.5 5.5 25 

Energy performance 
calculation  

(Peutz BV, 2015) 
28.4 5.0 33.4 

TNT Green Office _ _ 41.2 

Average of available 
reference values 24.0 5.3 33.2 

Simulation in this study  
(baseline) 22.7 9.1 31.8 

Table 5.2: Comparison of simulation results of this study with reference values, regarding the energy performance 
of the Atlas building 

The comparison shows reasonable agreement between the baseline energy performance of the Atlas 
building, predicted through the simulations conducted in this study, and the reference values (or the 
average of the available reference values). The fact that the cooling demand of Atlas appears a little 
overestimated in the baseline of this study derives from the conservative assumptions made, in order 
to avoid an overestimation of performance of the ATES system, in relation to the connection of the 
Atlas building. With the application of suitable operation strategies, the cooling demand is expected 
to decrease. 

5.3. Performance on the district level 
The fact that the Atlas building was predicted through our simulations to have higher annual heating 
demand than cooling demand on the building level, even in the baseline case, enhances its potential 
to contribute to the thermal energy balance of the ATES system (district level) in the future, while 
reduced use of the cooling towers is achieved, according to the expectations in the beginning of this 
study. 
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For the estimation of the district level performance of the Atlas building in the baseline case, a 
sensitivity analysis was conducted, in regard to the assumptions to be used for the values of SPFheat, 
εheat and εcool, as introduced in Section 3.4.2.1. 

The sensitivity analysis showing the impact of these values on the baseline performance of the Atlas 
building on the district level can be seen in Appendix B.2. 

Thereupon, according to the conservative assumptions followed regarding these values, the baseline 
performance estimated for Atlas on the district level (KPI 3 and KPI 4) is shown in Table 5.3. 

Baseline performance on the district level 

Cooling towers load reduction  
(%) KPI 3 3.9% 

Cooling towers O&M cost savings 
(€/year) KPI 4 € 1,810 

Table 5.3: Baseline performance of the Atlas building on the district level 
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6. PERFORMANCE ASSESSMENT OF THE ATLAS BUILDING UNDER DIFFERENT 
OPERATION STRATEGIES 

6.1. Performance of operation strategies on the building level 
This section provides an overview of how the investigated operation strategies of the Atlas building 
are compared with each other on the building level. The results derived from simulations of every 
operation strategy for every zone type identified in the Atlas building, followed by calculations on the 
building level, i.e. the main part of the Atlas building (floors 2-11). 

Figure 6.1 and Figure 6.2 summarize the results, regarding the energy performance and the thermal 
comfort performance, respectively, of the investigated operation strategies on the building level. 

 
Figure 6.1: Energy performance (KPI 1) of operation strategies on the building level 

 
Figure 6.2: Thermal comfort performance (KPI 2) of operation strategies on the building level 
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Among the investigated operation strategies, it is apparent that, on the building level, the operation 
strategy S13 results in the lowest cooling demand (2.5 kWh/m2∙a), a 72.5% reduction compared to 
the baseline, and in the lowest total thermal energy demand (25.4 kWh/m2∙a), a 20.1% reduction 
compared to the baseline. At the same time, this strategy would perform better than the baseline in 
relation to the thermal comfort (35<37 weighted unmet hours per year), due to the reduction of 
overheating hours that would result from applying natural combined night- and day-time cooling, 
despite the increase of cooling setpoint. Table 6.1 reminds how this strategy was defined. 

Operation strategy 
Passive cooling 

(natural ventilation) 
Heating and cooling setpoints 

adjustment 
Internal  

shading device 

S13 Combined night- and 
day-time cooling Tsp,cooling (24.5°C): +1°C Down > 250 W/m2 

Up < 200 W/m2 

Table 6.1: Definition of the operation strategy S13 

As regards the thermal comfort, the operation strategy S14 results in the lowest number of weighted 
unmet hours on the building level (18 hours per year), a 51.4% reduction compared to the baseline. 
That is due to the reduction of undercooling hours (as a result of the increase of heating setpoint) 
and the reduction of overheating hours (as a result of applying natural combined night- and day-time 
cooling while keeping the cooling setpoint at its default value of 24.5°C). However, this strategy 
would be the most energy-intensive, with a total thermal energy demand of 37.1 kWh/m2∙a, even 
higher than the baseline, due to the significant increase of heating demand resulting from the 
combination of the increase of heating setpoint with the natural combined night- and day-time 
cooling. Table 6.2 reminds how this strategy was defined. 

Operation strategy 
Passive cooling 

(natural ventilation) 
Heating and cooling setpoints 

adjustment 
Internal  

shading device 

S14 Combined night- and 
day-time cooling Tsp,heating (21°C): +1°C Down > 250 W/m2 

Up < 200 W/m2 

Table 6.2: Definition of the operation strategy S14 

As additional information on the building level, Figure 6.3 displays the number of weighted hours of 
natural ventilation per year, i.e. hours that windows are open, for each operation strategy. 

 
Figure 6.3: Number of weighted hours of natural cooling per year for the operation strategies of the Atlas building 
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The strategy with the highest number of natural ventilation hours per year is S14 (798 hours). In this 
strategy, the combination of the increase of heating setpoint (up to 22°C) with the natural combined 
night- and day-time cooling, and with the steady cooling setpoint at its default value of 24.5°C, leaves 
a narrow margin between 22-23°C for the indoor temperature to fluctuate during the day; below 
22°C the heating system is triggered (inducing the significant increase of the annual heating demand 
described above) and above 23°C the windows are automatically opened (due to the setting of the 
natural day-time cooling strategy: Tzone > Tsp, cooling – 1.5°C  Tzone > 23°C). The latter would induce 

more frequent opening of the windows throughout the year, as part of the S14 operation strategy. 

In Appendix C.1, energy and thermal comfort performance comparisons of the operation strategies 
on the zone level, i.e. for specific examples of zone types of the Atlas building, are provided. 

In Appendix C.2, the clustered column charts of Figure 6.1 and Figure 6.2 above, in regard to the 
energy and thermal comfort performance of operation strategies on the building level, respectively, 
can be seen in the form of scatter plots. 

6.2. Performance of operation strategies on the district level 
The performance of the investigated operation strategies of the Atlas building was estimated in 
relation to their contribution on the district level, i.e. the contribution to the reduced use of the 
cooling towers while maintaining the thermal energy balance of the ATES system. That is indicated by 
the KPI 3 (energy performance) and the KPI 4 (financial performance), which were calculated as 
explained in Section 3.4.2 and are compared for the investigated operation strategies, respectively, 
in Figure 6.4 and Figure 6.5. 

 
Figure 6.4: Comparison of Atlas operation strategies regarding their impact on the energy performance on the 
district level (KPI 3), i.e. cooling towers load reduction (%) 

It can be observed that each operation strategy investigated for the Atlas building results in a higher 
contribution to the reduction of the cooling towers thermal energy load, in relation to the baseline. 
That is due to the way the Atlas operation strategies were designed in this study, in order to meet 
the target of balancing the ATES system with less use of the cooling towers on the TU/e campus. 
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Among the investigated operation strategies, the S14 was estimated to have the highest contribution 
to the cooling towers load reduction (10.6%), since it resulted in the highest ratio of heating demand 
over cooling demand on the building level. 

 
Figure 6.5: Comparison of Atlas operation strategies regarding their impact on the financial performance on the 
district level (KPI 4), i.e. cooling towers O&M cost savings (€/year) 

As regards the KPI 4, i.e. the cooling towers O&M cost savings, the calculation method (Section 3.4.2) 
suggests that the higher the KPI 3, i.e. the cooling towers load reduction, the higher the KPI 4 will be. 
That means that the highest cooling towers O&M cost savings estimated (€ 4,928 per year) would be 
achieved as a result of the Atlas operation strategy S14 as well. 

6.3. Multi-criteria performance assessment 
The problem of determining the best-performing Atlas operation strategies, among the investigated 
ones, involves multiple performance criteria, indicated by the KPIs used in this study. To solve such a 
problem, referred to as multi-objective optimisation problem (MOP), a multi-criteria decision-making 
(MCDM) procedure would be essential (Jing et al., 2019). A MCDM procedure is usually conducted by 
the involved stakeholders who act as the main decision-makers in a particular project, i.e. in this case 
Dienst Huisvesting. According to the existing paradigms of approaching MOP, a number of steps were 
followed in this study, before the final decision-making: 

1. Firstly, all the investigated Atlas operation strategies, including the baseline, were plotted on 
a three-dimensional design space, defined by (KPI 1, KPI 2, KPI 3)8, as in Figure 6.6. Thus, the 
overall performance of each operation strategy can be assessed in relation to the building 
level performance and the district level performance at the same time. 

2. The second step was to identify the importance of each KPI of this study. Although a detailed 
procedure of assigning ‘weighting’ factors to the KPIs was not conducted in this study, it was 

                                                            
8 The KPI 4 was not included in this representation for simplicity. However, it can easily be linked to the KPI 3, 
with the help of Figure 6.4 and Figure 6.5 above, since both the KPI 3 and the KPI 4 (district level performance) 
are affected in an analogous way through the KPI 1 (building level performance). 
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known, according to Dienst Huisvesting, that the KPIs with the highest (and perhaps equally 
high) importance were KPI 2 (on the building level) and KPI 3/KPI 4 (on the district level)9. 

 

Figure 6.6: Overall performance of the investigated operation strategies of the Atlas building on the design space 
(KPI 1, KPI 2, KPI 3  KPI 4) 

3. The next step was to exclude from the analysis the design solutions, i.e. operation strategies, 
which perform worse than the baseline, in relation to the KPIs with the highest importance 
(KPI 2, KPI 3/KPI 4). Since for the KPI 3/KPI 4 there were no operation strategies performing 
worse than the baseline (Figure 6.4 and Figure 6.5), the operation strategies that performed 
worse than the baseline in relation to the KPI 2 (thermal comfort on the building level) were 
excluded from the analysis. After excluding those strategies, the remaining ones were the so-
called best-performing operation strategies, and can be recognised below the blue dotted 
line drawn in Figure 6.6: 

Best-performing (thermal comfort) operation strategies: S1, S2, S3, S10, S11, S13, S14, S15 

4. Thereupon, the set of optimal compromise solutions, or Pareto optimal solutions, could be 
obtained on the Pareto frontier (Kotireddy, Hoes and Hensen, 2018), which is represented by 
the blue dashed curve of Figure 6.6. These solutions are also called non-dominated solutions, 
since they are not dominated by any other feasible solutions, and their objective functions 
(related to their respective KPIs and represented by the black dotted arrows of Figure 6.6) 

                                                            
9 The reason why KPI 1 had a lower ‘weighting’ factor is that the main source of the thermal energy required 
for the Atlas building is the ATES system, while a smaller portion comes from electricity produced elsewhere. 
Accordingly, it was deemed more important for the Atlas building to contribute to the ATES system balance, 
than merely limiting the building’s total thermal energy demand. In other words, since the heating and cooling 
demand of the Atlas building cannot be seen as disconnected from the ATES system, the KPI 3 and the KPI 4 
were assigned a higher ‘weighting’ factor than the KPI 1. 
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cannot be improved without degrading other objective functions (Jing et al., 2019). The set of 
Pareto optimal solutions, i.e. in this case operation strategies, were identified accordingly: 

Pareto optimal operation strategies: S3, S13, S14 

5. Finally, after the Pareto frontier was obtained, the problem is yet not completely solved until 
the decision-makers determine one overall best solution on the Pareto frontier, in order to 
design in practice (Jing et al., 2019). Hence, posteriori decision-making should be taken into 
account by Dienst Huisvesting, with the purpose of selecting one ‘best of the best’ solution, 
among all Pareto optimal solutions, i.e. operation strategies. 

In Table 6.3, a suggestion on such a decision-making process is provided, based on up-to-date 
discussions with Dienst Huisvesting regarding the importance of the KPIs of this study. 

Operation 
strategy 

Pareto optimal 
ranking 

KPI 1 
(low importance) 

KPI 2 
(high importance) 

KPI 3/KPI 4 
(high importance) 

S3 3rd    

S13 2nd ✓   

S14 1st  ✓ ✓ 

Table 6.3: Optimised (✓) KPIs of this study by each Pareto optimal Atlas operation strategy 

According to this suggestion, the operation strategy S14 appears to be the ‘best of the best’ 
solution (1st Pareto optimal) to this MOP, since it is capable of optimising at the same time 
the KPIs with the highest importance in this study: 

• KPI 2: 18 weighted unmet hours per year   (building level) 

• KPI 3: 10.6% cooling towers load reduction (%)   (district level) 

• KPI 4: € 4,928 cooling towers O&M cost savings per year (district level) 

It should be noted that this strategy would result in the highest value (worst) of the KPI 1, i.e. 
a total thermal energy demand of 37.1 kWh/m2∙a (building level), which would make this 
strategy the most energy-intensive on the building level, among the investigated strategies. 
However, since the thermal energy required for the Atlas building is mainly supplied through 
the ATES system, the contribution of the Atlas operation on the district level (KPI 3/KPI 4) is 
deemed more important than merely the reduction of the building’s thermal energy demand 
alone (KPI 1). 

Nevertheless, the decision on one ‘best of the best’ solution may as well involve additional 
subjective factors in the process. Hence, it is left to the discretion of Dienst Huisvesting to 
make the final decision on the design solution, i.e. operation strategy, to put into practice. 

Additionally, before reaching a final informed decision, it is important to take further information 
into account. In the next Section 6.4, the set of the best-performing (thermal comfort) operation 
strategies, identified in #3 above, was investigated as regards the robustness of performance on the 
district level, under uncertainties of occupant behaviour (OB). 

6.4. Performance robustness on the district level under uncertainties 

6.4.1. OB-uncertainties in the Atlas building 
There are several ways through which occupants of the Atlas building can influence its performance, 
hence the ATES system performance. Among these ways, the ones that were considered to have the 
largest impact on the overall performance, or can be the most uncertain, are: 
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• The local control of thermostats: 
o Heating setpoint local control 
o Cooling setpoint local control 

• The control of the internal shading device 

Accordingly, these uncertain aspects of occupant behaviour (OB) were considered in this study, to 
determine the performance robustness (on the district level) of the investigated Atlas operation 
strategies. These uncertain aspects of OB could be described by defining their diversity patterns, 
according to (Gaetani, Hoes and Hensen, 2017), adjusted to our study, as can be seen in Table 6.4. 

Aspect of OB 
Pattern 1 

(worst for the ATES) 
Pattern 2 

(best for the ATES) 

Heating setpoint 
local control -0.25°C +0.25°C 

Cooling setpoint 
local control -0.25°C +0.25°C 

Internal shading 
device control 

Always open when 
occupied 

Close when occupied, solar radiation 
>250W/m2 and not open again 

Table 6.4: Diversity patterns of uncertain aspects of OB, defining  
the extreme cases (worst-best) for the performance on the district level 

It should be pointed out that these diversity patterns of OB (occurring on the building level) define 
the extreme cases (worst-best) in relation to the performance on the district level, i.e. the reduced 
use of the cooling towers connected to the ATES system, which is related to the ultimate target of 
this study. 

Additional notes on the extreme cases of OB considered in this study are provided in Appendix C.3.1. 

6.4.2. Robustness of performance on the district level 
The extreme cases of OB (on the building level) were important to consider, since they can define the 
boundaries (worst-best) in the performance of the Atlas operation strategies on the district level. At 
the same time, they can serve as robustness indicators of performance of the building’s operation 
strategies on the district level, i.e. in relation to the cooling towers of the ATES system. 

Accordingly, the simulation results of the extreme cases (worst-best), defined by the combinations of 
the uncertain aspects of OB in Table 6.4 above, are compared for the set of the best-performing 
(thermal comfort) Atlas operation strategies, identified in #3 of Section 6.3 above (including the 
baseline for comparison), as can be seen in Figure 6.7 and Figure 6.8. These results indicate the 
robustness of performance of the Atlas operation strategies on the district level, in relation to the KPI 
3 and the KPI 4 of this study, respectively. 

The uncertainty bars on these graphs (Figure 6.7 and Figure 6.8) indicate the performance variations 
on the district level that result from the extreme cases of OB. Specifically, in both graphs, the bottom 
of each uncertainty bar corresponds to the worst case combination (for the ATES system) of OB 
uncertain aspects occurring on the building level (pattern 1 in Table 6.4), while the top of each 
uncertainty bar corresponds to the best case combination (for the ATES system) of OB uncertain 
aspects occurring on the building level (pattern 2 in Table 6.4). Finally, the height of each coloured 
bar indicates the base case for each operation strategy, which was calculated in the absence of the 
extreme cases of OB and is the same as shown earlier in Section 6.2. 
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Figure 6.7: Robustness of the best-performing (thermal comfort) operation strategies of the Atlas building under 
uncertainties of OB, related to their impact on the energy performance on the district level (KPI 3), i.e. cooling 
towers load reduction (%) 

 
Figure 6.8: Robustness of the best-performing (thermal comfort) operation strategies of the Atlas building under 
uncertainties of OB, related to their impact on the financial performance on the district level (KPI 4), i.e. cooling 
towers O&M cost savings (€/year) 

It is apparent from the simulation results that all the best-performing (thermal comfort) operation 
strategies (S1, S2, S3, S10, S11, S13, S14, and S15) are more robust under OB-uncertainties than the 
baseline, in regard to the performance on the district level. 
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Also, the strategy S3, i.e. natural combined night- and day-time ventilation, not only does have better 
performance than S1 (natural night-time ventilation) or S2 (natural day-time ventilation) alone, but 
also it appears to be more robust under OB-uncertainties, in relation to each of the S1, S2. 

Moreover, the suggestion of Section 6.3 indicated the operation strategy S14 to be one ‘best of the 
best’ solution (1st Pareto optimal), based on multi-criteria performance assessment. At the same 
time, the performance robustness assessment, in this Section, suggests that this operation strategy 
under OB-uncertainties is one of the most robust, among the investigated operation strategies, in 
regard to the performance on the district level. Therefore, the operation strategy S14 appears to be 
the best solution overall, when both performance and robustness are taken into account. 

Similarly, the 2nd, 3rd etc. Pareto optimal solutions (S13, S3 etc.), based on multi-criteria performance 
assessment, can also be evaluated in relation to their robustness of performance on the district level, 
under OB-uncertainties occurring on the building level. 

Additional subjective factors may as well be influential in the decision-making process by Dienst 
Huisvesting. In any case, by taking both performance and robustness into account, Dienst Huisvesting 
can make the best possible informed decision in the future. 

Further details regarding performance robustness in relation to the thermal comfort as well as to the 
opening of the windows in the Atlas building are provided in Appendix C.3.2. 

6.5. Conclusions 
6.5.1. Passive cooling (natural ventilation) in the Atlas building 

The first set of conclusions is related to the application of passive cooling (natural ventilation) in the 
Atlas building and the impact on the performance, on the building and on the district level. To better 
understand the comparisons between all the investigated Atlas operation strategies, without and 
with passive cooling, Table 6.5 summarises them. 

Without passive 
cooling 

With passive cooling (natural ventilation) 

Night-time cooling Day-time cooling 
Combined night- and 

day-time cooling 

Baseline S1 S2 S3 

S4 S7 S10 S13 

S5 S8 S11 S14 

S6 S9 S12 S15 

Table 6.5: Summary of all the investigated Atlas operation strategies, without and with passive cooling 

Accordingly, in relation to the impact of passive cooling, the following conclusions can be derived: 

• On the energy performance on the building level (KPI 1): The impact of passive cooling on the 
heating demand of the Atlas building was minor compared to the impact on the cooling 
demand. Specifically, a small increase of the annual heating demand in parallel with a 
considerable decrease of the annual cooling demand was observed on the building level, 
when applying passive cooling in all cases (Appendix C.2). 

As for the total thermal energy demand on the building level, a decrease was observed in 
almost all cases, as a result of passive cooling (Figure 6.1 in Section 6.1). The exceptions, 
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where that was not observed, are the strategies S11 and S14 (in comparison with S5), due to 
the combination of the increase of heating setpoint with activation of natural day-time 
cooling (while keeping a steady cooling setpoint), which led to a higher increase of the annual 
heating demand, hence the small increase of the total thermal energy demand. That is also 
related to the explanation provided about the S14 at the end of Section 6.1. 

• On the thermal comfort performance on the building level (KPI 2): The thermal comfort of 
Atlas occupants was improved in all cases after applying passive cooling. Specifically, the 
number of (weighted) unmet hours per year was reduced in all cases, as a result of applying 
natural ventilation. At the same time, the weighted unmet hours remained well below the 
limit of 150 unmet hours per year (over occupancy hours) that the Dutch government uses. 

Moreover, the positive impact of natural night-time cooling on thermal comfort was not as 
high as the positive impact of natural day-time cooling, as well as of natural combined night- 
and day-time cooling. This conclusion is reasonable since natural night-time cooling was 
applied during the night, while thermal comfort was assessed during the occupancy hours of 
the day. 

• On the energy/financial performance on the district level (KPI 3/KPI 4): In all cases, passive 
cooling (natural ventilation) in the Atlas building resulted in a higher contribution to the 
reduced use of the cooling towers of the ATES system on the TU/e campus (than without 
passive cooling). This conclusion can be generalised, since all the investigated operation 
strategies of the Atlas building in this study were designed such that they assist in the 
thermal energy balance of the ATES system, with reduced operation of the cooling towers (in 
relation to the baseline), which was the ultimate target of this PDEng project. 

6.5.2. Best-performing (thermal comfort) Atlas operation strategies 
The list of the best-performing operation strategies of the Atlas building, i.e. the operation strategies 
which were found to perform better than the baseline in regard to thermal comfort on the building 
level, is summarised in Table 6.6. 

Operation strategy 
Passive cooling 

(natural ventilation) 
Heating and cooling setpoints 

adjustment 
Internal  

shading device 

Baseline _ 
Reference setpoints 

(Tsp,heating = 21°C, Tsp,cooling = 24.5°C) 
Down > 250 W/m2 

Up < 200 W/m2 

S1 Night-time cooling 
Reference setpoints 

(Tsp,heating = 21°C, Tsp,cooling = 24.5°C) 
Down > 250 W/m2 

Up < 200 W/m2 

S2 Day-time cooling 
Reference setpoints 

(Tsp,heating = 21°C, Tsp,cooling = 24.5°C) 
Down > 250 W/m2 

Up < 200 W/m2 

S3 Combined night- and 
day-time cooling 

Reference setpoints 
(Tsp,heating = 21°C, Tsp,cooling = 24.5°C) 

Down > 250 W/m2 
Up < 200 W/m2 

S10 Day-time cooling Tsp,cooling (24.5°C): +1°C Down > 250 W/m2 
Up < 200 W/m2 

S11 Day-time cooling Tsp,heating (21°C): +1°C Down > 250 W/m2 
Up < 200 W/m2 

S13 Combined night- and 
day-time cooling Tsp,cooling (24.5°C): +1°C Down > 250 W/m2 

Up < 200 W/m2 

S14 Combined night- and 
day-time cooling Tsp,heating (21°C): +1°C Down > 250 W/m2 

Up < 200 W/m2 
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S15 Combined night- and 
day-time cooling 

Tsp,cooling (24.5°C): +1°C 
Tsp,heating (21°C): +1°C 

Down > 250 W/m2 
Up < 200 W/m2 

Table 6.6: List of the best-performing operation strategies (thermal comfort better than the baseline) 

The following conclusions can be drawn, in relation to this list: 

• In order for an Atlas operation strategy to perform better than the baseline, in regard to 
thermal comfort on the building level, it is necessary to include a passive cooling element 
(natural ventilation), either night-time cooling, day-time cooling, or combined night- and day-
time cooling. The operation strategies that did not include a passive cooling element as part 
of them (S4, S5, and S6) were found to perform worse than the baseline, in regard to thermal 
comfort on the building level, and thus were excluded from the above list. 

• On the contrary, it was found that not all the operation strategies that included passive 
cooling (natural ventilation) performed better than the baseline, in regard to thermal 
comfort on the building level. For example, the natural night-time cooling in combination 
with heating and/or cooling setpoint(s) adjustment (S7, S8, and S9) did not result in better 
thermal comfort performance on the building level than the baseline. Also, the natural day-
time cooling in combination with both heating and cooling setpoints adjustment (S12) 
performed worse than the baseline in this regard. 

6.5.3. Performance robustness under uncertainties 
In relation to the performance robustness, under OB-uncertainties, of the best-performing (thermal 
comfort) Atlas operation strategies (Table 6.6), which all include passive cooling (natural ventilation), 
the following conclusions can be drawn: 

• All the best-performing (thermal comfort) operation strategies (Table 6.6) were found to be 
more robust, under OB-uncertainties, than the baseline, in regard to the performance on the 
district level, i.e. the cooling towers thermal energy load reduction (%) (KPI 3) and the cooling 
towers O&M cost savings per year (KPI 4), as shown in Section 6.4.2, related to the ultimate 
target of this PDEng project. 

• Additionally, all the best-performing (thermal comfort) operation strategies (Table 6.6) were 
found to be more robust, under OB-uncertainties, than the baseline, in regard to the thermal 
comfort performance (KPI 2) on the zone level, i.e. specifically found for one department, as 
shown in Appendix C.3.2. 

Consequently, by taking both performance and robustness into account, the strategies listed in Table 
6.6 in fact were always found to be better than the baseline, in regard to the most important KPIs of 
this study (KPI 3/KPI 4, and KPI 2). 

Finally, by narrowing the list of Table 6.6, while identifying the Pareto optimal operation strategies 
(S14, S13, and S3), among which the strategy S14 was found to be the 1st Pareto optimal, or the ‘best 
of the best’ solution, using multi-criteria performance assessment (Section 6.3), the involvement of 
robustness indicators (Section 6.4.2) led to the conclusion that the operation strategy S14 appeared 
to be the best solution overall, when both performance and robustness were taken into account, in 
accordance with the suggestion of this study. 

Nevertheless, all the Pareto optimal operation strategies (S14, S13, and S3) and, by extension, all the 
best-performing (thermal comfort) Atlas operation strategies listed in Table 6.6, are involved in the 
decision-making process, where additional subjective factors may be influential as well. In any case, 
by taking both performance and robustness into account, Dienst Huisvesting can make the best 
possible informed decision on the Atlas operation strategy to put into practice in the future. 
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7. FEASIBILITY STUDY OF COOLING THROUGH DRINKING WATER 
7.1. Background and goal 

The second objective of this study was to explore the feasibility of possible future design solutions 
for the ATES system on the TU/e campus and, specifically, the utilisation of cooling through drinking 
water near the TU/e campus, as an alternative option to balance the cold storage deficit of the ATES 
system. 

The target of this feasibility study was to determine whether or not the existing drinking water flows 
near the TU/e campus can be used in the future to cool the ATES system, while leading to a reduction 
of the cooling towers use, and support the decision-making by the project stakeholders, i.e. Dienst 
Huisvesting in collaboration with Brabant Water, on the design of a system capable of utilising the 
cooling energy of drinking water for the ATES system in practice. 

At the beginning of this feasibility study, it was expected that the effective use of cooling through 
drinking water is capable of reducing the use of the cooling towers on the TU/e campus in the future. 
Hence, the O&M costs and the associated CO2 emissions were expected to decrease as well. 

7.2. A fit-for-purpose design approach 
The design approach that was used to investigate the feasibility of cooling through drinking water, as 
a future design solution for the ATES system, was based on the established ‘validation, verification 
and testing (VV&T) techniques throughout the life cycle of a simulation study’ (Balci, 1994). Thus, a 
fit-for-purpose design approach was developed accordingly, which is elaborated in Figure 7.1. 

 
Figure 7.1: Fit-for-purpose design approach for the feasibility study of cooling through drinking water, as a future 
design solution for the ATES system [Source: (Balci, 1994)] 
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The colours are used consistently in this report: 

• Orange boxes refer to the ATES system balance, as the project aim. 

• Blue boxes refer to the feasibility study of cooling through drinking water. 

7.3. Drinking water pipelines near the TU/e campus 
As part of the communicated data in this feasibility study, it was known that near the TU/e campus 
there are three transportation pipelines of drinking water, which are: 

• Pipeline 1: Kennedylaan 

• Pipeline 2: Dorgelolaan 

• Pipeline 3: Insulindelaan 

There were available data regarding the annual volume flow rate of each of these pipelines. Also, it 
was communicated that the allowable temperature increase (dT) of drinking water was 0.5°C, in 
regard to the total flow of each transportation pipeline, on average during the course of one year. 
This value was based on the agreement of Brabant Water with the local authorities in a ‘Warmte en 
Koude uit Drinkwater’ (WKD) pilot project commissioned earlier on the Fontys Campus in Tilburg. 
However, it was discussed with Brabant Water that dT in the drinking water flow temperature may 
be allowed to become even higher in the current project. 

Accordingly, the annual thermal energy available was estimated for each transportation pipeline of 
drinking water near the TU/e campus, for a full-year (8,760 hours) and for a dT=0.5°C, as can be seen 
in Table 7.1. 

Drinking 
water 

pipelines  
near TU/e 

Volume  
flow rate Density Mass 

flow rate dT 

Annual 
thermal 
energy 

available 

Cooling 
towers load 

reduction 
potential  

(m3/year) (m3/h) (kg/m3) (kg/s) (°C) (MWh/year) (%) 

Pipeline 1 
(Kennedylaan) 

2,873,056 328.0 999.424 91.05 0.5 1,672 39.9% 

Pipeline 2 
(Dorgelolaan) 

466,358 53.2 999.424 14.78 0.5 271 6.5% 

Pipeline 3 
(Insulindelaan) 

143,419 16.4 999.424 4.55 0.5 83 2.0% 

Table 7.1: Average flow rates and calculated annual thermal energy available in the transportation pipelines of 
drinking water near the TU/e campus 

In order to select one of these pipelines of drinking water, to provide cooling energy to the ATES 
system and help reduce the cooling towers use on the TU/e campus, the annual thermal energy 
available for each drinking water pipeline was compared to the total thermal energy load of the two 
cooling towers on the TU/e, which was 4,187 MWh during the year 2017 that was used in this study. 
Thus, the potential of cooling towers load reduction (%) for a dT=0.5°C was estimated for each 
pipeline of drinking water, as can also be seen in Table 7.1. 

This estimation was preliminary, prior to the selection of one drinking water pipeline to exchange 
thermal energy with the ATES system. To have a more accurate estimation, a specific design option 
needs to be taken into account, which will be presented later in this chapter. 
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The main criterion to decide was to select the drinking water pipeline that offers the highest possible 
cooling towers load reduction potential (%). The first pipeline (Kennedylaan) of drinking water was 
the one with highest potential (39.9%) and at the same time the only one which had the potential to 
offer a substantial amount of cooling energy to the ATES system, so that a possible future investment 
in a design option using this pipeline would be justified. The other two pipelines of drinking water 
would offer a very low potential of cooling towers load reduction (6.5% and 2%), making an 
investment in a design option using those pipelines unreasonable. Ergo, the Pipeline 1: Kennedylaan 
was selected to be further investigated in this feasibility study. 

7.4. Promising design options and assumptions 
A main aspect of this feasibility study was to produce specific design ideas about a system capable of 
utilising the cooling energy of drinking water for the ATES system in practice. While pondering on 
that, it was important to consider, among others, the temperature of drinking water, since it could 
affect the conceived ideas on specific promising design options. Measurement data on the drinking 
water temperature were limitedly available, for a small period of time, as can be seen in Appendix 
D.1, according to which the assumption of 12°C (on average) was followed in this feasibility study. 

Accordingly, two promising design options, being able to use the Kennedylaan pipeline of drinking 
water in order to provide cooling energy to the ATES system on the TU/e campus (while reducing the 
use of the cooling towers), were investigated in this feasibility study. Also, it was necessary to make 
technical and financial assumptions, in order to calculate the feasibility of each design option. 

7.4.1. Heat pump design option 
The first design option would use a heat pump to operate between the ATES system and the drinking 
water pipeline in Kennedylaan, being able to produce water of the desired temperature (7°C) for the 
cold wells of the ATES system. The cooling towers would run in parallel with such a system, in order 
to supplement the remaining cooling energy deficit of the ATES system. Accordingly, their annual 
load is expected to be reduced. This design option can be seen in the schematic of Figure 7.2. 

 
Figure 7.2: First design option: Heat pump between the ATES system and the drinking water pipeline  

(cooling towers in parallel) 

QC + We = QH 
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7.4.1.1. Technical assumptions 
To calculate the technical feasibility of the heat pump design option, it was considered that the heat 
pump is possible to operate during the full-year period (8,760 hours per year), although the cooling 
towers operate mainly during the winter season (when Tamb<6°C). The operation of the cooling 
towers in the winter would supplement the remaining amount of cold water required, in order to 
balance the ATES system, and would not interfere with the full-year operation of the heat pump in 
this regard. Also, the seasonal performance factor (SPF) of the heat pump was an important factor to 
consider, which however is unknown or uncertain. Therefore, an uncertainty analysis was performed. 

The temperature increase of drinking water in the Kennedylaan pipeline, i.e. dT=0.5°C in this case, 
pertains to the full flow of the pipeline10, i.e. 91.05 kg/s, corresponding to a full year (8,760 hours). 
The flow of the ATES water coming from the warm wells through the heat pump can be adjustable, 
so that the desired temperature (7°C) for the cold wells is achieved for different dTs of the drinking 
water full flow temperature. Apparently, between the two flows (the drinking water and the ATES 
system water) there would be hydraulic separation. 

7.4.1.2. Financial assumptions 
To calculate the financial feasibility of the heat pump design option, the following assumptions were 
made, according to literature. In relation to the total investment cost for a heat pump system, two 
separate cost categories were investigated, i.e. the purchase and the installation cost. 

The purchase cost of a heat pump was determined according to indicative prices of electrically driven 
heat pumps (SenterNovem, 2007, p. 41). For capacities above 88 kWth, which would be in the typical 
capacity range of a heat pump if the Kennedylaan drinking water flow is used, the price of 220 €/kW 
was used for a water-water heat pump. This assumption is conservative, since better prices may be 
obtained in reality for larger heat pump systems that are not included in the SenterNovem tables. 

The installation cost of a heat pump can vary significantly ($2,000 - $20,000), according to the cost 
estimates by (Fixr, 2017). In fact, the installation cost can vary depending on several factors, such as 
the capacity of the heat pump, the desired efficiency, the specific application, and the market. In this 
study, in an effort to not underestimate any possible installation work needed, e.g. technical building 
or underground connections, the upper edge of the above range was assumed ($20,000) for the 
installation cost of the large-capacity heat pump that would exchange thermal energy between the 
Kennedylaan pipeline and the ATES system. 

Also, specific assumptions were made in relation to the operation and maintenance (O&M) cost for a 
heat pump system. 

The operation cost of a heat pump was based on the electricity consumption for a full-year operation 
and the tariff that Dienst Huisvesting pays for electricity, i.e. 0.088 €/kWh. Based on the seasonal 
performance factor (SPF) of the heat pump, the electricity consumption varies for the same amount 
of heat (QH) transferred to the drinking water. 

The maintenance cost of a heat pump was based on a study on geothermal heat pump systems in 
France (Boissavy, 2015), where the maintenance cost was estimated for different capacity values of 
the heat pump. From that table, the maintenance cost corresponding to each capacity value of the 
heat pump design option of this study was derived by linear interpolation. 

                                                            
10 Even if not the full drinking water flow is used for thermal energy exchange with the ATES system, it would 
anyway be mixed again later in one full flow inside the pipeline, thus the calculation of thermal energy would 
be the same, assuming a dT of 0.5°C corresponds to the full flow. 
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7.4.2. Heat exchanger design option 
The second design option would use a heat exchanger between the ATES system and the drinking 
water pipeline in Kennedylaan. Based on the assumption of 12°C (on average) of the drinking water 
temperature, this heat exchanger alone would not be able to produce the desired water temperature 
(7°C) for the cold wells of the ATES system. However, the heat exchanger would be able to pre-cool 
the water coming from the warm wells before supplying it (at an intermediate temperature) to the 
cooling towers, where the desired water temperature (7°C) for the cold wells would be achieved. 
Therefore, it would be necessary that the cooling towers are connected in series with such a system, 
to achieve the desired water temperature for the cold wells, while supplementing the remaining 
cooling energy deficit of the ATES system. Accordingly, their annual load is expected to be reduced. 
This design option can be seen in the schematic of Figure 7.3. 

 
Figure 7.3: Second design option: Heat exchanger between the ATES system and the drinking water pipeline 

(cooling towers in series) 

7.4.2.1. Technical assumptions 
To calculate the technical feasibility of the heat exchanger design option, it was considered that the 
operation of the heat exchanger would depend on the cooling towers, i.e. the heat exchanger could 
operate only during the time that the cooling towers would operate. Particularly, the heat exchanger 
could operate only as many hours per year as the cooling towers would operate. 

There were no available data in relation to the number of hours that the cooling towers operate per 
year. However, it was known that the ambient air temperature should be Tamb<6°C, in order for the 
cooling towers to operate11. 

Only for the purpose to evaluate the performance of the series ‘heat exchanger – cooling towers’ in 
the heat exchanger design option of Figure 7.3, different operation scenarios of the cooling towers 
should be assumed. After discussion with Dienst Huisvesting, three operation scenarios of the cooling 
towers, with different number of operation hours per year, which would affect the calculations of the 
series ‘heat exchanger – cooling towers’ in this design option, were assumed, as in Table 7.2. 

                                                            
11 According to the EnergyPlus weather data of Beek, Netherlands that was used in this study, the number of 
hours that Tamb<6°C was found 2,662 hours per year. 
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Scenarios 
Operation hours of 

cooling towers 
(hours/year) 

Average mass flow rate 
into cooling towers 12 

(kg/s) 

Scenario 1 (best)13 4,380 
(half-year) 28.14 

Scenario 2 (base) 2,500 49.30 

Scenario 3 (worst) 1,500 82.16 

Table 7.2: Scenarios of operation hours of the cooling towers per year 

As in the heat pump design option, the temperature increase of drinking water in the Kennedylaan 
pipeline, i.e. dT=0.5°C in this case, refers to the full flow of the pipeline, i.e. 91.05 kg/s. Also, the dT 
corresponds to the temperature increase that would occur (on average) in the drinking water flow in 
a full year (8,760 hours)14. 

Apparently, there would be hydraulic separation between the two flows (the drinking water and the 
ATES system water). 

Finally, the effectiveness of the heat exchanger was considered ε=1, i.e. the heat losses in the heat 
exchanging process between the ATES system water and the drinking water were negligible. 

7.4.2.2. Financial assumptions 
To calculate the financial feasibility of the heat exchanger design option, firstly the total investment 
cost, including the purchase and the installation cost, derived from one report related to the cost 
estimation of process equipment (Loh et al., 2002). In that report, the cost table for a heat exchanger 
is based on the heat exchanging surface area, including one column for the purchased equipment 
cost and one for the total installed cost. The latter includes added costs (in addition to the purchase 
cost), related to the setting, as well as the bulk material and labour costs for a number of aspects, 
e.g. foundations, structural steel, buildings, insulation, instruments, electrical installations, piping, 
painting and miscellaneous. In this feasibility study, in order to take into account both purchase and 
different possible installation costs, the total investment cost was calculated based on the column of 
the total installed cost (Loh et al., 2002), for each calculated heat exchanging surface area of this 
design option. 

In relation to the O&M cost of the heat exchanger design option, specific assumptions were made as 
well. The operation cost of a heat exchanger was based on the electricity consumption for the extra 
pumping power required in the modified system (when adding a water-water heat exchanger before 
the cooling towers) due to additional friction losses (Caputo et al., 2011). The maintenance cost was 
estimated according to the same study as well, deriving from the cleaning schedule due to fouling of 
heat exchangers. Both the operation cost and the maintenance cost derived from the calculation of 

                                                            
12 Calculated based on 4,187 MWh/year (2017), a temperature difference of 15.1°C – 7°C = 8.1°C, and the 
number of operation hours per year assumed for each scenario. The average mass flow rate calculated for each 
scenario was assumed for the series ‘heat exchanger – cooling towers’, when assessing the feasibility of this 
design option to reduce the use of the cooling towers (partial phase-out). 
13 Best/base/worst from the perspective of the heat exchanger design option (more operation hours of the 
heat exchanger per year, more effective the financial performance of this design option would be). 
14 Since the number of operation hours per year for this design option would be lower than a full-year 
operation (8,760 hours), a higher temperature increase in the drinking water flow would occur (on average) 
during the actual operation hours. 
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the average cost among the proposed heat exchanger designs in (Caputo et al., 2011), assuming a 
proportional correlation between O&M cost and the calculated heat exchanging surface area of this 
design option in our study. 

7.5. Selection of key performance indicators (KPIs) 
The selection of suitable key performance indicators (KPIs) was an important step, in order to assess 
the performance of the promising design options in relation to the objectives of this study, mainly to 
the reduction of use of the cooling towers on the TU/e campus. The three KPIs (energy, financial, 
environmental) used in this feasibility study were: 

• Cooling towers load reduction (%): Calculated as the percentage of the amount of cooling 
energy produced (QC) for the cold wells of the ATES system per year, through the use of 
drinking water by one design option, over the total amount of cooling energy produced by 
both cooling towers per year, i.e. Qtotal_C.T. = 4,187 MWh (in 2017). That is: 

_ . .

       (%)    100 (%) C

total C T

Qtowers load reductionCooling
Q

= ⋅       (7.1) 

• Payback period (years): Calculated as the ratio of the total investment cost (€) in one design 
option over the net cost savings per year (€/year) achieved by this design option: 

  cos  (€)  ( )    
 cos     (€ / )

Total investment tPayback period years
Net t savings per year year

=         (7.2) 

Where:    Total investment cost (€): Purchase and installation cost (€) of the design option 

    Net cost savings per year (€/year), calculated as the difference between: 

                 [Cooling towers O&M cost savings (€/year)15] – [O&M cost of the design option (€/year)] 

• CO2 emissions savings (%): Calculated as the percentage of the absolute amount of CO2 
emissions savings (tCO2/year), achieved by one design option, over the total CO2 emissions 
per year (tCO2/year) of the ATES system on the TU/e campus, based merely on the electricity 
consumption of the central ATES system per year, including the pumps for the warm and cold 
wells and the cooling towers electrical consumption, i.e.16 Total CO2 emissionsATES = (881,895 
kWh/year)∙(0.59 kgCO2/kWh) ≈ 520 tCO2/year. That is: 

          2

2
2

2

2    ( / )   (%)   100 (%) 
   ( / )ATES

emissions savings tCC O yearemissions savings
Total CO emissions tCO year
COO = ⋅             (7.3) 

However, since this calculation was based merely on electricity consumption17 and given that 
we are interested for the relative value, i.e. the percentage of CO2 emissions savings (%), the 

                                                            
15 Calculated as explained in Section 2.1.3.1. 
16 The CO2 emissions factor used, 0.59 kgCO2 per kWh of electricity produced, was based on the data of 2017 
from the Centraal Bureau voor de Statistiek (CBS, 2018). The electricity consumption of the total ATES system 
(881,895 kWh) was based on data from Dienst Huisvesting for 2012. It was verified that this amount is almost 
the same every year, in the last few years. This calculation is based on a scenario where electricity is imported 
from the grid in a conventional way (if no guarantees of origin of ‘green electricity’ were in place). 
17 It is noted that a calculation of CO2 emissions savings based on the use of chemicals and the water treatment 
in the cooling towers was considered out of the scope (and the expertise) of this study. 
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above calculation can be independent from the CO2 emissions factor, and can be simplified 
as follows: 

2
(      )  ( / )   (%)   100 (%) 

(   )   ( / )ATES

Net reduction of electricity consumptionC kWh yearemissions savings
Total electricity consumption kWh ye

O
ar

= ⋅     (7.4) 

Where:    Net reduction of electricity consumption (kWh/year), calculated as the difference between: 

[Reduction of electricity consumption of cooling towers, due to the design option 
(kWh/year)] – [Increase of electricity consumption, due to the operation of the heat 
pump or heat exchanger (kWh/year)] 

It should be noted that: 

• When CO2 emissions savings (%) > 0,  then CO2 emissions are reduced. 

• When CO2 emissions savings (%) < 0,  then CO2 emissions are increased. 

• When CO2 emissions savings (%) = 0,  then CO2 emissions are stable. 

7.6. Performance assessment of the design options 
The calculations regarding the promising design options of this feasibility study were conducted for 
different values of the uncertain input parameters, to assess the performance of each specific design. 
The results of the uncertainty analyses conducted for each design option, with reference to the key 
performance indicators (KPIs) used, are presented and discussed in the sections to follow. More 
details regarding the analysis approach followed, the complexity and the tools used for conducting 
the calculations of this feasibility study can be seen in Appendix D.2. 

7.6.1. Performance of the heat pump design option 
Firstly, an uncertainty analysis was conducted in relation to the seasonal performance factor (SPF) of 
the heat pump. The results, with reference to the KPIs of this study, are presented in Figure 7.4, for a 
dT=0.5°C (referring to the temperature increase of the full flow of drinking water in the Kennedylaan 
pipeline on average over one year), and for full-year operation of the heat pump (8,760 hours/year). 

 
Figure 7.4: Performance of the heat pump design option (for dT=0.5°C, 8760 hours/year operation, and SPF variable) 
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Analysing the results, with reference to the KPIs, the following can be observed: 

• The cooling towers load reduction (%) (equation 7.1) was found higher for higher SPF of the 
heat pump. That is because for a higher SPF, the electricity consumption (We) is lower, while 
the cooling energy produced for the ATES system (QC) becomes higher, for the same heating 
energy transferred to the drinking water (QH) that is determined by the dT=0.5°C (full flow, 
full-year operation) and equals to QH=1,672 (MWh/year)18: 

C e HQ W Q+ =         (7.5) 

       [ C
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       (7.6) 

Therefore, the increase of QC results in a higher cooling towers load reduction (%). 

• The payback period (equation 7.2) of the investment was found positive only for a SPF≥9. The 
higher the SPF, the shorter the payback period is. That is due to lower operation cost of the 
heat pump (electricity consumption: We), and due to higher O&M cost savings of the cooling 
towers, resulting from a higher SPF of the heat pump. 

For values of SPF<9, the payback period was found negative, i.e. the investment would not 
be paid back in those cases. 

• The CO2 emissions savings (%) (equation 7.4) was found negative, i.e. CO2 emissions were 
increased, for all the investigated SPF values of the heat pump. That is due to the better 
energy efficiency ratio (EER) of the cooling towers, which is approximately 23, in relation to 
the investigated SPF of the heat pump (up to a value of 13). In other words, for the same 
amount of cooling energy produced, the cooling towers use less electricity than the heat 
pump. Since CO2 emissions were estimated based merely on electricity consumption, the 
replacement of the cooling towers by a heat pump would lead to a net increase of electricity 
consumption, thus increase of CO2 emissions. Apparently, the higher the SPF of the heat 
pump, the lower the increase of CO2 emissions. 

More details related to feasible SPF values of a heat pump in practice can be seen in Appendix D.3. 

Then, an uncertainty analysis was conducted in relation to the dT (temperature increase of the full 
flow of drinking water in Kennedylaan on average over one year). The results, with reference to the 
KPIs of this study, are presented in Figure 7.5, for full-year operation of the heat pump (8,760 hours/ 
year), and a promising value of SPF=12, after discussion of Brabant Water with a heat pump supplier. 

The results show that an increase of dT would result in a higher cooling towers load reduction, 
shorter payback period, and higher CO2 emissions increase. 

An interesting observation from the results is that even a total phase-out of the cooling towers would 
be feasible, given that a SPF=12 is achieved for a full-year operation, for a dT=1.4°C of the drinking 
water temperature. Since in that case the total amount of O&M cost of the cooling towers would be 
eliminated, that would result in a very short payback period of 3.9 years. However, it was not yet 
determined by Brabant Water whether this temperature increase (dT=1.4°C) of the drinking water in 
the Kennedylaan pipeline (on average over one year) would be allowable in the future. 

Another important issue, that concerns all the investigated cases of the heat pump design option, is 
the increase of CO2 emissions, which should be taken into consideration by Dienst Huisvesting before 
making a decision, depending definitely on the organisation’s future policies. 
                                                            
18 QH=ṁ∙cp∙dT∙(8,760 hours/year)  QH=(91.05 kg/s)∙(4.19263 kJ/kg∙K)∙(0.5 K)∙(8,760 h/year)  QH=1,672 MWh/year 
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Finally, Figure 7.6 summarises the results of all the uncertainty analyses performed in regard to the 
heat pump design option, with reference to the KPIs of this study. 

 
Figure 7.5: Performance of the heat pump design option (for dT variable, 8760 hours/year operation, and SPF=12) 

 
Figure 7.6: Overall performance of the heat pump design option (between Kennedylaan and the ATES system), 
for full-year operation (8,760 hours/year), dT variable, and SPF variable 

For SPF≈10-12 
(colour-coded) 

 

dT=0.3°C 
 dT=0.4°C 

 dT=0.5°C 
 

dT=1.4°C 
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7.6.2. Performance of the heat exchanger design option 
Regarding the performance assessment of the heat exchanger design option, an uncertainty analysis 
was conducted in relation to the dT (temperature increase of the full flow of drinking water in the 
Kennedylaan pipeline on average over a year), for each of the different scenarios of operation hours 
per year that were assumed for the series ‘heat exchanger – cooling towers’ in Table 7.2 earlier. 

The results, with reference to the KPIs of this study, are presented in Figure 7.7, Figure 7.8 and Figure 
7.9, for the three scenarios (Scenario 1: best, Scenario 2: base, Scenario 3: worst), respectively. 

 
Figure 7.7: Performance of the heat exchanger design option (for dT variable, Scenario 1 (best): 4380 hours/year) 

 
Figure 7.8: Performance of the heat exchanger design option (for dT variable, Scenario 2 (base): 2500 hours/year) 
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Figure 7.9: Performance of the heat exchanger design option (for dT variable, Scenario 3 (worst): 1500 hours/year) 

Analysing the results, with reference to the KPIs, the following can be observed: 

• The cooling towers load reduction (%) is directly proportional to the temperature increase 
(dT) of the full flow of drinking water in the Kennedylaan pipeline (adjusted to a full year), 
regardless of the scenario considered. 

• The payback period has a minimum (optimal) point for each of the three scenarios considered: 

o 6 years,  for dT≈0.35°C,   for the scenario 1 (best): 4,380 hours/year 

o 7.1 years,  for dT≈0.30°C,   for the scenario 2 (base): 2,500 hours/year 

o 8.9 years,  for dT≈0.25-0.30°C,  for the scenario 3 (worst): 1,500 hours/year 

Towards the right part of each graph, the payback period becomes higher due to the increase 
of the total investment cost, as well as the O&M costs of heat exchanger, as a result of larger 
heat exchanging surface area required, since the heat exchanger would need to cool the 
ATES water down to slightly above 12°C (assumption of drinking water temperature at the 
inlet) for large dT≈0.40-0.47°C of the drinking water19. 

Towards the left part of each graph, the payback period becomes higher due to lower O&M 
cost savings of the cooling towers per year, as a result of lower cooling towers load reduction 
(%) achieved for small dT≈0.10-0.20°C of the drinking water. 

The comparison of the payback period for the three scenarios can be seen in Figure 7.10. 

                                                            
19 According to basic heat transfer laws through the heat exchanger, the outlet temperature of the ATES water 
cannot be lower than the inlet temperature of the drinking water (assumed 12°C) for a counter-flow heat 
exchanger. That indeed was the reason why the cooling towers needed to be connected in series with the heat 
exchanger, in order to obtain the desired water temperature (7°C) for the cold wells of the ATES system. Based 
on the water flows through the heat exchanger, the maximum temperature increase that would be feasible 
regarding the full flow of drinking water in the Kennedylaan pipeline was found dT = 0.47°C (adjusted to a full 
year). In short, that limitation is imposed by the basic operation principle (heat transfer laws) of the heat 
exchanger. 
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Figure 7.10: Heat exchanger design option for different operation hours per year: Payback period (years) 

• The CO2 emissions savings (%) were found positive, i.e. CO2 emissions are reduced, in all the 
investigated cases of the heat exchanger design option. Moreover, the maximum point of 
CO2 emissions savings was found not very far from the minimum point of the payback period 
for each scenario considered. 

Finally, Figure 7.11 summarises the results of all the uncertainty analyses performed in regard to the 
heat exchanger design option, with reference to the KPIs of this study. 

 
Figure 7.11: Overall performance of the heat exchanger design option (between Kennedylaan and the ATES system), 
for different scenarios of operation hours per year for the series ‘heat exchanger – cooling towers’, and dT variable 
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7.7. Conclusions 
The following conclusions can be drawn, based on the investigation conducted in this feasibility study 
for cooling the ATES system through drinking water: 

• Among the available transportation pipelines of drinking water near the TU/e campus, the 
Kennedylaan pipeline was found to have the highest cooling energy potential for the ATES 
system, by virtue of featuring the highest flow rate of drinking water. 

• The uncertainty parameter dT, which refers to the allowable temperature increase (°C) of the 
full-flow of drinking water in the Kennedylaan pipeline (calculated on average over one year) 
and is to be determined upon agreement of Brabant Water with the local authorities, plays 
an important role on the calculation of cooling towers load reduction (%), for the promising 
design options, as follows: 

o For the heat pump design option, using the equations 7.1, 7.6, and the footnote 17, 
for full-year heat pump operation, i.e. 8,760 hours/year, the following correlation 
can be derived, in relation to the dT and the seasonal performance factor SPF: 

       (%)    0.8 100 (%) 
1

SPFCooling dd T
S

l
P

r
F

towe s oad re uction ⋅≈ ⋅⋅
+

    (7.7) 

o For the heat exchanger design option, accordingly, regardless of the exact scenario of 
operation hours per year assumed for the series ‘heat exchanger – cooling towers’, 
the following correlation can be derived, in relation to the dT: 

            (%)    0.8 100 (%) towers load reductC ig ooolin dTn ⋅≈ ⋅         (7.8) 

:         0.47 ,     1 2      ( )   [   ]Where dT C for C drinking water temperature average operation principle≤ ° °  

• In relation to the payback period, the heat exchanger design option was found to perform 
better (less payback years) than the heat pump design option, for the same cooling towers 
load reduction (%) achieved. For example, for 28% reduction of cooling towers load, a heat 
pump even with the promising value of SPF=12, would be paid back in 13.3 years, while a 
heat exchanger, for the same reduction of cooling towers load, would be paid back in 9.8 
years (worst scenario #3), in 7.2 years (base scenario #2), or in 6 years (best scenario #1). 

• In relation to the CO2 emissions savings (%) (due to net difference in electricity consumption), 
the heat exchanger design option was found to lead to positive CO2 emissions savings, i.e. 
decrease of CO2 emissions, in contrast with the heat pump design option, which was found 
to lead to negative CO2 emissions savings, i.e. increase of CO2 emissions, since SPF<EERcooling 

towers (≈23). This calculation referred to a scenario of imported electricity from the grid in a 
conventional way, namely if there were no guarantees of origin of ‘green electricity’ in place. 
However, Dienst Huisvesting, by maintaining a ‘green electricity’ policy in the future (the 
electricity consumed on the TU/e campus is either produced in a sustainable way on site or 
delivered by the grid coming from off-site renewable energy sources), would be able to 
offset the impact of the net increase of electricity consumption induced by a heat pump 
design option. 

• The heat exchanger design option has a limitation by its basic operation principle, imposed 
by the governing heat transfer laws. According to the assumption of 12°C of the drinking 
water temperature that enters the heat exchanger and based on the water flows though the 
heat exchanger, it was found that this limitation corresponds to a dTmax=0.47°C (temperature 
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increase of the full flow of drinking water in Kennedylaan calculated on average over the 
year), as can be seen in the limitation of equation 7.8 above. Thus, following this specific 
assumption, i.e. 12°C of the drinking water temperature on average, the operation principle 
of the heat exchanger poses a lower limitation on the feasible dT=0.47°C than the up-to-date 
allowable upper limit of dT=0.50°C by the agreement of Brabant Water with the local 
authorities in the earlier pilot project. Hence, even if there was a higher allowable limit of dT, 
the heat exchanger operation would be limited by its basic operation principle, that would 
result in a maximum cooling towers load reduction of 37.5%. 

On the other hand, the heat pump design option would not be subject to such a limitation 
and its ability to operate (and produce the desired temperature) would not be much affected 
by uncertainties in the actual drinking water temperature (however its performance, SPF, 
may be affected by temperature variations). Definitely, the allowable upper limit of dT (up-
to-date 0.50°C) would still apply for the heat pump design option. In fact, that could lead to 
an interesting discussion in the future on whether it would be allowed (in agreement of 
Brabant Water with the local authorities) to heat the drinking water by a dT higher than 
0.50°C, provided that the heat pump design option would be able to perform much better for 
higher dTs. For example, for a dT=1.4°C and full-year operation (8,760 hours/year), a heat 
pump with SPF ≥ 8.5 would be able to completely phase out the cooling towers on the TU/e 
campus, while offering a very short payback period (≤6 years). However, in that case, Dienst 
Huisvesting should be able to guarantee that the net increase of electricity consumption 
would not result in a net CO2 emissions increase, by maintaining a ‘green electricity’ policy in 
the future. 

• Moreover, an additional advantage of the heat pump over the heat exchanger design option 
is that the heat pump would not need the cooling towers, in order to achieve the desired 
temperature (7°C) of the cold wells, which would be very important if this design option is to 
be put into practice in the future. That would make the actual installation easier, since it 
would not be required that the heat pump is close to the cooling towers, which are located 
relatively far from the drinking water pipeline in Kennedylaan. The heat pump could be 
placed close to the Kennedylaan and inject the cold water produced (7°C) immediately to the 
nearby cold wells of the ATES system. 
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8. INTEGRATED DECISION SUPPORT AND FUTURE WORK 
8.1. Assistance in decision-making 

The conclusions drawn regarding each objective of this PDEng project, summarised in Sections 6.5 
and 7.7, respectively, can be used by the main project stakeholder, i.e. Dienst Huisvesting, in order to 
assist the decision-making process and contribute to shaping the future policies of the organisation. 

Recommendations from the perspective of the designer were also provided. However, the decision 
to put a design into practice can be a complex process, which may also involve other (subjective) 
factors that were unknown to the designer or irrelevant to the design process. Therefore, it is within 
the responsibility of Dienst Huisvesting to make the best possible informed decisions, based on the 
results communicated in this design research, and determine whether or not the current design 
output will be integrated into the organisation’s policies in the future. 

The two parts of this design project, i.e. the design of operation strategies of the Atlas building and 
the design of cooling through drinking water, can definitely be considered independently. However, 
it is also possible that they are treated in combination with each other, especially in regard to the 
overall aim towards the assistance in the thermal energy balance of the ATES system, while reducing 
the use of the cooling towers on the TU/e campus. 

8.2. Limitations of the study and recommendations for future work 
Firstly, the limitations of the current study are explained; thereupon recommendations are provided, 
in regard to the potential for further investigation in future design/research projects: 

• The scope of this study, in relation to the Atlas operation strategies, included the main part 
of the Atlas building, i.e. the floors 2-11, which essentially is where the natural ventilation 
strategies can be applied. Although the floors 0, 1, -1 were partly investigated, in terms of 
thermal energy demands, in previous work conducted within our research group20, future 
investigation may include the IT rooms, satellite equipment rooms (SER), and other technical 
rooms, that constitute the data centre located in the basement of the Atlas building. A data 
centre usually is energy-intensive; the cooling system alone may account for an average of 
40% of the total energy consumption of the data centre (Ni and Bai, 2017). Considering that, 
it may not be the best choice for the data centre of the Atlas building to be cooled through 
the ATES system, which lacks sufficient cooling capacity. An alternative would potentially be 
the use of local cooling machines (air conditioning), which could be powered by electricity 
coming from on-site renewable energy sources. In any case, a comprehensive study would be 
necessary to determine the best option for cooling the data center of the Atlas building. 

• In this study, several operation strategies of the Atlas building were investigated for ‘typical’ 
weather data. Nevertheless, it is possible that future climate change scenarios will affect the 
performance of the building’s operation strategies. The current global warming trend, in 
combination with the increasing number of extreme high temperature events, will pose 
additional overheating risks in the built environment. The investigation of the effects of such 
climate change scenarios on the overall performance of the Atlas building, as well as of the 
ATES system, can be included in future studies. 

                                                            
20 Wang, Y-H. (2019). Energy performance prediction for heating and cooling under uncertainties of occupant 
behaviour: A case study for the Atlas building on TU/e Campus in connection with the ATES system. MSc thesis, 
Technische Universiteit Eindhoven. [Supervised by: prof.dr.ir. J.L.M. Hensen, dr.ir. P. Hoes, E. Kyrou] 

http://www.janhensen.nl/team/past/master/Wang_2019.pdf
http://www.janhensen.nl/team/past/master/Wang_2019.pdf
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• The target of the feasibility study conducted, in regard to the potential of cooling the ATES 
system through drinking water, was to determine whether or not, and to what extent, this 
potential would be feasible by different promising design options. Provided that the decision-
making process by the stakeholders, i.e. Dienst Huisvesting and Brabant Water, would give 
the green light to implement a design option in practice, further investigation would be 
required in the future, to a higher degree of complexity, to explore the exact requirements of 
installation of an actual system, e.g. installation of a connection between the Kennedylaan 
and the cooling towers for a heat exchanger design option. 

Finally, a few recommendations are provided for Dienst Huisvesting that may require future work, in 
relation to the organisation’s policies: 

• It is highly likely that maintaining a ‘green electricity’ policy in the future would contribute to 
the CO2 emissions reduction targets of TU/e. A few examples in relation to this study can be 
provided in this regard. For instance, ‘green electricity’ can power the automatic operation of 
the windows in the natural ventilation strategies of the Atlas building. Also, if a heat pump 
design option is applied in practice between the ATES system and the drinking water flow in 
the future, the heat pump can be powered by ‘green electricity’. 

• It would also be possible to use the excess low temperature heat from the ATES system to 
preheat ventilation air during the heating season (without the use of a heat pump) in older 
campus buildings that may not have a heat recovery function in their mechanical ventilation 
system. That potential could be investigated in future work, as to whether that would assist 
the thermal energy balance of the ATES system. 

• The connection of more buildings to the district heating and cooling (DHC) network of the 
TU/e campus would be important in the future, in order to further assist the thermal energy 
balance of the ATES system. In that case, Atlas building and its operation strategies could also 
serve as an example for performance comparisons in future work. 

• Moreover, the design of natural ventilation strategies in Atlas and other future buildings 
should be such that ensures adequate air flow and addresses any air quality, acoustic, or 
security issues that may arise. 
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Appendix A. MODELLING OF THE ATLAS BUILDING 
A.1. Architecture of the Atlas building 

The floor plans of the Atlas building, in regard to the layout and furnishing, can be seen in Figure A.1 - 
Figure A.10, for the floors included in this study (2-11). 

 
Figure A.1: Layout and furnishing of the 2nd floor of the Atlas building 

 
Figure A.2: Layout and furnishing of the 3rd floor of the Atlas building 

 
Figure A.3: Layout and furnishing of the 4th floor of the Atlas building 

 
Figure A.4: Layout and furnishing of the 5th floor of the Atlas building 

 
Figure A.5: Layout and furnishing of the 6th floor of the Atlas building 
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Figure A.6: Layout and furnishing of the 7th floor of the Atlas building 

 
Figure A.7: Layout and furnishing of the 8th floor of the Atlas building 

 
Figure A.8: Layout and furnishing of the 9th floor of the Atlas building 

 
Figure A.9: Layout and furnishing of the 10th floor of the Atlas building 

 
Figure A.10: Layout and furnishing of the 11th floor of the Atlas building 

A.2. Model complexity (building level) 
The Atlas model complexity on the building level (floors 2-11) used in this study can be seen in Table 
A.1, including the calculation of the zone floor areas and total floor areas of similar zones in the 
model, the weights based on the total floor areas (used for the calculation of the weighted natural 
ventilation hours per year in the passive cooling strategies) and the weights based on the maximum 
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number of occupants in the total floor area of each zone type in the model (used for the calculation 
of the weighted unmet – undercooling and overheating – hours per year). 

Nr. Zone type 

Zone 
area 

(model) 
(m2) 

Frequency of 
appearance 

on floors 2-11  
(± m2 corrected) 

Total area of 
similar zones 
in the model 
(floors 2-11) 

(m2) 

Weights 
(Total 
areas) 
(%) 

Maximum 
number of 
occupants 

(in total areas) 

Weights 
(max. number 
of occupants)  

(%)  

1 4-S department 854.90 8 times 6,839.20 22.40% 684 19.03% 

2 4-M department 929.06 8 times  
(+ 918.19 m2) 

8,350.67 27.35% 835 23.24% 

3 4-N department 854.90 8 times 6,839.20 22.40% 684 19.03% 

4 11-S 
department 

854.90 1 time 854.90 2.80% 85 2.38% 

5 11-M 
department 

1,289.56 1 time  
(– 98.83 m2) 

1,190.73 3.90% 119 3.31% 

6 11-N 
department 

854.90 1 time 854.90 2.80% 85 2.38% 

7 2-S department 854.90 1 time 854.90 2.80% 85 2.38% 

8 2-M department 1,065.02 1 time  
(+ 26.88 m2) 

1,091.90 3.58% 109 3.04% 

9 2-N department 854.90 1 time 854.90 2.80% 85 2.38% 

10 4-5-E big 
classroom 

159.25 3 times 477.75 1.56% 192 5.35% 

11 4-5-W big 
classroom 

159.25 1 time 159.25 0.52% 64 1.78% 

12 2-3-E small 
classroom 

98.83 2 times 197.66 0.65% 80 2.23% 

13 2-3-W small 
classroom 

98.83 3 times 296.49 0.97% 120 3.34% 

14 4-E side rooms 83.64 5 times 418.20 1.37% 42 1.16% 

15 4-W side rooms 83.64 4 times 334.56 1.10% 33 0.93% 

16 
2-E side room 
(small seminar 

room) 
83.64 1 time 83.64 0.27% 28 0.78% 

17 2-W side room 83.64 1 time 83.64 0.27% 8 0.23% 

18 
5-E side room 
(small seminar 

room) 
83.64 3 times 250.92 0.82% 84 2.34% 

19 
5-W side room 
(small seminar 

room) 
83.64 4 times 334.56 1.10% 112 3.12% 

20 
11-E side rooms 
(small seminar 

rooms) 
83.64 1 time 83.64 0.27% 28 0.78% 

21 

11-W side 
rooms 

(small seminar 
rooms) 

83.64 1 time 83.64 0.27% 28 0.78% 
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Total 30,535.25 100% 3,593 100% 

Estimated area 
approximately  

(m2) 

80% of the modelled 
area,  

due to the model 
complexity  

(m2) 

Total actual area of the main part  
of the Atlas building (m2) 

24,440 24,428.20 24,428 m2 

Table A.1: Atlas model complexity on the building level, including the weights of the total areas and the weights of the 
maximum number of occupants in the total areas 

A.3. Modelling of building construction 
A.3.1. Definition of zone surfaces in TRNSYS 

An example of how the surfaces of one zone (department 4-S) were defined in the model (Type 56 in 
TRNSYS) is shown in Figure A.11. 

 
Figure A.11: Definition of zone surfaces of the department 4-S in Type 56 

The view factor to sky of the external surfaces of the department 4-S was set to 0.5 (vertical surface 
with unobstructed view), as explained in the main text. For the external roof surfaces, when defining 
other departments, the view factors were set accordingly: 

• Department 11-S: Roof view factor to sky: 0.7 

• Department 11-M: Roof view factor to sky: 1 

• Department 11-N: Roof view factor to sky: 0.7 
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A.3.2. Definition of construction types 
The definition of the different construction types in the model of the Atlas building (Type 56) can be 
seen in Figure A.12 - Figure A.17. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.12: ‘Floor’ construction type definition in Type 56 Figure A.13: ‘Ceiling’ construction type definition in Type 56 

Figure A.14: ‘Partition wall’ construction type definition in 
Type 56 

Figure A.15: ‘Façade side’ construction type definition in Type 
56 
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A.3.3. Material layers and properties 
The material layers and their properties defined in Type 56 for the different construction types of the 
Atlas building are listed in Table A.2 - Table A.7. Simplifications had to be made were necessary, to 
avoid convergence errors in TRNSYS. 

 Layer Description 
Thickness 

(m) 
Conductivity 

(kJ/h∙m∙K) 
Heat capacity 

(kJ/kg∙K) 
Density 
(kg/m3) 

Front/inside Tile 0.028 3.6 1 2,000 

2 Air space 0.157 Rth = 0.044 h∙m2∙K/kJ 

3 Concrete 0.245 1.836 1 1,400 
4 Air space 0.039 Rth = 0.044 h∙m2∙K/kJ 

Back Steel 0.035 54 1.8 7,800 

Table A.2: ‘Floor’ construction type: material layers and properties 

Layer Description 
Thickness 

(m) 
Conductivity 

(kJ/h∙m∙K) 
Heat capacity 

(kJ/kg∙K) 
Density 
(kg/m3) 

Front/inside Steel 0.035 54 1.8 7,800 

2 Gypsum board 0.025 1.04 1 600 

Figure A.16: ‘Floor second’ construction type definition in 
Type 56 

Figure A.17: ‘Roof’ construction type definition in Type 56 
(real R-value of roof nearly 6 m2∙K/W) 
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3 Mineral wool 0.080 0.14 0.9 80 

4 Air space 0.265 Rth = 0.044 h∙m2∙K/kJ 

5 Gypsum board 0.018 1.04 1 600 

6 Mineral wool 0.040 0.16 0.9 80 

Back Gypsum board 0.025 1.04 1 600 

Table A.3: ‘Ceiling’ construction type: material layers and properties 

Layer Description 
Thickness 

(m) 
Conductivity 

(kJ/h∙m∙K) 
Heat capacity 

(kJ/kg∙K) 
Density 
(kg/m3) 

Front/inside Plasterboard 0.012 0.576 0.84 950 

2 Clay block 0.076 0.860 1 400 

Back Plasterboard 0.012 0.576 0.84 950 

Table A.4: ‘Partition wall’ construction type: material layers and properties 

Layer Description 
Thickness 

(m) 
Conductivity 

(kJ/h∙m∙K) 
Heat capacity 

(kJ/kg∙K) 
Density 
(kg/m3) 

1 Polyurethane foam 0.045 0.11 2.09 40 

Table A.5: ‘Façade side’ construction type: material layers and properties 

Layer Description 
Thickness 

(m) 
Conductivity 

(kJ/h∙m∙K) 
Heat capacity 

(kJ/kg∙K) 
Density 
(kg/m3) 

Front/inside Steel 0.035 54 1.8 7,800 

2 Air space 0.039 Rth = 0.044 h∙m2∙K/kJ 

3 Concrete 21 0.210 0.918 1 1,400 
4 Stone 22 0.025 1.656 1 1,100 

Back Insulation 23 0.100 0.077 0.84 91 

Table A.6: ‘Roof’ construction type: material layers and properties 

Layer Description 
Thickness 

(m) 
Conductivity 

(kJ/h∙m∙K) 
Heat capacity 

(kJ/kg∙K) 
Density 
(kg/m3) 

Front/inside Tile 0.028 3.6 1 2,000 

2 Air space 0.117 Rth = 0.044 h∙m2∙K/kJ 

                                                            
21 Thickness is 0.420 m in reality, but half thickness was used due to convergence errors in TRNSYS (creating the 
roof transfer function coefficients, unfulfilled stability criteria). Therefore, conductivity of concrete was divided 
by 2 as well. 
22 Thickness is 0.125 m in reality, but thickness and conductivity were adjusted due to convergence errors. For 
the same reason, a different value (highest possible) was also used for the density, instead of 2,600 kg/m3. 
23 Thickness is 0.200 m in reality, but thickness and conductivity were adjusted due to convergence errors. 
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3 Mineral wool 0.040 0.14 0.9 80 
Back Concrete24 0.457 1.836 1 1,400 

Table A.7: ‘Floor second’ construction type: material layers and properties 

For all the construction types, the longwave emission coefficients were considered fixed at 0.9, while 
solar absorptance was considered fixed at 0.6. 

As for the thermal resistance of the air spaces within the construction, standardized values were 
found in literature (Willoughby, 2003; Trainenergy, 2011)25, according to BS EN ISO 6946, collected in 
the CIBSE Guide, Section A3. The thermal resistance values for continuous (unventilated) air spaces 
can be seen in Table A.8 [Table 30.3 in (Willoughby, 2003)]. 

 
Table A.8: Thermal resistances for continuous air spaces [Source: (Willoughby, 2003)] 

In all the construction types of the Atlas building, the air spaces are larger than 25mm while all the 
surfaces were considered high emissivity surfaces (0.9) in the model. Since all the air spaces within 
the construction exist in floors, ceilings and the roof of the Atlas building, the direction of heat flow is 
never horizontal through them. It was assumed that most of the time the direction of heat flow will 
happen upward, through the respective surfaces, which will result in a more conservative estimation 
for the total insulation of the building’s surfaces, according to the values of Table A.8. Therefore, a 
thermal resistance (Rth) of 0.16 m2∙K/W or approximately 0.044 h∙m2∙K/kJ was considered for all the 
air spaces within the construction in the model, as can be seen in the tables above. 

A.3.4. Actual building construction details 
The actual construction details of the Atlas building are provided for comparison with the model. The 
construction files come from Team RSVP – Total Engineering for the ‘Hoofdgebouw’ (main building) 
TU/e, Atlas, and they are shown in Figure A.18 - Figure A.21. 

                                                            
24 Real thickness is higher in specific areas. However, the highest possible thickness was used so that stability 
criteria of TRNSYS were fulfilled. 
25 Reference list: 
Willoughby, J. (2003). 30 – Insulation. In Dennis A. Snow (Ed.), Plant Engineer's Reference Book (pp. 30/7). 2nd 
Edition. Oxford, UK: Butterworth-Heinemann. DOI: https://doi.org/10.1016/B978-0-7506-4452-5.X5052-4 

Trainenergy (2011). Resistance of air layers and surface layers. Stephenson College and Cork Institute of 
Technology. Supported by: Intelligent Energy Europe. Available at: http://tea.ie/wp-
content/uploads/2011/09/Module-3.2-Resistance-of-air-layers-and-surface-layers.pdf 

https://doi.org/10.1016/B978-0-7506-4452-5.X5052-4
http://tea.ie/wp-content/uploads/2011/09/Module-3.2-Resistance-of-air-layers-and-surface-layers.pdf
http://tea.ie/wp-content/uploads/2011/09/Module-3.2-Resistance-of-air-layers-and-surface-layers.pdf
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Figure A.18: Actual construction details of the Atlas building: Floor 6 (even floors)  
[Source: Team RSVP total engineer Hoofdgebouw TU/e] 

 
Figure A.19: Actual construction details of the Atlas building: Floor 7 (odd floors)  
[Source: Team RSVP total engineer Hoofdgebouw TU/e] 
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Figure A.20: Actual construction details of the Atlas building: Floor 2 (even floor - more concrete)  
[Source: Team RSVP total engineer Hoofdgebouw TU/e] 

 
Figure A.21: Actual construction details of the Atlas building: Roof  
[Source: Team RSVP total engineer Hoofdgebouw TU/e] 
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A.3.5. Windows and internal shading device 
The definition of the windows properties (glazing and frame) and of the internal shading device 
properties in the model of the Atlas building can be seen in the screenshot of the ‘window type’ 
manager of Type 56 in Figure A.22. 

 
Figure A.22: ‘Window type’ manager interface (Type 56) and design specifications of windows  

From the design documents, it was apparent that the combined U-value of the glazing, with the 
internal shading device down, should be equal to 0.4 W/m2∙K. Therefore, the calculation of the 
thermal resistance of the internal shading device (Rdevice) was: 

Rtotal = Rglazing + Rdevice   

1/Utotal = 1/Uglazing + Rdevice  

Rdevice = 1/Utotal – 1/Uglazing = 1/0.4 – 1/0.7 = 1.071 m2∙K/W or 

Rdevice ≈ 0.298 h∙m2∙K/kJ 

Moreover, it was considered for the internal shading device of the Atlas building: 

• Transmission τ=10% (average T-sol of different shade fabric materials [Source: (Table 3) in 
(Yun and Malkawi, 2009)26] 

• Reflection ρ=45% (average R-sol - roughly - of the same: Table 3 in (Yun and Malkawi, 2009) 

• Absorption α=45% (τ+ρ+α=1) 

Therefore, according to (TRANSSOLAR Energietechnik GmbH, 2017), in Type 56: 

                                                            
26 Yun, Y. and Malkawi, A. (2009). Thermal efficiency of the window shade. In: Eleventh International IBPSA 
Conference. Glasgow, Scotland. [online] Building Simulation 2009. Available at: 
http://www.ibpsa.org/proceedings/BS2009/BS09_1693_1698.pdf 

Uave=0.7 W/m2∙K 

http://www.ibpsa.org/proceedings/BS2009/BS09_1693_1698.pdf
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• ISHADE = 1-τ = 0.9 

• REFLISHADE = ρ/(1-τ) = 0.5 (reflection towards the window) 

• REFLOSHADE = 0.25  (reflection towards the zone assumed half of the reflection 
towards the window, due to darker internal surface, and brighter external surface of the 
closed roller blind device by observation in the Atlas building). 

A.3.6. Infiltration calculations 
The department 4-S of the Atlas building, considered as one open space with single-height (h=2.7m), 
has a total façade area of 279.72 m2 and a total volume of 2,308.23 m3. Therefore, the infiltration 
rate (open space), when all windows are closed, was calculated as follows: 

Infiltration4-S_open = 
( ) ( )2

3

3 2

)
0.72 279.7/

(2,3 8 3
2

0 .2
m h m m

m
⋅⋅

 ≈ 0.09 h-1 

However, a correction was necessary to consider the infiltration rate of the small closed rooms that 
exist in reality within the department 4-S, which is one zone in the model. These rooms are adjacent 
to the façade from one side only (east façade in this case). The respective façade area was calculated 
33.75 m2 and the rooms’ total volume was 177.1875 m3. That would result in an infiltration rate of: 

Infiltration4-S_closed = 
( ) ( )2

3

3 2

)
0.72 33.7/

(177 1 5
5

. 87
m h m m

m
⋅⋅

 ≈ 0.14 h-1 

Considering the share between open and closed spaces at approximately 70%-30%, based on the 
entire 4th floor of the Atlas building, which is roughly the same for the whole main part of the 
building (floors 2-11), the corrected infiltration rate would be: 

Infiltration4-S = (0.09 h-1) ∙ 0.70 + (0.14 h-1) ∙ 0.30 ≈ 0.11 h-1 (ACH) 

Following a similar analysis for the other departments of the 4th floor, that would result in: 

Infiltration4-M = (0.07 h-1) ∙ 0.70 + (0.14 h-1) ∙ 0.30 ≈ 0.09 h-1 (ACH) 

Infiltration4-N = (0.09 h-1) ∙ 0.70 + (0.14 h-1) ∙ 0.30 ≈ 0.11 h-1 (ACH) 

The above values for the infiltration rates retain their validity for all the south, middle and north 
departments, respectively, of the main part of the Atlas building (floors 2-11). 

The infiltration rates related to the airtightness of the construction (all windows closed), calculated 
for all the different zone types identified in the model complexity and were input into the model can 
be seen in Table A.9. 

Zone type 
Infiltration rate 

(ACH) 
4-S department 0.11 

4-M department 0.09 

4-N department 0.11 

11-S department 0.11 

11-M department 0.09 

11-N department 0.11 

2-S department 0.11 

2-M department 0.09 

2-N department 0.11 
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4-5-E big classroom 0.08 

4-5-W big classroom 0.08 

2-3-E small classroom 0.08 

2-3-W small classroom 0.08 

4-E side rooms 0.14 

4-W side rooms 0.14 
2-E side room 

(small seminar room) 0.14 

2-W side room 0.14 
5-E side room 

(small seminar room) 0.14 

5-W side room 
(small seminar room) 0.14 

11-E side rooms 
(small seminar rooms) 0.14 

11-W side rooms 
(small seminar rooms) 0.14 

Table A.9: Infiltration rates (all windows closed) for the different zone types of the Atlas building 

A.3.7. Internal CHTC definition 
The adjusted coefficients const and exp in Type 56 for the different surfaces in this study, according 
to Table 4.4, were27: 

 
Figure A.23: Definition of internal CHTC in Type 56 

A.3.8. External CHTC definition 
The implementation of the Loveday mixed model in TRNSYS is shown in Figure A.25 and Figure A.24: 

Vloc = 2
3
 ∙ V10 

hc, ext = 16.7∙Vloc
0.5 

 

                                                            
27 The constants of the correlations in Table 4.4 were multiplied by 3.6 to input into Type 56 (unit conversion 
from W/m2∙K to kJ/h∙m2∙K). 
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A.4. Schedules of other zone types 
The weekly (occupancy and internal gains) schedule assumed for classrooms, according to the class 
schedule of TU/e (Figure A.28), is shown in Figure A.26 (a weekday in Figure A.27). An overpopulated 
scenario was assumed (90%-70%), to be near the worst case in relation to the thermal comfort. 

 
Figure A.26: Weekly classroom schedule (occupancy and internal gains) 

 
Figure A.27: Zoom into a weekday classroom schedule 

 
Figure A.28: Class schedule of TU/e (Ahmed, 2018)28 

                                                            
28 Ahmed, M. S. (2018). Investigating Thermal Energy Control Strategies of TU/e Main Building “Atlas” in 
Connection with ATES System. MSc thesis, Technische Universiteit Eindhoven. [Supervised by: prof.dr.ir. J.L.M. 
Hensen, dr.ir. P. Hoes, L. Xu, E. Kyrou] 

Figure A.25: Calculation of Vloc in TRNSYS 
Figure A.24: Calculation of hc,ext in TRNSYS 

http://www.janhensen.nl/team/past/master/Ahmed_2018.pdf
http://www.janhensen.nl/team/past/master/Ahmed_2018.pdf
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The weekly (occupancy and internal gains) schedule assumed for small seminar rooms is shown in 
Figure A.29. Again, an overpopulated scenario was assumed (90%) for the same reason. 

 
Figure A.29: Weekly small seminar room schedule (occupancy and internal gains) (08:00 – 17:30) 

The occupancy schedule of the rest of the side rooms (the ones that are not small seminar rooms), 
e.g. the 4-W side rooms (textile and actuator labs), was considered exactly as the ‘open spaces’ 
occupancy schedule, presented in the main body of this report. 

A.5. HVAC system controls of other zone types 
A.5.1. Mechanical ventilation 

The mechanical ventilation schedule assumptions for the big and small classrooms, as well as for the 
small seminar rooms, can be seen in Figure A.30 - Figure A.35. 

 
Figure A.30: ‘Ventilation type’ manager for big classroom in Type 56 

 
Figure A.31: Weekly ventilation schedule of big classroom 

 
Figure A.32: ‘Ventilation type’ manager for small classroom in Type 56 
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Figure A.33: Weekly ventilation schedule of small classroom 

 
Figure A.34: ‘Ventilation type’ manager for small seminar rooms in Type 56 

 
Figure A.35: Weekly ventilation schedule of small seminar rooms 

The ventilation schedules are in line with the occupancy schedules presented earlier (overpopulated 
scenarios – 90%). Moreover, the out-of-occupancy hours, for all the zone types considered, it is true 
that ACH=0.67 h-1, coming from the mechanical ventilation system alone, so that the comparison in 
relation to the thermal comfort is ‘fair’ between the different zone types. 

The ventilation schedule of the rest of the side rooms (the ones that are not small seminar rooms), 
e.g. the 4-W side rooms (textile and actuator labs), was considered exactly as the ‘open spaces’ 
ventilation schedule. 

A.5.2. Heating and cooling system 
The heating and cooling system schedule assumptions for all the classrooms, as well as for the small 
seminar rooms, can be seen in Figure A.36 - Figure A.39. 

 
Figure A.36: Weekly heating system schedule of classrooms (08:00-20:00) 
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Figure A.37: Weekly cooling system schedule of classrooms (08:00-20:00) 

 
Figure A.38: Weekly heating system schedule of small seminar rooms (07:30-17:30) 

 
Figure A.39: Weekly cooling system of small seminar rooms (07:30-17:30) 

The heating and cooling system schedules of the rest of the side rooms (the ones that are not small 
seminar rooms), e.g. the 4-W side rooms (textile and actuator labs), were considered exactly as the 
‘open spaces’ heating and cooling system schedules. 

A.6. Natural ventilation modelling 
When the investigated natural ventilation strategies (either night-time, day-time, or combined) were 
applied in the model of the Atlas building, the air flow through the open windows was modelled as 
additional infiltration in the building zone, defined in Type 56. 

For example, for the department 4-S and for natural night-time ventilation, the infiltration air change 
rate was calculated in Type 56 as follows, including the modelled ‘infiltration’ through the open 
windows on top of the infiltration due to the airtightness of the construction with closed windows: 

Infiltration = 2.89 ∙ WindowOpen + 0.11  ACH  (h-1) 

The signal of the ‘WindowOpen’ variable is equal to 1 when the night-time ventilation strategy is on, 
leading to a total infiltration rate of 3 ACH (h-1) in the model. On the other hand, the ‘WindowOpen’ 
variable is equal to 0, when the night-time ventilation strategy is not active (windows closed), leading 
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to an infiltration rate of 0.11 ACH in the model (which is the infiltration rate due to the airtightness of 
the construction for the department 4-S). 

Certainly, within the model, the ventilation rate coming from the mechanical ventilation system is 
added on the above number as well. For the department 4-S, for instance, the mechanical ventilation 
rate was calculated approximately 1.17 ACH when occupied (70% of max. occupancy) and 0.67 ACH 
when unoccupied (ventilation corresponding to 40% of max. occupancy). 

In addition to the sensitivity analysis in the main part of this report (Section 4.5.1) which was related 
to the energy performance, the sensitivity of thermal comfort performance (including the number of 
natural night-time cooling hours per year) of the department 4-S in relation to the ACH assumed for 
the natural night-time cooling strategy, can be seen in Figure A.40. 

 
Figure A.40: Sensitivity of thermal comfort performance of the department 4-S to the air change rate assumed for the 
natural night-time cooling strategy in the model 

It is apparent that the thermal comfort is not influenced by the ACH assumed for the natural night-
time cooling strategy, but only from the occurrence of natural night-time cooling or not (comparison 
with baseline). The reason why the influence was found negligible is because thermal comfort is 
assessed during the working hours of the day, while night-ventilation was set from 23:00 – 07:00. 

Evidence from the CFD study (PDEng project) by (Verbruggen, 2019)29 on the natural ventilation of 
the Atlas building showed that, for different wind directions and wind velocities up to nearly 9 m/s, 
the resulting air change rate in the Atlas building with fully-opened windows (as in natural night-time 
ventilation) could reach up to approximately 18 ACH (at their highest). In our study, however, the 
assumptions made when modelling the natural ventilation of the Atlas building, as explained in the 
main part of the report, were on the ‘conservative’ side. 

                                                            
29 Verbruggen, M. (2019). Optimisation of natural ventilation design for Atlas. Eindhoven: Technische 
Universiteit Eindhoven 

https://research.tue.nl/nl/publications/optimisation-of-natural-ventilation-design-for-atlas
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A.7. Weather considerations in the model 
A.7.1. Weather comparison details 

The month-by-month comparison between the temperatures of the IWEC (typical) weather data for 
Beek (epw) and the temperatures of the measured data in Maastricht in 2017 by KNMI), can be seen 
in Figure A.41. 
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Figure A.41: Box plots comparing the temperatures between the IWEC (typical) data for Beek (epw) and the measured data  
Maastricht in 2017 by KNMI (comparison per month) 
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A.7.2. Weather component in TRNSYS 
The parameters of the weather component (Type 15-3) used in TRNSYS can be seen in Figure A.42. 

 
Figure A.42: Parameters of the weather component (Type 15-3) in TRNSYS 

A.8. Initial values 
The initial values of the yearly simulation were referring to the midnight of 1st January. Therefore, the 
initial zone temperature was set to 17°C, equal to the heating setback temperature, while the initial 
relative humidity was set to 50%, just in the middle of the recommended humidity range 40%-60%. 

A.9. Overview of TRNSYS models 
An overview of the models developed in TRNSYS can be seen in Figure A.43 - Figure A.46. 
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Figure A.43: Baseline model in TRNSYS 

 
Figure A.44: Natural night-time cooling model in TRNSYS 
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Figure A.45: Natural day-time cooling model in TRNSYS 

 
Figure A.46: Natural combined night- and day-time cooling model in TRNSYS 
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Appendix B. ATLAS BASELINE PERFORMANCE ASSESSMENT 
B.1. Zone level performance 

 
Figure B.1: Baseline energy performance comparison between the modelled zones of the Atlas building 

 
Figure B.2: Baseline thermal comfort performance comparison between the modelled zones of the Atlas building 
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B.2. District level performance: assumptions of heat pumps and heat exchangers 
The sensitivity analyses performed regarding the baseline performance of the Atlas building on the 
district level (cooling towers load reduction), in relation to the seasonal performance factor of the 
heat pump (SPFheat) and the effectiveness of the heat exchangers for heating and cooling (εheat, εcool) 
can be seen in Figure B.3 and Figure B.4, respectively. 

 
Figure B.3: Baseline performance on the district level: Sensitivity between cooling towers load reduction (%) and 

SPFheat 

 
Figure B.4: Baseline performance on the district level: Sensitivity between cooling towers load reduction (%) and 

εheat, εcool 
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This consideration was important because less than the total amount of heating energy that the Atlas 
building requires comes from the ATES system, since a part of it comes from the electrical energy 
that drives the compressor of the heat pumps. In other words, the actual amount of heating energy 
extracted from the ATES system is less than the actual heating demand of the building. 

There are also heat exchangers for both the heating and cooling system loops of Atlas building, for 
hydraulic separation from the warm and cold rings of the ATES system, respectively. These heat 
exchangers usually have insignificant losses when transferring heat between the respective circuits. 

Finally, we used SPFheat=3.2 (average of heat pumps for heating on the TU/e campus according to 
Dienst Huisvesting and also closer to the ‘conservative’ side based on the sensitivity analysis) and 
εheat=εcool=0.99 (realistic and also ‘conservative’ side based on the sensitivity analysis as well). A 
‘conservative’ side means to not overestimate the Atlas performance on the district level (cooling 
towers load reduction achieved in relation to the ATES system). 
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Appendix C. PERFORMANCE COMPARISON OF ATLAS OPERATION 

STRATEGIES 
C.1. Zone level 

C.1.1. Department 4-S 

 
Figure C.1: Energy performance comparison of operation strategies for the department 4-S 

 
Figure C.2: Thermal comfort performance comparison of operation strategies for the department 4-S 
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C.1.2. Department 2-N 

 
Figure C.3: Energy performance comparison of operation strategies for the department 2-N 

 
Figure C.4: Thermal comfort performance comparison of operation strategies for the department 2-N 
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C.1.3. Small classroom 2-3-W 

 
Figure C.5: Energy performance comparison of operation strategies for the small classroom 2-3-W 

 
Figure C.6: Thermal comfort performance comparison of operation strategies for the small classroom 2-3-W 
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C.1.4. Side room 5-W (small seminar room) 

 
Figure C.7: Energy performance comparison of operation strategies for the side room 5-W (small seminar room) 

 
Figure C.8: Thermal comfort performance comparison of operation strategies for the side room 5-W (small seminar room) 
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C.1.5. Side rooms 11-W (small seminar rooms) 

 
Figure C.9: Energy performance comparison of operation strategies for the side rooms 11-W (small seminar rooms) 

 
Figure C.10: Thermal comfort performance comparison of operation strategies for the side rooms 11-W (small seminar rooms) 
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C.2. Building level 

 
Figure C.11: Energy performance comparison of operation strategies on the building level (scatter plot) 

 
Figure C.12: Thermal comfort performance comparison of operation strategies on the building level (scatter plot) 
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C.3. Performance robustness on the district level under uncertainties 
C.3.1. Additional notes on the considered extreme cases of OB 

Regarding the local thermostat controls in the Atlas building, despite the fact that the thermostat’s 
indication can vary to a range of ±2°C, this large variation from the baseline setpoint cannot be 
considered when modelling the occupant behaviour, due to the extremely low probability of 
occurrence in all the building zones throughout the year. Since the assessment of robustness of 
operation strategies pertains to a full year and to all the zones of the main part of the Atlas building, 
we should make a more realistic assumption, even for the purpose of predicting performance 
variations under extreme scenarios of occupant behaviour. Consequently, the limits for the local 
control of heating and cooling setpoints were assumed at ±0.25°C. 

Another explanation for this assumption is the concept of regression to the mean, which is a 
ubiquitous statistical phenomenon in repeated data (Barnett, Pols and Dobson, 2005)30. When an 
extreme value is measured in a real sample, it is more likely that the next measurement will be closer 
to the mean value of the sample. Moreover, when such a change is observed, i.e. the next 
measurement is in fact closer to the mean value, it is possible that to be due to the phenomenon of 
regression to the mean, and not due to real change in behaviour. 

Accordingly, when for instance an indication of +2°C is observed on the local thermostat in the Atlas 
building, it is likely for this indication to be followed by an observation of a value which is closer to 
the mean value. In a very large sample, the mean value of the thermostat is assumed to be 
approximately zero, i.e. no observed change in default setpoint by occupants, with the extreme 
scenarios occurring much closer to the mean value, compared to the ‘allowable’ initial range (±2°C). 
Even if in reality all occupants would simultaneously put their local thermostat to +2°C, there would 
be capacity limitations from the HVAC system itself or from energy saving measures, which would 
never allow such a large temperature variation to occur in the indoor environment on the building 
level. Additionally, the probability of occurrence of such a scenario throughout the year, i.e. every 
day during the heating season of one year, is practically zero. Therefore, the assumption of the 
extreme cases when modelling the occupant behaviour in the Atlas building is reasonable to be 
within ±0.25°C, in relation to the default heating and cooling setpoints. 

In regard to the control of the internal shading device, the pattern 1 of Table 6.4 describes occupants 
who would always prefer to have daylight in the indoor environment and, thus, would keep the 
shading device up regardless of the incoming solar radiation. On the other hand, pattern 2 describes 
the behaviour of occupants, who would put the roller blind down when solar radiation is high 
enough, followed by a passive behaviour, i.e. they would not manually raise the blind up again during 
occupancy hours, regardless of the solar radiation levels. Thus, they would override the automatic 
reference control strategy described in 3.2.3. 

The impact from variations in internal heat gains such as people, lighting and equipment gains was 
found to be small in the model (Section 4.3). Therefore, the occupancy schedules and internal gains 
followed the clearly stated assumptions of this study. 

Finally, the occupant behaviour influence from the individual control of windows opening was 
observed to occur in few particular cases in the Atlas building, which is expected to have a small 
positive contribution to the reduction of the cooling demand of the building, if prudent windows use 
is assumed. On the other hand, a worse scenario (in terms of cooling demand reduction and 
                                                            
30 Barnett, A., Pols, v.J. and Dobson, A. (2005). Regression to the mean: what it is and how to deal with it. 
[online] NCBI. Available at: https://www.ncbi.nlm.nih.gov/pubmed/15333621 

https://www.ncbi.nlm.nih.gov/pubmed/15333621
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contribution to the ATES system balance) would be that the windows remain closed all the time 
throughout the year, which is assumed in the baseline case of this study. Therefore, it was deemed 
unnecessary to include the window opening control by occupants in the aspects of occupant 
behaviour above; a consideration which ensures more conservative performance predictions in this 
study. Any potential negative performance contributions from ‘careless’ windows use by occupants 
was assumed to occur in very few particular cases and, thus, would have a negligible impact overall. 
Moreover, such negative impacts can be overlapped by the other extreme cases considered above, 
such as the improper use of the internal shading device by occupants. In any case, the window 
opening constitutes essential part of the (centrally controlled) passive cooling strategies introduced 
in 3.2.1. 

C.3.2. Further details about performance robustness in relation to the thermal 
comfort and the opening of the windows in the Atlas building 

The robustness of the best-performing (thermal comfort) operation strategies under uncertainties of 
OB was investigated, in relation to the thermal comfort performance (total unmet hours per year), as 
can be seen in Figure C.13. 

 
Figure C.13: Robustness of the best-performing (thermal comfort) operation strategies for the department 4-S 
under uncertainties of OB: Total unmet hours per year 

To determine the uncertainty bars in the above graph, all the different combinations of OB were 
simulated for the department 4-S, from the which the (ultimate) worst and best are depicted for the 
thermal comfort performance are depicted by the above uncertainty bars. 

The natural combined night- and day-time cooling (S3) was found more beneficial than the natural 
night-time cooling (S1) or the natural day-time cooling (S2), in regard to both performance and 
robustness. 

The robustness of the best-performing (thermal comfort) operation strategies under uncertainties of 
OB was investigated, also in relation to the number of weighted hours of natural cooling per year, as 
can be seen in Figure C.14. 
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Figure C.14: Robustness of the best-performing (thermal comfort) operation strategies for the Atlas building under 
uncertainties of OB: Number of weighted hours of natural cooling per year (automatic opening of windows on the 
building level) 
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Appendix D. COOLING THROUGH DRINKING WATER 
D.1. Available measured data of drinking water temperature 

The available measured temperature data of the drinking water in the pipelines near the TU/e 
campus can be seen in Figure D.1 (for the period from 21st March – 17th April 2018). There is variance 
of temperatures in different pipelines, depending on the water flow, among other factors. Also, there 
are temperature fluctuations for the same pipeline between day and night, as well as between 
different days. 

 
Figure D.1: Temperature of drinking water measured in the pipelines from 21st March to 17th April 2018 
Most of the time, the temperature of drinking water varied between 10–12°C, as it appeared during 
that time of the year (March–April). 

Only the temperatures in Dorgelolaan (orange) and Insulindelaan (blue) were available. Due to the 
lack of consumer connection in Kennedylaan, there was no easy way to measure the temperatures 
there. However, according to the estimation of Brabant Water, the temperatures in Kennedylaan are 
expected to be approximately the same as in Dorgelolaan. Only the nightly dips of temperature in 
the winter would be smaller in Kennedylaan, since the flow is higher than the flow in Dorgelolaan. 
Moreover, it was estimated by Brabant Water that, due to the high water flow in the Kennedylaan 
pipeline, the drinking water temperature there would tend to be more stable over the year, 
compared to the other two pipelines. Since yearly measured temperature never became available in 
this project, for the purposes of this feasibility study we decided to proceed with a conservative 
assumption of the drinking water temperature (on average) in Kennedylaan, hence 12°C. 

This assumption affected mainly the calculations in regard to the heat exchanger design option, but 
also it can affect (possibly to a lesser extent) the operation of the heat pump design option, through 
the SPF achieved. 

D.2. Modelling approach and tools 
The promising design options were investigated by developing a basic (simplified) model, involving 
analytical methods in heat transfer and fluid flow. The model calculated the energy, financial and 
environmental (electricity-based CO2 emissions) performance of the design options. 

The energy calculations were simplified, using the basic heat transfer equations, as it is clear in the 
main part of this report. 

The financial calculations required inputs in some cases that needed additional technical calculations. 
For example, for the financial calculations of the heat exchanger design option, the calculation of the 
heat exchanger surface area was necessary. For this purpose, the logarithmic mean temperature 
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difference (LMTD) method was used, as well as the calculation of the overall convective heat transfer 
coefficient (CHTC) in the heat exchanging process between the fluids. The latter required the 
calculation of the Nusselt, Reynolds, and Prandtl numbers for each flow through the heat exchanger, 
i.e. the drinking water flow and the ATES water flow. Based on the calculated heat exchanging 
surface area, the investment cost (purchase and installation) for the heat exchanger design option 
was calculated from the ‘Installed Cost ($)’ column of Table D.1 (linear interpolation). The calculation 
of the O&M cost was also based on the calculated heat exchanging surface area, as explained in the 
main part of this report. 

 
Table D.1: Purchased equipment cost and total installed cost for shell and tube heat exchangers (1st quarter 
1998) in $ [Source: (Loh et al., 2002)] 

The environmental (electricity-based CO2 emissions) calculations were also simplified, as explained 
also in the main part of this report. 

Therefore, it is clear that in order to apply this kind of methods, a simple tool was required, capable 
of performing such calculations. In the beginning, Matlab was used for the calculation of the heat 
exchanging surface area, where the XSteam function was used for the thermodynamic properties of 
water (Holmgren, 2007)31. However, thereafter it was found that this function was possible to be 
used in Excel as well. Therefore, all the calculations were transferred to one unified Excel model, 
where they were integrated to the rest of the calculations of this feasibility study and were 
automated as much as possible. 

A few notes on the Excel model updates during the process: 

• Intermediate routines were automated. These automated routines included heat exchanger 
calculations (previously calculated in Matlab and inserted manually into the main model), 

                                                            
31 Holmgren, M. (2007). X Steam, Thermodynamic properties of water and steam. - File Exchange - MATLAB 
Central. [online] Nl.mathworks.com. Available at: https://nl.mathworks.com/matlabcentral/fileexchange/9817-
x-steam-thermodynamic-properties-of-water-and-steam 

https://nl.mathworks.com/matlabcentral/fileexchange/9817-x-steam-thermodynamic-properties-of-water-and-steam
https://nl.mathworks.com/matlabcentral/fileexchange/9817-x-steam-thermodynamic-properties-of-water-and-steam
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heat exchanger cost calculations (linear interpolation from the cost tables, O&M cost 
estimation), and heat pump maintenance cost calculations. 

• The limitations that set the boundary conditions were programmed in the model, such as 
limitations deriving from the operation principle of a heat exchanger, and prevented further 
calculations in case the boundary conditions were exceeded. 

• The consumption curves of the cooling towers (water and electricity consumption as a 
function of the cooling load) were updated and approximated as polynomial correlations in 
the model (replacing the initial approach using linear correlations). 

• Different operation scenarios of the cooling towers (number of operation hours per year) 
were included in the study, affecting the calculated results for the series ‘heat exchanger – 
cooling towers’, in the heat exchanger design option32. The water flow through this line was 
adjusted accordingly, based on the operation hours. 

• The temperature increase (dT) of the full flow of drinking water was adjusted to the entire 
year in all the cases. Therefore, it can be evaluated with respect to the allowable limits of dT, 
agreed between Brabant Water and the local authorities. 

D.3. Seasonal performance factor (SPF) of heat pumps 
For the heat pump design option, based on the temperatures of Figure 7.2, the theoretical maximum 
of the COP, described by the COPR,rev of a Carnot refrigerator33, TH=12.5°C (high temperature: 
condenser) and TL=7°C (or 280.15 K) (low temperature: evaporator), would be: 
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However, in a real process, the COP would usually be much less than that. The relation between the 
theoretical ‘warmtefactor’ (COP) εc, the difference between the condenser temperature and the 
evaporator temperature (TC – TV), and the condenser temperature Tc, can be seen in Figure D.2, 
showing practically realised ‘warmtefactoren’ (COP) εw for compression heat pumps. 

In our case, for TC – TV = 5.5°C, and TC = 12.5°C, the practically realised COP (εw) would potentially 
result higher than 10, as it appears from the graph of Figure D.2 (however the curve would be drawn 
out of the represented area). If a COP higher than 10 was able to be achieved throughout the year, 
which would be possible for full-year (8,760 hours/year) operation of the heat pump and based on 
relatively stable temperatures, it could result in a seasonal performance factor SPF>10. 

This potential (SPF>10) would be very promising for Dienst Huisvesting, in order to apply a heat 
pump design option in practice. However, in reality many factors can affect the SPF of a heat pump, 
which would make a prediction about the achieved SPF difficult. 

                                                            
32 If, for instance, we had a dynamic simulation tool, the problem with the heat exchanger design option would 
require iterations, since the heat exchanger helps reduce cooling towers load, thus, cooling towers operation 
hours, so a different number of operation hours of the series ‘heat exchanger – cooling towers’ would occur. 
Finally, it would balance to a specific number. However, in our (simplified) approach, we investigated the heat 
exchanger design option, assuming three possible operation scenarios, regarding the operation hours per year 
for the series ‘heat exchanger – cooling towers’. 
33 ScienceDirect (2019). Carnot Refrigerator - an overview | ScienceDirect Topics. [online] Available at: 
https://www.sciencedirect.com/topics/engineering/carnot-refrigerator 

https://www.sciencedirect.com/topics/engineering/carnot-refrigerator
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Figure D.2: Relation between the theoretical ‘warmtefactor’ (COP) εc, TC-TV, and the condenser temperature TC, for 
practically realised ‘warmtefactoren’ (COP) εw for compression heat pumps [Source: (Ouwehand et al., 2012)34] 

Moreover, according to discussions between Brabant Water and a heat pump supplier, the coolant 
that can be used in the heat pump may be a limitation, since the temperatures are not free to 
choose, but implied from the temperatures of the connection points. Traditional coolants such as 
R290 (propane) or R-407c, used in most ‘commercial’ heat pumps, can produce cold of around 6°C, 
but they would need a condensation temperature higher than 20°C, which does not happen in this 
case. Therefore, a synthetic coolant could be an option. NH3 (ammonia) would be an interesting 
option to use as a coolant, since it can work with low differences between condensation and 
evaporation temperatures (as in our case) and could provide a COPcooling of 12 or higher. Therefore, 
for a full-year operation, provided that these temperatures are relatively stable, a SPF≥12 may be 
possible, according to the communication of Brabant Water with the heat pump supplier. 

D.4. Heat exchanger: Uncertainty analysis regarding the assumption of drinking 
water temperature 

The results of the uncertainty analysis regarding the heat pump design option, for dT=0.35°C and 
2,500 hours/year, in relation to the assumption of the (average) drinking water temperature, can be 
seen in Figure D.3. The results of the uncertainty analysis show that the assumption used for the 
(average) drinking water temperature was on the ‘conservative’ side. 

Since a heat exchanger would work for half a year (in the best scenario) or less, in combination with 
the cooling towers operation, thus mostly in the winter period, it is possible that the actual average 
temperature is lower than 12°C (which was according to the measured data from March-April 2018). 
Then, according to this uncertainty analysis, the financial performance would be better. However, 
the ‘conservative’ 12°C average temperature assumption was followed in this feasibility study. 

                                                            
34 Ouwehand, J., Papa, T., Gilijamse, W., and Geus, J. D. (2012). Toegepaste Energietechniek. Deel 2: Duurzame 
Energie, 2e druk. Den Haag: Academic Service, Sdu Uitgevers. 
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Figure D.3: Heat exchanger design option (dT=0.35°C, 2500 hours/year): Uncertainty analysis in relation to the 
assumption of the (average) drinking water temperature 

Finally, it was investigated how the operation principle of the heat exchanger (imposed by heat 
transfer laws) would affect the upper limitation in the maximum possible dT of the drinking water 
temperature of the full flow (Kennedylaan) on average over one year, thus the upper limitation of 
cooling towers load reduction (%) achieved. 

It is reminded, from the equation (7.8), regardless of the exact scenario of operation hours per year 
assumed for the series ‘heat exchanger – cooling towers’, that: 

             (%)    0.8 100 (%) towers load reductC ig ooolin dTn ⋅≈ ⋅        (7.8) 

 :               0.47 ,     1 2        ( )Where dT C for C drinking water temperature average≤ ° °  

It was found that the upper limitation (by the heat exchanger operation principle) in regard to the dT, 
thus to the cooling towers load reduction (CLTD) (%) achieved by the heat exchanger design option, 
for other temperatures of drinking water assumed (on average), would be: 

Drinking water 
temperature  

(assumed on average)  
(°C) 

dTmax 
(drinking water 
temperature) 

(°C) 

Cooling towers load 
reduction [max]  

(%) 

12 0.47 37.6 
11 0.63 50.4 
10 0.78 62.4 
9 0.94 75.2 
8 1.09 87.2 
7 1.24 99.2 

6.9 1.26 100.8 

Table D.2: dTmax, cooling towers load reduction (%) [max] – Upper limitation (by the heat exchanger operation principle), 
assuming (on average) different temperature of drinking water (than the measured: 12°C that is used in this feasibility study) 



 
 

 

  

 

 


	Executive Summary
	Atlas building operation strategies
	Cooling through drinking water

	Acknowledgements
	Table of Contents
	Nomenclature
	Abbreviations
	Symbols

	1. Introduction
	1.1. Motivation
	1.2. Problem statement
	1.3. Aim and objectives
	1.4. Project questions
	1.4.1. Atlas building operation strategies in relation to the ATES system
	1.4.2. Cooling of the ATES system through drinking water

	1.5. Final outcome and deliverables
	1.6. Report outline

	2. Overview of the Current Situation
	2.1. ATES system on the TU/e campus
	2.1.1. Operation principle and thermal energy balance
	2.1.2. Operational details
	2.1.3. Cooling towers
	2.1.3.1. Cooling towers O&M cost savings


	2.2. Main TU/e building Atlas
	2.2.1. Functions and social structure
	2.2.2. Main design features
	2.2.3. Connection to the ATES system


	INVESTIGATION OF THE IMPACT OF ATLAS OPERATION STRATEGIES ON THE ATES SYSTEM
	3. A Fit-for-Purpose Design Approach
	3.1. Methodology framework
	3.2. Operation strategies of the Atlas building
	3.2.1. Passive cooling (natural ventilation)
	3.2.2. Heating and cooling setpoints adjustment
	3.2.3. Internal shading device
	3.2.4. Considered operation strategies

	3.3. Proposed solution technique
	3.3.1. Introduction to building performance simulation (BPS)
	3.3.1.1. Performance gap
	3.3.1.2. Occupant behaviour


	3.4. Selection of key performance indicators (KPIs)
	3.4.1. KPIs of the Atlas building
	3.4.1.1. Energy performance
	3.4.1.2. Thermal comfort performance

	3.4.2. KPIs of the ATES system
	3.4.2.1. Energy performance
	3.4.2.2. Financial performance


	3.5. Simulation tool

	4. Modelling of the Atlas Building
	4.1. Spatial zoning complexity
	4.1.1. Floor level
	4.1.2. Building level

	4.2. Building construction
	4.2.1. Zone dimensions and surfaces
	4.2.1.1. Internal thermal mass

	4.2.2. Material layers and properties
	4.2.3. Windows
	4.2.3.1. Internal shading device

	4.2.4. Infiltration
	4.2.5. Convective heat transfer correlations
	4.2.5.1. Internal surfaces
	4.2.5.2. External surfaces


	4.3. Occupancy schedule and internal gains
	4.4. HVAC system controls
	4.4.1. Mechanical ventilation
	4.4.1.1. Heat recovery

	4.4.2. Heating and cooling system
	4.4.2.1. Sizing of heating and cooling system


	4.5. Natural ventilation
	4.5.1. Night-time ventilation
	4.5.2. Day-time ventilation
	4.5.3. Combined night- and day-time ventilation

	4.6. Weather data
	4.7. Time step of simulation

	5. Baseline Performance Assessment of the Atlas Building
	5.1. Performance on the zone level
	5.2. Performance on the building level
	5.2.1. Comparison with reference values

	5.3. Performance on the district level

	6. Performance Assessment of the Atlas Building under Different Operation Strategies
	6.1. Performance of operation strategies on the building level
	6.2. Performance of operation strategies on the district level
	6.3. Multi-criteria performance assessment
	6.4. Performance robustness on the district level under uncertainties
	6.4.1. OB-uncertainties in the Atlas building
	6.4.2. Robustness of performance on the district level

	6.5. Conclusions
	6.5.1. Passive cooling (natural ventilation) in the Atlas building
	6.5.2. Best-performing (thermal comfort) Atlas operation strategies
	6.5.3. Performance robustness under uncertainties


	FEASIBILITY STUDY OF COOLING THROUGH DRINKING WATER
	7. Feasibility Study of Cooling through Drinking Water
	7.1. Background and goal
	7.2. A fit-for-purpose design approach
	7.3. Drinking water pipelines near the TU/e campus
	7.4. Promising design options and assumptions
	7.4.1. Heat pump design option
	7.4.1.1. Technical assumptions
	7.4.1.2. Financial assumptions

	7.4.2. Heat exchanger design option
	7.4.2.1. Technical assumptions
	7.4.2.2. Financial assumptions


	7.5. Selection of key performance indicators (KPIs)
	7.6. Performance assessment of the design options
	7.6.1. Performance of the heat pump design option
	7.6.2. Performance of the heat exchanger design option

	7.7. Conclusions

	8. Integrated Decision Support and Future Work
	8.1. Assistance in decision-making
	8.2. Limitations of the study and recommendations for future work

	References
	Appendix A. Modelling of the Atlas Building
	A.1. Architecture of the Atlas building
	A.2. Model complexity (building level)
	A.3. Modelling of building construction
	A.3.1. Definition of zone surfaces in TRNSYS
	A.3.2. Definition of construction types
	A.3.3. Material layers and properties
	A.3.4. Actual building construction details
	A.3.5. Windows and internal shading device
	A.3.6. Infiltration calculations
	A.3.7. Internal CHTC definition
	A.3.8. External CHTC definition

	A.4. Schedules of other zone types
	A.5. HVAC system controls of other zone types
	A.5.1. Mechanical ventilation
	A.5.2. Heating and cooling system

	A.6. Natural ventilation modelling
	A.7. Weather considerations in the model
	A.7.1. Weather comparison details
	A.7.2. Weather component in TRNSYS

	A.8. Initial values
	A.9. Overview of TRNSYS models

	Appendix B. Atlas Baseline Performance Assessment
	B.1. Zone level performance
	B.2. District level performance: assumptions of heat pumps and heat exchangers

	Appendix C. Performance Comparison of Atlas Operation Strategies
	C.1. Zone level
	C.1.1. Department 4-S
	C.1.2. Department 2-N
	C.1.3. Small classroom 2-3-W
	C.1.4. Side room 5-W (small seminar room)
	C.1.5. Side rooms 11-W (small seminar rooms)

	C.2. Building level
	C.3. Performance robustness on the district level under uncertainties
	C.3.1. Additional notes on the considered extreme cases of OB
	C.3.2. Further details about performance robustness in relation to the thermal comfort and the opening of the windows in the Atlas building


	Appendix D. Cooling through Drinking Water
	D.1. Available measured data of drinking water temperature
	D.2. Modelling approach and tools
	D.3. Seasonal performance factor (SPF) of heat pumps
	D.4. Heat exchanger: Uncertainty analysis regarding the assumption of drinking water temperature


