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“WE SHAPE OUR BUILDINGS  

AND AFTERWARDS OUR BUILDINGS SHAPE US.” 
 

- WINSTON CHURCHILL (1943)  
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Abstract 

As people spend most of their lifetime in buildings, maintaining comfortable indoor climate 

conditions is of major importance. For this purpose, heating, ventilation and air conditioning 

(HVAC) systems are used in office buildings to regulate the indoor climate. In order to ensure 

a satisfactory performance, they must be adapted to the prevailing conditions in the office 

space. This can be challenging, because the HVAC system design is typically defined during 

the conceptual design phase when the space layout design and the office usage are not known 

exactly. Moreover, during the operation phase of an office building, its space layout design is 

changed every 3–7 years. Thus, in order to maintain comfortable indoor climate conditions and 

guarantee that the HVAC systems are operated in an energy-efficient way, both the HVAC 

system configuration and its control zoning strategy need to be flexible. Considering this 

situation, the research questions dealt with in this dissertation are: “How can a flexible office 

space design be enabled during the entire operation phase of an office building, without 

compromising on thermal comfort or energy-efficiency?” and “What are the relevant flexible 

design parameters to consider in design decisions and which configurations of these 

parameters enable a flexible office space design?”. 

In the reviewed literature, the correlation between the space layout and the HVAC system 

design has not been investigated in detail. However, available results indicate an untapped 

potential for creating robust solutions for flexible office spaces. In this work, an approach to 

evaluate this flexibility is developed. The approach considers the space layout design, the 

HVAC system configuration and its control zoning strategy as flexible design parameters and 

evaluates their individual influence on thermal comfort and energy efficiency in detail. In 

addition, it is applied to a modern office space through an extensive simulation study. The 

results indicate that radiant ceilings and thermally-active building systems (TABS) are 

promising solutions for flexible office spaces, whereas mechanical ventilation systems require 

a more complex control strategy to ensure thermal comfort. Finally, recommendations for the 

realization of an office space design for flexibility are presented to support design decisions 

during the conceptual design or interior renovation phase. In conclusion, this dissertation 

demonstrates that the mentioned flexible design parameters cannot be considered 

independently to create robust solutions for office spaces: Only a comprehensive 

understanding of their correlations can enable a holistic office space design for flexibility. 
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Kurzfassung 

Da Menschen die meiste Zeit in Gebäuden verbringen, ist die Gewährleistung eines 

komfortablen Raumklimas von großer Bedeutung. Aus diesem Grund werden in 

Bürogebäuden Heizungs-, Lüftungs- und Klimatechnik (HLK)-Systeme eingesetzt, um das 

Raumklima zu regulieren. Diese müssen jedoch an die vorherrschenden Bedingungen im 

Raum angepasst werden. Das kann eine Herausforderung darstellen, da diese Systeme 

üblicherweise in der Konzeptphase definiert werden, in der das genaue Raumlayout und die 

Nutzung des Büros noch nicht bekannt sind. Außerdem wird das Raumlayout während der 

Betriebsphase ungefähr alle 3–7 Jahre geändert.  Um trotzdem ein komfortables Raumklima 

und einen energieeffizienten Betrieb zu gewährleisten, müssen sowohl die HLK-Systeme als 

auch deren Zonierung flexibel sein. In Anbetracht dessen werden in dieser Dissertation die 

folgenden Forschungsfragen untersucht: „Wie kann eine flexible Gestaltung von Büroflächen 

während der gesamten Betriebsphase ermöglicht werden, ohne dass der thermische Komfort 

und die Energieeffizienz beeinträchtigt werden?“ und „Welches sind die in der Planung 

relevanten flexiblen Parameter und welche Konfigurationen ermöglichen diese Flexibilität?“.  

In der Literatur wurde der Zusammenhang zwischen Raumlayout und HLK-Systemen nicht 

ausreichend untersucht. Trotzdem kann man aufgrund von vorhandenen Ergebnissen auf ein 

ungenutztes Potential zur Entwicklung von robusten Lösungen für flexible Büroflächen 

schließen. In dieser Arbeit wird eine Methode entwickelt, um diese Flexibilität zu beurteilen. 

Dabei werden das Raumlayout, die HLK-Systeme und deren Zonierung als flexible Parameter 

modelliert, um deren individuellen Einfluss auf den thermischen Komfort und Energieverbrauch 

zu beurteilen. Darüber hinaus wird diese Methode in einer umfangreichen Simulationsstudie 

auf ein modernes Bürogebäude angewendet. Die Ergebnisse zeigen, dass Heiz-/Kühldecken 

und eine Bauteilaktivierung vielversprechende Lösungen darstellen. Wohingegen 

mechanische Lüftungssysteme eine komplexere Regelungsstrategie erfordern, um den 

thermischen Komfort zu gewährleisten. Zusätzlich werden Empfehlungen zur Realisierung von 

flexiblen Büroflächen präsentiert, um Designentscheidungen in der Konzeptphase oder bei der 

Renovierung zu unterstützen. Zusammenfassend zeigt diese Dissertation, dass die erwähnten 

flexiblen Parameter nicht unabhängig voneinander betrachtet werden können, um robuste 

Lösungen zu kreieren: Nur ein umfassendes Verständnis über deren Wechselwirkung kann 

Flexibilität in Bürogebäuden ermöglichen. 
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1 Introduction 

1.1 Flexibility in Office Buildings: A Challenge to Guarantee 
Thermal Comfort 

As people spend most of their lifetime in buildings [1], maintaining comfortable indoor climate 

conditions that contribute to the occupants’ satisfaction is of major importance. In most office 

buildings, the indoor climate conditions can be regulated using heating, ventilation and air 

conditioning (HVAC) systems. Typically, HVAC systems are responsible for 50 % of the 

building’s energy consumption [2]. In total, buildings and construction is the largest energy-

consuming sector, accounting for 36 % of the global final energy consumption and 39 % of 

global energy-related CO2 emissions [3], including energy for the manufacturing of building 

materials. As the building stock is very long-lived, the International Energy Agency (IEA) 

reported that “action on appliances, equipment and systems is the key to achieving early low-

cost CO2 emissions reduction” [4].  

To investigate the energy savings potential and assess the performance of HVAC systems 

before the operation phase, thermal building simulations can be carried out. However, previous 

research [5] identified that the actual energy demand of a building can be up to 2.5 times the 

predicted or simulated energy demand per year. This energy performance gap occurs 

especially in the first year of operation and after interior renovations. Therefore, the operation 

phase is considered to be a major contribution to the performance gap, with occupants and 

their behavior being identified as one of the main responsible factors. One possibility that 

building energy managers have to reduce the energy demand in the operation phase and to 

increase the occupant’s thermal comfort, when confronted with a performance gap, is to adjust 

the HVAC system’s control [5]. However, if the HVAC system’s and office space design is not 

well-suited for the actual conditions in the building, such measures may only have a limited 

impact on the overall performance. Thus, to be able to make such adjustments while 

simultaneously maintaining an energy-efficient operation and high thermal comfort the HVAC 

system needs to be flexible. As also mentioned in [5]: “Therefore, future research on improving 
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the flexibility of building system[s] is recommended”. Even though there have been repeated 

research efforts to close the performance gap, the possibility of explicitly designing office 

spaces and HVAC systems to react flexibly and make effective adjustments during the 

operation phase has not been investigated in detail. 

At the same time, furniture, space layout design and HVAC systems are subject to the most 

frequent changes during a building’s operation phase [6]. Especially in office buildings, the 

space layout design needs to be repeatedly redesigned to meet tenants’ requirements. 

Depending on the conditions of use, the space layout design in office buildings is changed 

every 3–7 years [6, 7]. Thus, in order to ensure a satisfactory performance, the HVAC systems 

must be adapted to these changes to maintain comfortable indoor climate conditions and 

guarantee that they are operated in an energy-efficient way. This can be challenging, because 

the HVAC system design is typically defined during the conceptual design phase when space 

layout design and office usage are not known exactly. Therefore, flexibility during the entire 

operation phase should be taken into account in the design process. 

As a result, the main challenge is to achieve both flexibility and high thermal comfort in an 

energy-efficient way. To address these challenges, a robust solution for flexible space layout 

designs is required. In this context, a “robust” solution is defined as an HVAC system design, 

including its configuration and control zoning strategy, that can guarantee thermal comfort in 

an energy-efficient way, even when changing the space layout design. This dissertation aims 

at providing a “design for flexibility” approach for office spaces that can guarantee thermal 

comfort and energy-efficient operation during the entire operation phase. Specifically, it is 

investigated whether there are configurations of HVAC systems, control zoning strategies and 

space layout designs that can provide a robust solution to create comfortable indoor 

environments even in the face of significant future changes in the design parameters. 

Moreover, this work provides recommendations for an “office space design for flexibility” to 

make design decisions during the entire life cycle of an office building.  
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1.2 Hypothesis and Objectives 

The following section describes the hypothesis and objectives of this dissertation.  

Figure 1 shows the definitions of terms that are used to formulate them. To represent flexibility 

in office spaces, multiple variants of “design parameters” have to be investigated. The term 

“flexible design parameters” describes all variants of space layout design, HVAC system 

configuration and control zoning strategy that have been investigated in this work (marked in 

green). If one design parameter of each type is selected, a complete “office space design 

configuration” is made (marked in blue). Moreover, HVAC system configuration and control 

zoning strategy can be summarized with the term “HVAC system design”. Further definition of 

terms can be found in the Glossary. 

 

Figure 1. Definition of terms 

Research Hypothesis 

To design an office space for flexibility, three design parameters cannot be considered 

independently: space layout design (1), HVAC system configuration (2) and control zoning 

strategy (3). Certain configurations of these design parameters can guarantee thermal comfort 

and an energy-efficient operation, even in the event of variations within the office space design. 

The concept of an "office space design for flexibility" describes the procedure of selecting 

robust configurations of design parameters.  
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Objectives 

The main objective of this dissertation is to enable a flexible office space design during the 

entire operation phase of an office building, without compromising on thermal comfort and 

energy efficiency. To achieve this, the following sub-objectives are defined: 

Develop an approach to investigate flexible office spaces in terms of thermal 
comfort, energy demand and robustness 

Section  
4.1 

Implement a simulation framework to model flexibility in office spaces, which 
includes the space layout design, HVAC system configuration and control 
zoning strategy. 

Section  
4.1.2 

Identify suitable parameters to model a modern office building. Sections  
4.2 – 4.3 

Identify the influence of each flexible design parameter (1–3) on thermal 
comfort and energy demand in office buildings: 

Sections  
5.2 – 5.3 

(1) HVAC system configuration: 
Variation of systems with different thermal inertia 

Sections  
5.2.1 – 5.2.4 

(2) Control zoning strategy: 
Variation of size, number and position of control zones and the 
definition of the controlled variable 

Sections  
5.2.5 – 5.2.6 

(3) Space layout design: 
Variation of meeting room position in open-plan office 

Section  
5.3 

Give recommendations for an “office space design for flexibility”, which 
implies office space design configurations recommended for a flexible office 
space to guarantee high thermal comfort and an energy-efficient operation, 
robustly. In the recommendations, design scenarios for different life cycle 
phases of the office building are discussed. 

Section  
5.4 

 

Design Scenarios and Research Questions 

In the following, design scenarios that can be realized using the concept of office space design 

for flexibility, are described. For each design scenario, a research question is formulated that 

gives the requirements for the design parameters.  

Table 1 shows which design parameters can be considered as variable parameters and which 

as fixed parameters in the specific design scenario. 
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Design Scenario No. 1 

In the conceptual design phase, a new office space should be designed.  

Which office space design configurations provide the highest thermal comfort, energy 

efficiency and flexibility? 

Design Scenario No. 2 

In the conceptual design phase, the HVAC system (configuration and control zoning strategy) 

should be designed without knowing the space layout design exactly. 

Which HVAC system design (configuration and control zoning strategy) is the most robust to 

variations in the space layout design, regarding thermal comfort and energy efficiency? 

Design Scenario No. 3 

In the operation phase, a new space layout should be designed, because the tenants’ 

requirements have changed. However, during this renovation, the HVAC system design 

(configuration and control zoning strategy) should not be adjusted. 

Which space layout design provides the highest thermal comfort and energy efficiency for the 

given HVAC system design (configuration and control zoning strategy)? 

Design Scenario No. 4 

In the operation phase, the HVAC system design (configuration and control zoning strategy) 

needs to be retrofitted, but the space layout should not be adjusted. 

Which HVAC system design (configuration and control zoning strategy) provides the highest 

thermal comfort and energy efficiency for the given space layout design? 

Table 1. Fixed and variable design parameters for design scenario no. 1–4 

Design 
scenario  Life cycle phase 

(1)  

Space layout 
design 

(2) 

HVAC system 
configuration 

(3) 

Control zoning 
strategy 

No. 1 Conceptual design Variable Variable Variable 

No. 2 Conceptual design Variable Fixed Fixed 

No. 3 Operation/renovation Variable Fixed Fixed 

No. 4 Operation/retrofitting (HVAC) Fixed Variable Variable 
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1.3 Dissertation Structure 

The structure of this dissertation is illustrated in Figure 2 and is described in the following 

section.  

In the first chapter, the topic and the associated challenges, which are addressed in this work, 

are described. Resulting in the research hypothesis and the objectives of this dissertation. 

Moreover, exemplary design scenarios that can be realized using the concept of office space 

design for flexibility are described. 

In the second chapter, the fundamentals to understand the developed approach are presented. 

In this section, the following topics are covered: office space design, including the building’s 

life cycle, the office building typology, the office space layout design and typical HVAC 

systems; thermal comfort and its evaluation; and the building performance simulation, 

including the thermal zoning, the energy balance in an office space and a description of the 

thermal building simulation with TRNSYS. 

In the third chapter, the state of the art, which is relevant for this work is highlighted. The focus 

of the literature research is on flexible office space design, which includes the space layout 

design, the HVAC system configuration and the control zoning strategy, and how to evaluate 

them in terms of flexibility, thermal comfort and energy efficiency. Moreover, the correlation 

between the topics is discussed and finally the gaps in the reviewed literature and the 

contribution of this dissertation is presented. 

In the fourth chapter, the building model methodology, which uses parametric modeling and 

thermal building simulation, is presented and the developed approach to model flexibility in 

office spaces is described. Moreover, in a case study the approach is applied to a modern 

office building. 

In the fifth chapter, the results from the case study are presented and discussed, focusing on 

the influence of the space layout design and HVAC system design on thermal comfort, energy 

demand and robustness. Moreover, recommendations for an office space design for flexibility 

are presented, which can be applied in other office spaces. To support these design decisions, 

a holistic view of the results are given, based on a new method called “flex index”. 

In the sixth chapter, the main findings and contributions of this dissertation are summarized in 

the conclusion and an outlook with suggestions for future research and for future office spaces 

is given. 
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Figure 2. Structure of this dissertation 
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2 Fundamentals 
In this chapter, the fundamentals to understand the concept and results that are described. 

Moreover, terms that are used in this dissertation are defined. This section contains general 

information about office space design, including the office building typology, the office space 

layout design and commonly used HVAC systems in office buildings. Furthermore, the 

principle of thermal comfort and approaches to evaluate the thermal comfort in buildings are 

briefly described. Finally, theoretical aspects of the building performance simulation are 

presented, including the thermal zoning, the energy balance and the thermal building 

simulation. 

2.1 Office Space Design 

The process of designing office spaces has fundamentally changed over the past few years. 

In former times, the design was oriented only with the aim of producing the most efficient use 

of space. Today, digitalization and thus the ability to work paperless and remotely has changed 

the requirements of office spaces. For most working activities, no permanent workspace is 

needed anymore. As mentioned in [8]: “In addition, the nature of work and processes is 

becoming more and more complex, networked, and specialized, which means that is becoming 

ever more important to be able to flexibly switch between team-oriented communication and a 

focused work environment”. Nevertheless, in office buildings the dependency between the 

building structure and the interior office space design are still of major importance to design 

workspaces that fit the occupants’ needs and can be used flexibly during the building’s life 

cycle. It is common practice to build office buildings in a grid-like construction to enable this 

flexibility in the space layout design [7, 8]. 

In this section, the fundamentals of office space design are explained. 



 

2 Fundamentals 

 

 10 

2.1.1 The Building’s Life Cycle 

In order to understand how an office space design evolves, it is important to look at the entire 

life cycle of an office building. A building’s life cycle has different phases, which can be found 

in Figure 3. 

 

Figure 3. General life cycle of a building (based on [9]) 

The first step in a building’s design process is the conceptual design phase, in which the 

architects develop the spatial program and design options are discussed. In this phase, also 

design decisions for the HVAC system are made. In the detailed design phase, simulation and 

analysis are carried out and the final building design, including the space layout design is 

developed. Then, the construction phase begins, during which the building is actually built on 

side. After finishing the construction works, the building is in the operation phase. During the 

operation phase, maintenance and adjustments of the building are necessary. If the tenants 

have new space requirements, modifications of space layout design (interior renovation) or the 

HVAC systems (retrofitting) have to be done. Moreover, if new tenants move into a building, 

the space layout design has to be adjusted. The modification phase is a temporary phase 

during the more general operation phase, during which the actual renovations are carried out. 

After approximately 40–120 years, the entire building needs to be demolished and the 

building’s life cycle ends. 

Depending on the conditions of use of office spaces, different occupancy periods occur, 

described in [10]: It is distinguished between new buildings, leased buildings and rented 

buildings. If a building is newly constructed only for the purpose of the tenant, the occupancy 
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periods is typically 25 years or more. In contrast, a rented space with a tenant fit-out, as 

described in in next section, is occupied between 5–15 years, and a workplace that is rented 

including the equipment only up to 1 year. Thus, the durability of a space layout design may 

vary depending on the occupancy periods. 

Based on the principle of dividing a building into different layers of change [11], Brand [6] 

developed a model with a building consisting of six layers, where each has a different lifetime 

and thus change at a different rate, illustrated in Figure 4. The first layer, called “site”, describes 

the geographical context and the location of the building. This layer does not change during 

the building’s lifetime. The second layer, called “structure”, includes the load-bearing elements 

of the building. Their lifetime corresponds to the lifetime of the entire building and can range 

from 30–300 years, while most buildings are demolished after 60 years. The third layer, called 

“skin”, represents the buildings envelope and needs to be replaced around every 20 years.  

The forth layer, called “service”, includes the HVAC systems and infrastructure for 

communication, electricity and water. They need to be replaced every 7–15 years. Brand [6] 

emphasizes that many buildings are demolished, because the systems that need to be 

replaced are too deeply embedded in the buildings structure to exchange them easily. The fifth 

layer, called “space plan”, represents the interior layout including walls, ceilings, floors and 

doors. The space layout design change around every 3 years. The sixth layer, called “stuff”, 

includes furniture and objects of daily use, which are exchanged daily to monthly. 

 

Figure 4. Model of the six layers of change (based on [6]) 

According to Neufert and Kister [7], also different lifetimes are assumed, depending on the part 

of the building. They assume that the load-bearing structure last around 50 years, the building 

envelope last around 20 years, the building technology including the HVAC systems needs to 



 

2 Fundamentals 

 

 12 

be retrofitted after 7–15 years, the space layout design needs to be renovated after 5–7 years, 

and the technical equipment and furniture have to be constantly renewed.  

In total, it can be assumed that the space layout design needs to be adapted in order to meet 

the tenant’s requirements in a period of around every 3–7 years. Moreover, the International 

Energy Agency stated that “as the building stock is very long-lived, action on appliances, 

equipment and systems is the key to achieving early low-cost CO2 emissions reduction” [4]. 

Thus, renovations can be used to renew obsolete technologies and buildings parts. 

2.1.2 Office Building Typology 

The following section is based on Bielefeld [8] unless stated otherwise.  

The outer building shape is mostly determined by the possibility of providing natural light in the 

building. Thus, the most common shape for office buildings are ribbon or slab buildings, which 

allows daylight to enter from the long building side, and linear office space arrangements. 

These building shapes usually have one or two central corridors, called double-loaded or triple-

loaded. Figure 3 shows examples of the four common office building shapes with their 

functional areas where for example workplaces are located and vertical and horizontal 

circulation areas for corridors and staircases.   

 

Figure 5. Examples of typical office building shapes, top view (based on [8]) 

The point-block building is used for open-plan offices. The advantage of this shape is the 

efficient space usage, because the corridor areas can be very small. Due to the large building 

depth, an increased building height is required to provide enough natural light in the building.   

The other building shapes can be created using the ribbon building shape. One example for 

that process is the block-edge building (also called courtyard building). It consists of ribbon 

shapes that are enclosing an inner courtyard. This courtyard can be used for communication 
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areas. Due to the shading from the building itself, the lighting on lower floors can be low. The 

spine-and-fingers building can also be created or extended from a ribbon building. It are similar 

to the block-edge building, but has an open courtyard. 

In addition to the typical shapes, free-from shapes are also possible, which may be designed 

in response to a specific urban context. As this shape has no linear orthogonal structure, the 

free-form shapes are challenging for the space layout design and furnishing. The final building 

shape is sometimes an adaptation of the presented basic building shapes with modifications 

depending on the usage- and site-specific requirements. 

Due to the typical rectangular shapes of office buildings, it is common practice to build with a 

structural system consisting of skeleton construction with grids of columns. The columns are 

arranged in the interior and along the facades. To better transfer the loads of the floor slabs to 

columns, the latter are usually moved away from the façade by 40–80 cm. To support the 

structure, loadbearing walls are used in core areas or sometimes in the building envelope.  

During the planning process of an office building, different types of grids within the building are 

used to define the segmentation of the office space. These grid types are the planning grid, 

structural grid, façade grid and fit-out grid. In general, a grid is defined as follows [12]: “The 

grid is a virtual spatial/geometric coordinate system which fixes the position of points, lines, 

areas and volumes in space. A grid represents a uniform sequence of identical spacing: so-

called ‘intervals’, which are based on a module dimension or its multiples.” 

For the conceptual design phase of the building a planning grid is used, which only defines the 

approximate size of areas with different functions (e.g. office, circulation area, kitchen) and 

their position on the floor plan. 

The structural grid is defined by the structural engineer and represents the position of the 

columns. The structure needs to fit the depth and subdivisions of the building, because the 

structural system determines the segmentation of the facade and thus the possible fit-out grid 

for the interior space layout design. Therefore, the structural grid should be considered in the 

conceptual design phase. 

The façade grid is a subdivision of the structural grid and defines the position of the windows. 

The fit-out grid is also a subdivision of the structural grid and defines the geometric position of 

the interior drywalls. To be more precise, the axes of the fit-out grid “define the points where 

these dividing walls can be connected with the facade” [12]. Thus, the façade and fit-out grid 

are usually identical. In most office buildings, the process of defining the fit-out grid is made by 

the tenants to make the interior space suitable for their use during the operation phase. The 
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fit-out grid may change during the operation phase, because the tenants change or have new 

space requirements. 

The structural grid can be multiple times the fit-out grid or an offset of half a grid dimension 

depending on the design concept [12]. The grid’s dimensions for office buildings are typically 

developed as multiples of the basic dimensions of 1.20 m, 1.25 m, 1.35 m or 1.50 m (see Table 

2). As mentioned in [8]: “A basic building grid dimension of 1.35 m is often used for buildings 

above an underground parking garage, because the dimension of 5.40 m, which is four times 

the grid dimension, less the column thickness, results in a space that is sufficient for 2 parking 

spaces of 2.50 m [in] width.” In the case study in this work, an office building with a basic grid 

of 1.8 m is investigated. In general, this gird construction provides high flexibility in creating a 

custom space layout design. 

Table 2. Typical grid dimensions in office buildings [8] 

Basic grid 1.5 x grid 2 x grid 3 x grid 4 x grid 5 x grid 6 x grid 

1.20 m 1.80 m 2.40 m 3.60 m 4.80 m 6.00 m 7.20 m 

1.25 m 1.875 m 2.50 m 3.75 m 5.00 m 6.25 m 7.50 m 

1.35 m 2.025 m 2.70 m 4.05 m 5.40 m 6.75 m 8.10 m 

1.50 m 2.25 m 3.00 m 4.50 m 6.00 m 7.50 m 9.00 m 

The total length of the building is a multiple of the basic grid. The typical building depth depends 

on the office type and circulation. Depending on the number of employees in the office space, 

different office types can be chosen, as described the next section.  

The building’s floor height depends on the length, depth and office type, but also on the HVAC 

system installed. Some HVAC systems require suspended ceilings and thus the floor height 

needs to be increased. An overview of HVAC systems that are commonly used in office 

buildings are given in section 2.1.4. 
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2.1.3 Office Space Layout Design 

Depending on the tenants’ requirements, different office space layout designs can be created 

according to the grid dimensions. In the following section, the different office types, which 

enable different space layout designs, are explained. An overview of possible space layout 

designs is illustrated in Figure 4. In general, all types of office spaces consist of workstations, 

meeting rooms, circulation areas, a staff kitchen and service areas. The workstations are 

located in the cellular (cell), group, combi or open-plan offices. The rooms are separated by 

interior drywalls that can be installed along the fit-out grid, as described in section 2.1.2.  

Moreover, the space layout design defines the location where different activities take place in 

the office space. It forms spaces for silent work and communication and thus influences the 

peoples’ interaction and the way information flows in the building. For that reason, the choice 

of the space layout design should be part of the organizational strategy and suitable for the 

company and its daily work. In the following, the different office types, which define the possible 

space layout design variants, are described. 

 

Figure 6. Space layout design with different office types (based on [8]) 
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The cellular offices can be used as single or multi-person offices with up to six workstation. 

The rooms are arranged along the façade and are accessible through a shared corridor, which 

is the circulation area [13]. This office type is often used in combination with other types to 

provide room for concentrated working or activities that require a high degree of confidentiality 

[8]. 

The group offices can accommodate up to 25 workspaces. They are arranged along the 

circulation area and can be open to these or separated with interior drywalls [13]. This type of 

office enhances communication, thus separate rooms for concentrated work should be 

provided [8]. 

The combi offices combine cellular and open-plan offices. In this type, rooms are arranged 

around a common area that includes a so-called “combi area”, which is an area for 

communication and socializing. Glass walls and doors to the common area often separate the 

rooms. [13] 

The open-plan office is a working landscape without corridors, which can has a size of 400 m2 

or more [13]. Within this open space, individual work and functional areas can be created by 

using furniture systems or small separating walls. This makes the space flexible to use 

depending on the tenants’ requirements. Therefore, open-plan offices are suitable for 

companies that have a dynamic organizational change. Due to the large number of 

workspaces, ensuring acoustic quality is a challenge, as well as room climate and lighting. [8] 

In addition to the mentioned types, there is a new concept called “non-territorial work 

environments”, which is developed to create more individual and flexible working 

environments. This concept is based on the open-plan office type, but all above-mentioned 

types can be integrated. In this modern open-plan office, different zones for communication, 

individual work and other activities are provided. Thus, employees can flexibly choose the 

space that fits to their current task. Moreover, building elements can be flexibly arranged to 

create zones for communication or lounge areas and provide zoning in large spaces. [8]  
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2.1.4 HVAC Systems 

HVAC systems are installed in office buildings to provide the office space with fresh air, heating 

and cooling. The previous mentioned fit-out grid defines not only the dimensions of the ceiling 

elements and the position of the lighting, but also the position where HVAC system can be 

installed [12]. In general, HVAC systems consist of the system configuration itself and its 

control zoning strategy, which defines the space in the building that is conditioned by the 

system and can be controlled individually. More details on control zoning can be found in 

section 2.3.1. Depending on the local climate conditions, the building design and the usage of 

the interior space, heating or cooling of the interior space is required. 

In the following section, common ventilation, heating and cooling systems for office buildings 

are presented. Regarding the flexibility of space layout design, HVAC systems that are 

integrated directly in the construction of the building, such as thermally-active building systems 

(TABS), provide more freedom of choice regarding the interior design. [14] This is the case, 

because no space for the construction elements of the systems need to be considered within 

the office space. 

Ventilation Systems 

In Table 3 common ventilation systems are presented, according to [14]. Ventilation systems 

are installed to provide fresh air in the building and can also be used to heat and cool the 

space. Alternatively, natural ventilation can be used by opening the window or other elements 

in the façade to provide fresh air. In this work, a supply and exhaust air system is investigated 

in different operation modes. This type of ventilation system supplies and exhausts air using a 

mechanical system. The supplied air can be conditioned and it is possible to integrate a heat 

recovery in the system. One disadvantage of this system is the high installation effort for the 

ducts. The advantage compared to natural ventilation is that the supply air temperature, the 

air change rate (ACH) and the air quality can be controlled more accurate. 
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Table 3. Ventilation systems in office buildings [14] 

Ve
nt

ila
tio

n 
sy

st
em

s 

Supply and exhaust 
air systems 

In general, supply and 
return air ducts are 
possible in the floor, ceiling 
and walls. Air ducts are 
integrated in the interior 
design.  
Mixed ventilation 
Diffusors are located in the 
ceiling and upper wall 
area. Small air ducts lead 
to high air velocities in the 
room.  
Displacement ventilation 
Large supply air inlets in 
the lower room area and 
exhaust air outlet on the 
top, lead to low air 
velocities in the room.  

 

Natural ventilation 
Opening windows or other 
elements in the façade to 
provide fresh air. 
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Heating Systems 

Even though the thermal insulation of buildings has been improved over the past years, 

buildings located in the moderate climate zone, such as Germany, still have a heating demand. 

Depending on the type of heating system, different temperature levels need to be provided by 

the system. If only a low supply temperature is required, which is the case for surface heating 

or TABS, energy from renewable source, such as geothermal collectors, can be integrated. 

In this work, TABS, radiant ceilings and air heating using the previous mentioned supply and 

exhaust air system are investigated in detail. In Table 4 an overview of common heating 

systems for office spaces are presented, according to [14].   

TABS are integrated in the concrete structure of the building and use the thermal capacity of 

the concrete to store the heat and transfer it to the room. TABS typically have large heat 

transfer surfaces, which is why only a low supply temperature is required. In office buildings, it 

is common practice to install TABS in the ceiling. For this, it must be considered that the ceiling 

area cannot be covered with acoustic elements or suspended ceilings. Moreover, TABS are 

slow reacting systems and thus cannot be controlled actively. However, through the high 

thermal inertia and the large surface area, they are able to maintain comfortable operative 

temperature in the room. 

In contrast, radiant ceilings can be controlled precisely and transfer heat only in specific parts 

of space, if necessary. A high power supply is possible but also a high supply temperature is 

required. This means that low exergy systems, such as heat pumps, cannot typically be used 

in combination with radiant ceilings.  

For air heating systems, the air can be heated in a centralized or decentralized way using 

heating coils. The system is fast reacting and can be actively controlled. One disadvantage is 

that high air change rates are typically necessary to cover the heating demand. 

Typically, radiators or convectors are installed as additional or stand-alone heating systems 

under windows in office buildings, to avoid cold air falling down the window side. Using modern 

triple glazing, it is not implicitly necessary. Surface heating is a mixture of TABS and radiant 

ceilings. [14]  
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Table 4. Heating systems in office buildings [14] 

H
ea

tin
g 

sy
st

em
s 

Radiators 

Radiators are often 
installed under windows 
and need to be integrated 
in the interior design. 

 

Convectors 
Convectors are often 
installed under windows or 
integrated in the floor. 

 

Surface heating Heating circuits are 
integrated in the screed. 

 

TABS 
Heating circuits are 
integrated in the concrete 
construction. 

 

Radiant ceiling 
Panels are suspended 
from the ceiling and 
provide local heating.  

 

Air heating 

Supply and return air ducts 
are possible in the floor, 
ceiling and walls. Air ducts 
are integrated in the 
interior design. 
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Cooling Systems 

Especially office buildings have a high cooling energy demand, because of the high internal 

gains caused by people, lighting and equipment. In addition, solar radiation and insufficient 

shading devices lead to undesired heating of the office space. In Table 5, common cooling 

systems are presented, according to [14]. 

In this work, the following cooling systems are investigated: TABS, radiant ceiling and air 

conditioning/air cooling in combination with circulation air cooling. Induction units are often 

used as additional cooling units to serve high cooling demand that occur for example in 

meeting rooms. 

The operating principle of TABS in cooling mode is similar to the operating principle in heating 

mode, described in the previous section on heating systems. For cooling purpose, TABS can 

only provide low cooling energy in comparison to other cooling systems, because only small 

temperature differences can be realized without condensation. 

In contrast, radiant ceilings can provide high cooling energy. The design can vary from 

integrated pipes in the plaster to suspended ceiling panels or cooling sails. They can be 

compared with heating panels or surface heating in their functional principle. The controllability 

of radiant ceiling are high, but surface temperature below the dew point should be avoided. 

Air conditioning or air cooling uses the same operating principles as air heating, described in 

the previous section on heating systems. Both are based on the supply and exhaust air 

ventilation system. An air conditioning system can also be using in circulation mode for 

circulation air cooling and to regulated the humidity of the air. [14] 
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Table 5. Cooling systems in office buildings [14] 

C
oo

lin
g 

sy
st

em
s 

Radiant ceiling 

Panels are suspended 
from the ceiling or cooling 
circuits are integrated in 
the plaster. 

 

TABS 
Cooling circuits are 
integrated in the concrete 
construction. 

 

Chilled beams 

Convectors are installed 
close to the ceiling and 
need to be integrated in 
the interior design. 

 

Induction units 

Induction units are often 
installed under windows 
and need to be integrated 
in the interior design. 

 

Fan coils 
Units are integrated in the 
upper room area or ceiling 
for local cooling. 

 

Air conditioning/ air 
cooling 

Supply and return air ducts 
can be placed in the floor, 
ceiling and walls and need 
to be integrated in the 
interior design. 
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2.2 Thermal Comfort 

Thermal comfort is an important factor of indoor environment quality and ensuring comfortable 

thermal conditions contributes the most to occupants’ satisfaction [15]. The ASHRAE Standard 

55-2010 [16] defines thermal comfort as “the condition of the mind in which satisfaction is 

expressed with the thermal environment”. In the following sections, the influencing factors on 

thermal comfort and approaches to evaluate thermal comfort are presented. A more detailed 

description of the influencing factors and approaches can be found in the literature [17-19]. 

2.2.1 Heat Balance of the Human Body 

The perception of thermal comfort derives from the need of the human body to maintain a 

constant internal temperature from around 36–38 °C. To evaluate the thermal state of the body, 

its heat balance has to be analyzed. [18] 

In general, the heat balance between the human body and the environment depends on three 

personal factors: the metabolic heat production due to the activity level, the thermal resistance 

of clothing and the evaporative resistance of clothing. Moreover, four environmental variables 

are considered: the air temperature, the mean radiant temperature, the air speed and the 

relative humidity. A more detailed description of each influencing factor can be found in 

literature [21, 22]. 

Depending on the result of the heat balance, the thermoregulatory system of the human body 

reacts in a way that it balance out the fluctuations and maintains the energy balance equal to 

zero. [18] These principles are the basis for Fanger’s comfort model, described in the next 

section. 

2.2.2 Operative Temperature 

When evaluating the thermal comfort, approaches often refer to the operative temperature to 

define the requirements for the indoor environment. As described in [17], the operative 

temperature is defined as the uniform temperature of an imaginary enclosure in which the 

exchange of dry heat by radiation and convection will be the same as in the actual environment.  

  



 

2 Fundamentals 

 

 24 

It can be expressed as [23]: 

𝑇𝑇op =  
(ℎconv ∙ 𝑇𝑇air + ℎrad ∙ 𝑇𝑇mr)

(ℎconv + ℎrad)
 (2-1) 

where  

𝑇𝑇op is the operative temperature,  

𝑇𝑇air is the air temperature,  

𝑇𝑇mr is the mean radiant temperature of the surrounding surfaces,  

ℎconv is the convective heat exchange coefficient and  

ℎrad is the radiant heat exchange coefficient for the human body. 

Under certain conditions, that are most of the time present in air-conditioned spaces, the 

operative temperature can be simplified as followed [17]: 

𝑇𝑇op =  
(𝑇𝑇air + 𝑇𝑇mr)

2
 (2-2) 

Equation (2-2) can be applied if the occupant’s metabolic rate is between 1.0 met and 1.3 met, 

no air velocities greater than 0.2 m/s  occur and the difference between the air temperature 

and the mean radiant temperature is below 4 °C. 

2.2.3 Static and Adaptive Approach 

In this section, the static and adaptive approaches to evaluate the occupant’s satisfaction with 

the interior thermal conditions are presented.  

On the one hand, one static or heat balance approach, which relates to the heat balance of a 

human body (described in section 2.2.1), is used in the standard EN ISO 7730:2005 [24]. In 

order to maintain a constant human body temperature the human body interacts with the 

surrounding environment [25]. The basis for Fanger’s comfort model [25] are steady-state 

experiments in controlled climate chambers. The static approach derives from this model 

combined with an empirical study that predicts the occupant thermal comfort. 

On the other hand, the adaptive approach, which defines a comfortable temperature range 

depending on the prevailing outdoor climate conditions, is described in in the standards EN 

15251:2012 [26] and ASHRAE 55:2010 [16]. An adaptive approach uses data from field 

studies of occupants in buildings and refers to a higher range of comfortable conditions, 

because it is assumed that the occupant can adapt to the prevailing climate conditions. As 
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described by de Dear and Brager [27], three categories of thermal adaptation can be 

distinguished: the behavioral, physiological and psychological adaptation. As a result, the 

comfort temperature depends on the environment the occupant is exposed to. Moreover, it is 

assumed that the preferred indoor temperature of the occupant varies with the outdoor climate 

conditions. Therefore, those models are based on the occupants’ behavior and the outdoor 

climate conditions. Derived from field studies with extensive databases [27, 28], adaptive 

comfort models and standards have been defined. De Dear and Brager [27] define an adaptive 

model as: “a linear regression model that relates indoor design temperature or acceptable 

temperature ranges to outdoor meteorological or climatological parameters”. In general, to 

calculate the optimum comfort temperature the following form of Equation (2-3) can be used 

[28]: 

𝑇𝑇𝑐𝑐 = 𝑎𝑎 ∙ 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑏𝑏 (2-3) 

where  

𝑇𝑇𝑐𝑐 is the indoor comfort temperature,  

𝑇𝑇out is the outside temperature index and  

𝑎𝑎, 𝑏𝑏 are constants. 

A detailed description of both the static and adaptive approaches can be found in [18]. In this 

dissertation, an adaptive approach is used to evaluate thermal comfort in flexible office spaces. 

This adaptive approach is defined in the national appendix of DIN EN 15251 [26]. As stated in 

Equation (2-4)–(2-6) the comfortable operative room temperature (Top) is defined, depending 

on the ambient temperature (Tamb). Moreover, a dead band of ±2 K around the temperature 

set point curve is applied. 

𝑇𝑇op =  22                                              (𝑇𝑇amb ≤ 16 °C) (2-4) 

𝑇𝑇op =  18 + 0.25 ∙  𝑇𝑇amb                   (16 °C < 𝑇𝑇amb < 32 °C ) (2-5) 

𝑇𝑇op =  26                                              (𝑇𝑇amb ≥ 32 °C) (2-6) 
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2.3 Building Performance Simulation 

In order to predict the performance of a building during its life cycle, building performance 

simulation (BPS) can be carried out. BPS uses building models, which are for example based 

on physical fundamental principles, to formulated a building in mathematical descriptions [29]. 

One part of the BPS is the thermal building simulation, which is used to model the thermal 

behavior of a building. This model-based analysis can be used in the conceptual and detailed 

design phase for evaluating the building design [29], the HVAC system configuration [30] and 

in the operation phase for example for an model-based control of buildings [31]. 

To perform a thermal building simulation the building needs to be divided into thermal zones. 

Based on the energy balance in a thermal zone, the energy demand and thermal behavior of 

the zone is predicted. As input parameters, the thermal building simulation needs the building’s 

geometry, the construction material’s properties, the weather data of the location, the internal 

heat gains by people, equipment and lighting, the specifications for the HVAC system, as well 

as schedules for the operation and control of the systems. All these parameters are in dynamic 

interaction and influence each other. [30] 

In the following, first the thermal zoning to prepare a building for a thermal building simulation 

and the control zoning to define the area that is conditioned by an HVAC system are described. 

Then, the energy balance in an office space is illustrated. Afterwards, the mathematical models 

for the thermal building simulation with TRNSYS are explained. 

2.3.1 Thermal Zoning 

Most thermal building models rely on thermal zones to separate the space within the building 

into smaller areas and then calculate the respective energy demand and thermal behavior of 

these areas. Thus, “each zone forms a control volume over which heat transfer into and out of 

the zone is analyzed” [32]. A description of the energy balance and the heat transfer for an 

office space can be found in the next section. 

In literature, several terms can be found: thermal zone [33], thermal block [34] and HVAC zone 

[34]. Nevertheless, all terms indicate the same principle of dividing a building into areas with 

the same thermal behavior. Within a thermal zone, the properties of the space are assumed 

to be homogeneous [33].  

The method of thermal zoning is used in thermal building simulations. This principle, as 

described in Shin and Haberl [35], is not well documented and no standardized method of 

thermal zoning that can be applied easily to all types of buildings exists. The ASRHAE 
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Standard 90.1-2016 [33] gives some general guidelines that do not clearly indicate the size 

and position of thermal zones in a building. The guidelines recommend to separate core and 

perimeter areas in different thermal zones, separated by the façade’s orientation. Moreover, 

each floor should be in a separate thermal zone. 

In literature [34], the term “HVAC zones” refers to a space in a building, which indoor climate 

is conditioned by the same HVAC system. The HVAC zones of a building are defined in HVAC 

plans. In the modeling guideline of the Commercial Energy Service Network (COMNET) [34], 

which is an addition to the ASHRAE Standard 90.1-2016 [33], an HVAC zone is describes as 

“a physical space within the building that has its own thermostat and zonal HAVC system for 

maintaining thermal comfort”. Moreover, in this context a so-called “thermal block” can contain 

more than one HVAC zone and thus summarize HVAC zones with similar thermal 

requirements and a single control device. In summary, a single sensor measures the thermal 

behavior of an HVAC zone or a thermal block. Thus, the space in an HVAC zone has the same 

set point for the indoor environmental conditions, such as air temperature, CO2 or relative 

humidity. 

In this work, the term “control zone” is used for HVAC zones as they refer to the possibility of 

controlling the defined space within the zone. The term “thermal zone” describes a thermal 

zone in a thermal building simulation model. 

2.3.2 Energy Balance 

To understand the mathematical model behind the thermal building simulation, the heat 

transfer mechanism that influences the energy balance of a thermal zone need to be 

considered [29]. They can be categorized by the way heat is exchanged between the thermal 

zone and its surroundings, consisting of convection, conduction and radiation. 

In thermodynamics, energy that crosses the boundaries of a system is called heat if the energy 

transport is caused by a temperature difference between the system and its surroundings. [36] 

In general, the energy balance is calculated for each thermal zone and is used to obtain the 

heating and cooling energy demand of the building.  

According to DIN 18599 [37], the energy that is required in the thermal zone depends on the 

heat sinks and sources that influences the thermal zone. Depending on whether the energy is 

transferred into or out of the thermal zone, a heat sink or respectively a heat source is 

considered. These heat sinks and sources are categorized in four groups, illustrated in Figure 

5. The first group consists of conduction heat sinks or sources (Qcond) considering conduction 

through construction elements (Qcond,con) and thermal bridges (Qcond,tb), marked in green. The 
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second group consists of ventilation heat sinks or sources (Qvent) considering infiltration 

(Qvent,inf), mechanical ventilation (Qvent,mech) and natural ventilation when opening the windows 

(Qvent,nat), marked in blue. The third group consists of heat sources through solar radiation (Qsol) 

considering solar radiation through opaque (Qsol,op) and transparent (Qsol,trans) building 

elements, marked in orange. The fourth group consists of internal heat sinks or sources (Qint) 

considering internal heat sources from people (Qint,p), equipment (Qint,eq), lighting (Qint,li) and 

internal heat sinks or sources from the HVAC system (Qint,HVAC), marked in red. [37] 

 

Figure 7. Heat sinks and sources in a thermal zone for an office space 
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2.3.3 Thermal Building Simulation with TRNSYS 

One common tool to perform a thermal building simulation is TRNSYS [38]. With TRNSYS, 

building systems and buildings with multiple thermal zones can be simulated. To set up a 

simulation model with TRNSYS, the components from a library, the so-called TYPEs, can be 

used. Each TYPE describes a system mathematically. Using the multizone building model 

(TYPE 56) the thermal behavior of a building can be simulated. The thermal building model 

used by TRNSYS is based on an energy balance of a thermal zone. In TRNSYS, each thermal 

zone consists of one or more airnodes. These airnodes are used to calculate the energy 

balance of its control volume, which is marked in red in Figure 8. 

 

Figure 8. Convective heat transfer for an airnode in TRNSYS (based on [39]) 

To calculate the convective heat transfer to an airnode, seven variables are considered in the 

TRNSYS multizone building model, illustrated in Figure 8. The convective heat transfer to the 

airnode (�̇�𝑄conv) is then calculated as follows [39]: 

�̇�𝑄conv = �̇�𝑄conv,surf + �̇�𝑄conv,inf + �̇�𝑄conv,vent + �̇�𝑄conv,int + �̇�𝑄conv,cplg

+ �̇�𝑄conv,sol + �̇�𝑄conv,sols 
(2-7) 

where 

�̇�𝑄conv,surf is the convective gains from surfaces,  

�̇�𝑄conv,inf is the infiltration gains by the infiltration of the outside air,  

�̇�𝑄conv,vent is the ventilation gains by an HVAC system,  

�̇�𝑄conv,int is the convective gains caused by internal heat sources, such as people, equipment, 

lighting, radiators, etc.,  

�̇�𝑄conv,cplg is the gains due to an air flow from a neighboring airnode,  
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�̇�𝑄conv,sol is the convective gain by the solar radiation that is entering the airnode through a 

window and  

�̇�𝑄conv,sols is the convective gain by the solar radiation that is absorbed by an internal shading 

device. 

When defining multiple airnodes within one thermal zone in TRNSYS, a coupling statement 

allows defining the air flow between them. The convective heat gain resulting from this coupling 

is described with �̇�𝑄conv,cplg. The thermal capacity of an airnode is a separate input in addition 

to the volume of the thermal zone, because it also contains the thermal capacity of all objects 

within that volume, such as furniture. 

The longwave radiation can be calculated in a simplified manner using the star network model 

or in a more detailed way using the Gebhart matrix [40, 41]. When multiple airnodes are defined 

for one thermal zone, it is recommended to use the detailed radiation model. Therefore, in this 

work the detailed radiation model is used. The Gebhart method uses view factors to calculate 

the Gebhart matrix for longwave radiation. Thus, the longwave radiative heat transfer (�̇�𝑄rad,long) 

only depends on the temperature vector, optical and geometrical properties, as well as on the 

Stefan-Boltzmann constant. Hence, the energy balance for detailed radiative heat transfer to 

the airnode (�̇�𝑄rad) is defined as follows [39]: 

�̇�𝑄rad = −(�̇�𝑄rad,sol,dir + �̇�𝑄rad,sol,dif + �̇�𝑄rad,long + �̇�𝑄rad,int) + �̇�𝑄rad,surf (2-8) 

where  

�̇�𝑄rad,sol,dir is the radiative gains by direct solar radiation,   

�̇�𝑄rad,sol,dif is the radiative gains by diffuse solar radiation, 

�̇�𝑄rad,long is the radiative gains by longwave radiation,  

�̇�𝑄rad,int is the radiative gains by point sources (internal gains) and  

�̇�𝑄rad,surf is the radiative gains by from inside wall or window surfaces. 

For direct and diffuse solar radiation, it is distinguished between primary and secondary 

distribution, which refers to non-reflected and single-reflected solar radiation. Moreover, diffuse 

solar radiation can also be multiply reflected. [39] 

One part of the solar radiation that is entering the airnode through an external window is directly 

transferred as a convective gain (�̇�𝑄conv,sol) to the air. The calculation of the distribution of the 

remaining direct and diffuse solar radiation is based on the geometry of the thermal zone, 
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which the solar radiation is entering independent from the number of airnodes within in the 

thermal zone. In the detailed radiation model, the distribution of the direct solar shortwave 

radiation is calculated according to the current sun position for each time step. Doing so, the 

geometrical representation of the multizone building model is used. The diffuse shortwave 

solar radiation is calculated similar to the longwave radiative heat transfer (�̇�𝑄rad,long) using the 

Gebhart matrix [40, 41]. [39] 

To calculate the energy demand for a multizone building, it is possible to use the mathematical 

description of HVAC systems integrated in the multizone building TYPE 56 or to use separate 

TYPEs that define the systems in more detailed. In the following, the mathematical descriptions 

of the components for the HVAC systems used in this work are shortly presented. A detailed 

description of each TYPE can be found in the TRNSYS documentation [39]. 

Ideal Heating and Cooling System 

The ideal heating and cooling system (IHC) is a component, which is integrated in TYPE 56, 

can be used to calculate the energy required to control the temperature in the airnode in an 

idealized way. “Therefore the heating and cooling energy flow is directly connected to the 

airnode air temperature node” [39]. 

This method is described in [39] as follows: If the airnode temperature is within the defined 

temperature range, no power is supplied to the airnode by the system. If the airnode 

temperature is below or above that temperature range at the end of a time step, power is 

supplied to the airnode throughout the time step until it just reaches the temperature set point 

again. When the component is in heating or cooling mode, the temperature change of the air 

in the airnode is linear. 

Mechanical Ventilation 

For simulating the performance of a mechanical ventilation, TYPE 336 can be used, which is 

specified as air handling unit (AHU) with sensible and latent heat recovery. As described in 

[42], with TYPE 336 the energy demand for heating or cooling the air to meet a defined set 

point can be calculated. The AHU can consider air heat recovery, humidification, 

dehumidification and a bypass mode. The latter allows the system to recirculate the extracted 

air from inside the airnode back into the airnode directly, as illustrated in Figure 9.  
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Figure 9. AHU schematic in cooling mode (based on [42]) 

When entering the AHU, the outside air passes the heat recovery unit first. Depending on the 

temperature of the extracted air from the airnode (𝑇𝑇ext), heat can be transferred to the outside 

air. The efficiency of the sensible heat recovery depends on the mass flow rate of the outside 

air (�̇�𝑚out), the mass flow rate of the extracted air (�̇�𝑚ext), the temperature of the outside air 

(𝑇𝑇out) and the temperature of the extracted air (𝑇𝑇ext).  

The AHU operates in heating mode if the outside air temperature after heat recovery (𝑇𝑇hr) is 

below the supply air set point temperature (𝑇𝑇sup,set). The required heating power by the pre-

heating coil (�̇�𝑄heat,hc) is calculated as follows [42]: 

�̇�𝑄heat,hc = �̇�𝑚out ∙ 𝑐𝑐air ∙ (𝑇𝑇sup,set − 𝑇𝑇hr) (2-9) 

where 𝑐𝑐air is the specific heat capacity of the air. 

The AHU operates in cooling mode if the outside air temperature after heat recovery (𝑇𝑇hr) is 

above the supply air set point temperature (𝑇𝑇sup,set). The required cooling power by the cooling 

coil (�̇�𝑄cool,cc) is calculated as follows [42]: 

�̇�𝑄cool,cc = �̇�𝑚out ∙ 𝑐𝑐air ∙ (𝑇𝑇sup,set − 𝑇𝑇hr) (2-10) 

The electric fan power for the supply and exhaust fans (𝑃𝑃elec,fan,sup,𝑃𝑃elec,fan,ext) is calculated 

based on the actual supply and return air flowrates (�̇�𝑚sup, �̇�𝑚ext), pressure drops (𝛥𝛥𝑝𝑝sup,𝛥𝛥𝑝𝑝ext) 

and fan efficiency (𝜂𝜂fan) as follows: 
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𝑃𝑃elec,fan,sup = �
𝛥𝛥𝑝𝑝sup ∙ �̇�𝑚sup

𝜌𝜌air ∙ 𝜂𝜂fan
� /1000 (2-11) 

𝑃𝑃elec,fan,ext = �
𝛥𝛥𝑝𝑝ext ∙ �̇�𝑚ext

𝜌𝜌air ∙ 𝜂𝜂fan
� /1000 (2-12) 

where 𝜌𝜌air is the density of the air. 

When using the bypass mode, the amount of air that is recirculated from the extracted air can 

be defined. In normal operation mode when the AHU operates only with outside air, the 

recirculation fraction is zero. If no outside air is required, recirculation fraction can be set to 

one. 

More details about the AHU model can be found in [42]. 

Radiant Ceiling 

The input parameters for the radiant ceiling model, integrated in TYPE 56, are defined 

according to DIN EN 14240 [43]. The total power needed by the radiant ceiling depends on the 

thermal resistance of the ceiling, the fluid inlet temperature, the mean fluid temperature, the 

mean temperature of the radiant ceiling and the operative temperature in the airnode. To 

calculate the heat transfer coefficient (𝑈𝑈RC) the specific norm power (𝑃𝑃norm) can be used for 

the following approximation [39]: 

𝑈𝑈RC = 0.6 ∙ exp �
0.0469 ∙ 𝑃𝑃norm

3.6
� ∙ 3.6 (2-13) 

More details about the radiant ceiling model can be found in [39]. 

The mass flow in the pipes and the supply temperature of the RC is controlled with the 

differential controller (TYPE 2 [44]). 

Thermally-Active Building System 

To model a thermally-active building system (TABS), a component integrated in TYPE 56 can 

be used. Usually, the finite difference method or finite element method are used to calculate 

the three-dimensional heat transfer a building element. As this requires complex calculations 

and long calculation time, the TYPE 56 uses a simplified method, described in detail in [39]. 

This method is based on a resistance network of the TABS.  

The total resistance (𝑅𝑅tot) of the system can be calculated as follows [39]: 
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𝑅𝑅tot =  𝑅𝑅x + 𝑅𝑅z + 𝑅𝑅conv + 𝑅𝑅cond (2-14) 

where 𝑅𝑅x is the resistance in x-direction, which only depends on the distance between the 

pipes, the pipe diameter and the thermal conductivity of the material. 𝑅𝑅z is the resistance in z-

direction, which describes the temperature change of the fluid along the pipe coil. The thermal 

resistances (𝑅𝑅conv,𝑅𝑅cond) describe the heat transfer from the fluid through the pipe shell to the 

concrete. It is distinguished between the thermal resistance by convection (𝑅𝑅conv) and the 

thermal resistance by conduction (𝑅𝑅cond). All resistances are calculated according to [45].  

More details about the TABS model can be found in [39]. 

2.3.4 Simulation Framework 

In this work, the open source tool TRNLizard [46] is used to setup the thermal building model 

for the simulation with TRNSYS. TRNLizard is an application programming interface (API) 

plugin for the generative tool Grasshopper [47] for Rhinoceros 6 [48]. Grasshopper is available 

as an API plugin for Rhinoceros 6, which is a computer-aided design (CAD) program. It can 

be used to setup a parametric building model using visual programming language. The 

complete workflow with TRNLizard is illustrated in Figure 10. 

 

Figure 10. Workflow with TRNLizard 

A parametric building model is a digital representation of a building and based on objects that 

are defined with parameters and rules, as described in [49]. Using these dependencies, the 

generation of a high number of variants within a short time can be enabled.  Parametric 

modeling is often used in architectural design, because different designs can be generated 

and evaluated efficiently. Moreover, parametric models can be used for thermal building 

simulations to generate different building models fast, thus facilitating the optimization of their 

parameters. In practice, generative tools, such as Grasshopper, which work with visual 
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programming languages, are used to generate parametric models. Those tools use blocks 

containing a program code that are connected with other blocks to build up a logical system. 

TRNLizard can be used to connect a parametric building model with the thermal building 

simulation software TRNSYS. TRNLizard allows completely automated setup of the thermal 

building model and the generation of all TRNSYS input files. Geometric elements and their 

associated properties modelled in Rhinoceros and Grasshopper can be used in the TRNLizard 

component to define the building model. All parameters that are necessary for the thermal 

building simulation can be defined with TRNLizard. Moreover, the parametric functionalities 

from Grasshopper can be used. By defining the changing parameters, different variations of 

geometry and other modelled aspects be can be investigated. Accordingly, the simulation 

models of the different variants are generated with TRNLizard. In this workflow, TRNSYS is 

used as component library and simulation engine. [46] 
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3 State of the Art 
In this chapter, the literature on thermal comfort in flexible office spaces is reviewed, focusing 

on the flexible office space design, robust HVAC system design and control and developments 

in thermal zoning for the building performance simulation (BPS). Each section includes a 

summary of the most important points for this dissertation obtained from the reviewed 

literature. Moreover, the contribution of this dissertation is described, which correlates the 

above mentioned topics in a novel way to enable an office space design for flexibility approach. 

3.1 Flexible Office Space Design 

While the building’s envelope and its structural elements are in long-term use, the interior 

space experiences numerous shorter-term changes to adopt to the prevailing needs of the 

occupants. [50, 51] Especially in office buildings, the space layout needs to be repeatedly 

redesigned to meet the tenants’ requirements in the operation phase. As mentioned in [8]: “For 

this reason, the design of office buildings is much more than a schematic arrangement of 

layouts; rather, it presents a highly tailored task involving building as well as interior design, 

with the fundamentals having to be established anew for each project”. 

This is also reflected in the life cycle cost of a building: “Many buildings demonstrate that initial 

construction costs are a small fraction of the lifetime construction costs of the building” [51]. 

Moreover, in office buildings, only a quarter of the total life cycle embodied energy is required 

in the initial construction of the building [52]. The remaining embodied energy accounts for 

renovation, replacement, maintenance and rearrangement of building systems and interior 

structures. 

Lucas et al. [50] investigated frequency of changes in 28 office buildings over a period of 47 

months. Moreover, they classified them into different types of changes. An extract of their 

results for office buildings is shown in Table 6. “The average number of changes per site-year 

can be interpreted as the percentage of buildings of a specific type that could be expected to 

undergo changes of the type identified each year if the changes are assumed to be randomly 

distributed across buildings” [50]. In reality, some buildings change more frequently than 
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others. For example, the number of changes of the type tendency, within one building ranged 

from 0–2 times within the 4 years of monitoring. In general, changes in the occupancy, which 

include business type, tenancy, full and partial vacancy, involve major restructuring of the 

building and adaptation in the space layout design to fulfill the new space requirements. The 

relatively high frequency of these change types indicate the need for flexible office space 

designs. However, this study does not explicitly mention the lifetime of the space layout design. 

A detailed description of the lifetime of different parts of the building can be found in section 

2.1.1. 

Table 6. Frequency of changes in office buildings: percentage of buildings that undergo a change within one site-

year (based on [50]) 

Type of change Description Frequency of changes 

per site-year 

Business type The business type change to another one. This involves a 

conversion of the space layout design. 

1 % 

Tenancy The tenants change. This involves a conversion of the space layout 

design. 

5 % 

Full vacancy The entire buildings becomes vacant. 10 % 

Partial vacancy Parts of the building becomes vacant. 11 % 

Equipment Equipment is changed, added or removed. 

- Small pieces of equipment 

- Lighting 

- Heating/cooling equipment 

 

32 % 

8 % 

6 % 

Remodel Structural changes in absence of other changes are done. 4 % 

Unclassified load A change in load is identified (not classified). 20 % 

Electrical change The electrical distribution system is changed. 1 % 

Unclassified spike A change in load for a short time is identified (not classified). 9 % 

 

The overall frequency of change in office buildings is high in comparison to other building types 

[50]: “[…] 50% of the buildings experienced one type of change during the 2 years for which 

monitoring data were examined.” Moreover, they found that larger, older office buildings tend 

to experience changes more frequently than smaller, newer buildings. Some types of change 
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also have an impact on energy demand: tenancy is identified to have an influence on energy 

demand in all monitored buildings; equipment and partial vacancy have an influence on energy 

demand in most evaluated buildings. 

In literature, no studies directly focusing on office space flexibility and its effect on thermal 

comfort and energy efficiency are found. Nevertheless, some studies compared different office 

space layout designs [53-55], performed parametric studies with office buildings to identify 

suitable building parameters [56, 57] or addressed the influence of the space layout design on 

energy demand in buildings in general [58]. These studies are presented in more detail in the 

following sections. 

3.1.1 Flexibility in Office Space Design 

Flexibility and adaptability is one criterion of the sustainable building certificate of the German 

Sustainable Building Council (DGNB) and includes the flexibility of the space layout design 

and the HVAC systems. “This criterion is aimed at making the building’s design as flexible as 

possible and creating the greatest possible potential for conversion“ [59]. Thus, a flexible 

building can easily be converted for another usage. Moreover, it is the second most important 

criteria for the economic quality of office buildings, accounts for 7.5 % in the total rating of a 

building and will become increasingly important. The highest score can be reached if no 

structural adjustments are necessary to change the systems. [59]  

Many studies that focus on designing office buildings that fit the occupants’ needs have been 

carried out. The studies presented in the following paragraphs use parametric models to 

identify the influence of the office space design on the building’s performance, including energy 

efficiency and aspects of occupants’ satisfaction, such as thermal comfort. Although some of 

these studies focus on aspects that are not central to this dissertation, such as the building 

envelope, their methodology is of high relevance. 

Gratia and De Herde [56] conducted a parametric study to identify the design parameters that 

are most relevant to achieve an energy-efficient office building. They formulated generic 

guidelines and identified the most important influencing factors for the energy efficiency and 

indoor climate in office buildings. These factors are the building’s insulation, internal gains from 

people, equipment and lighting, the size and orientation of the windows, ventilation of the space 

and the overall thermal inertia of the building’s construction. As mentioned in [56]: “In an office 

building, the number of parameters influencing energy consumption and interior climate is very 

high.” Thus, they showed that performing a parametric study to investigate the influence of 

several parameters are a suitable methodology for office buildings. 
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Moreover, a recent study [57] identified optimization potentials for office buildings, including 

the construction elements and envelope to reduce heating loads. This study uses a parametric 

approach to generate several design variants of the same office space and purpose, leading 

to design guidelines focusing on low-tech design strategies and robustness of energy demand 

and thermal comfort in summer. In addition, a brief comparison between a mechanical 

ventilation system and a radiant ceiling to cool the office space shows better result in thermal 

comfort, energy efficiency and robustness for the latter. As a conclusion, they suggest to use 

low-tech strategies as major optimization parameters and point out that “even the 

implementation of only one technical system creates a high degree of robustness with regard 

to the indoor climate conditions in the room” [57]. They define a design as “robust”, if the 

building parameters change without a significant change in energy demand or thermal comfort. 

Moreover, they have also shown that a parametric approach is suitable for investigating office 

spaces. In this work, also the robustness of office spaces is investigated using a parametric 

model approach. However, the HVAC system configuration is investigated in more detail and 

the focus is on flexible space layout design and control zoning strategies, rather than on 

building parameters. 

3.1.2 Influence on Energy Demand 

While most studies developed approaches to optimize the more enduring parts of a building, 

such as the envelope, floor shape and fenestration, only few authors [58, 60] have addressed 

the potential of rearranging the more flexible space layout design.  

This lack of studies could result from the finding [58] that using core/perimeter zoning, which 

is widely employed to divide a building model into thermal zones to perform a BPS, shifts the 

attention toward the envelope while the optimization potential of the space layout design is 

overlooked. The core/perimeter zoning, according to  ASHRAE Standard 90.1 [33], divides the 

building in perimeter zones for each orientation and a core zone.  

Dogan et al. 2015 [58] focused on the comparison of two different thermal zoning strategies 

for BPS. They compared BPS results derived from a model with the core/perimeter zoning with 

results from a model with a thermal zoning that strictly follows the space layout design of the 

building. They used 15 common types of residential and office buildings that differ in the 

following categories: ratio between circulation and used floor area, position of the circulation 

area and building shape. In general, 75 % of the results for the simulated energy use intensity 

(EUI) are with a ±15 % margin when comparing the two thermal zoning strategies. Depending 

on the actual space layout design, different results are received: Cellular office spaces with 

slab shape generate smaller errors, because the zoning strategies are similar for this space 



 

3 State of the Art 

 

 41 

layout design. One of the largest errors is obtained for the open-plan office spaces with slab 

building geometry. Moreover, large errors are obtained for variants where the unconditioned 

circulation area is at edge of the building and thus can serve as thermal buffer zone. In 

summary, they suggest that core/perimeter zoning should only be applied for early design 

evaluation when the actual space layout design is not known, otherwise “the efficiency 

improvement potential of the floor plan layout itself is overlooked” [58]. Therefore, a fine-

grained thermal zoning is suggested to investigate the different space layout designs, 

especially for open-plan offices. To explore the potential of optimizing the space layout design 

Dogan et al. [58] performed a brief proof-of-concept study. They simulated one floorplan with 

nine different space layout designs that have different position and sizes of an unconditioned 

circulation area and found that the space layout design has a significant influence on energy 

demand.  

Musau and Steemers [54] investigated the impact of space layout design and occupancy rate 

on the energy demand in office buildings. They considered five typical office space layouts and 

the level of occupancy ranges from 25–100 % occupancy rate. As a result, their “[…] analysis 

demonstrated that space planning and utilization have significant impacts on energy use and 

are important in assessing energy performance.” The cell and the combi office type, which are 

described in section 2.1.3, show a good match between energy demand and occupancy rate. 

However, the most energy-efficient space layout design is the open-plan office or mixed 

layouts rather than closed space layout designs such as the cell office type. They did not 

investigate a changing space layout design in terms of flexibility but point out that the 

importance of continuous adaptations since the office space changes frequently. 

3.1.3 Influence on Thermal Comfort 

Another relevant aspect besides energy demand, especially in office buildings, is thermal 

comfort. Thermal comfort is one part of the indoor environmental quality (IEQ), which also 

includes indoor air quality, visual and acoustic comfort. Wagner et al. [15] remarks that 

occupants’ satisfaction with the IEQ also has an effect on their motivation and performance. 

Taking into account that the personnel costs in companies are clearly above all other costs for 

the operation of the building, it is of great relevance to consider IEQ when designing a building. 

[15] 

Al horr et al. [61] confirms the link between IEQ and occupants well-being and satisfaction. 

Therefore, IEQ should be considered at an early design phase of a building. “Literature 

suggests that green building designs don’t automatically guarantee that the building designed 

will be comfortable and ensure occupant well-being” [61]. This statement underlines the 
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importance of considering both aspects, thermal comfort and energy efficiency, in office space 

designs. 

However, only few publications [53, 55] correlating the choice of office space layout designs 

to the resulting occupants’ thermal comfort level are found in the literature. Moreover, no 

publications have been found that use the same office floor plan to investigate the effect of 

different space layout designs on its thermal comfort and energy demand. Thus, the flexibility 

of space layout design is not investigated in details. 

Shahzad et al. [55] compare two different office space layouts with low and high level of 

controllability of the thermal environment. One is a cellular office building in Norway with 

individual controllability of heating, cooling, blinds, windows and air conditioning to ensure 

indoor air quality. The other is an open-plan office building in England with a low level of thermal 

control and centrally operated displacement ventilation. The level of controllability may be 

equated with the number of control zones in an office space. They conducted a survey with 

the occupants and found that the Norwegian office had a 35 % higher occupants’ satisfaction 

and 20 % higher thermal comfort compared to the British office. In both offices, the IEQ was in 

acceptable range. This is why they conclude that the non-availability of thermal control was 

the main reason for discomfort, which in turn is not necessarily due to the different space layout 

design. This result indicates that the number of control zones might have an influence on 

thermal comfort. However, the energy demand in the open-plan office was much lower the 

energy demand in the cellular office. “Overall, a balance between thermal comfort and energy 

efficiency is required, as either extreme poses difficulties for the other” [55].  

Not only thermal comfort and energy efficiency are important performance indicators in office 

spaces, but also financial aspects, which are directly connected to space usage, play a major 

role in choosing a suitable office space layout design. In this context, Saari et al. [53] studied 

the effects on overall costs of an office building in Finland when the area per person is 

increased. They take into account indoor climate as well by assuming to have a loss of 

productivity of the occupants if the indoor climate is not comfortable (temperature higher than 

25 °C), according to [62]. Moreover, they assume that too low ventilation rates and too high 

occupant density leads to sickness and thus short-term sick leave, according to [63]. “The 

results of this study suggest that an improvement in the quality of indoor climate is cost-

effective when its economic impact on health and productivity are taken into account in addition 

to the investment, operation and maintenance costs” [53]. Moreover, they found that the 

“conversion to cell offices was most expensive, while the conversion to open-plan offices was 

the cheapest, especially when the quality of the indoor climate was high” [53]. 
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3.1.4 Summary 

• The frequency of change in office building is high in comparison to other building 

types: on average one type of change occur within 2 years. 

• In office buildings, tenants change frequently. This can be one of the reasons why 

the space layout design need to be changed every 3–7 years.  

• No studies have been found that focus on the influence of a flexible space layout 

design on thermal comfort and energy demand in office spaces, even though 

flexibility is identified as one important criterion for sustainable buildings. 

• A parametric model approach has been proven to be effective in investigating 

changes in boundary conditions and to identify robust design parameters for office 

spaces. 

• Only few publications investigated the influence of the space layout design on 

energy demand, because the most commonly used thermal zoning strategy 

(core/perimeter zoning) shifts the attention towards the envelope. However, 

differences in energy demand occurred are mainly due to the different space 

usage, rather than the differences in the actual space layout design. 

• Thermal comfort is important for the occupant’s well-being and satisfaction and 

especially for motivation and performance at work. 

• The influence of space layout design on thermal comfort in office buildings has not 

been investigated in detail. 

Therefore, there is a need for flexibility in office space design to be able to react to changes 

and guarantee thermal comfort during the entire operation phase. Moreover, the influence of 

space layout design on thermal comfort and energy demand needs to be further investigated.  
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3.2 Robust HVAC System Design and Control 

The actual energy demand of a building in operation can be up to 2.5 times the energy demand 

calculated with a BPS. This difference is the so-called performance gap and occurs especially 

in the first year of operation and after interior renovations. [5] Even though there have been 

several efforts to close the performance gap, the possibility to react to an undesired building 

performance during the operation phase has not been investigated in detail. To be able to 

make adjustments for simultaneously maintaining energy efficiency and high thermal comfort 

and to react to unpredictable events, the HVAC system needs to be flexible. “Therefore, future 

research on improving the flexibility of building system is recommended” [5]. 

An HVAC system design that is robust can be adapted to several prevailing indoor climate 

conditions without compromising in thermal comfort or energy efficiency. Especially in office 

buildings, robust HVAC systems are necessary because of the frequently changing boundary 

conditions. This dissertation raise the question which HVAC system configuration provides a 

robust solution for a flexible office space and how its control zones should be designed.  

In this section, different HVAC system configurations and control strategies that have been 

investigated in office spaces are presented. 

3.2.1 HVAC System Comparison 

In the following, studies that compared different HVAC systems in terms of their performance 

in office buildings are presented.  

In an extensive study [64] on office buildings in Europe, strategies to reduce CO2 emissions 

are investigated. They performed an energy analysis based on actual monitored building data. 

“One of the reported findings is that the type of the HVAC system significantly influences total 

energy consumption” [64], which reflects the importance of HVAC system design. 

Olsen and Mattarolo [65] have evaluated and compared different HVAC system configurations 

for the use in office buildings and found that radiant systems generate better results in thermal 

comfort and energy efficiency than conventional air conditioning systems. 

In a recent study, Talami and Jakubiec [66] compared TABS and two types of radiant ceilings 

in terms of energy demand and comfort and found that radiant ceilings represent a feasible 

solution because of their low thermal inertia and fast response. The results are based on a 

BPS with a parametric model of an office building in Singapore. They identified the selection 

of the set point temperature, as well as the solar heat gain coefficient and window-to-wall ratio 

as crucial to achieve a good building performance. 
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Moreover, Korolija et al. [67] compared three mechanical ventilation systems for a cellular and 

an open-plan office in England. The systems are a centralized variable air volume and a fan 

coil system with heat recovery unit and a fan coil system without heat recovery. They found 

that the energy demand of individual zones within the building strongly depends on the 

distribution of the internal gains. “This study showed that even for the same activity (office), 

the difference in internal gains for open plan office arrangement and cellular office arrangement 

has significant implications for cooling and heating energy” [67], whereby open-plan offices 

showed higher energy demands. Moreover, a variable air volume system has a lower energy 

demand than the fain coil system used in in the open-plan office. However, if a fan coil system 

with heat recovery is installed instead of the fan coil system without heat recovery around 70 % 

of the heating energy demand can be saved. “The energy performance of an HVAC system 

depends not only on its configuration and operational parameters, but also on the 

characteristics of the heating and cooling demand of the building” [67]. In their study, one 

thermal zone is considered for the open-plan office, considering a homogenous room climate 

in this space. However, this assumption of a homogeneous room climate is often not fulfilled 

in reality. To consider this, the control zoning strategy of the HVAC system is important and 

will be explained in more details in the next section. 

3.2.2 Control Zoning 

To guarantee thermal comfort in office buildings, it must be possible to adjust the HVAC system 

according to the prevailing indoor climate conditions. This ability to control the indoor climate 

depends on the control zoning strategy of the HVAC system, because a control zone defines 

the area in a building that can be controlled individually [68]. Smaller control zones result in 

more controllability of the indoor climate conditions. The size of a zone can range from a portion 

of room (referred to as “fine-grained zoning”), over a room (referred to as “room-based zoning”) 

to a whole floor (referred to as “floor-based zoning”). A recent development are personal 

control systems for ventilation and thermal comfort, where each workstation is a separate 

control zone and the climate conditions can be controlled individually by the occupants. In 

general, it can be said that “[f]ewer zones will result in some level of discomfort. More zones 

than necessary will increase the first cost of the project” [68]. Moreover, more zones will also 

increase the complexity. However, the aim of control zoning is always to be able to respond to 

changing thermal conditions and maintain a high indoor environmental quality. Thus, a 

compromise has to be found. Moreover, the timing of loads typically influences zoning 

decisions in a room. “As an example, an east-facing office must be zoned separately from a 

west-facing office due to solar radiation patterns” [68]. 
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The process of dividing a building into thermal zones must be done before the HVAC system 

is planned in detail. In most cases, the defined thermal zones are then treated as control zones 

to control the passive and active systems in the building. Grondzik and Kowk [68] emphasize 

that each thermal zone “[...] must be provided with separate control if thermal comfort 

expectations are to be met”. 

Shin and Haberl [35] summarized that the literature provides a set of criteria to zone a building 

for HVAC system control. These criteria are solar gains, orientation, occupancy and their 

schedule and space usage. However, no systematic approach that can be applied to any 

building is available. 

Bres et al. [69] emphasize the significance of control zoning to evaluate both thermal comfort 

and energy demand. In their study, they distinguished between control zoning and thermal 

zoning to prepare a building model for the BPS. They found that the thermal zoning should be 

finer than the control zoning to evaluate load differences that could occur, because of a too 

coarse control zoning. In addition to the differences in heating and cooling load, differences in 

thermal comfort should also be taken into account. “However, these differences can be 

expected to vary significantly with HVAC system, control scheme and sensor location” [69]. 

This implies that depending on the HVAC system that should be evaluated, different level of 

detail of the thermal zoning should can be applied. Bres et al. investigated different residential 

floor plans and found that comfort violations increases with a coarser control zoning. Here, the 

temperature in the zone is up to 30 % of the time outside the comfortable climate conditions. 

However, the amplitude of errors vary strongly depending on the studied floor plan, this is why 

a separate investigation for each space layout design is recommended. As a result, they found 

that control zoning and internal gains have a high influence on their results for thermal comfort 

and energy demand. 

As mentioned in section 3.1.3, Shahzad et al. [55] confirm this result with their findings that the 

level of controllability and thus the number of control zones has an significant influence on the 

occupant’s thermal comfort. 

An extreme case for a very fine-grained zoning is personal ventilation. Here, the air 

conditioning operates on a workplace-specific level. To realize this, in [70] personalized 

ventilation systems with radiant ceiling are compared with a mixed ventilation system for an 

office room with two occupants. They found that radiant ceiling with personal ventilation provide 

enough fresh air and thus can maintain good indoor environmental quality. 
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3.2.3 Control Parameters 

Not only the size and position of the control zones have an influence on energy demand and 

thermal comfort in the building. The parameters that are used to control the HVAC system are 

equally important. Several studies have investigated the influence of parameters, which are 

taken into account in the building control on the buildings and HVAC system performance.  

Especially, the selection of the controlled variables [71], input parameters [72] and temperature 

set points [73] seem to have a significant impact in office buildings. Moreover, the consideration 

of disturbances such as occupants’ behavior and their spatial distribution [72, 74] are crucial 

for the performance of the controller. 

Wang et al. [74] used a neural network algorithm to estimate the spatial distribution of 

occupancy and used this information to control an HVAC system. This study showed the 

importance of occupancy information, because they obtained 20 % energy savings in a 

traditional open-plan offices. 

Applying the concept of a fine-grained control zoning, Nagarathinam et al. [72] addressed the 

energy saving potential considering the spatial distribution of the mean radiant temperature in 

open-plan offices to control air handling units (AHU). Even if the air temperature in an open-

plan office is relatively constant over the whole space, the mean radiant temperature can differ 

significantly. This is mainly due to the distribution of direct solar radiation: radiation entering 

the space through windows heats up the surfaces it reaches within the building, resulting in a 

higher operative temperature in those areas. The proposed predictive control method, which 

uses the mean radiant temperature and occupancy distribution as known inputs, achieves 

energy savings up to 21 % compared to a baseline PID controller, which only uses thermostats 

measurements and has no information about the occupancy distribution. The new control 

strategy “[…] give[s] additional savings of 7 % by maintaining regions at different set-points 

within the acceptable comfort limits based on the non-uniform spatial MRT [mean radiant 

temperature] information alone” [72]. In their study, only AHU are investigated and the size and 

position of the control zones are not varied. 

Wang et al. [71] considered the operative temperature in office buildings as the controlled 

variable for different HVAC systems. They simulated an office space with a mechanical 

ventilation (MV) system, a thermally-active building system (TABS) in the floor and a radiant 

ceiling (RC) for heating and cooling in Denmark, France and Italy. They obtained different 

results depending on the used HVAC system: If an MV is controlled based on the operative 

temperature, better results for the thermal comfort can be generated. However, this leads to a 

higher energy demand. For the radiant systems, TABS and RC, the opposite is the case. They 
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suggest that in north-facing office spaces an air temperature based control should be used for 

MV systems and an operative temperature based control for RC and TABS. For the south-

facing office spaces, only an operative temperature based control is recommended for all 

systems. The results indicate that the control strategy should be based on the specific 

boundary conditions in the office space, such as location of the investigated area, the space 

layout design and the HVAC system, and is difficult to generalize. 

Aryal and Becerik-Gerber [73] investigated comfort-driven temperature set points in office 

buildings. Their aim was to identify the impact of zone level set points instead of a centralized 

HVAC system control, which usually overlooks the thermal comfort preferences of occupants. 

The comfort set points are obtained from 400 comfort profiles and they “observed that setting 

zone level setpoints can increase occupant satisfaction compared to building level setpoints” 

[73]. This implies that a more fine-grained control zoning results in a higher occupant 

satisfaction. Compared to a fixed building level set point of 22.5 °C, the occupants’ satisfaction 

increased on average by 25 % and the energy consumption decreased by 2.1 %.  Compared 

to set point temperature of 24 °C for cooling and 21 °C for heating, the occupants’ satisfaction 

increased on average by 40 % and energy consumption increased by 6.2 %. “In other words, 

although the zone level set points are set based on occupant preferences, it was not possible 

to satisfy the requirements of all occupants. This is one of the limitations of using centralized 

HVAC systems in buildings because the entire zone is controlled at the temperature around 

the setpoint for that zone and occupants whose comfort range lies far away from the setpoint 

cannot be satisfied” [73]. As a result, they recommend personalized comfort systems that 

operate on a detailed level. 
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3.2.4 Summary 

• The HVAC systems need to be flexible, to be able to make adjustments during the 

building’s operation and to react to unpredictable events. In addition, a flexible 

HVAC system can help to react to the performance gap, which typically occurs in 

the first years of operation or after interior renovations. 

• The HVAC system should be robust enough to guarantee thermal comfort and an 

energy-efficient operation under changing boundary conditions, such as different 

usages and/or changes in the space layout design. 

• An extensive literature search revealed that there are no related studies, which 

addresses the applicability and robustness of different HVAC systems in flexible 

office spaces in terms of thermal comfort and energy efficiency in literature. 

• The comparison of different HVAC system configurations in office buildings shows 

great potential for radiant ceilings and recommends mechanical ventilation in 

particular with heat recovery. However, the actual performance of the HVAC 

systems depends strongly on the usage of the office space. 

• In general, the HVAC system design has a significant impact on the energy 

demand and indoor environmental conditions in office buildings. 

• The definition of the control zones has a significant influence on the performance 

of the HVAC system, especially few control zones that imply less controllability of 

an office space, can result in discomfort. 

• The spatial distribution of occupants and the mean radiant temperature in office 

spaces are important to consider in the control strategy. 

• Different control strategies or more precisely the number of control zones and the 

controlled variable are required for different HVAC system configurations. 

However, no extensive study on the correlation between the configuration and the 

number of control zones that should be selected to guarantee thermal comfort and 

an energy-efficient operation have been done so far. 

Thus, further research on the correlation between HVAC system design, which includes the 

system’s configuration, its control zoning and the controlled variable, and a flexible space 

layout design in office spaces is necessary to generate robust solutions in terms of thermal 

comfort and energy efficiency.  
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3.3 Developments in Thermal Zoning for BPS 

One way to evaluate the performance of a building including the HVAC system design is a 

building performance simulation (BPS). For this purpose, the building model needs to be 

separated in different thermal zones to calculate energy balance for each zone. The air in a 

thermal zone is assumed to be perfectly mixed, thus the climate conditions in a thermal zone 

accounts for the whole volume combined by the zone.  

Moreover, thermal zoning for BPS and control zoning for HVAC systems cannot be strictly 

separated, because they follow the same rules and purposes. For example “[…] facility 

managers can use zoning at an operational level, by deciding how to use the rooms available 

in order to mitigate the impact of a warmer climate” [75]. Thus, the presented concepts of 

thermal zoning can also be related to control zoning. As mentioned in the previous section, in 

order to evaluate control zoning strategies, the thermal zoning of the building model plays a 

crucial role. 

In this chapter, literature on the definition of thermal zones for the thermal simulation of office 

buildings and their influence on energy demand and thermal comfort are summarized. This is 

also relevant for the control zoning of HVAC systems and the development of the approach 

presented in this dissertation. 

3.3.1 Defining the Zonal Resolution 

The issue of zonal resolution for thermal building models has been addressed in various 

contexts. The zonal resolution defines the way a building is separated into zones, which 

includes the total number of zones, the size of each zone and their location in the building. 

In general, the method of thermal zoning for the BPS varies according to the level of knowledge 

about the building. It is distinguished between the conceptual design phase when the actual 

space layout design is unknown and the detailed design phase when the actual space layout 

design is defined already. In conceptual design phase, the ASHRAE standard [33] 

recommends to separate a building’s floor in one perimeter zone for each orientation and one 

core zone (referred to as “core/perimeter zoning”). In this phase the HVAC system 

configuration and control zoning is also defined. As mentioned before, Dogan et al. [58] criticize 

this simplified method, as it draws the attention to the building’s envelope and may overlook 

the improvement potential within the building. They developed an algorithm that automatically 

divides a building model in thermal zones according to the core/perimeter zoning to accelerate 

the modelling process for urban scale analysis. In the detailed design phase, in which the 
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space layout design is known already, different thermal zoning approaches are applied, than 

in the conceptual design phase. A common approach is to separate each room in one thermal 

zone (referred to as “room-based zoning”) and group zones with similar behavior.  

Moreover, it is important to mention that the process of dividing a building into thermal zones 

is based on the modeler’s experience and thus is not consistent across all building energy 

models. Thermal zoning is used to reduce the models complexity, but also the accuracy of the 

results is reduced “when dissimilar regions of a building are defined by a single zone” [76]. As 

one consequence, a building model’s behavior typically differs from the real building, which is 

then called performance gap, as mentioned before. 

As summarized in Shin and Haberl [35], the criteria mentioned in the literature for thermal 

zoning for HVAC system design are solar gains, orientation, occupancy and their schedule and 

space usage. Those are the same as for control zoning mentioned in the previous section. The 

authors give an extensive overview of thermal zoning strategies for BPS. Most reviewed 

studies focus on the traditional core/perimeter zoning rather than developing a new thermal 

zoning method. As a result, the study indicates that there is a significant variation in simulation 

model output and accuracy based on selection of the zoning method. “Future work should 

identify the buildings features most likely to have a great impact on thermal zoning” [35]. 

Only few publications define a method for thermal zoning applicable to various buildings. In 

this context, Georgescu and Mezić [76] uses the Koopman operator to identify areas of the 

building with the same thermal behavior and thus identify the optimal size and position for the 

thermal zones. Shin [77] presents a new method to define thermal zones using a grid structure 

within in the building. In his work, different thermal zoning methods are investigated and their 

correlation to the simulated energy demand is presented. The building shape, the window-to-

wall ratio, the window orientation and the climate condition are identified to have an impact on 

the thermal zoning approach. The number of thermal zones per floor, which Shin investigated, 

range from 1–12 zones. However, no internal loads are considered and no HVAC systems are 

simulated. 
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3.3.2 Influence on Energy Demand 

The following studies investigated the correlation between thermal zoning and energy demand. 

Beil De Souza and Alsaadani [78] investigated a speculative office building in London, with 

three different thermal zoning strategies: floor-based zoning with one zone for the whole floor, 

core/perimeter zoning and room-based zoning according to the space layout design. They 

found that “the zoning strategy seems to be influencing the results as much as the different 

internal gains and ventilation rates” [78]. Especially, the core/perimeter zoning underestimated 

the heating energy demand and overestimated the cooling energy demand compared to the 

more detailed room-based zoning. They conclude that the thermal behavior of a thermal zone 

is mainly influenced by the floor area, the window area and the internal gains. Moreover, they 

emphasize that more simulations are necessary to establish thermal zoning criteria for building 

models.  

Jiangshan et al. [79] investigated different simplification methods for thermal buildings models. 

One simplification is the number of thermal zones. In this context, three thermal zoning 

strategies were compared. As a result, a difference of 32 % between the energy demand 

obtained from a model with floor-based zoning and a model with room-based zoning according 

to the space layout design is achieved .  

As mentioned in the previous section, Bres et al. [69] addressed the issue of thermal zoning 

methods and conducted a case study with different control zoning strategies for apartment 

buildings. They suggest using a fine-grained thermal zoning of building models to quantify 

control inefficiencies due to too coarse control zonings. 

In summary, all mentioned studies confirm that the zonal resolution has an influence of the 

calculated energy demand of a building. Moreover, Dogan et al. [60] also found that depending 

on number of thermal zones the EUI deviates up to 8 %. In addition, they emphasize the 

importance of the boundary condition between the thermal zones. This boundary condition can 

be derived from the space layout design and includes the heat and/or mass transfer between 

two zones. As an example, the boundary condition can be defined as adiabatic or a 

combination of conduction, radiation and/or interzonal airflows. Compared with a single zone 

where the air is perfectly mixed, the different boundary conditions result in a variation of the 

annual heating energy demand of 41 % and annual cooling energy demand of 10 %. This 

implies the importance of the space layout design on the heating and cooling required in the 

thermal zones, because it defines the boundary conditions between the zones. A previous 

study on solar houses [80] confirms this findings, because they found that thermal zoning and 

interzonal airflows can have significant impact on the predicted energy demand and thermal 
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comfort. The authors show that building models with a coarse thermal zoning can 

underestimate energy demand and the level of thermal comfort. 

3.3.3 Influence on Thermal Comfort 

While most studies focus on energy demand, like mentioned in the previous section, only little 

attention has been paid to the impact of thermal zoning on thermal comfort in office spaces. In 

this context, De Wilde and Tian [75] identify the need for designing more flexible indoor 

environments to reduce the risk of overheating and emphasize that the thermal zoning of the 

building model has a significant effect on the predicted thermal discomfort. In their study, an 

office building is modeled with two different zoning strategies and is simulated during summer 

months to evaluate the overheating risk. They focus on how the BPS should be adapted to 

provide a reasonable tool for investigating the building’s behavior under climate change. As a 

result, they identified “[…] that the choice of [thermal] zoning method may have a significant 

influence on the predicted overheating risk and work performance under climate change” [75]. 

To investigate the energy demand a coarse thermal zoning, such as floor-based zoning or 

core/perimeter zoning, is sufficient, because the main impact factor are internal gains. 

However, these thermal zoning methods hide deficiencies in individual rooms. This is why for 

investigating the overheating risk or the thermal comfort a thermal zoning method oriented on 

the actual space layout design is suggested. They obtained different levels of thermal comfort 

in the thermal zones on the same floor. To deal with this issue the authors suggest “[…] to 

design more flexible indoor environments which allow repositioning occupants and office 

equipment” [75]. 

To model the indoor environment at an workplace level, Wagner et al. [15] remark that the 

calculated average temperature for a thermal zone may not reflect the actual thermal comfort 

conditions at a workplace near a window. Depending on the quality and size of the glazing, the 

local operative temperature can differ. Effects such as one-sided radiation or heat exposure 

due to solar radiation are not taken into account. 

As illustrated in our previous study [81], office space requires assessment on detailed level in 

order to evaluate thermal comfort and energy demand for a modern open space office. This 

dissertation is based on this principle and uses a fine-grained thermal zoning to investigate 

different control zoning strategies in a flexible office space. 
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3.3.4 Summary 

• The methods for thermal zoning for BPS can also be applied for control zoning of 

HVAC systems. Nevertheless, only few studies have investigated the correlation 

between thermal zoning and control zoning for different zonal resolutions of those 

two. 

• A distinction between thermal zoning for an unknown space layout design in the 

conceptual design phase and a known space layout design in the detailed design 

phase needs to be done. 

• Using only few zones, such as core/perimeter zoning or floor-based zoning, draws 

the attention to the building’s envelope and overlooks the potential of the space 

layout design to improve the building’s performance. 

• The boundary conditions between thermal zones have a significant influence on 

the energy demand of the zones. These boundary conditions are derived from the 

space layout design. Thus, thermal zoning should be based on the space layout 

design. 

• A coarse thermal zoning is suitable for determining the energy demand in 

conceptual design phase, but it hides deficits in individual rooms and areas of the 

office space. Thus, for the investigation of thermal comfort and control zoning 

strategies a fine-grained zoning should be selected. 

In summary, a fine-grained thermal zoning is necessary to evaluate thermal comfort in flexible 

office spaces, in particular the control zoning strategies and the space layout design. Moreover, 

the space layout design should determine the boundary conditions between thermal zones.  
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3.4 Contribution of this Dissertation 

In the following, the key points from the literature reviewed in sections 3.1–3.3 are summarized. 

They are relevant to understand the context and motivation of this dissertation. Afterwards, the 

gaps in the reviewed literature are highlighted and the contribution of this dissertation is 

presented. 

Key Points from the Reviewed Literature 

• In office buildings, the space layout design needs to be changed every 3–7 years 

and, on average, one type of change occurs every 2 years. Therefore, there is a 

need for flexibility in the office space design to be able to efficiently react to changes 

and guarantee thermal comfort during the entire operation phase of a building. 

• Space layout design seems to have a significant impact on the calculated energy 

demand in a thermal zone and on its thermal comfort. 

• The HVAC system should be robust enough to guarantee thermal comfort and an 

energy-efficient operation under changing boundary conditions, such as different 

usages and/or changes in the space layout design. 

• The definition of the control zones has a significant influence on the performance 

of the HVAC system. For example, the definition of too few control zones can result 

in discomfort for certain HVAC systems, because this implies less controllability of 

the office space. Thus, the control zoning strategy needs to be defined individually 

for each HVAC system configuration. 

• A fine-grained thermal zoning is necessary to evaluate the thermal comfort in 

flexible office spaces. Moreover, the space layout design should determine the 

boundary conditions between thermal zones. 

As a result, the reviewed literature suggests that a more detailed understanding of flexibility in 

office spaces, including a flexible space layout design and a robust HVAC system design, 

represents an untapped improvement potential for performance-based building design.  
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Gaps in the Reviewed Literature 

• The influence of the space layout design on thermal comfort in office buildings has 

not been investigated in detail. 

• In the literature, the applicability and robustness of different HVAC systems in 

flexible office spaces in terms of thermal comfort and energy efficiency has not 

been addressed. 

• Further research on the correlation between the HVAC system design, which 

includes the system’s configuration, its control zoning and the controlled variable, 

and a flexible space layout design in office spaces is necessary to generate robust 

solutions in terms of thermal comfort and energy efficiency. 

• No approach to model and evaluate flexibility in office spaces is published. This 

includes the following: 

(1) Modelling a flexible space layout design and the consequences for thermal 

comfort and energy demand in office spaces.  

(2) Supporting decision making on HVAC system configuration and their 

control zoning strategy in the conceptual design phase when the space 

layout design is not known exactly.  

(3) Supporting interior renovation decision making, which could be beneficial if 

one of the design parameters should be renovated without changing the 

rest. For example, when the position of a meeting room should be changed 

without changing the HVAC system or the control zoning or vice versa.  

In summary, it can be said that in particular the correlation between the topics mentioned and 

their application in flexible office spaces is not addressed in the literature. These gaps in the 

reviewed literature coincide with the objectives of this dissertation, defined in section 1.2.  
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Contribution of this Dissertation 

The main contribution of this dissertation is the proposal of a methodology that enables an 

office space design for flexibility by correlating the space layout and the HVAC system design, 

including its configuration and control zoning strategy. These correlations, illustrated in Figure 

11, are investigated with the aim of achieving flexibility, thermal comfort and energy efficiency 

in the office spaces. A BPS with a fine-grained thermal zoning is used for this purpose, as 

recommended in the reviewed literature. 

As a result, it is expected that the comprehensive understanding of the correlation between 

these design parameters will enable an office space design for flexibility in the future. 

  

Figure 11. Contribution of this dissertation 
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4 Building Modeling Methodology 
In this chapter, the building modeling methodology to develop an office space design for 

flexibility is described in the following order: First, a general description of the approach to 

model flexibility in office spaces is presented. It includes the definition of disturbances, constant 

and flexible design parameters, the setup of the parametric building model and the thermal 

building simulation. In the latter, the definition of thermal zones, airnodes and their boundary 

conditions are described. Moreover, the software framework, which is used to implement the 

approach, and the assumption and simplification that are made, are presented.  

Second, a case study with a speculative office space is investigated to show the feasibility of 

this approach. In addition to presenting the detailed characteristics of the building model, which 

is based on a typical modern open-plan office, a detailed description how to apply the proposed 

approach is given. Finally, the HVAC system design, including the HVAC system configuration 

and its control strategy, is presented. It is noted that certain aspects of this case study were 

published in [82]. 

4.1 General Approach: How to Model Flexibility? 

In this dissertation, an approach to model flexibility in office spaces is developed. Initially, the 

parameters that change most frequently in office space are identified based on the existing 

literature. During an office building’s life cycle, the space layout design and the HVAC systems 

change most frequently, as described in section 2.1.1. Thus, the presented approach models 

the space layout design, the HVAC system configuration, the control zoning strategy and the 

controlled variable as flexible design parameters. 

The overall concept of the approach is illustrated in Figure 12 and can be described with four 

steps, which are explained in the following section. This approach is then applies in a case 

study to a modern office space, as described in sections 4.2–4.2.5. 
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Figure 12. Approach to model flexibility in office spaces 
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4.1.1 Parametric Building Model 

In this section, the first three steps of the approach are described, resulting in the definition of 

the parametric building model. To model a flexible office space, a distinction is made between 

inputs that are equal for all variants of the office space (Figure 12.1) and those that change 

between the variants (Figure 12.2). 

Constant Design Parameters 

In the first step, all parameters that are assumed to be equal for all variants of the building 

model are defined. 

The constant design parameters are the building’s orientation and exterior geometry, including 

the façade grid that defines the dimensions of the possible space layout. Employing a building 

model with design parameters that are constant for all variants allows to investigate the 

influence of the flexible design parameters on thermal comfort and energy demand in an 

isolated manner. 

Disturbances 

Additionally, the disturbances that are equal for all variants are the internal gains from people, 

equipment and lighting in the office space. This includes the related schedules, which define 

the time period in which the internal gains occur. Moreover, the weather data and accordingly 

also the location are equal for all variants. 

Flexible Design Parameters 

In the second step, the parameters that can be changed in the building model are defined as 

flexible design parameters, which include the space layout design, the HVAC system 

configuration, the control zoning strategy and the controlled variable, whereas in this work the 

last three are treated in combination under the term “HVAC system design”. 

A typical method for designing the space layout is according to the façade grid, which is defined 

by the building’s geometry and structural design, as described in section 2.1.3. Interior drywalls 

can be installed along the grid structure and thus form different space layouts. In this case, a 

finite number of different space layout designs can be generated using this grid structure. The 

number of possible space layout designs determines the number of variants. 

Moreover, since the HVAC system design is frequently changed in office spaces, it is 

considered as a flexible design parameter in this approach. Therefore, different HVAC system 
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configurations, control zoning strategies and controlled variables can be selected to be 

evaluated in a flexible office space. 

Office Space Design Configuration 

If one option of each flexible design parameter is selected, a complete office space design 

configuration is defined, including one space layout design, one HVAC system configuration, 

one control zoning strategy and the controlled variable. An example of such a design 

configuration could be composed of space layout design no. 1, mechanical ventilation and fine-

grained control zoning, controlled according to the operative room temperature. 

Definition of the Parametric Building Model 

The third step is to combine the constant design parameters with the selection of the office 

space design configuration to generate a complete building model that can be simulated. The 

flexible parameters are parametrically defined and can easily be changed in the building model, 

as described in section 2.3.3. Therefore, all design variants can be simulated in an automated 

manner with a low manual effort using the parametric building model. By coupling the 

parametric building model with a thermal building simulation, it is possible to evaluate the office 

space design at a detailed level. 
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4.1.2 Thermal Building Simulation 

The fourth step is to use the parametric building model of each variant to setup and run a 

thermal building simulation over the period of 1 year. 

Definition of Thermal Zones and Airnodes 

The thermal zones for the thermal building simulation are defined according to the space layout 

design. Each room is represented with one thermal zone but can contain more than one 

airnode depending on the size of the room. The thermal zones are used to calculate the 

radiation balance, as described in section 2.3.3, whereas, each airnode is used to calculate 

the energy balance of the space it is representing. 

The total number and the size of the airnodes depends on the width and the length of the 

building and its façade grid, and does not change when the space layout design is modified. 

Moreover, it is assumed that each grid element defines the dimensions of one airnode. For 

instance, if the building is three grid elements wide and four grid elements long, the thermal 

building model consists of 12 airnodes, as shown in Figure 13. Here, the small room in the 

corner consists of one thermal zone with one airnode and the large open-space consists of 

one thermal zone with 11 airnodes. 

 

Figure 13. Definition of thermal zones and airnodes 

Boundary Conditions of Airnodes 

The boundary condition between adjacent airnodes depends on the physical layout in the 

building. In this work, also the boundaries of the thermal zone are equal to physical space 

layout in the building. Airnodes that are within the same thermal zone are coupled with a 

bidirectional airflow to model the air exchange within the room. If adjacent airnodes belong to 

different thermal zones, and thus rooms, an adjacent interior drywall is defined instead of a 

coupling airflow. The temperature of the drywall between two airnodes is calculated with the 
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temperature differences between the airnodes and the heat transfer through this wall, thus 

results in a heat transfer between these airnodes. These boundary conditions are adapted 

automatically when the space layout design is changed. 

Zonal Resolution 

In contrast to the traditional approach, which uses only one airnodes to assess a room, this 

approach uses multiple airnodes to evaluate thermal comfort and energy demand on a detailed 

level. This decision is based on previous research published by the author [81], where an office 

space with eight airnodes is modeled to investigate the effect of the space layout design and 

control zoning strategies on thermal comfort and energy demand. The results indicate that the 

zonal resolution is a crucial factor in the process of assessing the thermal comfort in flexible 

office buildings. To design an office space layout that avoids discomfort in an individual area, 

the selection of a sufficiently high zonal resolution in the thermal building model is suggested. 

Therefore, the thermal zoning of the building model should be fine-grained in this approach, 

whereas the façade grid dimensions determine the size and position of the thermal zones. 

Unlike the thermal zoning, the control zoning of the HVAC system (also called HVAC zoning, 

as described in section 2.3.1) is a flexible parameter in this approach. The zonal resolution of 

the control zoning can be determined using the methodology presented in this section. In the 

literature, only few publications address this question, a summary of which can be found in 

section 3.2. According to Bres et al. [69] “a simulation zoning finer than the HVAC zoning […] 

can be assumed to give more accurate results. In particular, it may allow the control 

inefficiencies deriving from a coarse HVAC zoning, i.e. local overheating or underheating, to 

be quantified.” 

The steps one to four are described in more detail in the case study in the sections 4.2–4.2.5. 

The research results for the case study are presented and discussed in chapter 5. 

Assumptions and Simplifications 

In this work, a software framework as described in section 2.3.4 is used. Once all input files 

are generated using TRNLizard, the thermal building models of all design configurations are 

automatically simulated with TRNSYS 18. Finally, the generated output data is than analyzed 

using a Matlab script [83]. 
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In the thermal building simulation, some assumptions and simplifications are made, which are 

listed below. 

• The air within one airnode of the building is well-mixed, resulting in a uniform 

temperature in the complete airnode 

• The infiltration through the building’s envelope does not vary due to outside 

weather conditions. 

• The influence of neighboring buildings or objects on the simulation model, for 

example regarding the reduction of solar gains, is not considered. 

• The schedule of the internal gains does not consider public holidays nor seasonal 

variations in the occupancy. Instead, it only differentiates between weekdays and 

weekends, each of which have the same schedule throughout the year. 

• It is assumed that the heat capacity of the zone is time-invariant and is calculated 

by the heat capacity of the air in the zone multiplied by a factor of 3 to account for 

other internal mass, such as furniture. 

• The temperature set point for the HVAC systems is assumed to be tracked perfectly 

without time delay or measurement inaccuracies. 

• The HVAC distribution system is assumed to be adiabatic and to react without time 

delay. Thus, an ideal control and operation of the system is assumed. 

• No active humidification or dehumidification systems are considered in the 

mechanical ventilation system. Thus, the latent heating and cooling energy 

demand is not considered.  
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4.2 Case Study: Modern Office Space 

Using the approach described above, a case study with a speculative office building is carried 

out. In this case study, a typical office space is modeled, based on literature and expert 

interviews. The aim is to generate results to evaluate the presented approach and draw 

conclusions for an office space design for flexibility, presented in chapter 5. 

In the following sections, the disturbances, the constant and the flexible design parameter of 

the office space are described in detail, resulting in the office space design configurations and 

the setup of the thermal building model. 

4.2.1 Weather Data 

In this case study, the weather data from the Meteonorm database [84], which is included in 

TRNSYS 18, is used. The weather station is located in Stuttgart, Germany (N 48.833°, E 9.2°, 

318 m a.s.l.). Meteonorm uses measurements from several years in order to calculate a 

representative dataset for the weather data. In the case of Stuttgart, the outdoor air 

temperature and the global solar radiation are calculated with data from 2000–2009 and 1996–

2015, respectively. 

In Figure 14, the monthly mean global solar radiation and ambient temperature for a 

representative year in Stuttgart are shown. Figure 15 presents the hourly values for the 

absolute humidity and the ambient temperature. The weather in Stuttgart is typical for a 

location in the temperate climate zone: The ambient temperature and global solar radiation 

vary strongly over the year. The weather data indicates a hot season (summer) between June 

and September, marked in red, and a cold season (winter) between November and March, 

marked in blue in Figure 14 and Figure 15.  

The ambient temperature varies in the course of the year from -13 °C in winter to 32 °C in 

summer with an annual mean ambient temperature of 9 °C. Therefore, heating is required in 

winter and cooling in summer. Even when a high temperature occur during the day in summer, 

night cooling with natural ventilation can be used, because the temperature drops during 

nighttime. The absolute humidity and the global solar radiation reach their highest values in 

summer. However, surface cooling systems can be installed almost without causing any dew 

point problems, as long as the supply temperature of the cooling medium is kept above a 

certain limit. 
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Figure 14. Monthly weather data for Stuttgart 

 

Figure 15. Ambient temperature and absolute humidity for the location Stuttgart, Germany 
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4.2.2 Building Model 

In the following section, the building model, which is based on a typical office building in 

Stuttgart is described. Here, the constant design parameters, including the building geometry 

with the grid dimensions and the construction parameters are defined. Afterwards, all internal 

gains and their related schedules, which are considered as disturbances in the thermal building 

simulation are presented.  

Building Geometry 

As shown in Figure 16, the building has three stories and a regular structural and façade grid. 

Windows are installed on all façades of the building. The building has a rectangular shape, 

which is typical for an office building and can be categorized in a ribbon shape, triple-loaded 

building or a point-block building, both with vertical circulation areas in the middle of the floor 

plan, as illustrated in Figure 17. A more detailed description of the office building typology can 

be found in section 2.1.2.  

Based on this typical structural design, office buildings are designed for a flexible use of space 

[7]. Figure 18 shows one possible space layout design and furniture option of the office space. 

In this case, the planning, structural and façade grids are identical and form a square 7.2 m in 

length and 7.2 m in width. Only the fit-out grid is slightly different in the space layout design 

option, shown in Figure 18. For simplification, in the thermal building model all grids are 

identical. 

In this case study, only the middle floor of the office building is selected for simulation. The 

geometry of the resulting thermal building model is illustrated in Figure 19. The floor plan faces 

north and has a total length of 28.8 m, a width of 21.6 m and height of 3 m, composed of the 

previously described grid elements. Each grid element forms one airnode in the thermal 

building model, illustrated in Figure 19. 

 

Figure 16. Cross section (left) and view of the façade (right) (based on [85]) 
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Figure 17. Floor plan with planning grid (based on [85]) 

 

Figure 18. Floor plan with possible space layout design and furniture (based on [85]) 

 

Figure 19. Geometry of the thermal building model and airnode dimensions 
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Shading 

The building model has windows on all façades with a window-to-wall ratio of 0.6 and an 

automatically operated external shading device with a shading fraction of 75 %. The shading 

is controlled by an hysteresis, which activates the shading when the solar radiation on the 

façade exceeds 200 W/m2 [86] and deactivates it when the radiation falls below 150 W/m2. 

Moreover, additional shading options and control strategies were tested with this model. The 

results are documented in Appendix A. 

Construction Parameters 

For all office space design configurations, the construction of external walls, internal walls, 

floors and windows is identical. Moreover, the basic construction of the ceiling is the same for 

all office space design configurations. However, depending on the installed HVAC system, the 

ceiling needs to be slightly adopted. If a mechanical ventilation system is installed, a 

suspended ceiling to create space for the air ducts is necessary. If a radiant ceiling is installed, 

only the pipes are mounted to the ceiling. If a TABS system is installed, the pipes need to be 

integrated into the concrete layer. 

With regard to the thermal quality of the building, the standard values of the German 

EnEV 2014 [87], which are applicable for non-residential buildings, are fulfilled. 

The construction parameters are described in Table 7.  
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Table 7. Construction parameters 

Construction  Components Thickness  U-Value 

External wall  

 

Gypsum 

Concrete 

Insulation 

1.5 cm 

26 cm 

12 cm 

0.264  W
m2∙K

 

Internal wall 

 

Gypsum 

Insulation 

Gypsum 

1.25 cm 

10 cm 

1.25 cm 

0.318 W
m2∙K

 

Internal floor 

 

Wood 

Acoustic insulation 

Concrete 

2 cm 

4 cm 

28 cm 

0.743 W
m2∙K

 

Internal ceiling  

with MV 

 

Gypsum 

Air gap 

Concrete 

Acoustic insulation 

Wood 

1.5 cm 

50 cm 

28 cm 

4 cm 

2 cm 

0.493 W
m2∙K

 

Internal ceiling  

with RC 

 

Concrete 

Acoustic insulation 

Wood 

28 cm 

4 cm 

2 cm 

0.511 W
m2∙K

 

Internal ceiling  

with TABS 

 

Concrete 

Acoustic insulation 

Wood 

28 cm 

4 cm 

2 cm 

0.743 W
m2∙K

 

Window  Triple glazing with aluminum frame 

Solar heat gain coefficient: 0.5  

Solar transmittance: 0.71 

0.837 W
m2∙K

 



 

4 Building Modeling Methodology 

 

 72 

4.2.3 Internal Gains and Schedules 

The internal gains and their related schedules, which describe their occurrence over time, are 

defined individually for each airnode. A distinction is made between airnodes, which are 

located in the meeting room and airnode, which are located in the open-plan office. In general, 

the internal gains can be generated by people, equipment and lighting. A summary of all 

internal gains are listed in Table 8. 

For the open-plan office, it is assumed that each person is equipped with one laptop and two 

screens. Moreover, one printer for the complete floor is assumed and the lighting is turned off 

during midday. Figure 20 illustrates the schedules of the internal gains, including people, 

equipment and lighting, and the number of occupants in the entire open-plan office. 

For the meeting room, it is assumed that each person brings one laptop to the meeting. 

Moreover, one projector is assumed in the meeting room and the lighting is turned off during 

absence. Figure 21 illustrates the schedules of the internal gains, including people, equipment 

and lighting, and the number of occupants in the meeting room. 

In order to define the internal gains and schedules for the simulation study presented in this 

work, an extensive comparison between different applicable standards has been done. The 

results are presented in Appendix B. 

Table 8. Internal gains 

Parameters Open-plan office Meeting room Reference 

People Sensible heat gain 70 W 70 W [23] 

Latent heat gain 45 W 45 W [23] 

Area per person 10 m2 3 m2 [88] 

Equipment Equipment per person 103 W 

(1 Laptop + 2 Screens) 

53 W 

(1 Laptop) 

[23] 

Other equipment in room 1.5 W
m2 

(1 Printer) 

6  W
m2 

(1 Projector) 

 [23] 

Lighting Light power 10.6  W
m2 13.3  W

m2  [23] 
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Figure 20. Internal gains and schedules for the open-plan office 

 

Figure 21. Internal gains and schedules for the meeting room  
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4.2.4 Space Layout Design 

In the presented approach, the space layout design is defined as flexible design parameter 

and thus can be changed between the different office space design configurations. In the 

following, all space layout design variants, which are applied in this case study are presented. 

As illustrated in Figure 22 (left side), the floor plan is composed of 12 airnodes (“A1” to “A12”) 

of the same size, which align with the predefined grid. One airnode in the thermal building 

model is used as a meeting room and is separated with an interior drywalls of a full ceiling 

height. The rest of the office space is used as modern open-plan office without interior drywalls 

and consist of 11 airnodes. In order to model the air exchange in the open-plan office, the 

airnodes are coupled with a bidirectional airflow of 0.05 m/s [89, 90].  

In the following, the airnodes A1, A4, A9 and A12 are referred to as “corner areas”, the airnodes 

A6 and A7 are referred to as “core areas” and all other airnodes are referred to as “perimeter 

areas”. A detailed visualization of these areas can be found in section 5.3 (Figure 54). 

In order to model the flexibility of the office space layout, 12 different space layout designs are 

generated by placing the meeting room at the 12 possible locations on the floor plan, shown 

in Figure 22 (right side). These positions align with the façade grid, hereinafter referred to as 

space layout variants number 1 to 12. 

 

Figure 22. Floor plan with façade grid and space layout design variants no. 1–12 
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4.2.5 Office Space Design Configurations 

In the presented approach, a complete office space design configuration is a unique 

constellation of flexible design parameters, such as illustrated in Figure 12.3. This includes the 

selection of one space layout design, one HVAC system configuration, one control zoning 

strategy and the controlled variable. The office space design configuration together with the 

constant design parameters result in the parametric building model, which can be used to carry 

out the thermal building simulation. 

In the following, the flexible design parameters, which are used in this case study to build the 

office space design configurations, are summarized. 

Flexible Design Parameters 

As mentioned before, the flexible design parameters are the space layout design and the 

HVAC system design, including HVAC system configuration, control zoning strategy and the 

controlled variable. The HVAC system design is described in detail in the next section. 

For the space layout design, 12 options are available, for which a meeting room can be placed 

in 12 different locations according to the predefined grid: 

(1) – (12) Space layout designs no. 1–12 

For the HVAC system configuration, three options are available: 

(1) Only mechanical ventilation (MV) 

(2) Radiant ceiling with a basic mechanical ventilation (RC) 

(3) TABS with a basic mechanical ventilation (TABS) 

For the control zoning strategy, four options are available: 

(1) Fine-grained zoning 

(2) Core/perimeter zoning 

(3) North/south zoning 

(4) Room-based zoning 

For the controlled variable, two options are available: 

(1) Control according to the operative temperature in the control zone 

(2) Control according to the air temperature in the control zone 

 



 

4 Building Modeling Methodology 

 

 76 

Moreover, simulations with an ideal heating and cooling system (IHC) are carried out to 

investigate additional aspects of the building design, without considering the limitations and 

the thermal inertia of a specific HVAC system. The configurations with an IHC do not represent 

a realistic HVAC system configuration; however, they are necessary for a better understanding 

of the model’s behavior. 

Thermal Building Simulation 

If all office space design configurations that have been investigated in this case study are 

considered, the total number of building models generated is 360.  

This total number consists of 228 year-round simulations generated using all flexible design 

parameters mentioned above. In the simulations, each of the 12 airnodes is used to calculate 

the energy balance of the space it is representing and generates a total dataset of 8760 hourly 

values for the temperature and energy demand in the airnode. The results are presented in 

sections 5.2–5.3.  

Moreover, an additional number of 132 year-round simulations with an IHC are generated to 

evaluate the influence of the control zoning strategy and of different shading options on the 

results. The corresponding results for the control zoning strategy are presented in section 5.2.5 

and the results for the shading study are presented in Appendix A. 
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4.3 HVAC System Design 

The presented approach offers the possibility to compare different HVAC systems designs, 

including the HVAC system configuration, the control zoning strategy and the controlled 

variable. The HVAC system configuration and the number and position of control zones can 

be adjusted individually using the parametric building model, and thus are considered as 

flexible design parameters. Using this approach, an evaluation of each HVAC system and 

control zoning strategy in terms of thermal comfort, energy efficiency and sensitivity to changes 

in the space layout design can be done. Finding robust solutions for the configuration and 

control strategy of each HVAC system can support design decisions during the planning or 

interior renovation phase. In particular, the thermal comfort can be evaluated on a detailed 

level within the open-plan office to suggest HVAC zoning strategies for each configuration. 

In the following sections, the HVAC system configurations, the control zoning strategies and 

the controlled variables, which are investigated in the case study, are described in detail. Each 

HVAC system design is defined in accordance with common standards for office buildings and 

to provide comfortable indoor climate conditions.  

4.3.1 HVAC System Control 

Control Zoning Strategy 

In order to define a control strategy, the first step is to define the spaces in the building whose 

indoor climate should be individually controlled by the HVAC system. These spaces are known 

as “control zones”, as described in section 2.3.1. In order to obtain representative results, it is 

necessary to consider various sizes and numbers of control zones when investigating different 

HVAC system configurations.  

 

Figure 23. Control zoning strategies 
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In this case study, four different control zoning strategies for the open-plan office are evaluated. 

They are illustrated in Figure 23a-d with a decreasing number of control zones from fine-

grained zoning, core/perimeter zoning, north/south zoning to room-based zoning. Moreover, 

the meeting room, which is positioned according to the previously defined space layout 

variants, is always assumed to have a separately controlled zone. 

When fine-grained zoning (Figure 23a) is applied, the HVAC system can control the indoor 

climate individually at the airnode level. This leads to high flexibility in adapting to local heating 

and cooling loads. The sensor for determining the temperature of the controlled zone is placed 

in every airnode. In contrast when room-based zoning (Figure 23d) is applied, each room 

temperature is controlled individually, including all airnodes within that room. In this study, two 

rooms are distinguished: a meeting room with one airnode and an open-plan office with 11 

airnodes. 

Depending on the installed HVAC system, different control zoning strategies and sensor 

placements can be realized. To achieve this, a specific control strategy is developed for each 

system in order to implement the desired control zoning in the simulation model. 

Controlled Variables and Set Points 

After defining the control zones, the controlled variable is defined and the sensor to measure 

this variable is placed within the control zone. The most commonly used indoor climate variable 

to control HVAC systems is the air temperature. However, as mentioned in [71]: “[…] people’s 

thermal comfort responds to operative temperature more directly than air temperature”. This is 

why for the HVAC system variants in this case study, the room temperature is controlled 

according to the operative temperature set points defined in the national appendix of DIN EN 

15251 [26]. These set points describe a comfortable operative room temperature (𝑇𝑇op) 

depending on the ambient temperature (𝑇𝑇amb) according to Equation (4-1)–(4-3). Moreover, a 

dead band of ±2 K around this temperature set point curve is applied.  This method is defined 

as adaptive approach to evaluate thermal comfort, described in section 2.2.3. 

𝑇𝑇op =  22 (𝑇𝑇amb ≤ 16 °C) (4-1) 

𝑇𝑇op =  18 + 0.25 ∙  𝑇𝑇amb (16 °C < 𝑇𝑇amb < 32 °C ) (4-2) 

𝑇𝑇op =  26 (𝑇𝑇amb ≥ 32 °C)  (4-3) 
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As illustrated in Figure 24, the heating set point, which defines when the HVAC system is in 

heating mode, is equal to Top at the lower limit of the dead band. The cooling set point, which 

defines when the HVAC system is in cooling mode, is equal to Top at the upper limit of the dead 

band. The exact values of the heating and cooling set point depends on the ambient 

temperature. 

In order to evaluate the effect on thermal comfort of ignoring the operative temperature as the 

controlled variable, a control according to the indoor air temperature (Tair) instead of Top is 

simulated. The set points are defined according to Equation (4-1)–(4-3), too. To find the most 

suitable solution for each HVAC system, a comparison between the control strategies with Tair 

and Top is made. 

 

Figure 24. Heating and cooling set points as a function of the ambient (Tamb) and operative (Top) temperature  
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4.3.2 Ideal Heating and Cooling System 

Initially, the building model is simulated with an ideal heating and cooling system (IHC) with 

unlimited power supply, as described in section 2.3.3. This method does not consider a realistic 

HVAC system configuration, but conditions the space in an idealized way. These variants are 

simulated to analyze only the influence of the control zoning strategy on thermal comfort and 

energy demand, without considering the inertia and limits of a specific HVAC system. 

Moreover, a study with different shading options is carried out using the IHC, presented in 

Appendix A. 

The parameters assumed for the simulation setup with an IHC are shown in Table 9. 

Table 9. Simulation setup for variants with an ideal heating and cooling system 

Parameters Open-plan office Meeting room Reference 

Temperature set point 𝑓𝑓(𝑇𝑇amb),  

according to Eq. (4-1)–(4-3) 

𝑓𝑓(𝑇𝑇amb),  

according to Eq. (4-1)–(4-3) 

[26] 

Controlled variable Top or Tair Top or Tair  

Power limit Unlimited Unlimited  

Daily operating hours 5 a.m.–7 p.m. 5 a.m.–7 p.m.  

Air infiltration 0.1 1
h
 in all airnodes 0.1 1

h
  in all airnodes [86] 

Control Strategy The parallel model is used to calculate the power limit of each time step for the 

ideal heating and cooling component in the airnodes of the original model. 

Therefore, all airnodes within the same control zone have the same power limit 

and thus also power supply. 

Control Zoning Strategy 

To model a control zone for an IHC, a novel approach have been developed. In the following, 

this approach is described for modelling the open-plan office as one control zone, following the 

room-based zoning strategy explained before. For each variant, a parallel model is built with 

the same properties as the original building model. The only difference between the parallel 

model and the original building model is that the open-plan office in the parallel model consists 

of one airnode instead of 11 airnodes, illustrated in Figure 25. This is necessary, because the 

IHC always provides enough heating and cooling power to keep the indoor climate of the 

airnode in comfortable conditions, as explained in 2.3.3. If the number of airnodes is reduced 

to one, the IHC would only calculate the heating and cooling power for this one airnode and 
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would ignores the heating and cooling load in the other airnodes. By employing the parallel 

model, an ideal heating and cooling for one control zone and not one airnode can be enforced. 

With the simulation results from this one airnode in the parallel model, the mean heating or 

cooling power required in each time step for the open-plan office can be calculated. This mean 

power is then supplied to each airnode of the open-plan office in the original building model. It 

is noted that this mean power is applied independently of the power these airnodes would 

require if they were individually controlled with IHC. By applying the steps described previously, 

a room-based control zoning with IHC can be simulated and thus the limitations in TRNSYS in 

this respect are overcome. This approach can also be used to model different control zoning 

strategies by obtaining different thermal zones from the parallel model. 

For the control zoning strategies in this case study, the meeting room is always controlled 

according to the temperature in its airnode and does not use the parallel model approach. It is 

assumed that the temperature sensor in the meeting room moves with it when it is rearranged 

according to the previously defined space layout design variants. 

 

Figure 25. Parallel model approach for a room-based control zoning and the space layout design no. 3 
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4.3.3 Mechanical Ventilation 

Basic Mechanical Ventilation 

For each configuration of the simulated HVAC system, the minimum fresh air required 

according to DIN EN 15251 Table B.3 [26] is provided with a mechanical ventilation (MV) 

system that operates from 5 a.m. to 7 p.m. with a constant supply temperature of 18 °C and a 

heat recovery of 80 %. With this system, a minimum air change per hour (ACH) of 1.68 h-1 is 

provided in airnodes located in the open-plan office and a minimum ACH of 3.64 h-1 in the 

meeting room. The fan power is calculated based on the volume flow, with a constant factor of 

1300 W/(m3∙s-1), which corresponds to SPF1 category 4 in [91]. Besides the mechanical 

ventilation, natural infiltration due to air leakage in the building envelope is assumed to have a 

constant ACH of 0.1 h-1 in all airnodes adjacent to a façade [86]. 

The parameters assumed for the simulation setup with a basic mechanical ventilation are 

shown in Table 10. 

Table 10. Simulation setup for the variants with a basic mechanical ventilation 

Parameters Open-plan office Meeting room Reference 

Daily operating hours 5 a.m.–7 p.m. 5 a.m.–7 p.m.  

Constant minimum ACH 1.68 1
h
 3.64 1

h
 [26] 

Supply temperature 18 °C 18 °C  

Heat recovery 80 % 80 %  

Specific fan power 1300 W
m3∙s-1  = 0.36 W

m3∙h-1 1300 W
m3∙s-1  = 0.36 W

m3∙h-1 SPF 4 [91] 

Control Strategy Each airnode is conditioned with a constant volume flow according to the room 

usage (open-plan or meeting room). 

 

  

                                                

 

 

1 SPF: Specific fan power 
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HVAC System Configuration No. 1: Only Mechanical Ventilation 

The first HVAC system configuration uses only a mechanical ventilation (MV) system to 

condition the office space (Figure 26). For simplification purposes, in the remainder of this work 

this system is referred to as “MV”. For all variants with this HVAC system configuration, the 

TRNSYS Type 336 (air handling unit with heat recovery) [42] is used to simulate the system. 

The method to calculate the heating, cooling and fan power is presented in section 2.3.3. 

 

Figure 26. HVAC system configuration no. 1 – only mechanical ventilation 

The supply air temperature (Tsup) is adjusted according to the operative room temperature (Top) 

and the ambient temperature (Tamb), as illustrated in Figure 27. If Top is above the cooling set 

point (blue area), Tsup is 17 °C. If Top is below the heating set point (red area), Tsup is 23 °C. If 

Top is below the cooling set point and above the heating set point (yellow area), Tsup is always 

18 °C for the meeting room (Figure 27, right side). For the open-plan office (Figure 27, left 

side), Tsup is 20 °C if Tamb is below 10 °C and Tsup is 18 °C if Tamb is above 10 °C. 

 

Figure 27. MV supply air temperature for open-plan office (left) and meeting room (right), depending on the 

operative room temperature (Top) and the ambient temperature (Tamb) 
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In addition to the minimal required fresh air, a maximum of 3.33 ACH for the open-plan office 

and 5.0 ACH for the meeting room [26] can be realized. If the temperature in the room is within 

the predefined temperature range, described in section 4.3.1, the system operates with the 

minimum ACH; if not, the system runs with maximum ACH. The MV is also equipped with a 

heat recovery of 80 % and has additionally the possibility of recirculating the room air, as 

described in section 2.3.3. However, the amount of the recirculated air is always defined 

considering the requirements for the minimum ACH with the ambient air.  

The parameters assumed for the simulation setup with MV are shown in Table 11. 

Control Zoning Strategy 

To control the system according to the zoning strategies described in section 4.3.1, it is 

assumed that the air of all airnodes in one control zone is perfectly mixed in the exhaust air 

duct, where the temperature is assumed to be measured. The zone is controlled according to 

the resulting mixed air temperature. 

Table 11. Simulation setup for the variants with MV 

Parameters Open-plan office Meeting room Reference 

Temperature set point 𝑓𝑓(𝑇𝑇amb),  

according to Eq. (4-1)–(4-3) 

𝑓𝑓(𝑇𝑇amb),   

according to Eq. (4-1)–(4-3) 

[26] 

Controlled variable Top or Tair Top or Tair  

Daily operating hours 5 a.m.–7 p.m. 5 a.m.–7 p.m.  

Minimum ACH 1.68 1
h
 3.64 1

h
 [26] 

Maximum ACH 3.33 1
h
 5 1

h
 [26] 

Supply temperature Winter 20 °C, summer 18 °C 

Max. 23 °C, min 17 °C 

Winter 18 °C, summer 18 °C 

Max. 23 °C, min 17 °C 

 

Heat recovery 80 %                                        

+ recirculation of room air 

80 %                                        

+ recirculation of room air 

 

Specific fan power 1300 W
m3∙s-1  = 0.36 W

m3∙h-1 1300 W
m3∙s-1  = 0.36 W

m3∙h-1 [91] 

Air infiltration 0.1 1
h
 in perimeter airnodes 0.1 1

h
  in perimeter airnodes [86] 

Control strategy It is assumed that the air from airnodes within the same control zone is mixed 

in the exhaust air duct. All airnodes within the control zone are conditioned 

according to the temperature in the corresponding exhaust air duct. 
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4.3.4 Radiant Ceiling 

HVAC System Configuration No. 2: Radiant Ceilings with Basic Mechanical Ventilation 

The second HVAC system configuration uses radiant ceilings (RC), which are suspended from 

the ceiling to heat and cool the office space, and a basic mechanical ventilation to provide the 

space with enough fresh air. Due to the central role of radiant ceilings in this configuration, it 

is referred to as “RC” in the remainder of this work. The RC configuration is  illustrated in Figure 

28. The method to calculate the heating and cooling power of the radiant ceilings that is used 

in the thermal building simulation is presented in section 2.3.3. 

 

Figure 28. HVAC system configuration no. 2 – radiant ceilings with basic mechanical ventilation 

The RC used in this case study cover 58 % of the ceiling area in the office space. With a mass 

flow of 37 kg/(h∙m2) [92] and a fluid temperature of the supply water of 18 °C for cooling and 

35 °C for heating [93], a maximum cooling power of 86 W/m2 [92] and maximum heating power 

of 60 W/m2 [14] can be obtained. Each RC module has a size of 9.94 m2, a pipe length of 

120 m and a pipe diameter of 0.01 m.  

The parameters assumed for the simulation setup with radiant ceilings are shown in Table 12. 

A list of all construction parameters of the radiant ceiling can be found in Appendix C. 

Control Zoning Strategy 

Equipped with a 4-way valve, the RC modules are able to heat and cool, as necessary, without 

the necessity for winter and summer-specific operation modes. The mass flow and supply 

temperature in the pipes are controlled according to the measured temperature in the room 

using a differential controller (TYPE 2 from TRNSYS 18 [44]). To minimize the number of 

sensors required in the room, different zoning strategies are tested. Each control zone has one 

sensor, illustrated in Figure 29, in which the points represent the placement of the sensors in 

the open-plan office. The measurements from these sensors are employed when the 

temperature is controlled for the airnodes in the correspondingly colored area. 
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Figure 29. Radiant ceiling control zoning strategies and sensor placement 

For example, to realize room-based zoning (Figure 29d) all airnodes in the open office zone 

are controlled according to the temperature in airnode A6, except for space layout variant no. 6, 

in which the sensor is placed in airnode A7, because the meeting room is placed in airnode 

A6. The sensor placement is applied analogously in all zoning strategies.  

Table 12. Simulation setup for the variants with RC 

Parameters Open-plan office and meeting room Reference 

Temperature set point 𝑓𝑓(𝑇𝑇amb),  

according to Eq. (4-1)–(4-3) 

[26] 

Controlled variable Top or Tair  

Daily operating hours 5 a.m.–7 p.m.  

Percentage of total ceiling area 58 % [92] 

Specific mass flow 37 𝑘𝑘𝑘𝑘
ℎ∙𝑚𝑚2 [92] 

Cooling power 86 W
m2 [92] 

Heating power 60 W
m2 [14] 

Fluid supply temperature Heating 35 °C, cooling 18 °C [93] 

Air infiltration 0.1 1
h
 in perimeter airnodes [86] 

Control strategy It is assumed that the sensor to measure the temperature in a 

control zone is placed in only one airnode of this control zone. All 

airnodes within the control zone are conditioned according to this 

measured value. 
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4.3.5 TABS 

HVAC System Configuration No. 3: TABS with Basic Mechanical Ventilation 

The third HVAC system configuration uses a thermally-active building system (TABS) to heat 

and cool the office space, thus being referred to as “TABS” in the remainder of this work. 

Additionally, the configuration includes a basic mechanical ventilation to provide the space with 

enough fresh air. The TABS configuration is illustrated in Figure 30. 

 

Figure 30. HVAC system configuration no.3 – TABS with basic mechanical ventilation 

The pipes for the TABS are embedded in the center of the concrete construction slab and the 

pipes cover 80 % of the ceiling area, enhancing the thermal storage capacity of the building. 

In this case study, the TABS are operated 24 hours per day [94], with a constant mass flow of 

19 kg/(h∙m2) and varying fluid supply temperature, resulting in an maximum cooling power of 

50 W/m2 and heating power of 40 W/m2 [14]. The method to calculate the heat transfer between 

the TABS and the room air, which is used in the thermal building simulation, is presented in 

section 2.3.3. 

The parameters assumed for the simulation setup with TABS are shown in Table 13. A list of 

all construction parameters of the TABS can be found in Appendix C.  
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Table 13. Simulation setup for variants with TABS 

Parameters Open-plan office and meeting room Reference 

Daily operating hours 24 h [94] 

Percentage of total ceiling area 80 % [94] 

Specific mass flow Constant with 19 kg
h∙m2  

Cooling power 50 W
m2 [14] 

Heating power 40 W
m2 [14] 

Fluid supply temperature 𝑓𝑓(𝑇𝑇amb,24h),  

according to Eq. (4-4)–(4-6) 

 

Air infiltration 0.1 1
h
 in perimeter airnodes [86] 

Control strategy Different heating and cooling curves are used to calculate the 

supply temperature for each airnode. Airnodes that are 

conditioned according to the same heating and cooling curves 

are within the same control zone. 

 

Control Zoning Strategy 

Heating and cooling curves (HC) are used to calculate the supply temperature based on the 

mean ambient temperature over the past 24 hours (𝑇𝑇amb,24h). Using HC to define the supply 

temperature set point of the TABS is common practice [94]. Consequently, the TABS control 

strategy does not receive feedback from the room but is regulated only by the outside weather 

conditions. To implement different zoning strategies within the office space, three different HC 

are used, illustrated in Figure 31. The supply temperature for the open-plan office (𝑇𝑇sup,office) 

is calculated according to Equation (4-4), for the meeting room (𝑇𝑇sup,MR) according to 

Equation (4-5) and for the meeting room in space layout variants no. 6 and no. 7 (𝑇𝑇sup,MR,core) 

when it is placed in the middle airnodes according to Equation (4-6). 

𝑇𝑇sup,office =  −0.1 ∙  𝑇𝑇amb,24h + 23 (4-4) 

𝑇𝑇sup,MR =  −0.175 ∙  𝑇𝑇amb,24h + 21.25 (4-5) 

𝑇𝑇sup,MR,core =  19 (4-6) 
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Figure 31. Heating and cooling curves for TABS 

Applying the above-mentioned HC results in the zoning strategies, which are illustrated in 

Figure 32. Airnodes marked in blue represent the open-plan office space with a supply 

temperature according to Equation (4-4). Airnodes marked in red represent the meeting room 

in space layout design variant no. 1 with a supply temperature according to Equation (4-5) and 

those marked in orange represent the meeting room in space layout variants no. 6 and no. 7, 

with a supply temperature according to Equation (4-6). 

 

Figure 32. Control zoning strategies for TABS 
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5 Research Results and Discussion 
In this chapter, the research results are presented and discussed. First of all, the criteria to 

evaluate the results of the case study are presented. Then, the influence of each flexible design 

parameter on thermal comfort, energy demand and robustness of the office space are 

investigated in detail. These are the HVAC system design, including its configuration, control 

zoning strategy and the controlled variable, and the space layout design. 

The HVAC system design evaluation first provides an overview of the results for all HVAC 

system configurations, with a focus on comparing the different HVAC system design. Then, 

the simulation results for each HVAC system configuration is discussed in detail, with a 

particular focus on the influence of the control zoning strategy and the space layout design, to 

evaluate the system’s flexibility. 

For the evaluation of the space layout design, the influence on thermal comfort and energy 

demand is described for each HVAC system design. Moreover, a recommendation is given for 

each HVAC system design regarding the flexibility of the space layout design.  

After the presentation of the results, the limitations in the applicability of this approach are also 

discussed. It is noted that a selection of these results was published in [82]. 

5.1 Evaluation Criteria 

To investigate thermal comfort, energy demand and flexibility, the office space is assessed on 

a detailed level. Accordingly, each airnode in the thermal building model is evaluated over a 

whole year with changing space layout designs, HVAC system configurations, control zoning 

strategies and controlled variables, summarized as flexible design parameters. In the following, 

the evaluation criteria for thermal comfort, energy demand and robustness is described. 
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5.1.1 Thermal Comfort 

The thermal comfort is evaluated based on the calculated thermal comfort violations (CV) 

defined in DIN EN 15251 [26]. The CV are calculated according to Equation (5-1)–(5-3), 

thereby distinguishing between overheating hours (𝐶𝐶𝐶𝐶hot) and too cold conditions (𝐶𝐶𝐶𝐶cold) in 

the airnodes. Overheating occur if the operative temperature in the airnode (𝑇𝑇op) is larger than 

the upper comfort limit (𝑇𝑇op,upper) and too cold conditions occur if it is smaller than the lower 

comfort limit (𝑇𝑇op,lower). These comfort violations are calculated with the magnitude of the 

violation, the time (∆𝑡𝑡) during which the comfort violation occur and the number of occurrences 

(𝑚𝑚) during the analyzed period. 

𝐶𝐶𝐶𝐶hot = � |𝑇𝑇op − 𝑇𝑇op,upper|𝑘𝑘 ∙ ∆𝑡𝑡
𝑚𝑚

𝑘𝑘=1

 ( 𝑖𝑖𝑓𝑓 𝑇𝑇op > 𝑇𝑇op,upper) (5-1) 

𝐶𝐶𝐶𝐶cold = ��𝑇𝑇op − 𝑇𝑇op,lower�𝑘𝑘 ∙ ∆𝑡𝑡
𝑚𝑚

k=1

 (𝑖𝑖𝑓𝑓 𝑇𝑇op < 𝑇𝑇op,lower) (5-2) 

𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶hot +  𝐶𝐶𝐶𝐶cold (5-3) 

The limits for CV in the open-plan office (𝐶𝐶𝐶𝐶limit,office) and the meeting room (𝐶𝐶𝐶𝐶limit,MR) are 

also calculated according to DIN EN 15251 [26]. Here, in a building of category II, an equivalent 

of 1 % of the occupied time with a deviation of 2 K is allowed. In this case, the open-plan office 

is occupied for 12 hours per day and the meeting room for 8 hours per day, while both are not 

occupied at weekends. Thus, the CV limits are calculated as follows:  

𝐶𝐶𝐶𝐶limit,office =
1

100
∙ �12

h
d
∙ 261

d
a
� ∙ 2 K = 63 Kh/a (5-4) 

𝐶𝐶𝐶𝐶limit,MR =
1

100
∙ �8

h
d
∙ 261

d
a
� ∙ 2 K = 42 Kh/a (5-5) 

This dissertation focuses only on CV and does not question the applicability of standards, 

being aware that thermal comfort boundaries are highly subjective and vary on a personal 

level. 
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5.1.2 Energy Demand 

The energy demand required to condition the office space is calculated for each airnode and 

compared between all simulated variants. This analysis includes the energy demand for 

heating (𝐸𝐸ℎ𝑒𝑒𝑒𝑒𝑜𝑜) and cooling (𝐸𝐸cool) the space, as well as for the electricity for pumps and fans 

(𝐸𝐸elec). For the calculation of the energy use intensity (𝐸𝐸𝑈𝑈𝐸𝐸) it is assumed that the energy is 

generated by a heat pump with a seasonal coefficient of performance (𝑆𝑆𝐶𝐶𝑆𝑆𝑃𝑃) of 4.0 for heating 

and a seasonal energy efficiency ratio (𝑆𝑆𝐸𝐸𝐸𝐸𝑅𝑅) of 5.6 for cooling according to the European 

Ecodesign Directive [95].  

The EUI is calculated as follows: 

𝐸𝐸𝑈𝑈𝐸𝐸 =
𝐸𝐸heat
𝑆𝑆𝐶𝐶𝑆𝑆𝑃𝑃

+
𝐸𝐸cool
𝑆𝑆𝐸𝐸𝐸𝐸𝑅𝑅

+ 𝐸𝐸elec (5-6) 

5.1.3 Robustness to Changes in the Space Layout Design 

For an office building with a flexible space layout design, the sensitivity of the thermal comfort 

and energy demand to changes are particularly interesting. To quantify the robustness for 

these changing boundary conditions, the standard deviation (𝜎𝜎) is calculated for the energy 

demand (𝐸𝐸𝑈𝑈𝐸𝐸, 𝐸𝐸heat, 𝐸𝐸cool) and the comfort violations (𝐶𝐶𝐶𝐶, 𝐶𝐶𝐶𝐶hot, 𝐶𝐶𝐶𝐶cold) according to 

Equation (5-7): 

𝜎𝜎 = �
1
𝑛𝑛
�|𝑥𝑥𝑖𝑖 − �̅�𝑥|2
𝑛𝑛

𝑖𝑖=1

 (5-7) 

with 𝑛𝑛 being the total number of airnodes, 𝑖𝑖 being the airnode index and 𝑥𝑥 being the value of 

𝐸𝐸𝑈𝑈𝐸𝐸, 𝐸𝐸heat, 𝐸𝐸cool, 𝐶𝐶𝐶𝐶, 𝐶𝐶𝐶𝐶hot and 𝐶𝐶𝐶𝐶cold. 

In this dissertation, it is defined that an HVAC system design called “robust” if the standard 

deviation for all space layout design variants is less than 5 % of the mean value of the 

corresponding variable. This indicates that the range in which the values lie are small 

compared to the mean value for all space layout design variants, thus the variations are low. 

In addition, then the space layout design is called “flexible”. 

Furthermore, if both the space layout design and the control zoning strategy of the HVAC 

system can be changed without a significant influence on thermal comfort and energy demand, 

the variants are called “fully flexible”.  
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5.2 Influence of the HVAC System Design 

As mentioned before, the HVAC system design in this dissertation consists of the HVAC 

system configuration, the control zoning strategy and the controlled variable. The HVAC 

system design is part of the flexible design parameters in the building model, illustrated in 

Figure 33.  

In this chapter, the influence of each part of an HVAC system design on thermal comfort, 

energy demand and robustness are presented. First, an overview of the results for all HVAC 

system configurations is presented, focusing on the comparison between the HVAC system 

design. Then, the simulation results for each HVAC system configuration are discussed in 

detail, with a particular focus on the different control zoning strategies, space layout designs 

and the overall flexibility of the system. 

For simplification, in the following the HVAC system configuration no. 1 (only mechanical 

ventilation) is referred to as “MV”, configuration no. 2 (radiant ceilings and basic mechanical 

ventilation) is referred to as “RC” and configuration no. 3 (TABS and basic mechanical 

ventilation) is referred to as “TABS”. Similarly, “a decreasing number of control zones”, refers 

to a change in the control zoning strategy towards a coarser zonal resolution, e.g. from a fine-

grained zoning with 11 control zones in the open-plan office, to a core/perimeter zoning with 

five control zones, to a north/south zoning with two control zones, to a room-based zoning with 

one control zone. 

 

Figure 33. HVAC system design as part of the flexible design parameters 
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5.2.1 Influence of the HVAC System Configuration 

First, an overview of the results for the HVAC system configurations, each of which is described 

in detail in sections 4.3.3–4.3.5, is presented. 

Energy Demand 

The monthly energy demand for heating, cooling and electricity for MV, RC and TABS with 

fine-grained zoning is illustrated in Figure 34. The energy demand is calculated as the mean 

value for all space layout design variants and airnodes for each month, representing the total 

energy provided by the electric grid. Comparing the total monthly energy demand for each 

HVAC system clearly shows that the MV requires the highest energy demand due to the high 

electricity demand of the fan. The heating and cooling energy demand of the hydronic systems 

in the RC and TABS configuration are similar. However, in the warm summer months (July and 

August) and the cold winter months (January, February and December), the energy demand 

for TABS is slightly higher than for RC. It is noted that for both the RC and TABS variants, an 

MV is needed to provide the minimum required ACH for fresh air, thus resulting in a non-zero 

heating energy, cooling energy and electricity demand for MV in these cases. 

 

Figure 34. Comparison of monthly energy demand for all HVAC system configurations with fine-grained zoning, 

each HVAC system configuration (MV, RC, TABS) is represented with one bar per month 
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Thermal Comfort 

Figure 35 compares the CV with the EUI of each airnode in the open-plan office for all 

simulated HVAC system configurations, control zoning strategies and space layout design 

variants. Here, each dot represents the results for one airnode in the open-plan office. 

For the open-plan office (Figure 35), the MV achieves higher CV and EUI values than most 

other variants. To avoid high CV using the MV system, it is necessary to adapt the system 

properly, as described in section 5.2.2. Both RC and TABS remain within the CV limit for the 

open-plan office but RC shows a higher variance in the EUI. The influence of control zoning 

on CV and EUI is discussed in the following sections for each HVAC system configuration. 

 

Figure 35. CV and EUI for open-plan office airnodes in all variants 

In addition, Figure 36 compares the CVhot with the cooling energy demand (Ecool) and Figure 

37 compares CVcold with the heating energy demand (Eheat). For the variants with MV and 

TABS, most CV in the open-plan office occur due to overheating (CVhot), whereas for variants 

with RC, no CVhot in the open-plan office occur, as illustrated in Figure 36.  

Moreover, the variants with RC show the largest variations between the cooling energy 

demand in each airnode of the open-plan office, especailly for variants with a fine-grained 

zoning. If less control zones are defined, less variations in the cooling energy demand occur. 

This indicates that the RC is able to react fast and efficiently to overheating in the airnode and 

can adjust its cooling power respectively. More details on the results for RC are described in 

section 5.2.3.  

In contrast, for variants with TABS the variations in the cooling energy demand are small. This 

can be explained by the high thermal inertia of the TABS resulting in a low reactivity to 
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variations of the room temperture. In spite of this, only a few CVhot occur. More details on the 

results for TABS are described in section 5.2.4 

 

Figure 36. CVhot and Ecool for open-plan office airnodes in all variants 

 

Figure 37. CVcold and Eheat for open-plan office airnodes in all variants 

Except for variants with RC, less CVcold than CVhot occur in the open-plan office, as illustrated 

in Figure 37. Moreover, for all HVAC system designs, the range within which Eheat lie is much 

smaller than the range within which Ecool lie, even for a high number of control zones. In 

particular for variants with MV, only small variations of CVcold and Eheat occur. More details on 

the results for MV are described in section 5.2.2. 
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Figure 38. CV and EUI for meeting room airnodes in all variants 

Figure 38 compares the CV with the EUI of each airnode in the meeting room for all simulated 

HVAC system configurations, control zoning strategies and space layout design variants. It 

should be noted that the values for CV and EUI for the meeting room lie close together for the 

different control zoning strategies and thus not all values are visible. For the meeting room, 

almost all CV are CVhot because of the high internal loads during occupancy, described in 

4.2.3. In general, for the meeting room only a few variants can remain in the CV limits, which 

indicates that a secondary heating and cooling system is necessary to serve the high cooling 

energy demand in a meeting room. The results clearly show that in this setup, especially the 

MV system is insufficient to keep a meeting room in comfortable conditions. Moreover, high 

CV in the meeting room are observed if TABS are not zoned, e.g. one HC is used for all 

airnodes on the floor. The variants with RC show overall good results in thermal comfort in the 

open-plan office and meeting room. 
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Robustness 

Based on the simulated results, the standard deviations of CV and EUI for each airnode in all 

space layout design variants are presented. In Figure 39, the results for the open-plan office 

for each HVAC system configuration and their control zoning strategies are illustrated. 

In general, for variants with MV, the standard deviations of the CV are higher than for RC and 

TABS. This behavior can be explained with the fact that the MV is an air-based heating and 

cooling system and thus reacts to uncomfortable climate conditions with a change in air 

temperature. However, CV is calculated with the operative temperature, as described in 

Equation (5-1)–(5-3). Therefore, MV is unable to keep comfortable conditions especially in 

areas where the operative and air temperature vary widely, such as areas close to the façade 

with a high solar radiation. This results in large standard deviations of the CV for different 

conditions in the office space. In contrast to this, RC and TABS are surface heating and cooling 

systems and thus can directly influence the operative temperature and can keep the standard 

deviations of the CV relatively low. The same behavior can be seen for the fine-grained and 

core/perimeter zoning in the case of the EUI. 

 

Figure 39. Standard deviations of CV and EUI for open-plan office airnodes 

Figure 40 shows the standard deviations of the CVhot and the cooling energy demand and 

Figure 41 shows the standard deviations of the CVcold and the heating energy demand for the 

open-plan office. In general, the standard deviations of EUI, heating and cooling energy 

demand are very low compared to the total EUI, heating and cooling energy demand of each 

variant. Thus, the differences between the HVAC system configurations and/or the control 

zoning strategies for the energy demand should not be overestimated. 
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Figure 40. Standard deviations of CVhot and Ecool for open-plan office airnodes 

 

Figure 41. Standard deviations of CVcold and Eheat for open-plan office airnodes 

For both, CVhot and CVcold the variants with MV have the highest standard deviations, but for 

CVcold the control zoning strategy does not have an influence on the standard deviations. This 

is the case, because the differences between the heating energy demand for individual 

airnodes are already very low (≤ 2 kWh/(m2∙a)) in all control zoning strategies, thus 

approximately the same amount of CVcold occur in each airnodes of the open-plan office, 

independent from space layout design and the control zoning. In contrast, for CVhot and CV the 

standard deviation increases when the number of control zones decreases. This suggests that 

for variants with less control zones, such as the room-based zoning or north/south zoning, MV 

is not a robust solution with regard to thermal comfort. Moreover, the standard deviation of EUI 

and Ecool decreases when the number of control zones decreases. 
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For variants with RC, the standard deviations for the cooling energy demand are in average 

higher and vary more for different control zoning strategies compared to the other HVAC 

systems. This can be explained by the possibility to quickly adapt the cooling power provided 

by RC to local differences in the operative temperature. However, the variation follows the 

same behavior as for variants with MV: the standard deviation of EUI and Ecool when the 

number of control zones decrease. 

For variants with TABS, the standard deviation of CV, CVhot, CVcold, EUI, Ecool and Eheat is almost 

constant when the number of control zones changes. This indicates that the control zoning 

strategy does not have a significant influence on the robustness of thermal comfort and energy 

efficiency in open-plan office spaces with TABS. In comparison to the other HVAC systems, 

all standard deviations for thermal comfort and energy demand are low, thus pointing out that 

TABS are a robust solution for flexible office spaces. 

In general, looking at the results for the standard deviations, clear differences can be identified 

between a surface heating and cooling system, such as RC and TABS, and an air-based 

heating and cooling system, such as MV. In this case study, the surface heating and cooling 

systems show better results for thermal comfort in flexible office spaces, because they 

influence the operative temperature in the room directly, which is used to calculate comfort 

violations. For an air-based heating system, a control zoning with less zones, such as 

north/south and room-based zoning should be avoided, because these zoning strategies 

worsen the ability of the system to react to local differences in the operative temperature. 

Moreover, the results indicate that systems with high thermal inertia, such as TABS, are 

beneficial for flexible office spaces, because the system keeps the operative temperature 

relatively constant throughout the open-plan office, even for changes in the space layout 

design.  
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5.2.2 Only Mechanical Ventilation 

This section presents the results of variants with the first HVAC system configuration, which 

only have a mechanical ventilation (MV), described in section 4.3.3.  

For variants with MV and Tair control, the correlation between CV and EUI shows a clear 

difference between the control zoning strategies in the open-plan office (Figure 42). Each color 

represents a control zoning strategy and each dot an airnode within all the space layout design 

variants. As also described in the previous section, the results indicate that for the control 

zoning strategies with more control zones, such as fine-grained and core/perimeter zoning, the 

system is more robust in terms of thermal comfort. For fewer control zones, such as north/south 

and room-based zoning, the system is less sensitive in terms of EUI, but shows higher 

variations in CV. Furthermore, the crossing point of the lines represents the mean value of CV 

and EUI for all airnodes in the open-plan office in all space layout design variants. The mean 

values for CV and EUI lie close together, but the values for each airnode range from 30–106 

Kh/a for CV in the room-based zoning and from 47–81 kWh/(m2∙a) for EUI in the fine-grained 

zoning. This results in a standard deviation of up to 13.8 Kh/a for CV and 1.5 kWh/(m2∙a) for 

EUI. 

 

Figure 42. CV and EUI for airnodes in the open-plan office with MV and Tair control 

These results can be explained by the fact that, the MV controls the air temperature within one 

control zone according to the mean air temperature measured in the exhaust duct, as 

described in section 4.3.3. Depending on the size of the control zones, this mean value can 

differ from the actual temperature in the individual areas within the control zones. Moreover, 

this uncertainty increase if less control zones are used and the size of each control zone 



 

5 Research Results and Discussion 

 

 103 

increase accordingly. Thus, the mean values may lie close together, but depending on the size 

of the control zones, individual values may deviate significantly. 

Therefore, the results confirm the importance of choosing an appropriate control zoning 

strategy for the MV system. If the zoning strategy is not fine-grained enough, it may be 

challenging to guarantee comfortable indoor climate conditions. This can be seen in Figure 42, 

where airnodes in the variants with room-based and north/south control zoning strategies 

exceed the CV limit of 63 Kh/a. 

Moreover, to avoid too high CV, a secondary heating and cooling system is recommended for 

the meeting room, as illustrated in Figure 38. 

To identify critical areas in the open-plan office, the space layout designs are investigated in 

detail (see section 5.3) and the results for space layout design variant no. 3 are illustrated by 

way of example in Figure 43. For fine-grained, core/perimeter, north/south and room-based 

zoning, the heating and cooling energy demand of the MV system and the resulting CV in each 

airnode are compared. 

 

Figure 43. Space layout variant no. 3 with MV – comparison between CV, Eheat and Ecool for fine-grained, 

core/perimeter, north/south and room-based zoning 
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The results indicate that for airnodes with high CV, the comfort violations increase when the 

number of control zones decrease. For example, for airnode A4 (north-west corner) in the 

variants with fine-grained zoning, the CV are 69 Kh/a and increase to 106 Kh/a for a room-

based zoning, whereas other airnodes improve in CV, such as airnode A6 (core area). This 

implies that when thermal comfort in office buildings is optimized, the focus should be on critical 

areas, such as corners or areas that are separated from the open-plan space. More details on 

the influence of the space layout design on thermal comfort and energy demand in the office 

space are described in section 5.3. 

The results confirm previous findings by the author [81], which show that to evaluate thermal 

comfort in flexible open-plan offices it is often necessary to use a model with multiple airnodes. 

For instance, if only one airnode were used to represent the open-plan space, the temperature 

value used to calculate the CV is the average of the whole space, and thus differences in the 

local comfort conditions are ignored. 
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5.2.3 Radiant Ceilings and Basic Mechanical Ventilation 

The second HVAC system configuration investigated in this dissertation consists of radiant 

ceilings and a basic mechanical ventilation (RC), described in section 4.3.4. 

Figure 44 represents the results for airnodes in the open-plan office with RC and Top control. 

Due to the CV range of the results (1–3 Kh/a), the axes have been rescaled compared to 

Figure 43. The distribution of the results with regard to the control zoning strategy is similar to 

the variants with MV. However, the standard deviations are generally lower, especially for CV. 

 

Figure 44. CV and EUI for airnodes in the open-plan office with RC and Top control 

The low CV for all variants with RC can be explained by the fact that it is a surface heating and 

cooling system that directly influences the operative temperature, which in turn is used to 

calculate the CV in each airnode. Therefore, a low level of CV can be expected if enough 

heating and cooling power is provided by the RC system and if it is controlled according to the 

operative temperature obtained from the control zone. 

Moreover, the operative temperature is calculated with the mean radiant temperature of the 

surrounding surfaces (Tmr), as described in section 2.2.2. Here, Tmr is calculated from the 

radiation balance in the thermal zone, thus takes into account all surfaces in the open-plan 

office. If one control zone is assumed for the complete open-plan office (room-based zoning), 

the sensor to measure Top is placed in the core area of the open-plan office. Thus, Tmr takes 

into account all surfaces within the open-plan office depending on their view factor to the 

sensor point. If two control zones are assumed for the open-plan office (north/south zoning), 

two sensors are placed in the office, respectively. However the mean radiant temperature 

obtained from these two sensors, does not differ significantly, as they take into account the 

same surfaces in the open-plan office as the sensor for room-based zoning; only the view 

factor are slightly different due to the different position of the sensors. The same behavior can 

be observed for different positions of the meeting room. Therefore, the control zoning, including 

the position and number of sensors in the open-plan office, and the space layout design do not 
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significantly influence the results for RC, which can be seen in the overall low standard 

deviations for CV. 

Even in the meeting room (illustrated in Figure 38), CV remain within the CV limits for all control 

zoning strategies and space layout design variants, except when the meeting room is located 

at airnode A4 in the north-west corner. As a result, the space layout design is fully flexible with 

regard to the thermal comfort in meeting room and open-plan office, but particular attention 

should be paid when the meeting room is located in a corner area. 

For the variants with RC, most CV are due to too cold conditions in the airnode (CVcold), 

because the control zoning strategy mainly influences the cooling energy demand in the 

airnodes (as illustrated in Figure 45). A too high cooling power provided by the RC can then 

result in too cold conditions. 

Moreover, the RC has in general a higher cooling power than the other HVAC systems 

investigated in this study and thus can react immediately to temperature changes in the airnode 

to effectively prevent overheating. This causes higher variations in the cooling energy demand 

depending on the position of the airnode in the room. As described in section 5.2.1, when the 

number of control zones decrease, the range within which Ecool lie decrease, too. However, 

this does not have a significant influence on the thermal comfort, as illustrated in Figure 44, 

because CV for fine-grained zoning is not significantly lower than CV for room-based zoning. 

To identify areas in the open-plan office where the Eheat or Ecool can be above average, the 

space layout designs are investigated in detail (see section 5.3) and the results for space layout 

design variant no. 3 are illustrated by way of example in Figure 45. For fine-grained, 

core/perimeter, north/south and room-based zoning, the heating and cooling energy demand 

of the RC and the resulting CV in each airnode are compared. The results for CV confirm the 

previously mentioned assumption that the control zoning strategy has no significant influence. 

Moreover, the results show a high cooling energy demand in the corner areas for fine-grained 

zoning. As the number of control zones decrease, the Ecool is distributed more evenly 

throughout the open-plan office. The same behavior can be observed for the heating energy 

demand. 



 

5 Research Results and Discussion 

 

 107 

 

Figure 45. Space layout variant no. 3 with RC – comparison between CV, Eheat and Ecool for fine-grained, 

core/perimeter, north/south and room-based zoning  
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5.2.4 TABS and Basic Mechanical Ventilation 

The third HVAC system configuration investigated in this dissertation consists of TABS and a 

basic mechanical ventilation (TABS), described in section 4.3.5. 

Figure 46 represents the results for airnodes in the open-plan office with TABS. Due to the CV 

range of the results (0–4 Kh/a), the axes have been rescaled compared to Figure 42. As the 

control zoning strategies are based on different heating and cooling curves (HC), which are 

described in section 4.3.5, not every control zoning strategy that has been investigated for MV 

and RC is realizable. Thus, the results can only be compared to a limited extent with the ones 

for MV and RC. 

 

Figure 46. CV and EUI for airnodes in the open-plan office with TABS 

The main difference between the control zoning strategies can be seen in the results for the 

meeting room, illustrated in Figure 38. For the floor-based zoning with the same HC for all 

airnodes including the meeting room, high CV are obtained in the meeting room, and low CV 

in the open-plan office. To improve thermal comfort in the meeting room, different HC are 

applied to each room. Further improvement can be obtained in the meeting room by employing 

a room-based zoning with three HC, which applies a third HC when the meeting room is 

positioned in the core area of the floor (airnodes A6 and A7). As a result, the space layout 

design is fully flexible in terms of the thermal comfort in the open-plan office, but particular 

attention should be paid to the meeting room, especially when it is positioned in the core area 

of the floor. 

Figure 47 shows the comparison of the operative room temperature (Top) depending on the 

outside air temperature (Tair) for all variants with TABS using three, two or one HC. The red 

lines indicate the comfort limits as described in section 4.3.1. It shows that even for a low 

ambient temperature, most CV are due to overheating with increasing number of CVhot as the 

number of control zones or HC decrease. However, it should be noted that the CVhot mainly 

occur in the meeting room, due to its high internal gains, as described in section 4.2.3. 
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Therefore, it is not recommended to use only one control zone or HC for the whole floor, 

including open-plan office and meeting room. 

 

Figure 47. Comparison of the operative temperature (Top) for variants with TABS using 3 HC, 2 HC and 1 HC as 

function of the ambient air temperature (Tamb) 

To show the thermal behavior of all airnodes in the office space and their spatial distribution, 

the results for CV, Eheat and Ecool are illustrated in Figure 48 for the space layout design variant 

no. 7. It is clearly shown that the HC do not have a significant influence on the thermal comfort 

in the open-plan office, but on that in the meeting room. Moreover, the heating and cooling 

energy demand are evenly distributed, except for the areas in the north/west corner, where 

more heating and cooling energy is requires. This effect can be explained on the one hand by 

the corner position of the airnode, which leads to higher thermal gains and losses through the 

façade, and on the other hand by the adjacent meeting room, which prevents sufficient air 

exchange with the open space. 
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Figure 48. Space layout variant no. 7 with TABS – comparison between CV, Eheat and Ecool for 3 HC, 2 HC and 

1 HC  
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5.2.5 Influence of the Control Zoning Strategy 

In this section, the influence of the control zoning strategy on thermal comfort, energy demand 

and robustness is discussed in detail. In order to study this influence in an isolated manner, all 

other flexible design parameters (space layout design, HVAC system configuration and the 

controlled variable) are assumed to be constant. Based on the results presented in the 

previous sections, it can be said the influence of the control zoning strategy on the mentioned 

criteria depends strongly on the HVAC system configuration. Thus, each HVAC system 

configuration is investigated individually and the influence of space layout changes are not 

taken into account. 

First, an overview of the influence of the control zoning strategy for each HVAC system 

configuration is presented, to summarize what was discussed in the previous sections. 

Afterwards, the results for the variants simulated with an ideal heating and cooling system 

(IHC) are described. Using the IHC allows to analyze only the influence of the control zoning 

strategy, without considering inertia and limits of a specific HVAC system. 

HVAC System Configurations 

For the variants with MV, the control zoning strategy has a significant influence on CV and EUI 

in the open-plan office, especially on the share of CVhot and Ecool. When the number of control 

zones decrease, the standard deviation of CVhot increases from 4.3 Kh/a to 12.5 Kh/a and the 

standard deviation of Ecool decreases from 3.4 kWh/(m2∙a) to 0.5 kWh/(m2∙a), illustrated in 

Figure 40. The mean value of CVhot for all airnodes within the open-plan office does not show 

a significant dependency from the control zoning strategy, because they lie close together for 

the different control zoning strategies. However, for the “critical areas” in the open plan office, 

such as corner areas, it is clearly shown that less control zones lead to higher comfort 

violations, illustrated in Figure 43. For the cooling energy demand, more control zones lead to 

a higher range within which the cooling energy demand lie. In this case for variants with fine-

grained zoning, a range from 16.3 kWh/(m2∙a) to 30.1 kWh/(m2∙a) occur with a standard 

deviation of 3.4 kWh/(m2∙a), whereas for the room-based zoning, only a range from 

22.5 kWh/(m2∙a) to 25.2 kWh/(m2∙a) occur with a standard deviation of 0.5 kWh/(m2∙a). In 

comparison to the variants with RC and TABS, the control zoning strategy influences the 

variants with MV most significantly. 

For the variants with RC, the control zoning strategy has no significant influence on CV in the 

open-plan office. However, the range within which the EUI lies, including heating and cooling 

energy demand, depends on the control zoning strategy. The strongest effect can be observed 
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for the cooling energy demand. Here, the range within which the cooling energy demand for 

the different airnodes lie decreases for a decreasing number of control zones and accordingly 

the standard deviation decreases from 5.5 kWh/(m2∙a) to 0.5 kWh/(m2∙a). Thus, less control 

zones lead to a more evenly distributed cooling energy demand across all airnodes within the 

open-plan office. 

For the variants with TABS, the control zoning strategy has no significant influence on CV and 

EUI in the open-plan office. Only for corner areas and/or areas with an adjacent meeting room, 

small effects on CV can be observed. For the meeting room, a separated control zone should 

be realized to prevent the room from overheating. Moreover, different HC should be applied 

for meeting rooms positioned in the core areas, compared to meeting rooms positioned in the 

perimeter areas of the office space. Thus, it can be said that the control zoning strategy has 

an influence of the CV and EUI of the meeting room. However, it should be noted that the 

control strategy does not take into account interior climate conditions, but instead uses the 

ambient air temperature to calculate the supply temperature for the TABS. 

In summary, the configuration of the HVAC system itself has the greatest impact on the results 

for the different control zoning strategies. This result can be attributed to the different thermal 

inertia and calculation methods of the control strategy for the different HVAC systems, 

described in sections 4.3.3–4.3.5. 

Ideal Heating and Cooling System 

To analyze only the influence of the control zoning strategy on thermal comfort and energy 

demand and robustness, without considering thermal inertia and limits of a specific HVAC 

system configuration, the building model is simulated with an ideal heating and cooling system 

(IHC). The simulation setup for these variants is described in 4.3.2. 

Figure 49 shows the results for all variants with IHC. Here, the CV are correlated to the EUI 

for each control zoning strategy. Each dot represents the results for one airnode in the open-

plan office. The results are evaluated for all space layout design variants. Compared to the 

realistic HVAC system configurations presented before, it can be said that the results for IHC 

follow the same structure as the results for MV. 

For the fine-grained zoning, no CV occur because the IHC conditions each airnode in an 

idealized way. Here, the largest variation in EUI for all control zoning strategies are obtained, 

with a range of 2.2 kWh/(m2∙a). This range is still small compared to the total EUI for the office 

building and thus does not have a significant impact on it. The results for the core/perimeter 

zoning and the for the north/south zoning, lie close together, whereas the CV are slightly higher 
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for the north/south zoning. The outliers in all control zoning strategies are airnodes located in 

building corners (A1, A4, A9, A12). For the room-based zoning, the largest differences in CV 

for all control zoning strategies are obtained, with a range of 71 Kh/a, starting from 18 Kh/a to 

89 Kh/a. In this case, some airnodes lie above the CV limit of 63 Kh/a. Thus, room-based 

zoning is not suitable for all space layout design variants.  

In summary, for all airnodes located in the open-plan office, with a decreasing number of 

control zones, the range within which the CV lies increases, while the range within which the 

EUI lies decreases. Also the mean value of CV for all variants with the same control zoning 

strategies increase when the number of control zones decrease. Therefore, a sufficiently high 

number of control zones are recommended for an open-plan office space to avoid CV. 

 

Figure 49. Comparison of control zoning strategies for the open-plan office with an ideal heating and cooling 

system 

To conclude, for the MV and IHC the control zoning strategy has a significant influence on the 

results. These influence result from the calculation method of the control zone: Each airnode 

within one control zones is supplied with the heating and cooling energy calculated with the 

mean temperature of all airnodes within this control zone. However, these mean temperature 

can differ from the actual temperature in the airnodes. Consequently, these airnodes are not 

supplied with enough heating or cooling, which results in comfort violations.  
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5.2.6 Influence of the Controlled Variable 

In this section, the influence of the controlled variable on the result for the variants with MV 

and RC are investigated. In this case, all building parameters and assumptions remain the 

same for all variants investigated, except for the controlled variable. 

Mechanical Ventilation 

As described in section 4.3.3, the MV in the case study is controlled by the air temperature in 

the exhaust duct (Tair). The following is a comparison of the results if the operative room 

temperature (Top) is used as the controlled variable instead of Tair. In Figure 50, the results for 

the airnodes in the open-plan office with MV are compared for Tair and Top as the controlled 

variable. Figure 51 presents the results for the meeting room, respectively. 

For both the open-plan office and meeting room, the CV decrease if Top is used as the 

controlled variable instead of Tair. For the open-plan office, the standard deviations and ranges 

of CV decrease, too. Thus, the airnodes of the open-plan office in all variants remain within the 

CV limit of 63 Kh/a when Top is used as the controlled variable. This can be explained with the 

fact that Top is used to calculate the comfort violations. Thus, if Top is used as the controlled 

variable, the system can directly response to the thermal comfort in the office. However, the 

influence of the control zoning strategy on the results are independent from the controlled 

variable: Less control zones leads to higher standard deviations and ranges of CV and lower 

standard deviations and ranges of EUI. 

For the meeting room, the EUI increases if Top is used as the controlled variable instead of Tair. 

However, the standard deviations and ranges of CV and EUI remain the same independent 

from the controlled variable that is used in the meeting room. This is the case, because the 

indoor climate in the meeting room is mainly influence by its high internal and the solar gains, 

which both remain unchanged. None of the used controlled variables allow the meeting room 

to stay within in the CV limit of 42 Kh/a. It should be noted that the values for CV and EUI for 

the meeting room lie close together for the different control zoning variants, thus only the 

values for the room-based zoning are visible in Figure 51. 

Moreover, it is important to mention that the calculation for the control zoning strategy for the 

variants with MV, presented in section 4.3.1, is based on the temperature in the exhaust air 

ducts. In reality, the operative temperature needs to be measured in the room. Thus, this 

comparison is just hypothetical and has a limited application in practice. 
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Figure 50. Comparison between Tair and Top as the controlled variable for airnodes in the open-plan office with MV 

 

Figure 51. Comparison between Tair and Top as the controlled variable for airnodes in the meeting room with MV 
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Radiant Ceilings 

As described in section 4.3.4, the RC in this case study is controlled by the operative 

temperature (Top) measured with a sensor placed in each control zone. The following is a 

comparison of the results if the air temperature (Tair) is used as the controlled variable instead 

of Top. In Figure 52, the results for the airnodes in the open-plan office with RC are compared 

for Top and Tair as the controlled variable. Figure 53 presents the results for the meeting room, 

respectively. 

For both the open-plan office and meeting room, the EUI slightly increase if Tair is used as the 

controlled variable instead of Top. For the open-plan office, the standard deviations and ranges 

of CV increase for the variants with north/south and room-based zoning, too. Especially for 

room-based zoning the control based on Tair causes some outliers. Here, the air temperature 

in the airnode deviates from the operative temperature and results in CV if a coarse control 

zoning is used. However, for the other airnodes, the influence of the control zoning strategy on 

the results are independent from the controlled variable: Less control zones lead to higher 

standard deviations and ranges of CV and lower standard deviations and ranges of EUI.  

For the meeting room, also the EUI and the CV slightly increase if Tair is used as the controlled 

variable instead of Top. It should be noted that the values for CV and EUI for the meeting room 

in the different control zoning variants lie close together, thus only the values for the room-

based zoning are visible in Figure 53. 

As a result, the control based on Top is recommend for office spaces with RC, even through a 

control based on Tair still generates good results for thermal comfort and energy demand in 

this case study. 
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Figure 52. Comparison between Top and Tair as the controlled variable for airnodes in the open-plan office with RC 

 

Figure 53. Comparison between Top and Tair as the controlled variable for airnodes in the meeting room with RC  
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5.3 Influence of the Space Layout Design 

In this section, the influence of the space layout design on thermal comfort and energy demand 

of the office space is described. For all variants, the space layout design changes according 

to the defined variants no. 1–12, illustrated in Figure 54 (left side). The evaluation is carried 

out separately for each HVAC system and a distinction is made between the results for the 

meeting room and the open-plan office. As a result, a recommendation is given for each HVAC 

system design regarding the flexibility of the space layout design and its impact on thermal 

comfort and energy demand. 

As illustrated in Figure 54 (right side), the airnodes A1, A4, A9 and A12 are referred to as 

“corner areas”, the airnodes A6 and A7 are referred to as “core areas” and all other airnodes 

are referred to as “perimeter areas”. Moreover, the space layout design is called “flexible” if 

thermal comfort and energy demand does not significantly change when the space layout 

design changes, as described in section 5.1.3. 

 

Figure 54. Space layout design as part of the flexible design parameters 
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5.3.1 Only Mechanical Ventilation 

Thermal Comfort 

Figure 55 shows the CV for the space layout design variants no. 1–12 with a fine-grained 

zoning and a room-based zoning of the MV system. In addition, the CV for a core/perimeter 

and a north/south zoning of the MV system is shown in Appendix D.  

For the meeting room, it is clearly shown that its position has a significant influence on its 

thermal comfort, because the influence of the solar radiation depends on the position of the 

meeting room. In this case study, only a mechanical ventilation is used for heating and cooling 

of the meeting room, leading the CV to exceed the limit of 42 Kh/a for all variants. Therefore, 

a secondary heating and cooling system is recommended for the meeting room. 

 

Figure 55. MV – comparison of CV for space layout variants no. 1–12 for fine-grained and room-based zoning 
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For the open-plan office, the influence of the space layout design on the thermal comfort 

depends on the zoning strategy of the MV system. For fine-grained zoning, the position of the 

meeting room and thus the space layout design has little influence on thermal comfort in the 

open-plan office. Using fine-grained zoning, the MV can condition the airnodes individually so 

that the system can compensate for changes in the space layout design.  

For room-based zoning, the space layout design has a significant influence on thermal comfort, 

especially in critical areas, as mentioned in section 5.2.2. Here, the heating and cooling 

provided by the MV is calculated based on the mean air temperature in the control zone, which 

is the complete open-plan office for a room-based zoning. However, this mean air temperature 

can differ from the temperature in individual areas of the open-plan office. Thus, the system 

does not provide the required power in these critical areas, leading to comfort violations. This 

effect can be enhanced by the position of the meeting room, as it reduces the exchange of air 

with the adjacent areas, thus increasing the temperature difference between the critical area 

and the rest of the open-plan office. 

In general, for a decreasing number of control zones the influence of the space layout design 

on the thermal comfort in the open-plan office increases. For less control zones, high CV occur 

in critical areas, such as the corner areas. 

Energy Demand 

In Figure 56, the heating and cooling energy demand for the space layout design variants 

no. 1–12 with a fine-grained zoning of the MV system are illustrated. In addition, the EUI for a 

fine-grained, a core/perimeter, a north/south and a room-based zoning of the MV system is 

shown in Appendix D.  

For the meeting room, the influences of the space layout design on heating and cooling energy 

demand is equal for all control zoning strategies. In contrast, for the open-plan office the 

influence of the space layout design on the Ecool decreases when the number of control zones 

decreases. 

The position of the meeting room has a significant influence on its heating energy demand: If 

the meeting room is positioned in the corner areas, Eheat is higher because of the heat loss 

through the façade. If the meeting room is positioned in the core areas, less heating is required 

because it is surrounded by the heated open-plan office, thus the heat loss is through the 

interior drywalls is low. In contrast, the position of the meeting room has no significant influence 

on its cooling energy demand, as this is mainly determined by its high internal gains, which are 

the same in all meeting room positions. 
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For the open-plan office, the space layout design has no significant influence on the heating 

energy demand, as illustrated in Figure 56: For each airnode, only small variations 

(≤ 2 kWh/(m2∙a)) are recognizable if the space layout design changes. In contrast, the space 

layout design has an influence on the cooling energy demand of the MV system with a fine-

grained zoning. If the meeting room is positioned in an adjacent airnode, Ecool in the open-plan 

office airnodes is higher than for the airnodes with no adjacent meeting room, because of the 

heat transfer from the warmer meeting room, which has higher internal gains from people and 

equipment, to the open-plan office. Moreover, if the air exchange with other airnodes in the 

open-plan office is partially blocked by the position of the meeting room, Ecool is higher, too. In 

this case study, the corner areas are most sensitive to variations in Ecool when the space layout 

design changes. 

 

Figure 56. MV – comparison of Eheat and Ecool for space layout variants no. 1–12 for fine-grained zoning 
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Flexibility of Space Layout Design 

For variants with MV, the space layout design is not flexible regarding the meeting room’s 

thermal comfort and energy demand, because it varies strongly with its positions. However, 

regarding the open-plan office, the space layout design is flexible if an appropriate number of 

control zones are implemented, such as fine-grained zoning or core/perimeter zoning.  
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5.3.2 Radiant Ceilings and Basic Mechanical Ventilation 

Thermal Comfort 

Figure 57 shows the CV for the space layout design variants no. 1–12 with a fine-grained 

zoning and a room-based zoning of the RC. In addition, the CV for a core/perimeter and a 

north/south zoning of the RC is shown in Appendix D.  

 

Figure 57. RC – comparison of CV for space layout variants no. 1–12 for fine-grained and room-based zoning 

For the meeting room, it is clearly shown that its position has a significant influence on its 

thermal comfort, independent from the control zoning strategy. As mentioned before, this can 

be explained by the influence of the solar radiation, which differs depending on the position of 

the meeting room. Furthermore, the control zoning strategy does not affect the conditioning of 

the meeting room. For all variants, the meeting room remains within the CV limit of 42 Kh/a, 

except when it is located at airnode A4. Moreover, it should be noted that all CV are due to 

overheating in the meeting room. However, high thermal comfort can always be reached when 
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the meeting room is positioned in the core areas, because in this position no solar gains are 

heating the room. 

In contrast, for the open-plan office all CV are CVcold, as explained in the previous sections. In 

this case, the space layout design has no significant influence on CV in the open-plan office, 

independent from control zoning strategy, as explained in section 5.2.3. This results in a 

maximum CV range for each airnode of 1–4 Kh/a depending on layout the space layout design. 

Energy Demand 

In Figure 58, the heating and cooling energy demand for the space layout design variants 

no. 1–12 with a fine-grained zoning of the RC system are illustrated. In addition, the heating 

and cooling energy demand for a core/perimeter, a north/south and a room-based zoning of 

the RC system are shown in Appendix D. Furthermore, the EUI for a fine-grained and a room-

based zoning of the RC system is shown in Appendix D. 

 

Figure 58. RC – comparison of Eheat and Ecool for space layout variants no. 1–12 for fine-grained zoning 
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For the meeting room the same behavior as described and explained for the variants with MV 

can be observed: The position of the meeting room has a significant influence on its heating 

energy demand, but no significant influence on its cooling energy demand.  

For the open-plan office, the influence on heating and cooling energy demand depends on the 

control zoning strategy: A higher number of control zones lead to an increasing influence of 

the space layout design on heating and cooling energy demand. However, even for a fine-

grained zoning, no significant influence of the space layout design on Eheat and the EUI (as 

illustrated in Appendix D) of the airnodes in the open-plan office can be observed. Only for the 

cooling energy demand, a small influence that follows the same behavior as described for MV 

can be observed. This can be seen Figure 58 (right side). 

Flexibility of Space Layout Design 

As a result, the space layout design is fully flexible with regard to the thermal comfort in the 

meeting room and open-plan office, but particular attention should be paid when the meeting 

room is located in the corner area of the floor. 
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5.3.3 TABS and Basic Mechanical Ventilation 

Thermal Comfort 

Figure 59 shows the CV for the space layout design variants no. 1–12 for TABS with three, 

two and one heating and cooling curve (HC). It should be noted that the HC do not influence 

the control zoning in the open-plan office, as described in section 4.3.5. Thus, no difference 

between the control zoning strategies for the open-plan office can be observed. 

For the meeting room, it is clearly shown that its position has a significant influence on its 

thermal comfort, as also explained for the variants before. For the TABS with one HC (floor-

based zoning) and two HC (room-based zoning), high CV occur when the meeting room is 

located in the core areas, because in these variants no separate HC is assumed for it. This is 

important, because if the meeting room is positioned in the core area, it is not influenced by 

the solar radiation and thus has different heating and cooling requirements. Furthermore, 

TABS have a high thermal inertia and thus cannot react immediately to changes of the solar 

radiation. Therefore, different HC are recommended for areas with different solar gains. The 

control zoning could be further improved if also a separate HC is assumed for each meeting 

room with a different façade direction. 

When separate HC are applied in the core areas (3 HC room-based zoning), the highest CV 

are obtained in if the meeting room is position in the middle of the south façade, because here 

high solar gains occur. In all positions, most of the CV in the meeting room are due to 

overheating, because the TABS system cannot provide a high cooling power. However, the 

CV are still within the CV limit of 42 Kh/a. 

For the open-plan office, only small variations in CV occur for the different space layout 

designs. This can also be explained with the high thermal inertia of the system and the 

operation time of 24 hours, which both allows all temperature fluctuations that occur during the 

day to be compensated. Thus, no significant temperature fluctuations or differences in 

individual areas occur, which in total leads to a homogeneous room climate in the open-plan 

office. The maximal range can be observed for airnode A4, which varies from 1–4 Kh/a. 

Moreover, all CV in the open-plan office are also due to overheating, because of the relatively 

low cooling power of the TABS. 
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Figure 59. TABS – comparison of CV for space layout variants no. 1–12 for all control zoning strategies 



 

5 Research Results and Discussion 

 

 128 

Energy Demand 

In Figure 60, the heating and cooling energy demand for the space layout design variants 

no. 1–12 for TABS with three HC are illustrated. In addition, the EUI for TABS with three and 

one HC is shown in Appendix D. 

For the meeting room the same behavior as described and explained for the variants with MV 

and RC can be observed: The position of the meeting room has a significant influence on its 

heating energy demand, but no significant influence on its cooling energy demand. Moreover, 

it is clearly shown that the meeting room has a different heating and cooling energy demand if 

it is positioned in the core areas, which justifies the application of a third HC for these areas. 

For the open-plan office, the space layout design has no significant influence on Ecool, Eheat and 

thus EUI (as illustrated in Appendix D) of the airnodes. As mentioned before, the high thermal 

inertia and the operation time of 24 hours lead to a homogenous distributed heating and 

cooling energy demand.  

 

Figure 60. TABS – comparison of Eheat and Ecool for space layout variants no. 1–12 with 3 HC 
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Flexibility of Space Layout Design 

As a result, the space layout design for buildings with TABS-based HVAC systems is fully 

flexible with regard to the thermal comfort in meeting room and open-plan office, but particular 

attention should be paid when the meeting room is located in the core area without separate 

HC. 
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5.4 Recommendations for an “Office Space Design for 
Flexibility” 

In this section, recommendations for the realization of an office space design for flexibility are 

presented. At this point, it is not possible to formulate general guidelines applicable to all 

buildings, as the design decision strongly depends on individual aspects of the office space 

such as construction parameters, location and usage of the rooms. Nevertheless, the approach 

to model and investigate an office space design for flexibility, described in section 4.1, can be 

transferred to other office spaces as well. Furthermore, the methodology presented can be 

used as a guideline for the evaluation of office spaces, presented in section 5.4.1. In the 

following, an explanation on how the results from this case study can be interpreted using the 

flex index and an assessment of the design scenarios and research questions, defined in 

section 1.2, are given. 

5.4.1 Evaluation Guidelines 

To evaluate an office building and develop an office space design for flexibility, the steps 

presented in this section are recommended. These evaluation guidelines can be transferred 

to every office building that is built in a grid structure, as described in 2.1.2. Depending on the 

office type that should be realized in the office space, different space layout design variants 

should be assumed. An overview of the different office types is given in section 2.1.3. The case 

study presented in this work demonstrates the application of the approach for an open-plan 

office with a single meeting room. 

1) Select an office building, which is built in a grid 
structure 

 

2) Select a representative floor with a usage and 
energy demand typical for most parts of the 
building. It should be noted that the ground and 
top floor could have different energy demands, 
due to the different boundary conditions.  
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3) Define the grid size according to the façade grid 
or possible room positions 

 

4) Define the global information in the simulation 
model 

 

 4.1) Define the building construction parameters 

 4.2) Select the weather data according to the 
location of the building 

5) Define the airnode-specific setup 

 

 5.1) Define the airnode size in simulation model 
according to the grid size 

 5.2) Define all internal gains from people, 
equipment and lighting 

6) Define the flexible design parameters 

 

 6.1) Define all space layout design variants 

  Define the size of the meeting room (the 
size should be a multiple of the airnode 
size) 

 6.2) Define the HVAC system design options 

  Define a new HVAC system design or use 
the HVAC system design options from the 
case study including: 

  6.2.1) HVAC system configuration 

  6.2.2) Control zoning strategy 

  6.2.3) Controlled variable 

7) Run thermal building simulations for all 
variants 

 

8) Post-processing and evaluation of the results 

 8.1) Define evaluation criteria for thermal 
comfort, energy efficiency and flexibility 

 8.2) Calculate the flex index for an holistic 
evaluation of different design questions 
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5.4.2 Flex Index 

To support design decisions, a holistic view of the results of all variants can be useful. Thus, 

the so called “flex index” is introduced to summarize the resulting data and express it in one 

number. The flex index can be used to express a tendency for a design decision, depending 

on the specific design scenarios listed below. 

For each variant, the resulting data are aggregated on a floor level to summarize the results 

for thermal comfort and energy demand for one variant. The flex index is calculated  according 

to Equation (5-8) and (5-9) with the comfort violations (𝐶𝐶𝐶𝐶), the energy use intensity (𝐸𝐸𝑈𝑈𝐸𝐸) and 

their standard deviations (𝜎𝜎CV,𝜎𝜎EUI) for the meeting room and the open-plan office. To define 

the flex index as a dimensionless quantity and scale the value for each variable to the same 

order of magnitude, each variable is divided by a reference value, as defined in 

Equation (5-10)–(5-17). The flex index (𝑓𝑓𝑓𝑓𝑓𝑓𝑥𝑥𝑖𝑖) is than calculated for each office space design 

configuration, with 𝑖𝑖 ∈ {1, … ,𝑛𝑛} being the index for the different configurations and 𝑛𝑛 being the 

total number of configurations (𝑛𝑛, 𝑖𝑖 ∈ ℕ), as follows: 

𝑥𝑥𝑖𝑖 = ��
𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶ref

+
𝜎𝜎CV
𝜎𝜎CV,ref

+
𝐸𝐸𝑈𝑈𝐸𝐸
𝐸𝐸𝑈𝑈𝐸𝐸ref

+
𝜎𝜎EUI
𝜎𝜎EUI,ref

�
MR

∙ 𝑤𝑤MR

+ �
𝐶𝐶𝐶𝐶����
𝐶𝐶𝐶𝐶ref

+
𝜎𝜎CV�����
𝜎𝜎CV,ref

+
𝐸𝐸𝑈𝑈𝐸𝐸�����
𝐸𝐸𝑈𝑈𝐸𝐸ref

+
𝜎𝜎EUI������
𝜎𝜎EUI,ref

�
office

∙ 𝑤𝑤office�
𝑖𝑖

 
(5-8) 

𝑓𝑓𝑓𝑓𝑓𝑓𝑥𝑥𝑖𝑖 = 1 −
𝑥𝑥𝑖𝑖 − min{𝑥𝑥𝑖𝑖}

max{𝑥𝑥𝑖𝑖} −min{𝑥𝑥𝑖𝑖}
  𝑤𝑤𝑖𝑖𝑡𝑡ℎ 𝑓𝑓𝑓𝑓𝑓𝑓𝑥𝑥𝑖𝑖 ∈ [0, … ,1] (5-9) 

with 𝑤𝑤MR being the weighting factor for the meeting room, 𝑤𝑤office being the weighting factor for 

the open-plan office. In Equation (5-9) the result of 𝑥𝑥𝑖𝑖 is normalized to a range of 0–1 and the 

flex index is defined. Moreover, to calculate the values for the open-plan office, the mean value 

of the results of all airnodes located in it are used, with a total number of 11 airnodes. It should 

be noted that if more than one airnode is located in the meeting room, also the mean value of 

the results of all airnode in the meeting room should be used in the calculation. 

The reference values for CV are defined according to the CV limits from DIN EN 15251 [26], 

as described in Equation (5-10) and (5-11). The reference values for EUI are defined 

according to the reference values for an office building with medium energy efficiency [96], as 

described in Equation (5-14) and (5-15). Here, the same values for SCOP and SEER are used 

as in the case study described in the section 5.1.2. Moreover, the reference values of the 

standard deviations are defined as 5 % of the reference values for CV and EUI, according to 
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Equation (5-12), (5-13), (5-16) and (5-17). This definition is in accordance with the evaluation 

criteria for robustness in section 5.1.3. It should be noted that the reference value influences 

the weighting of the individual parameter in the flex index. 

𝐶𝐶𝐶𝐶ref,MR = 𝐶𝐶𝐶𝐶limit,MR = 42 
Kh
a

 (5-10) 

𝐶𝐶𝐶𝐶ref,office = 𝐶𝐶𝐶𝐶limit,office = 63 
Kh
a

 (5-11) 

𝜎𝜎CV,ref,MR = 𝐶𝐶𝐶𝐶ref,MR ∙ 0.05 = 2.1 
Kh
a

 (5-12) 

𝜎𝜎CV,ref,office = 𝐶𝐶𝐶𝐶ref,office ∙ 0.05 = 3.15 
Kh
a

  (5-13) 

𝐸𝐸𝑈𝑈𝐸𝐸ref,MR =  
𝐸𝐸ref,heat,MR
𝑆𝑆𝐶𝐶𝑆𝑆𝑃𝑃

+
𝐸𝐸ref,cool,MR
𝑆𝑆𝐸𝐸𝐸𝐸𝑅𝑅

+ 𝐸𝐸ref,elec,MR = 118 
kWh

m2 ∙ a
 (5-14) 

𝐸𝐸𝑈𝑈𝐸𝐸ref,office =  
𝐸𝐸ref,heat,office

𝑆𝑆𝐶𝐶𝑆𝑆𝑃𝑃
+
𝐸𝐸ref,cool,office

𝑆𝑆𝐸𝐸𝐸𝐸𝑅𝑅
+ 𝐸𝐸ref,elec,office = 65 

kWh
m2 ∙ a

 (5-15) 

𝜎𝜎EUI,ref,office = 𝐸𝐸𝑈𝑈𝐸𝐸ref,MR ∙ 0.05 =  5.9 
kWh

m2 ∙ a
 (5-16) 

𝜎𝜎EUI,ref,office = 𝐸𝐸𝑈𝑈𝐸𝐸ref,office ∙ 0.05 = 3.25 
kWh

m2 ∙ a
  (5-17) 

In this case study, the weighting factors take into account the meeting room and the open-plan 

office to the same extent. Thus, the weighting factor for the meeting room is 0.5 and the 

weighting factor for the open-plan office is 0.5. However, the weighting factors can be defined 

individually based on the requirements of the project. For instance, if the thermal comfort in 

the open-plan office is more important than the thermal comfort of the meeting room, the 

weighting factors can be adapted accordingly. Using this approach, an evaluation of the office 

space based on individual aspects is possible. However, it should be noted that the flex index 

as proposed here does not differentiate between CVhot and CVcold. Moreover, it only considers 

the total EUI and not the heating and cooling energy demand in each airnode. 

Table 14 shows the results for the flex index with the data generated in the case study and 

equal consideration of the meeting room and the open-plan office (𝑤𝑤office = 0.5,𝑤𝑤MR = 0.5).  
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In addition, the results for the flex index if only the meeting room is considered (𝑤𝑤office = 0,

𝑤𝑤MR = 1) and if only the open-plan office is considered (𝑤𝑤office = 1,𝑤𝑤MR = 0) are shown in 

Table 15 and Table 16. 

Table 14. Flex index for each office space design configuration with woffice =0.5 and wMR = 0.5 

 

The higher the value, the better are the results for thermal comfort and energy efficiency of the 

office space design configuration. Thus, a high flex index indicate a high flexibility. The columns 

show the different HVAC system designs, including the HVAC system configurations and 

control zoning strategies and the rows show the different space layout design variants. 

Moreover, the control zoning strategies are abbreviated as follows: fine-grained zoning (FG), 

core/perimeter zoning (CP), north/south zoning (NS) and room-based zoning (RB). For each 

HVAC system configuration, the colors indicate the variants with a high flex index and thus 

also high flexibility (marked in green) and the variants with a low flex index and thus also low 

flexibility (marked in red). As described before, for space layout design variant no. 1, no. 4, 

no. 9 and no. 12, the meeting room is located in a corner area of the floor, for the variant no. 6 

and no. 7, it is located in a core area and for all other variants, it is located in a perimeter area. 
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Moreover, the arrows mark how this table can be used for design decisions, which are 

presented in the next section. The blue arrow indicates that the column is fixed and a variant 

in the row can be selected. Here, the HVAC system design, including the HVAC system 

configuration and the control zoning is fixed and a suitable space layout design needs to be 

selected. The red arrow indicates that the row is fixed and a variant in the column can be 

selected. Here, the space layout design variant is fixed and a suitable HVAC system design 

needs to be selected. 

Table 15. Flex index for the meeting room for each office space design configuration 
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Table 16. Flex index for the open-plan office for each office space design configuration 
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5.4.3 Design Decisions 

In order to make design decisions based on the office space design for flexibility approach, the 

previously introduced flex index can be used. In the following, the design scenarios defined in 

section 1.2 are evaluated based on the flex index for the data resulted from the case study 

described in this work. Table 17 summarizes how the flex index can be used to evaluate each 

design scenario. Moreover, an explanation for each design scenario is given below. It should 

be noted that the design decisions are based on the flex index results from Table 14, taking 

into account the meeting room and the open plan office to the same extent. The design 

decisions can be slightly different if other weighting factors are applied. 

Table 17. Design decisions for design scenario no. 1–4 

Design 
scenario  Life cycle phase 

(1)  

Space layout 
design 

(2) 

HVAC 
system conf. 

(3) 

Control zoning 
strategy 

Design decisions 

No. 1 Conceptual design Variable Variable Variable Select the variant with the 
overall highest flex index 

No. 2 Conceptual design Variable Fixed Fixed Fix the column and select the 
variant with the highest value in 
the row (marked with blue 
arrow) No. 3 Operation/renovation Variable Fixed Fixed 

No. 4 Operation/retrofitting 
(HVAC) Fixed Variable Variable 

Fix the row and select the 
variant with the highest value in 
the column (marked with red 
arrow) 

Design Scenario No. 1 

For design scenario no. 1, the variant with the highest flex index and thus highest flexibility of 

all office space design configurations should be selected. For the results of the case study, the 

variants with RC and TABS result in a higher flex index than the variants with MV.  

In general, for variants with RC, the control zoning strategy and the space layout design has 

only a small influence on the flex index, as shown in Table 14. However, the variants with a 

room-based zoning result in slightly higher flex indexes than variants other zoning strategies. 

If only the meeting room is considered, as shown in Table 15, the space layout design no. 6 

and no. 7, where the meeting room in located in the core area and space layout design no. 5, 

no. 10 and no. 11, are recommended for office spaces with RC, independent from the control 

zoning strategy.  
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For TABS, a control zoning based on three HC is recommended, but the space layout design 

has no significant influence on the result. Thus, this variant is recommended for an office space 

whose space layout design needs to be changed frequently.  

In general, MV is only recommended with additional heating and cooling in the meeting room. 

If a MV system should be used and the meeting room is not considered in the flex index, as 

shown in Table 16, a fine-grained zoning is recommended. 

Design Scenario No. 2 and 3 

For design scenario no. 2 and no. 3, the HVAC system design, including the HVAC system 

configuration and the control zoning are fixed and a suitable space layout design needs to be 

selected. Thus, the column should be considered as fixed and the variant with the highest flex 

index in the row should be selected. This procedure is indicated with a blue arrow in Table 14, 

Table 15 and Table 16.  

The results are different for each HVAC system design: For variants with MV, when fine-

grained is applied, the highest flexibility is reached when the meeting room is located in the 

perimeter area (variants no. 5, no. 10 and no. 11). When core/perimeter or north/south zoning 

is applied, also high flex indexes are reached when the meeting room is located in the core 

area (variants no. 6 and no. 7). A room-based zoning is not recommended, as only low flex 

indexes are reached for all space layouts. For all variants with MV, the space layout design 

no. 4 and no. 12 (meeting room in the north/west and north/east corner) should be avoided, 

independent of the control zoning. 

In general, for variants with RC, the space layout design is very flexible, because the flex index 

varies only slightly for the different variants. However, the space layout design no. 4 (meeting 

room in the north/west corner) should be avoided. It should be noted that if only the meeting 

room is considered, as shown in Table 15, the highest flex indexes are reached when the 

meeting room is located in the core area (variants no. 6 and no. 7), almost independent from 

the control zoning strategy. Moreover, high values are also reached when the meeting room is 

located in the perimeter area (variants no. 5, no. 10 and no. 11). 

For variants with TABS, the flex index is almost independent from the space layout design 

when three HC are used. For variants with two and one HC the space layout designs no. 6 and 

no. 7 (meeting room in the core area) should be avoided. Moreover, for the variants with 

one HC, low flex indexes are reached for all space layout design variants. Overall, it can be 

said that space layout design with the meeting room located in the corner areas is only 

recommended for variants with TABS. 
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Design Scenario No. 4 

For design scenario no. 4, the space layout design is fixed and a suitable HVAC system design 

needs to be selected. Thus, the row should be considered as fixed and the variant with the 

highest flex index in the column should be selected. This procedure is indicated with a red 

arrow in Table 14, Table 15 and Table 16.  

For all space layout design variants, the highest flex index is reached with TABS with three HC. 

Apart from that, all other variants with RC are the second best choice for all space layout design 

variants. If only the meeting room is considered, as shown in Table 15, TABS with three HC 

are the best choice. In contrast, if only the open-plan office is considered, as shown in Table 

16, an RC with room-based or north/south zoning should be selected. 

If only MV variants are considered, the north/south zoning results in the highest flexibility. 

However, it should be noted that all flex indexes for variants with MV are lower than for the 

variants with RC or TABS, independent from the space layout design and control zoning 

strategy. Therefore, this MV system is not recommended if a flexible office space design should 

be achieved. 

Applicability of the Flex Index  

In summary, the flex index as presented here is an effective way of evaluating office space 

different design scenarios.  

It is noted that, the flex index is defined in such a way that a value of one indicates an “absolute 

flexibility”, i.e. the exact same values for thermal comfort and energy demand would be 

obtained independent of the office space design configuration. This situation is mainly a 

hypothetical one, not likely to be fulfilled in reality. 

In addition, the calculated values for the index are based on the results for the office space 

design configurations for the office building in this case study and should therefore not to be 

used as absolute values for comparison with other buildings. 

Furthermore, other studies could use different values for the weighting factors, reference 

values or slightly change the Equation (5-8) and (5-9) to investigate different aspects of the 

office space design. In spite of such modifications, the general methodology presented here, 

which can be described as reducing a large amount of data to a single index, is recommended 

to make decisions based on results from a large-scale parametric simulation study. In other 

words, the introduced flex index is a way to reduce complexity and to evaluate the data based 

on a user-defined weighting of the results.  



 

5 Research Results and Discussion 

 

 140 

5.5 Limitations 

In this section, the limitations of the presented approach are discussed and possible 

improvements are listed. The section is divided into limitations resulting from model 

assumptions and limitations regarding the evaluation criteria of the results. 

First of all, it should be mentioned that a generalization of the results from the case study is 

not possible, as the design decision strongly depends on individual aspects of the project.  

Model Assumptions 

In order to evaluate the office space on a detailed level, a high number of airnodes/zones are 

assumed. This assumption lead to a longer simulation time. Moreover, as mentioned in [69]: 

“The drawbacks of a high number of zones include greater computation intensiveness, as well 

as difficulties in creating, checking and modifying models, and interpreting simulation results”. 

Nevertheless, some assumptions are made to simplify the building model. All assumptions and 

simplification regarding the calculations in thermal building simulation are listed in section 

4.1.2. The boundary conditions and parameters assumed for the building model can be found 

in the descriptions of the case study in section 4.2.  

Oher studies [97] have found that the occupant-related assumptions have a significant 

influence on design decisions. In this case study, the number of occupants and the occupancy 

schedule of the rooms are defined according to common standards and are equal for all 

variants. Thus, the influence of different occupancy-related assumptions has not been 

investigated in detail. However, a comparison between the assumptions for internal gains listed 

in common standards can be found in the Appendix B. 

Since the case study focuses on thermal comfort, the HVAC system control is optimized to 

provide maximum thermal comfort in the office space, described in section 4.3. Accordingly, 

energy efficiency is only a secondary goal and further improvements can be made to the HVAC 

system control, such as a reduction in the operation hours for TABS. 

Moreover, in the case study a speculative office building is simulated, which is modelled based 

on a typical modern office building. Real sampled data is not available for this building and 

thus the model is not validated. 
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Evaluation Criteria 

To assess the simulation results, evaluation criteria such as thermal comfort, energy demand 

and robustness is used. The criteria are defined in section 5.1. 

In order to calculate the EUI, it is assumed that the SCOP and SEER are defined as constants 

across all variants and thus are not calculated depending on the HVAC system and its 

operation temperature. Defining these values more precisely can result in higher differences 

between the EUI of the HVAC systems. Moreover, it should be considered that for systems 

that operate at different temperature levels, different energy sources could be used. For 

instance, for systems with a low supply temperature spread such as TABS, geothermal energy 

can directly be used for heating and cooling, also free cooling is possible. Whereas for 

mechanical ventilation systems, which have to realize a higher temperature spread, additional 

heat pumps and/or chillers may be required to heat and cool the supplied water. 

For the evaluation of the thermal comfort, an adaptive approach is used to calculate the comfort 

violations (CV) in each airnodes. However, the indicator CV does not show differences 

between the variants when the operative temperature is within the defined comfort limits. 

Figure 61 shows the operative room temperature (Top) depending on the ambient air 

temperature (Tamb) for all airnodes and space layout design variants with MV and RC with fine-

grained zoning and TABS with three HC (room-based zoning). Comparing the results shows 

that RC results lie closer together than the results for MV and TABS, but are almost the same 

CV as TABS. This implies that a different indicator than CV is needed to evaluate results that 

lie within the comfort limits. 

Moreover, to achieve a holistic evaluation of the office space design for flexibility, it could be 

useful to consider other aspects of the indoor environmental quality such as indoor air quality, 

visual and acoustic comfort into account. Moreover, this study does not consider economical 

aspects when choosing the HVAC system. 

 

Figure 61. Comparison of the operative temperature (Top) for variants with MV and RC with a fine-grained zoning 

and TABS with 3 HC (room-based zoning) as function of the ambient air temperature (Tamb) 
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6 Conclusions and Outlook 

6.1 Conclusions 

This dissertation presented a novel approach to model and evaluate flexibility in office spaces 

and analyzed the influence of the space layout and HVAC system design on the thermal 

comfort, energy efficiency and flexibility of the office space. Moreover, recommendations for 

an office space design for flexibility were given to apply the approach and findings to other 

office buildings. 

During an operation phase of an office building, the space layout design needs to be adapted 

frequently. Thus, in order to maintain an energy-efficient operation and high thermal comfort 

without requiring a large-scale retrofit, the HVAC system needs to be flexible. In this context, 

a robust HVAC system design will enable adjustments during the operation phase and the 

reactions to unpredictable events. As a result, the main challenge is to achieve both flexibility 

and high thermal comfort in an energy-efficient way. In the reviewed literature, the correlation 

between the space layout design and the HVAC system design to enable flexible office spaces 

has not been investigated in detail. Moreover, in this regard, no approach for decision making 

in different life cycle phases was found.  

According to the main objective, this dissertation offers a design for flexibility approach that 

aims at creating robust solutions for office spaces. In addition, a comprehensive understanding 

of the correlation between the space layout design and the HVAC system design, including the 

HVAC system configuration and its control zoning strategy, enables design decisions in office 

spaces that consider thermal comfort, energy efficiency and flexibility. 

The developed approach was implemented using parametric modeling and thermal building 

simulation and was then applied in a case study to a modern office building. In this context, 

three HVAC system configurations, which are commonly used in office buildings, were 

investigated with fourth different control zoning strategies and a flexible space layout design. 

Of special interest was to evaluate the influence of each of these flexible design parameters 

on thermal comfort and energy demand and to identify configurations of these flexible design 
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parameters that provide robust solutions for office spaces. In the presented case study, the 

following HVAC system configurations are compared: a mechanical ventilation system (MV), 

radiant ceilings with a basic mechanical ventilation (RC) and a thermally-active building system 

with a basic mechanical ventilation (TABS). In summary, the variants with MV result in the 

highest energy demand, mainly due to the high electricity demand for the fans. The variants 

with RC and TABS are more energy-efficient solutions for the office space investigated in this 

dissertation. 

Moreover, in the open-plan office, critical areas were identified to which particular attention 

should be paid in the design process. These areas tend to have higher comfort violations (CV) 

and are located in corners and/or are adjacent to the meeting room. In addition, if the meeting 

room is positioned in a corner and/or core area, this may have negative effects on its thermal 

comfort, depending on the HVAC system configuration. In general, almost all CV in the meeting 

room are due to overheating, because of the high internal loads during occupied times. Only 

variants with RC remain within the thermal comfort limit, thus for all other variants a secondary 

heating and cooling system is recommended in the meeting room. 

In general, the MV is the most sensitive system, which becomes evident in the high standard 

deviations in thermal comfort and energy demand that are obtained for different space layout 

designs and areas in the office space. When the space layout design and control zoning 

change, not all airnodes remain within the comfort limit. To improve the thermal comfort, the 

focus should be on critical areas. In contrast, RC and TABS show a higher robustness, 

especially in terms of thermal comfort. For these variants, high thermal comfort can be 

achieved independently from space layout design and control zoning strategy, which enables 

a flexible office space.  

The next sub-objective after the influence of the HVAC system configuration was to identify 

the influence of the control zoning strategies on thermal comfort and energy demand. The 

results show that the influence varies significantly depending on the HVAC system 

configuration. In general, the following applies to all airnodes located in the open-plan office: If 

the number of control zones decreases (from fine-grained to room-based zoning) the comfort 

violations increase and the energy demand decreases for the individual areas of the office 

space. For the variants with MV, a zoning strategy with a high number of control zones (fine-

grained or core/perimeter zoning) is recommended to avoid high comfort violations, especially 

in critical areas. In contrast, the control zoning strategy does not have a significant influence 

on the thermal comfort for variants with RC or TABS. Small effects can only be observed for 

corner areas and/or areas with an adjacent meeting room. Moreover, to avoid high CV for 
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variants with TABS, a different heating and cooling curve (HC) should be applied for meeting 

rooms positioned in the core areas, compared to meeting rooms positioned in the perimeter 

areas of the office space. 

The next sub-objective was to identify the influence of the space layout design on the above-

mentioned evaluation criteria. As stated previously, in office buildings, the space layout usually 

needs to be repeatedly redesigned in order to meet tenants’ requirements during the operation 

phase. For all HVAC system configurations, the meeting room position has a significant 

influence on its thermal comfort and energy demand and thus its flexibility is limited. For 

variants with MV, the influence of the space layout design on thermal comfort in the open-plan 

office increases when the number of control zones decreases. Thus, for control zoning 

strategies with few zones, such as north/south or room-based zoning, high CV occur in critical 

areas. Thus, for the open-plan office, the space layout design is flexible if an appropriate 

number of control zones is implemented. For variants with RC and TABS, the space layout 

design is fully flexible, because it has no significant influence on the CV and energy use 

intensity (EUI), independent from the control zoning strategy. However, particular attention 

should be paid when the meeting room is located in critical areas. 

In conclusion, the results from this case study indicate that RC and TABS are more promising 

solutions for flexible office spaces compared to MV to keep the operative temperature in the 

room within the thermal comfort limits. Moreover, the approach presented in this dissertation 

has been shown to be an effective way of investigating flexibility in office buildings. 

Another sub-objective consisted of giving recommendations for an office space design for 

flexibility, to be able to transfer the knowledge to other office spaces and to evaluate design 

scenarios. Here, guidelines for the evaluation of an office space were presented. Moreover, 

design decisions for different scenarios and life cycle phases of an office building were made 

based on the introduced flex index and the results from the case study. The approach is 

presented in general terms and can thus be transferred to other office spaces, enabling the 

design of flexible office spaces that guarantee high thermal comfort and an energy-efficient 

operation, robustly.  

In summary, the presented results generally confirm the research hypothesis that to design an 

office space for flexibility, three design parameters cannot be considered independently: space 

layout design, HVAC system configuration and control zoning strategy. However, depending 

on the selected variants of the flexible design parameters, the others are more or less important 

to consider in the design decisions. For instance, for variants with MV, both the control zoning 

strategy and the space layout design are important to consider, whereas for variants with RC 
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the control zoning strategy is less relevant. Moreover, the part of the hypothesis, which stated 

that certain configurations of the design parameters can guarantee thermal comfort and an 

energy-efficient operation, even in the event of variations within the office space design, could 

be completely confirmed with the results of the presented case study. Moreover, it was shown 

that the concept of office space design for flexibility describes an effective procedure of 

selecting robust configurations of flexible design parameters and that it can be transferred to 

other office spaces, too. 

6.2 Outlook 

In order for the office space design for flexibility approach to find its way into practice, the 

integration of this method into the building design process has been investigated in [49]. Here, 

a digital design workflow between Autodesk Revit [98] and Rhinoceros/Grasshopper [47, 48], 

where the TRNLizard Plugin [46] is used for the implementation of the presented approach, 

was realized. This workflow enables the designer to use the geometry and attributes defined 

within a building information model (BIM), to be automatically transferred to the thermal 

building simulation setup.  

In a further step, the recommendations and results generated with this approach could 

automatically be integrated as boundary conditions in a BIM, to support designers without 

running a simulation in the foreground. Furthermore, the presented approach could be 

integrated in existing tools or approaches, whose aims are an automatic generation of HVAC 

system layouts [99], an automatic generation of space layout designs [100, 101] or an 

optimized spatial and thermal zoning [102]. 

Furthermore, as the recommendations for an office space design for flexibility can in principle 

be transferred to other buildings, it might be interesting to perform case studies with office 

buildings in other climate zones, with different shapes, different HVAC system designs, and/or 

other space usages. This could contribute to further explore the potential of an office space 

design for flexibility.  

Moreover, the presented approach is considered as a fundamental step towards increased 

thermal comfort in flexible office spaces. Future research could evaluate the extent to which 

optimal model-based control approaches can compensate non-suitable control zoning or 

space layout design, and compare it to the control performance when the office space has 

been designed with flexibility in mind. 
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In addition, as described in [103], personal comfort systems can be used to condition the office 

space on a personal level. These systems are controlled based on personal comfort models, 

which are developed with data from the occupants to predict their individual thermal comfort 

requirements. Integrating these personal comfort models in the indoor environmental control 

for office spaces can improve energy efficiency and the occupant’s satisfaction with the thermal 

environment. Future research could evaluate the potentials for combining these personal 

comfort models with the approach presented in this work, to design flexible office spaces, 

which offer a basic level of thermal comfort and address individual preferences of occupants 

with personal comfort systems. 

In general, for future office buildings, a flexible use during the operation phase is increasingly 

important. In an interview, Norman Foster even emphasized that future office spaces must be 

flexible [104]: “They must be thoughtfully designed to adapt to the ways humans and society 

will inevitably change, and that requires more than just building open-plan layouts. […] 

Ultimately, the most enduring workplaces will take into account the deep-rooted desires of the 

people who spend time there.” In conclusion, this dissertation does enable a flexible office 

space design with the aim to design such an enduring workspace that can guarantee high 

thermal comfort for the occupants and at the same time an energy-efficient operation. 

However, some interesting research questions remain open and thus further research in this 

field is recommended to create sustainable solutions for office spaces in the future. 
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Glossary 

Controlled Variable 

The controlled variable is used to control the HVAC system. 

Control Zone  

A control zone (also known as HVAC zone) refers to the space in a building, whose 

indoor climate is conditioned by the same HVAC system. 

Control Zoning Strategy 

The control zoning strategy defines how a space is divided into control zones. This 

includes the size, number and position of control zones. 

Flexible Design Parameter 

All parameters in the parametric building model, which can be changed between the 

different variants. 

HVAC System Configuration 

The HVAC system configuration defines only the components of system, without their 

control zoning and the controlled variable. 

HVAC System Design 

The HVAC system design defines all parameter of an HVAC system, which includes 

the HVAC system configuration, the control zoning strategy and the controlled variable. 

Office Space Design 

The office space design includes the space layout and HVAC system design, but also 

all building construction elements such as windows and walls. In total, it defines the 

design of a complete office space. 
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Office Space Design Configuration 

A complete office space design configuration is defined if one option for each flexible 

design parameter is selected. This includes one space layout design, one HVAC 

system configuration, one control zoning strategy and a controlled variable. 

Office Space Design for Flexibility 

The concept of an office space design for flexibility describes the procedure of selecting 

robust configurations of design parameters for an office space. Moreover, this term is 

used for comfortable, energy-efficient indoor environments that are robust to changes 

in the office space design. 

Robustness 

Robustness is the ability of a system to maintain its current state, independent from 

disturbances and changes within the system. In this work, an HVAC system design is 

called robust if it can guarantee thermal comfort and an energy-efficient operation, even 

when changing the space layout design or its control zoning strategy. 

Space Layout Design 

The space layout design defines the location of rooms and interior drywalls in the floor 

plan. 

Thermal Zone 

Thermal zones separate the space within the building into smaller areas and are used 

to calculate the respective energy demand and thermal behavior of these areas. Within 

a thermal zone, the properties of the space are assumed to be homogeneous. 

Workspace 

Each employee has its own workplace, which includes the technical equipment and the 

furniture. 
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Appendix A 

Study on Shading Control 

In the following, the influence of different shading options and control strategies on solar gains, 

thermal comfort and their spatial distribution in the office space is investigated. For this study, 

the building model from the case study, described in section 4.2.2, and an ideal heating and 

cooling system (IHC) and with a room-based zoning, described in section 4.3.2, are used. 

All variants with a shading device have an automatically operated external shading device with 

a shading fraction of 75 %. The different shading options and control strategies are defined as 

follows: 

(S1) No shading No shading device is installed. 

(S2) Closed shading The external shading device is always closed. 

(S3) Radiation-based 
shading control 

The external shading is controlled by an hysteresis, 
which activates the shading when the solar radiation on 
the façade exceeds 200 W/m2 [86] and deactivates it 
when the radiation falls below 150 W/m2.  

(S4) Temperature-based 
shading control 

The external shading is controlled as in the radiation-
based shading control (S3) and has an additional 
temperature-based control, which operates as follows: If 
the air temperature in the airnode is above the cooling 
set point, defined in Equation (4-1)–(4-3), the shading is 
always closed, independent from the solar radiation. 

In summary, the aim is to have a shading control that allows enough daylight to enter the office 

space and at the same time prevent the airnode from overheating due to high solar gains. As 

the radiation-based shading control (S3) is recommended in German strandards [86], this 

variant is used in the case study presented in sections 4.2–4.2.5. In the following, the results 

for all shading options and control strategies are presented in detail. 
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Figure 62. Comparison of solar gains for variants with no shading (S1) and closed shading (S2), IHC with room-

based zoning 

First, the variants with no shading (S1) and closed shading (S2) are compared. In Figure 62, 

the solar gains for the space layout designs no. 1–12 for both variants are shown. Overall, the 

results show that high solar gains are obtained for the variants with no shading (S1) compared 

to the variants with a closed shading (S2). For both variants, the solar gains in the airnodes 

located at the south façade are higher than for the other airnodes in the office space. 
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Figure 63. Comparison of CV for variants with no shading (S1) and closed shading (S2), IHC with room-based 

zoning 

In addition, Figure 63 illustrates the result for the comfort violations (CV) for the space layout 

designs no. 1–12 for the variants with no shading (S1) and closed shading (S2). Here, it is 

clearly shown that for variants with no shading device (S1), the CV for almost all airnodes in 

the open-plan office are above the comfort limit of 63 Kh/a. Moreover, it shows that the solar 

radiation has a significant impact on the spatial distribution of the CV in open-plan office. In 

contrast, for the variants with a closed shading (S2), less CV are obtained and they are more 

evenly distributed in the open-plan office. As a result, it can be said that if more solar radiation 

is entering the office space, such as in variants with no shading (S1), higher variations in the 

spatial distribution of the CV, and thus also operative temperature occur in the open-plan office. 

Furthermore, an office space without shading device is not recommended, because of the high 

CV, especially at the south and east façade. However, even though a permanently closed 

shading device results in low CV, this design variants is not practical, because no direct 

daylight can enter the space. Therefore, different control strategies for the shading are tested 

and evaluated in the following. 



 

 159 

 

Figure 64. Comparison of solar gains for variants with radiation-based shading control (S3) and temperature-

based shading control (S4), IHC with room-based zoning 

Secondly, the variants with radiation-based shading control (S3) and temperature-based 

shading control (S4) are compared. In Figure 64, the solar gains for the space layout designs 

no. 1–12 for both variants are shown. For the variants with a radiation-based shading control 

(S3), high solar gains are obtained for all corner areas. In contrast, for the variants with a 

temperature-based shading control (S4), the corner areas in the north obtain less solar gains 

than the corner areas in the south. This can be explained by the additional temperature-based 

control of the shading: If the air temperature in an airnode are above the cooling set point, 

defined in Equation (4-1)–(4-3), the shading is closed, independent from the solar radiation. 

In airnodes located at the north façade, the temperature-based shading control can be 

beneficial, because the direct solar radiation that is entering the airnodes through the window 

is low, but still high temperature can be reached, because of the diffuse solar radiation. 

Therefore, a temperature-based shading control (S4) is recommended for airnodes located at 

the north façade. 
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Figure 65. Comparison of CV for variants with radiation-based shading control (S3) and temperature-based 

shading control (S4), IHC with room-based zoning 

In addition, Figure 65 illustrates the result for the comfort violations (CV) for the space layout 

design variants no. 1–12 for the variants with radiation-based shading control (S3) and 

temperature-based shading control (S4). Here, it is clearly shown that the shading control has 

only a small influence the overall thermal comfort in the open-plan office. However, the spatial 

distribution of the CV varies depending on the shading control strategy. For most variants with 

radiation-based shading control (S3), higher CV are obtained in the north airnodes and for 

most variants with radiation-based shading control (S3), higher CV are obtained in the south 

airnodes. Therefore, in this case it is not possible to make a clear statement about which 

shading control should be preferred. 
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Appendix B 

Study on Internal Gains 

In office buildings, internal gains from people, equipment and lighting contribute significantly 

to the building’s heating and cooling energy demand. Thus, a reasonable assumption for the 

internal gains and their schedules is important when investigating office spaces. In the 

following, a comparison between different applicable standards to define internal gains and 

their schedules is presented. Here, three standards, which are completely define the internal 

gains and their schedules for an open-plan office and a meeting room, are compared: the 

German standard DIN V 18599 [88], the European standard DIN EN 16798 [105] and the Swiss 

Standard SIA 2024 [106]. The German standard defines a range of values for the parameters: 

In this study, the variant with the lowest values is referred to as “DIN 18599 low”, the variant 

with the medium values is referred to as “DIN 18599 medium” and the variant with the highest 

values is referred to as “DIN 18599 high”. Moreover, for comparison the internal gains and 

schedules, which are assumed in the case study presented in sections 4.2–4.2.5 are 

illustrated, too. 

B.1 Internal Gains in the Open-plan Office 

In Figure 66, the schedules of the total internal gains in an open-plan office for the different 

standards are illustrated. Further details can be obtained from Figure 67, which shows the 

schedules of internal gains from people, Figure 68, which shows the schedules of internal 

gains from equipment and Figure 69, which shows the schedules of internal gains from lighting. 

For an open-plan office, the DIN EN 16798 shows the overall lowest internal gains compared 

to the other standards. The internal gains and schedules for people and equipment are simular 

for the DIN EN 16798 and SIA 2024. However, the internal gains from lightling defined in 

SIA 2024 are the highest. In total, the DIN V 18599 covers a wide range of values, especially 

for the internal grains from equipment.  

In the case study, it is assumed for the open-plan office that each person is equiped with one 

laptop and two screens. Moreover, one printer for the complete floor is assumed and the 

lighting is turned off during midday. Thus, the resulting internal gains and schedules are slightly 
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higher than the values assumed in SIA 2024, but lower than the highest values assumed in 

DIN V 18599. 

 

Figure 66. Comparison of total internal gains in open-plan office 

 

Figure 67. Comparison of internal gains from people in open-plan office 
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Figure 68. Comparison of internal gains from equipment in open-plan office 

 

Figure 69. Comparison of internal gains from lighting in open-plan office 
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B.2 Internal Gains in the Meeting Room 

In Figure 70, the schedules of the total internal gains in a meeting room for the different 

standards are illustrated. Further details can be obtained from Figure 71, which shows the 

schedules of internal gains from people, Figure 72, which shows the schedules of internal 

gains from equipment and Figure 73, which shows the schedules of internal gains from lighting. 

It should be noted that the values in DIN EN 16798 for the internal gains from people are 

corrected according to the same heat gains per person as for the open-plan office (141.1 W 

per person). Moreover, an area per person of 2 m2 is assumed, as presented for an meeting 

room in the Annex B7 p. 64 [105]. 

For a meeting room, the DIN EN 16798 shows the overall highest internal gains compared to 

the other standards. This is mainly due to the high internal gains from people and equipment. 

In contrast, the SIA 2024 and DIN V 18599 show comparatively low internal gains from 

equipment. One possible explanition could be that these standards do not consider laptops or 

other advices, which are brought to the meeting room. However, in most offices, this is 

common practice. 

Therefore, in the case study, it is assumed that each person brings one laptop to the meeting. 

Moreover, one projector is assumed in the meeting room and the lighting is turned off during 

absence. Thus, the resulting internal gains and schedules are higher than the values assumed 

in SIA 2024 and DIN V 18599, but lower than the values in DIN EN 16798. 

 

Figure 70. Comparison of total internal gains in meeting room 
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Figure 71. Comparison of internal gains from people in meeting room 

 

Figure 72. Comparison of internal gains from equipment in meeting room 
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Figure 73. Comparison of internal gains from lighting in meeting room 
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Appendix C 

Construction Parameters 

C.1 Radiant Ceiling Construction 

In the Table 18, all construction parameters for the radiant ceiling (RC), which are assumed in 

the simulation setup in TRNSYS 18 [38], are listed. 

Table 18. RC detailed construction parameters (based on [92])  

Parameters Construction 

Pipe spacing 0.08 m 

Pipe diameter 0.01 m 

Pipe length 120 m 

Module area 9.94 m2 

Active area 5.76 m2 

Constant (k) 9.0115 

Exponent (n) 1.083 

Specific norm flow 37 kg
h∙m2 

Cooling power 86 W
m2 

Heating power 60 W
m2 

Percentage of total ceiling area 58 % 

Fluid supply temperature for heating 35 °C 

Fluid supply temperature for cooling 18 °C 
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C.2 TABS Construction 

In Table 19, all construction parameters for the radiant ceiling (RC), which are assumed in the 

simulation setup in TRNSYS 18 [38], are listed. 

Table 19. TABS detailed construction parameters (based on [94])  

Parameters Construction 

Pipe spacing 0.2 m 

Pipe diameter 0.02 m 

Pipe length 80 m 

Pipe thickness 0.0025 m 

Conductivity 0.35 W
m∙K

 

Specific mass flow 19 kg
h∙m2 

Cooling power 50 W
m2 

Heating power 40 W
m2 

Percentage of total ceiling area 80 % 
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Appendix D 

Extended Results 

In the following, additional figures of the results presented in section 5.3 are illustrated. 

D.1 HVAC System Configuration No. 1: Only Mechanical Ventilation 

Figure 74 shows the CV for the space layout design variants no. 1–12 with a core/perimeter 

zoning and a north/south zoning of the MV system. 

 

Figure 74. MV – comparison of CV for space layout variants no. 1–12 for core/perimeter and north/south zoning 
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In Figure 75, the EUI for the space layout design variants no. 1–12 with a fine-grained and a 

room-based zoning of the MV system is illustrated. 

 

Figure 75. MV – comparison of EUI for space layout variants no. 1–12 for fine-grained and room-based zoning 
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In Figure 76, the EUI for the space layout design variants no. 1–12 with a core/perimeter and 

a north/south zoning of the MV system is illustrated. 

 

Figure 76. MV – comparison of EUI for space layout variants no. 1–12 for core/perimeter and north/south zoning 
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D.2 HVAC System Configuration No. 2: Radiant Ceiling 

Figure 77 shows the CV for the space layout design variants no. 1–12 with a core/perimeter 

and a north/south zoning of the RC system. 

 

Figure 77. RC – comparison of CV for space layout variants no. 1–12 for core/perimeter and north/south zoning 
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In Figure 78, the heating and cooling energy demand for the space layout design variants 

no. 1–12 with a core/perimeter zoning of the RC system are illustrated. 

 

Figure 78. RC – comparison of Eheat and Ecool for space layout variants no. 1–12 for core/perimeter zoning 
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In Figure 79, the heating and cooling energy demand for the space layout design variants 

no. 1–12 with a north/south zoning of the RC system are illustrated. 

 

Figure 79. RC – comparison of Eheat and Ecool for space layout variants no. 1–12 for north/south zoning 
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In Figure 80, the heating and cooling energy demand for the space layout design variants 

no. 1–12 with a room-based zoning of the RC system are illustrated. 

 

Figure 80. RC – comparison of Eheat and Ecool for space layout variants no. 1–12 for room-based zoning 
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In Figure 81, the EUI for the space layout design variants no. 1–12 with a fine-grained and a 

room-based zoning of the RC system is illustrated. 

 

Figure 81. MV – comparison of EUI for space layout variants no. 1–12 for fine-grained and room-based zoning 
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D.3 HVAC System Configuration No. 3: TABS 

In Figure 82, the EUI for the space layout design variants no. 1–12 for TABS with three and 

one HC is illustrated. 

 

Figure 82. TABS – comparison of EUI for space layout variants no. 1–12 with 3 HC and 1 HC 
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