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Abstract 

Building thermal mass has been exploited as a balancing mechanism to generate flexibility for the 

energy balance. By utilising buildings thermal storage potential peak heating demand in district 

heating can be reduced. The aim of the study is to investigate heat flexibility of existing residential 

buildings to provide flexibility to district heating network, by means of avoiding using peak load plants. 

The scope of this work is on residential single family houses built before 2010 in Denmark, based on 

TABULA national building typologies database. 

In this study, Danish residential dwellings built in different time periods with an underfloor heating 

system or radiator system were modelled based on TABULA-project building typologies. The flexibility 

is defined as the time interval that the building can sustain thermal comfort after the heating supply 

was switched off. Heat flexibility of dwellings during the heating season was investigated by 

examining buildings’ dynamic thermal response in TRNSYS program. The categorization of daily heat 

flexibly regarding outdoor climate was performed based on regression analysis, and predictive 

models were developed with - outdoor temperature and solar irradiance as explanatory variables. 

The results show that in general, outdoor temperature and solar irradiance have equally positive 

contributions to the daily heat flexibility of the newer Danish dwellings. However the outdoor 

temperature has dominant impact on heat flexibility of the old dwelling type. In addition, different 

types of buildings show distinct variation in flexibility performance under the same outdoor climate 

circumstances. 
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Chapter 1 INTRODUCTION 

1.1 Background and problem statement 

Dealing with climate change and fossil fuel shortage are important challenges in this century. In order 

to accomplish low carbon energy and reduce greenhouse gas (GHG) emissions, significant efforts 

have been devoted into rethinking and redesigning the energy system- both on supply sides and on 

demand sides. Intensive work is put on renewable energy sources (RES) integration, smart grid 

technologies, and for the end-use sector as well, enhancing end-use energy efficiency and exploiting 

demand-side energy flexibility. Buildings are the largest end-use energy sector in the EU-15 member 

states, representing nearly 40% of total energy demand, of which 63% is attributed to residential 

buildings [2] . The space heating demand represents nearly 75% of the energy consumption by end-

use in EU-15 member states [3] . 

In addition to such large amount of heating energy consumption, the significant variations of peak 

demand in district heating (DH) systems have brought risks in grid stability and efficient power 

generation [4] . This variation of heat demand mainly results from large differences in outdoor 

temperature during the heating seasons. Thus, peaks in heat load normally occur during the morning 

or in the evening when the need for space heating and domestic hot water is large. Studies revealed 

that the magnitude of load variations in a DH system during a few hours is up to 100 MW in 

Gothenburg, Sweden [4] , which results in lower efficiency and larger heat loss of the heat-only boilers 

that are operating during peak hours. To avoid using peak load heat plants, considerable studies and 

practices have been conducted on demand-side management (DSM), short-term thermal energy 

storage (TES) strategies as well as demand response (DR) programs [5] [7] . One of the most promising 

solutions for generating energy flexibility is passive thermal energy storage of buildings- in the 

building envelopes and indoor thermal mass. By utilising building thermal inertia, considerable 

amounts of heating energy can be shifted during the peak hours of DH systems without compromising 
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indoor comfort requirements. Such solution is widely considered as one of the most efficient and cost 

effective ways to provide building flexibility [4] [8] [9].  

A number of recent research has conducted sensitivity analyses on building design parameters on 

energy flexibility, which provides a reasonably good guideline for creating a flexible building in design 

phase [10] [11] . However, the evaluation of detailed building models as well as field measurements 

is yet insufficient. The need for more accurate simulations on buildings’ transient thermal behaviours 

is also suggested by research [12] . This is because low order R-C models which are assumed as empty 

buildings in many studies, cannot capture the dynamic thermal characteristic of the building 

envelopes and its indoor space [8] . The insufficiency of transient modelling on building energy 

flexibility is being one of the motivation to conduct the thesis using TRNSYS, which is suitable for 

performing simulations to capture buildings’ dynamic effects. More importantly, the dependency of 

flexibility on outdoor climate profiles has been discussed by a number of research, but there is a clear 

lack of studies on describing outdoor climate influence on energy flexibility.  Therefore, the major 

motivation of the thesis is to investigate the influences of some of the outdoor climate parameters 

on buildings energy flexibility and to develop a categorization method to estimate buildings’ heat 

flexibility performance in different climate conditions.  

1.2 Scope of the work 

This work studies the heat flexibility of detached single family houses in the heating dominated 

climate in Denmark, and other residential building types e.g. terrace houses, apartments are not 

included. Three types of dwellings built in different time periods from TABULA database were 

selected and investigated. 

This work focus on investigating the heat flexibility that generated by buildings’ thermal inertia. On a 

building system level, the energy flexibility can be generated by different components of the building 

system and by the variations in operation schemes. The sources that provide energy flexibility include 

but not limited to flexible operation, buildings’ thermal mass, thermal energy storage (TES) units, and 

onsite generation systems etc. Since the building itself is a TES unit, a certain amount of thermal 

energy can be stored or conserved by intermittently over-heating or under-heating the building. Thus, 

for better evaluating heat flexibility of the building itself, additional TES solutions such as batteries, 

storage tank are not considered. Moreover, only space heating demand is investigated in this work, 

without considering domestic hot water demand and other heat demand. Besides, the flexibility of 

cooling demand is not considered either, as air-conditioning systems are not widely implemented in 

residential buildings among Europe. 
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1.3 Research questions 

A number of studies have demonstrated how to quantify buildings structural thermal storage 

potentials and exploit it as the source of heat flexibility, however, the study on distinct fluctuations 

of flexibility due to outdoor climate changes is missing. Thus, the major research objective is to 

develop a suitable and practical methodology for describing the relationship between outdoor 

climate parameters and heat flexibility, enabling the categorization of buildings’ heating flexibility 

potentials regarding outdoor climates. In other words, the main research question can be formulated 

as: 

“How to categorise the heat flexibility potential of buildings under different outdoor climate 

circumstances?” 

Apart from the main research question, there are several questions that relate to the analysis on the 

influences of outdoor climate parameters on heat flexibility, which is formulated as:  

“What is the contribution of outdoor temperature and solar irradiance on heat flexibility? Are these 

two parameters of equal importance in predicting heat flexibility?”  

Last but not least, another research question is thermal energy related: “How much energy can be 

shifted when the heating is switched off temporarily?” 

 

1.4 Thesis outline 

Figure 1-1 shows the main study procedures of the thesis, which is simulation based.  

 

 

 

Figure 1-1.  Thesis process diagram. 
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Figure 1-2 shows the organisation of contents in this report. Chapter 1 introduces the thesis 

background and objectives, based on literature review. Chapter 2 gives an overview of recent 

research outcomes and conclusions that are relevant to building energy flexibility. The methodology 

description is given in Chapter 3, and Chapter 4 presents the modelling and simulation process. 

Chapter 5 presents the results obtained by simulation, quantification and data analysis. The 

conclusion is made in Chapter 6, and discussion including limitations of the study and 

recommendation are also presented. 

 

Figure 1-2. Reading Guide 
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Chapter 2 LITERATURE REVIEW 

2.1 Energy flexiblity 

THE NEED FOR FLEXIBILITY  

The decade 2014–2024 has been designated as Decade of Sustainable Energy for All (SE4All) by The 

United Nations [13]. To accomplish energy sustainability and low-carbon energy, there was increasing 

penetration of renewable energy sources (RES) worldwide in the past decade. The recent growth in 

total installed RE capacity in EU during 2006- 2015 is led by solar Photovoltaic (PV) and wind energy 

(Figure 2-1). This trend is expected to continue as EU member states aim at reaching total renewable 

generation percentage share to 20% by 2020 [14]. A number of EU countries with high renewable 

power capacity per capita have set high RE targets, including Denmark who intends to realise 100% 

of total energy demand with RES [15]. Under this circumstance, how to attain favourable integration 

in energy systems with high RES production shares becomes a large challenge.  Due to the instability 

and climate dependency of RES such as wind and solar energy, there is a need for more flexibility in 

energy systems to deal with the increased variability and uncertainty in the power balance.  This need 

for sufficient flexibility involves in centralised power plants, distributed networks and end-use sectors. 

The benefits that energy flexibility brings to the society and the participants in the energy market are 

the reduction of CO2 emissions, better utilisation of RES, as well as lower energy tariffs being offered 

to prosumers [16]. 
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Figure 2-1. Total installed renewable energy capacity in European countries. (IRENA Statistic: [17] ) 

 

DEFINITIONS AND QUANTIFICATION METRICS 

The meaning of energy flexibility can vary when considering different aspects of energy systems. 

There have been many studies to define and quantify the energy flexibility, however, no generally 

acknowledged definition has been given as a result of existing flexibility indicators were proposed 

based on independent studies. More explicitly, flexibility is a system specific concept-either on supply 

sides or on demand sides. Briefly speaking, all power systems have some inherent level of flexibility- 

their ability to respond to change in demand and supply.  

From the perspective of supply side 

systems, RES generations such as wind 

generation can have large variations in 

system operations.  These variations are 

steeper ramps (high rates of increase or 

decrease in dispatchable generation), 

deeper turn downs (operation of 

dispatchable generators at low levels), 

and shorter peaks (periods where 

generation is supplied at a higher level), 

as shown in Figure 2-2. Flexible 

generation, according to National 

Renewable Energy Laboratory (NREL, 

2014), refers to power plants that can ramp up and down quickly and efficiently and run at low output 

levels.  Huber et al. (2014) used three metrics for describing flexibility in power supply systems- 

namely ramp magnitude, ramp frequency and response time. In transmission systems, the flexibility 

of transmission is suggested as ‘the capability to access different balancing resources, including 

sharing between neighbouring power systems and with smart network technologies’ [18].  

On the other hand, flexibility in the demand side is regarded as the ability to deviate from a certain 

electricity consumption profile, which is in line with the requirements of demand-side management 
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(DSM) [19] . According to DSM, the individual energy prosumers have inherent flexibility that can be 

obtained by adjusting the patterns and magnitude of energy demand profiles by a broad range of 

DSM approaches that craft the load curve, as shown in Figure 2-3. The potential of load shifting is 

expressed by Stötzer, M et al. (2015) in Figure 2-4, in which a surplus of RES occurs. Demand-side 

flexibility is also clarified as ‘the incorporation of smart grids (SG) to enable demand response, storage, 

responsive distributed generation and other means for customers to respond to market signals or 

direct load control’, according to National Renewable Energy Laboratory (NREL, 2014).  

System-specific definitions of demand-side flexibility were proposed as well, among which simple 

definitions are in units of time. Six et al. (2011) defined the flexibility of heat pump as ‘the number of 

hours the operation can be delayed or the system is forced to operate’ [20]. Likewise, flexibility was 

defined in a demand response (DR) study as ‘the maximum time a certain power draw can be delayed 

or additionally called upon at a certain moment during the day’ [21]. The flexibility is also frequently 

expressed in relation to power consumption. For example, Eid et al. (2015) defined the flexibility as 

‘a power adjustment sustained for a given duration in order to balance supply and demand at a given 

moment in time’ [22]. Aduda et al. (2016) described Flexible Demand as ‘the value of varied power 

consumption to offer flexibility within certain boundaries whilst keeping comfort within recommended 

guidelines.’ [23]. 

   

 

Different quantification methodologies have been established as well based on various definitions. In 

this section, a number of definitions and quantification method are selected and reviewed. The 

majority of indicators focus on smartly crafting usage patterns of energy systems (e.g. HVAC systems) 

to create flexibility, and indicators are commonly defined as the functions of power, energy, time and 

cost.  When focusing on flexibility caused by shiftable electric loads, energy flexibility normally refers 

to “the ability to deviate from the baseline power consumption profile”. And flexibility is quantified-

most often –using functions of power or energy loads. In these studies, the flexibility is normally 

measured by the comparison between reference case and optimised operation scenarios. Thereby, 

indicators were established in order to illustrate how much power is possible to be altered during a 

certain time interval and how long this change in usage profiles can be maintained [25] .  Aduda et 

 Figure 2-3. Categories of demand side management [19].  

 

Figure 2-4. Synthetic power curves to illustrate 
the shifting potential [24]. 
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al.[23] used controllable loads to characterise flexible demand (∆𝑃𝑘,𝑤), where ∆𝑃𝑘,𝑤 refers to load 

reduction for demand 𝑘 in scenario 𝑤 at period 𝑡. Similar indicators Power Shifting Potential were 

proposed by Oldevurtel et al., together with Power Shifting Efficiency (PSE) which is measured as ‘the 

ratio of the maximum possible change in power consumption at hour (without violating any 

constraints) to the additional energy consumption over a test period compared to the baseline power 

consumption.’ [26] . 

There are a number of studies that quantify building flexibility in terms of electricity cost. Coninck et 

al. [27] proposed a cost curve to quantify flexibility in the form of cost. In this method, three optimal 

control problems (OCP) needed to be proposed: the first OCP represent the reference operation of 

the building that aims to reduce operational costs with thermal comfort constraints; the other OCPs 

aim to maximise or minimise energy consumption within flexible time interval while still aiming for 

minimal total electrical cost. As shown in Figure 2-5, the deviated energy use and deviated energy 

cost of three optimisations are used to quantify flexibility. Masy et al. used the cost discrepancy 

between the maximum and minimum cost of electricity consumption (as well as the average cost) by 

heat pump, to quantify space heating flexibility [28]. By this means, the flexibility of heating demand 

is characterised by the ability to shift the heat pump electric loads from peak to off-peak hours. 

                          

 

In terms of using time as flexibility indicator, Tahersima et al. proposed a framework to use time 

indicator to analyse the flexibility [29]. A reference case was assumed with constant reference heating 

power consumption. The power consumption can fluctuate within a certain amplitude, as shown in 

Figure 2-6. The authors derived the flexibility as the time when room temperature reaches one of the 

boundaries, meanwhile electricity power fluctuates between zero and two times of optimal case 

consumption.  In Le Dreau et.al,’s study [8] , time is also used as an indicator to examine the flexibility 

performance of different building types towards the changes in indoor temperature set-points. 

 

Figure 2-6. A hypothetical example for illustrating the 
flexible power signal (a), fluctuating between 0 and 2A 
around the nominal power (b). [29]  

 

Figure 2-5. Cost curve for measuring flexibility 
proposed by Coninck et al.[27]  
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2.2 Heat flexibility potential of residential buildings 

Energy used for heating and cooling in buildings accounts for approximately 30% of the total energy 

consumption in EU countries, or about 75% of the total energy consumption in buildings [3]. In 

Finland, a pilot test in 2002 in two buildings with radiators systems showed that the heat load could 

be reduced up to 25% during 2 to 3 hours, with acceptable indoor temperature drop (Karkkainen S, 

et al, 2003). The residential mix between single family houses (SFH) and Multi-family houses (MFH) 

differs widely between countries, among which Denmark, Ireland and United Kingdom have the 

highest proportions of SFHs [2] . Denmark has high proportions of single family house (nearly 70% in 

residential building stock), and the heating external area of SFHs accounts for the highest percentage 

of the total, as shown in Figure 2-5. This indicates considerable heat flexibility potentials can be 

exploit from residential dwellings by DSM approaches. 

 

Figure 2-5. Residential building types of the national building stock in Denmark. (Statistics: [30] ) 

 

UTILISING BUILDING THERMAL MASS 

To exploit buildings’ heat flexibility, to implement thermal energy storage (TES) strategies is one of 

the most common ways. The idea is to store and utilise heat that was over-generated in favourable 

heat generation conditions. The benefits of TES are similar to demand side load shifting, the heat 

loads can be moved from peak load plants that consume fossil fuels to base load plants with better 

fuel economy and lower environmental impact [4] . Besides, generating heat when the electricity 

price is low can substantially reduce electricity procurement cost of the building system. According 

to Kensby et al. (2015), possible short-term TES strategies in DH systems are: a) hot water storage 

tanks; b) Varying temperature in the DH network; c) Phase change materials (PCMs); d) Utilising 

building thermal inertia. 

Among these possible strategies, using building thermal inertia is the most cost-effective one with 

nearly zero initial cost for the demand side users. To exploit thermal mass is not a new idea in load 

control but ever since the concept of flexibility established in recent years, this idea starts to regain 
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research attention. In line with generating demand side flexibility, it is believed that a periodically 

overheated or under-heated building can be regarded as balancing mechanism for variations in 

energy transmission network [4] [8] [9] . That is to say, building thermal mass, which directly related 

to its thermal storage capacity, has a significant impact on its energy flexibility performance. Kensby 

et al. (2015) introduced a method for analysing how the indoor temperature is affected by utilizing 

buildings as thermal energy storage, by using the indicator Degree Hour instead of a time constant. 

It was also found by studies that buildings of heavy weight structure have better tolerance in under-

heating period whilst maintaining acceptable indoor temperature, based on the fact that heat 

storage/conservation in heavy buildings will cause smaller indoor temperature variations compared 

to light-weight buildings [4] [8] [9] . Simply alteration to the indoor temperature set point is the most 

frequent used method in investigating flexibility provided by building thermal mass. Le Dreau et al 

(2016) assessed the flexibility potential of dwellings by increasing and decreasing set-point in 2 °C 

respectively, and a flexibility factor was defined in relation to heating loads and electricity peak and 

off-peak period. Likewise, temperature set-point variation was also performed by Reynders’s study 

(2015), in which a flexibility indicator- power shift capacity (𝐶𝐴𝐷𝑅) -is calculated by the difference of 

heating power in reference case and operation cases. There are many indicators for building flexibility 

strongly related to building thermal mass, as listed in Table 2.1. 

 

 

Figure 2-6. Scheme of the simulation experiment used to quantify the activating flexibility. ADR: an active and 
temporary deviation from normal behaviour without violating comfort requirements. (Reynders, 2015) 
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Table 2-1. Indicators related to buildings’ thermal mass. [25]  

Indicator(s) Author Building energy flexibility source Constraints 

Thermal 
mass 

Loads Onsite 
generation 

TES 
system 

Temperature 

(indoor) 

Degree hours Kensby et al. [4]       

Flexibility factor Le Dreau et al. [8]       

The power shift (𝑸𝜹
̇ ); 

The power shifting 
capacity (𝑪𝑨𝑫𝑹) 

Reynders et al. [9]       

Time flexibility tf(f) 

 

Valsomatzis et al. 
[16] 

     

The difference between 
the upper and lower 
power consumption 

Maasoumy et al. [31]       

The procurement costs 
avoid (flexibilitypc); The 
volume shifted 
(flexibilitVS) 

Masy et al. [28]       

Electricity price change 
along with change in 
load 

Coninck et al.[27]       
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2.3 Impacts of outdoor climate on flexibility 

The idea that- outdoor climate impacts the flexibility of energy systems- has been suggested by some 

studies. Dar et al.’s study (2014) showed that the degradation in flexibility towards the grid of a net 

zero energy-building (net-ZEB) could occur due to high resolution solar radiation data. Nuytten et al. 

(2013) estimated that in a CHP system with TES system, most of the flexibility (of delayed operation) 

is available during summer. However, with regard to the flexibility of buildings, there is a lack of study 

that presents description on the impacts of outdoor climate. The dependency of building’s heating 

flexibility on outdoor temperature and solar heat gain was only examined in the sensitivity study of 

two master projects [10] [11].  It was suggested by Lucile’s study (2016) that solar gains also have 

significant impacts on building flexibility. In the study, different combination of outdoor temperature 

and solar gains profile were tested, and the results shows the combination higher outdoor 

temperature and larger solar gains provides higher flexibility. The larger the solar gains, the steeper 

the corresponding curve in Figure 2-7. It was concluded by Lucile that the influence of the outdoor 

temperature on the maximum heating consumption is less obvious than that of solar heat gains, but 

Emanuele’s (2016) predicted a high influence of outdoor temperature on flexibility potential [11] . 

Clearly, further inspection should be carried to investigate what kind of contributions on the flexibility 

that outdoor temperature and solar heat gain have. 

 

 

Figure 2-7. Sensitivity to outdoor conditions - temperature drop indicators [10] . 
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Chapter 3 METHODOLOGY  

This chapter introduces the methodology of this study aiming to answer the research questions 

(Chapter 1.3). In order to answer the main research - “How to categorise the heat flexibility potential 

of buildings under different outdoor climate circumstances?”-the first step is to explain what heat 

flexibility in this study is. Based on literature review of flexibility indicators, the definition of heat 

flexibility is given by Equation 3.1.  The thesis content was further developed to three parts: building 

simulation, quantification, and data analysis. The thermal response of buildings is investigated based 

on computational building performance simulations, followed by the quantification of daily heat 

flexibility and daily shiftable load (DSL). In order to categorise the simulations results of heat flexibility 

regarding outdoor climate, regression analysis was performed in order to develop mathematical 

models describing the relationship between heat flexibility and some of the outdoor climate 

parameters. 

3.1 Definition of heat flexibility  

Despite various existing quantification frameworks of buildings energy flexibility, which is reviewed 

in Chapter 2, a simple indicator is used in this study to present heat flexibility. The reasons for using 

this simple indicator are as follows: a) A single indicator that only concerns indoor temperature 

fluctuation is considered sufficient for evaluating. Some complex indicators are not suitable for this 

study as they require multiple parameters in a specific optimized operation model; b) This indicator 

is feasible to use in district heating operation. Therefore, the heat flexibility is defined as the time it 

takes for the indoor operative temperature (𝑇𝑜𝑝) decrease from the set-point temperature 22°C to 

the minimum allowed temperature 20°C without heat supply (Equation 3.1). 
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𝐻𝑒𝑎𝑡 𝑓𝑙𝑒𝑥𝑖𝑏𝑖𝑡𝑙𝑖𝑡𝑦 = 𝑓 (𝑡, 𝜇, ∅, 𝑑𝑇𝑐𝑜𝑚𝑓 (𝑡)) = 𝑡𝑇𝑜𝑝,𝑚𝑖𝑛
− 𝑡ℎ𝑐                      Equation 3.1 

Where, 

𝑡 stands for time; 𝜇 stands for building and system design parameters; 

∅ stands for simulation boundary conditions including indoor and outdoor climate; 

𝑑𝑇𝑐𝑜𝑚𝑓 (𝑡) means the allowed comfort band in indoor operative temperature;  

𝑡𝑇𝑜𝑝,𝑚𝑖𝑛
   is the simulation time spot when 𝑇𝑜𝑝 drops to minimum allowed temperature (20°C in this 

study);  

𝑡ℎ𝑐 is the simulation time spot when heating is switched off (heating signal equals to zero), while 𝑇𝑜𝑝 

maintains within comfort temperature (22°C). 

3.2 Building performance simulations 

To answer the main research question, computational building performance simulations are 

performed to set up a virtual experiment to investigate the heat flexibility potentials of buildings. 

Based on the focus of this study, the model should meet the following requirements: a) The model 

should be able to capture the dynamic thermal characteristic of the building envelopes and its indoor 

space; b) The model should enable the assessment of building thermal response due to heating in 

transient weather profiles. Given the requirements above, dynamic simulation models have been 

developed since low order R-C models cannot meet these requirements. The simulation tool used in 

this thesis is TRNSYS 17, together with TESS Component Library for TRNSYS. TRNSYS is a flexible 

graphically based software environment used to simulate the behaviour of transient systems. It 

recognizes a system description language in which the user specifies the components that constitute 

the system and the manner in which they are connected (Klein, S. A.& University of Wisconsin-

Madison, 1979).  All models are constructed in a way that users can modify existing input parameters 

or create and write their own component. These advantages make TRNSYS suitable for performing 

simulations to capture buildings’ dynamic thermal response due to heating.  

In this study, building models were implemented via TRNBuilt, which is an interface for creating and 

editing all of the non-geometry information of the TRNSYS Building Model. TRNSYS component type 

56, namely Multi-zone Building, was applied to simulate the Danish dwellings. Building physics 

characteristics (material properties of building envelope structures etc.), ventilation, infiltration and 

heat gains profiles are specified within this component. Besides, thermal active system e.g. floor-

heating system is also specified via TRNBuilt. The heating systems of buildings were developed using 

multiple components in TRNSYS Studio, where parameters flows were specified between various 

input components (e.g. weather profiles, supply profiles of heating system, control units) and output 

components (output plotter, calculator). 
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In order to obtain the experimental values of  𝑡𝑇𝑜𝑝,𝑚𝑖𝑛
 and 𝑡ℎ𝑐 to calculate heat flexibility (Equation 

3.1), a heating switch off control has been implemented in the TRNSYS model. Moreover, the indoor 

operative temperature is continuously monitored to ensure that indoor comfort requirements are 

not violated. For each investigated building model, day by day simulations over the heating seasons 

(212 simulations)  has been performed to obtain the building thermal response data under different 

weather conditions. 

A simple control strategy is applied to investigate the heat flexibility potential- to switch off heating 

(heating signal is altered to zero) at 6:00 when the indoor operative temperature ( 𝑇𝑜𝑝 ) is 22± 0.3°C 

on every simulation day.  In each simulation, the indoor temperature is maintained within 22± 2°C 

for over 48 hours before the heat cut-off to get rid of initial effects. Based on the observation of 

temperature curves in all simulations, 2 days is sufficient for the building model to stabilise its indoor 

temperature around the set point. The assumption is that the district heating company may perform 

temporary heat cut-off to dwellings in the morning to avoid using peak load gas boilers, so the heat 

flexibility in this study indicates the tolerance of buildings towards such heat cut-off operation. Table 

3-1 gives the overview of control schemes specified in TRNSYS heating system models. 

3.3 Quantification and data analysis  

Based on simulation results, the daily heat flexibility of buildings is quantified in the unit of time 

(Equation 3.1).  Data analysis in this study is mainly based on regression analysis using IBM SPSS 

Statistics, and the details on regression analysis are illustrated in Chapter 5.3. A total of 212 days 

results of each three building types, along with outdoor climate parameters are statistically analysed. 

By this means, predictive models of daily heat flexibility of Danish dwellings were developed against 

two independent variables- mean outdoor temperature and accumulated global horizontal solar 

irradiance.   

To answer the second group of research question- “What is the contribution of outdoor temperature 

and solar irradiance on heat flexibility? Are these two parameters of equal importance in predicting 

heat flexibility?” –the standardized beta coefficients in regression models were compared over three 

buildings. This coefficient allows comparing the relative importance of individual independent 

variable (in different units) to the dependent variable (Freedman, 2009). Last but not least, for 

investigating the thermal energy related research question- “How much energy can be shifted when 

the heating is switched off temporarily?”-daily shiftable load (𝐷𝑆𝐿) is defined in Chapter 5.4 and the 

capacities of DSL of Danish dwellings has been compared. 
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Table 3-1. Overview of control schemes and equations in TRNSYS. 

Type 
Description / equations in TRNSYS1 

Floor heating system Radiator system 

Temperature control 

(Indoor) 

Supply water temperature feedback 

control:  PID controller altering 

heating signals of the heat pump 

Supply flow rate feedback control 

Heat cut-off control 
Heating signal=(1-GT(time, 

t_cut))*PID+ GT(time, t_cut)*0 

Heating signal= 

(1-GT(time, t_cut))*1+GT(time, 

t_cut)*0 

Supply temperature control 

Tsupply= (1-GE(time, t_cut))* 

max(Tsup,Treturn)+GE(time, t_cut)* 

Tair 

Tsup= 45*(1-GT(time,t_cut)) 

+GT(time,t_cut)*Tair 

Flow rate control Flowrate is a constant value2 

Flowrate=((1-

GT(time,t_cut))*400)*(GT(Top,23

)*0+LT(Top,23)*1)+GT(time,t_cut

)*0 

time: Instant simulation time in TRNSYS 

Top : indoor operative temperature 

Tair: indoor air temperature 

t_cut: simulation time spot of heating cut-off 

PID: control signal generated by PID controller 

 

 

  

                                                           
1 TRNSYS function GT (a, b ): returns 1 if first expression in parentheses is greater than the second; return 0 
otherwise;  
  TRNSYS function GE (a, b, c): returns 1 if the difference between the first and second arguments is greater than 
the value of the third argument. 
 
2 TRNSYS has minimum flow rate requirements on floor heating fluid, thus the flow rate cannot be altered to 
zero, which is contradictory to reality.  Alternatively, the supply water temperature is therefore altered after 
heating cut-off to equal the instant values of indoor air temperature to assume a no heat exchange condition. 
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Chapter 4 CASE STUDY: SIMULATION OF DANISH 

DWELLINGS  

The heat flexibility of Danish dwellings is studied using simulation program TRNSYS 17. This chapter 

presents the building models in this study. To start, three dwelling types are modelled based on 

TABULA database and design requirements in Danish Building Regulations 2015 and 2010 (BR15& 

BR10). Two forms of heating distribution systems are then developed in TRNSYS 17 for evaluating 

heat flexibility. SFH 2007-2010 applies an underfloor heating system, whilst SFH 1961-1972 and SFH 

renovated type apply radiator systems. In order to utilise building short-term thermal storage 

capacity as the resource of heat flexibility, a temporary heating switching off control (heat cut-off) is 

specified in every simulation day to examine buildings thermal response. In this study, the heat 

flexibility of a building is evaluated using a simple time indicator introduced, which can be interpreted 

as the building’s ability- in the form of time duration- to shift its heating demand in the morning 

without violating indoor thermal comfort. Based on simulation results, the thermal response of these 

buildings after heat cut-off are examined during the heating seasons (from October to April) and 

flexibility is calculated using Equation 3.1. 

4.1 Building model setup 

Two single family house (SFH) typologies on TABULA database [33] are selected and modelled. A 

single family house type constructed from 2007 to 2010 is selected to represent new houses. An old 

house type constructed from 1961 to 1972 is also selected because it has the highest ratio (22%) in 

Danish dwellings stock. In addition, a renovated building model is developed in order to investigate 

the heat flexibility potential of the majority of refurbished old houses in Denmark. As no available 

building physics parameters of renovated house can be found in TABULA, this renovated type is built 

based on SFH 1961-1972, yet adapting the recommended envelope refurbishment actions that 
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specified in TABULA descriptions. Besides, this renovated building type adapts the envelope U-values 

of the minimum requirement in BR15 [34] . The main geometrical and thermal properties of the 

selected dwellings are listed in Table 4-1. Detailed on models construction layers is listed in Appendix 

A. 

Table 4-1. Overview of investigated building properties. 

  SFH 2007-2010 SFH renovated3 SFH 1961-1972 

TABULA typologies  DK.N.SFH.05.Gen DK.N.SFH.09.Gen based DK.N.SFH.09.Gen 

U-values 

[𝑾/𝒎𝟐𝑲] 
𝑈𝑓𝑙𝑜𝑜𝑟  0.11 0.20 0.30 

 𝑈𝑤𝑎𝑙𝑙 0.16 0.30 0.60 

 𝑈𝑟𝑜𝑜𝑓  0.12 0.20 1.30 

 𝑈𝑤𝑖𝑛𝑑𝑜𝑤 1.50 1.40 2.80 

Surface area [𝒎𝟐] 𝐴𝑓𝑙𝑜𝑜𝑟  149 160 160 

 𝐴𝑤𝑎𝑙𝑙 150 121 121 

 𝐴𝑟𝑜𝑜𝑓 171 180 180 

 𝐴𝑤𝑖𝑛𝑑𝑜𝑤 25 34 34 

Air change rate 𝐴𝐶𝐻𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 0.2 0.3 0.4 

 𝐴𝐶𝐻𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛0.5 0.5 0.5 0.5 

Heating system Underfloor heating Radiator Radiator 

 

 

INTERNAL THERMAL MASS 

In this study, building thermal mass consists of two parts- structural thermal mass and internal 

thermal mass including thermal capacities of the indoor air and furniture. For taking into account 

furniture thermal mass, the indoor capacitance in TRNBuilt (automatically calculated air capacity from 

air volume) is multiplied by a factor of three [35] . The value of modified indoor thermal mass is similar 

to estimating interior furniture as 2 kJ/K per unit of indoor volume, based on estimations on Danish 

residential houses. 

 

BOUNDARY CONDITIONS 

Three buildings are modelled in single zone approach with one air-node in TRNBuilt. This means the 

indoor space is not divided into different rooms, indoor air temperature is homogeneous and 

external/ inner heat gain profiles apply to the whole volume. Based on recommended design values 

for residential buildings (EN15251:2007), the set-point for indoor operative temperature is set as 

22°C regardless of occupied hours. The allowed temperature band is 22± 2°C, and the minimum 

                                                           
3 SFH renovated model applies U-values from minimum refurbishment requirements in BR15. 
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allowed operative temperature 20°C corresponds to PMV-PPD category II ( PPD< 10%, -0.5 <PMV< 

+0.5). 

 According to BR10 (p.108, [36] ), each habitable room as well as the dwelling as a whole, must have 

a fresh air supply of no less than 0.3 l/s/m2 of heated floor area. In this study, the input air change 

rate of building model SFH 2007-2010 is 0.7 ach (equals to 0.49 l/s/m2). The simulations apply 

Copenhagen yearly weather profile from International Weather for Energy Calculations (IWEC). The 

monthly average air temperature during the heating season is used as the ground soil temperature 

and is specified as the boundary temperature of buildings’ ground floor. 

 

FLOOR HEATING 

In order to model a floor heating system, thermos-active layers are specified within the ground floor 

construction in SFH 2007-2010. This module reads user-specified input data (inlet fluid temperature, 

flow rate) and outputs a number of thermos-physics parameters e.g. outlet fluid temperature, the 

energy input by fluid of active layers. 

Table 4-2. Thermo-active floor specifications in SFH 2007-2010. 

Parameters Value 

Number of fluid loop 6 

Pipe spacing (centre to centre) 0.2 m 

Outside diameter 0.02 m 

Wall thickness 0.002 m 

Pipe wall conductivity 1.26 kJ/(m ·K) 

Specific heat coefficient of water 4.18 kJ/(kg ·K) 

 
 

INTERNAL GAINS AND SCHEDULES 

Internal heat gains including people, lighting, cooking are defined based on recommended rates of 

heat gain given by 2001 ASHRAE Fundamentals Handbook [37] . Schedules are specified for heat gains 

from people, lighting and cooking, as shown in Table 4-3. 
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Table 4-3. List of internal gains 

Gains Description Total Heat 

Persons Moderate active work 
Location: apartments  

234 W  
(450 Btu/h=117W per person) 

Computer PC (with monitors) 280 W (140 W per PC) 

Artificial lighting EVG direct 
10% incandescent lamp 

13 W/m2 
 

Added gains Refrigerator & freezer(small) 674 W 

 Dish washer 585 W 

 Cooking (oven, hot plane, 
microwave) 

4000 W  

 

  

 

Figure 4-1 (a)-(d). Schedules of internal gains. 
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4.2 Heating system models 

In line with the research objective, the focus is on using buildings thermal inertia to offer heat 

flexibility, thus TES devices e.g. storage tank is not considered. Two heat emission systems are built 

as followings: 

- Radiators system for SFH renovated house type and SFH 1961-1972;  

- Floor heating system for new house type SFH 2007-2010.  

In the floor heating system, a ground source heat pump is used as the heat source (which is not the 

real situation in district heating system) as an alternative to using user-specified heat supply profiles. 

Since this study only interests in flexibility that associated with thermal energy regardless of power 

consumption, the heat source can be substituted by other devices (e.g. gas boilers). Both floor heating 

system and radiator system follow the principle that the indoor temperature is monitored by a 

feedback control loop, as shown in Figure 4-2.  

 

 

Figure 4-2. Systematic sketch of heating system models. 

 

 

INDOOR TEMPERATURE MONITOR 

In this study, indoor operative temperature (𝑇𝑜𝑝) is the indicator of indoor thermal comfort. The aim 

of using  𝑇𝑜𝑝  instead of indoor air temperature (𝑇𝑖) is to consider the combined influence of air 

temperature and mean radiant temperature. Operative temperature is defined as the temperature 

of a uniform isothermal black enclosure in which the occupant exchanges the same amount of heat 

by radiation and convection as in the actual non-uniform environment (ISO 7730). The operative 

temperature (𝑇𝑜𝑝) is considered as the weighted average of the air temperature (𝑇𝑖) and the mean 

radiation temperature (𝑇𝑟), and it can be output by TRNASYS multi-zone building model. 

𝑇𝑜𝑝 =
ℎ𝑟∙ 𝑇𝑟+ℎ𝑐∙ 𝑇𝑖

ℎ𝑟+ℎ𝑐
                                                       Equation 4.1 

Where ℎ𝑟 and ℎ𝑐 represent linearized radiant and convective heat transfer coefficient. 
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4.3 Simulation output 

Figure 4-3 shows exemplary TRNSYS outputs of two heating systems. The indoor operative 

temperature is maintained for a sufficiently long period of time to get rid of simulation initial effects, 

then heat cut-off is conducted to study the building thermal response. By examine the duration of 

time between heat cut-off and when 𝑇𝑜𝑝 drops to 20°C day by day, the heat flexibility of the building 

under that outdoor condition can be evaluated. All the simulation results of dwellings thermal 

responses are shown in Figure 5-2 and Appendix C. 

 

 

Figure 4-3 (a)-(b). Simulation outputs of the heating systems. (Simulation time=100 hours, time 

step=1 hour, Tair_op: operative temperature, Tair_outdoor: outdoor temperature, Tw: supply/return 

water temperature.) 
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Chapter 5 RESULTS  

This chapter presents the results of the study in three parts. The first part (Chapter 5.1) shows the 

daily heat flexibility results of three investigated Danish dwellings and day-by-day thermal response 

curves of the building model. The second part (Chapter 5.2 & Chapter 5.3) presents the categorization 

of dwellings heat flexibility regarding two outdoor climate parameters, in which mathematical 

equations of heat flexibility for each building type is formulated. The third part (Chapter 5.4) shows 

the definition and quantification of a thermal energy related variable namely daily shiftable load 

(𝐷𝑆𝐿), which provides a snapshot of the available amount of energy can be shifted (or conserved) 

from the building due to temporary switching off space heating. 

5.1 Heat flexibility of dwellings 

The heat flexibility in 212 days of three house models was obtained by examining buildings thermal 

response and was calculated using Equation 3.1. Figure 5-1 shows the heat flexibility of investigated 

building types from heating months October to April. It can be observed that all dwellings have higher 

flexibility values during the beginning month of the heating season (October) and during the last few 

months of the heating season (March, April), when the outdoor temperature level and the daily solar 

radiation level are relatively high. In contrast, dwellings’ heat flexibility during the middle months is 

rather small (lower than 12 hours). The SFH constructed in 2007-2010 (green curve) and the 

renovated building type (blue curve) have flexibility to the upper limit value4 24 hours on a number 

of simulation days. The old house type SFH 1961-1972 seem to have less heat flexibly potentials, 

compared to the other two SFH types, with heat flexibility constantly lower than 6 hours during the 

heating season.  

 

                                                           
4 Heat flexibility results larger than 24 hours were modified to the upper limit value - 24 hours. 
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Figure 5-1. Heat flexibility of Danish dwellings during the heating season (Flex: heat flexibility in hours; T outdoor, 

avg: daily mean outdoor temperature in degrees Celsius). 

 

The simulation results of buildings thermal response during the heating season are shown in Figure 

5-2 and Appendix C (page 46). The heat cut-off of all simulation days is performed at 6:00 in the 

morning. During the cold months-January and February, high rates of indoor operative temperature 

decline are observed, in particular of the radiator system cases- SFH renovated and SFH 1961-1972. 

In relatively warm months e.g. March and April, the duration of the indoor operative temperature 

higher than 20 °C is usually longer than 6 hours.  The difference of thermal response between three 

buildings is large: the old dwelling with radiator system experiences the most rapid temperature 

decline after heating is switched off, while the new dwelling takes the longest time to cool down to 

minimum allowed temperature. It can be concluded that the indoor temperature is not constantly 

decreasing right after heat cut-off. On some simulation days when outdoor temperature level is 

higher (mean daily outdoor temperature >15°C) and solar heat gain is large, the increase of 𝑇𝑜𝑝 

occurred during the afternoon. 
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HEAT CUT-OFF (6AM) RESPONSES OF SFH 2007-2010, FLOOR HEATING SYSTEM 
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Figure 5-2 (a)-(g). Heat cut-off responses of DK SFH 2007-2010 during heating seasons. (IWEC Copenhagen 
climate profile) 
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5.2 Regression analysis of heat flexibility  

Multi-variables linear regression was performed on the heat flexibility results, in order to develop 

predictive models of dwelling heat flexibility based on weather forecast. A total of 212 days results 

of each building types, along with outdoor climate parameters (mean outdoor temperature and 

accumulated global horizontal solar irradiance) were statistically analysed using software IBM SPSS 

Statistics. The detailed regression output by IBM SPSS can be seen in Appendix D. 

For building type SFH 2007-2010, two regression analyses were performed. The first regression of 

heat flexibility (Regression 1-a) was performed correlated to outdoor climate parameters from 6 am 

(heat cut-off time) to 12 am, based on the fact that heat flexibility of SFH 2007-2010 in cold days is 

concentrated in the area lower than 6 hours. Two parameters are chosen as the predictor variables 

in this regression: the average outdoor temperature (𝑇𝑜,𝑚   [°C] ) and integral global horizontal solar 

irradiance from 6:00 to 12:00 of the current day (𝐼𝑚  [𝑘𝑊ℎ/𝑚2]). The second regression of flexibility 

(Regression 1-b) was performed against daily outdoor climate parameters, considering a large 

number of days with more than 6 hours flexibility can be observed in Figure 5-3. In the latter 

regression, the chosen predictor variables are daily mean outdoor temperature (𝑇𝑜,𝑑𝑎𝑖𝑙𝑦 [°C] ) and 

daily integral global horizontal solar irradiance (𝐼𝑑𝑎𝑖𝑙𝑦 [𝑘𝑊ℎ/𝑚2]).  

 

Figure 5-3. 3D scatterplot of daily heat flexibility of SFH 2007-2010. 

 

Table 5-1 gives the coefficients of chosen predictor variables of regression analysis on SFH 2007-

2010’s heat flexibility. In this table, the unstandardized coefficients and the intercept enable the 

prediction of dependent variable- heat flexibility. It can be concluded from the B column that, 1 °C 

increase in mean outdoor temperature, on average contributes nearly 1.1-hour extension in heat 

flexibility of SFH 2007-2010. The beta coefficients show the relative strength of predictor variables. 

The p value for each variable tests the null hypothesis that the coefficient is equal to zero (no effect), 

𝐼𝑑𝑎𝑖𝑙𝑦 [𝑘𝑊ℎ/𝑚2] 𝑇𝑂,𝑑𝑎𝑖𝑙𝑦 [℃] 
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and a sufficiently low P value in regression indicates the null hypothesis can be rejected. Judging by 

the P values being lower that 0.05 (95% confidence), all chosen predictors are highly statistically 

significant, which means the outdoor temperature level and solar irradiance both have significant 

impacts on the SFH 2007-2010 heat flexibility. Based on these coefficients, the predictive models for 

SFH 2007-2010 heat flexibility are formulated as Equation 5.1 and Equation 5.2. Both equations are 

formulated based on regression results on 212 days observation. Equation 4.1 is considered suitable 

for predicting heat flexibility of SFH 2007-2010 from December to February, when the majority of 

heat flexibility values are lower than 6 hours. For the other months- when heat flexibility are mostly 

larger than 6 hours- using daily climate data is more accurate for flexibility prediction (Equation 5.2). 

 

𝐻𝑒𝑎𝑡 𝑓𝑙𝑥𝑖𝑏𝑙𝑡𝑖𝑦 
07
′ = 3.415 +  1.125 𝑇𝑜,𝑚 + 5.616 𝑰𝑚                  (𝑅2 = 0.848)             Equation 5.1 

Or: 

𝐻𝑒𝑎𝑡 𝑓𝑙𝑥𝑖𝑏𝑙𝑡𝑖𝑦 
07
′ = 2.937 +  1.172 𝑇𝑜,𝑑𝑎𝑖𝑙𝑦 + 2.802 𝑰𝑑𝑎𝑖𝑙𝑦         (𝑅2 = 0.854)             Equation 5.2 

 

Table 5-1. Coefficients of regressions of SFH 2007-2010. 
 

 Unstandardized Coef.  Standardized 
Coef. 

P 

  B  Std. Error  Beta  

Regression 1-a Intercept 3.415  0.303   0.000  
𝑇𝑜,𝑚  1.125  0.049  0.650 0.000  
𝑰𝑚 5.616  0.317  0.497 0.000 

Regression 1-b Intercept 2.937  0.306   0.000 
 𝑇𝑜,𝑑𝑎𝑖𝑙𝑦  1.172  0.048  0.663 0.000 

 𝐼𝑑𝑎𝑖𝑙𝑦  2.802  0.152  0.499 0.000 

 

Table 5-2. Model summary of regression SFH 2007-2010. 
 

R R-Square Std. Error of the Estimate 

Regression 1-a 0.921 0.848 2.744 

Regression 1-b 0.925 0.854 2.680 

 

Table 5-2 gives the model summary of regression analysis on SFH 2007-2010. R is the Pearson 

correlation between the actual values and predicted values of heat flexibility; R-square (the squared 

correlation) shows the proportion of variance in dependent variable (heat flexibility) accounted for 

by the independent variables. It can be concluded that predictive models for SFH 2007-2010 in 

Equation 4.1, Equation 4.2 is capable of explaining 84.8% and 85.5% of the variance in heat flexibility 

respectively. The residual histogram (Figure 5-4) suggests that the analysis is not against the 

regression assumption- the residuals (prediction errors) are normally distributed. The normal 

probability plot (Figure 5-5) is for assessing whether or not the standardized residual is approximately 
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normally distributed. The prediction errors are plotted against a theoretical normal distribution and 

the points should form an approximate straight line (Chambers et al., 1983). 

 

Figure 5-4. Residual histogram of regression SFH 2007-2010. (Left: Regression 1-a, right: Regression 1-b) 

 

 

Figure 5-5. Normal P-P Plot of regression standardized residual in SFH 2007-2010 model. (Left: Regression 1-a, 
right: Regression 1-b) 

 

For the renovated building type two regression analyses were performed as well, namely Regression 

2-a and Regression 2-b. Two predictive models are formulated as Equation 5.3 and Equation 5.4, 

which are able to explain 83.3% and 83.8% of the variation of heat flexibility of SFH renovated 

respectively. Equation 5.3 is considered more suitable for predicting daily flexibility of SFH renovated 

1960s during December, January and February, whilst the latter model (Equation 5.4) is suitable for 

estimating flexibility in the other months. Based on coefficients listed in Table 5-3, the chosen 

predictor variables-outdoor temperature and solar irradiance are highly statistically significant and 

they contributes positively to flexibility of the renovated house.  

𝐻𝑒𝑎𝑡 𝑓𝑙𝑥𝑖𝑏𝑙𝑡𝑖𝑦 
𝑟𝑛𝑣
′ = 0.087 + 1.134 𝑇𝑜,𝑚 + 7.154 𝑰𝑚              (𝑅2 = 0.833)                     Equation 5.3 

 

 



30 
 

or: 

𝐻𝑒𝑎𝑡 𝑓𝑙𝑥𝑖𝑏𝑙𝑡𝑖𝑦 
𝑟𝑛𝑣
′ = −0.431 + 1.193 𝑇𝑜,𝑑𝑎𝑖𝑙𝑦 + 3.538𝑰𝑑𝑎𝑖𝑙𝑦         (𝑅2 = 0.838)                    Equation 5.4 

 

Figure 5-6. 3D scatterplot of daily heat flexibility of SFH renovated. 

 

Table 5-3. Coefficients of regressions of SFH renovated 1960s. 
 

 Unstandardized Coef.  Standardized 
Coef. 

P 

  B  Std. Error  Beta  

Regression 2-a Intercept 0.087  0.359   0.809  
𝑇𝑜,𝑚 1.134  0.058  0.581 0.000  
𝑰𝑚 7.154  0.376  0.561 0.000 

Regression 2-b Intercept -0.431  0.365   0.240 
 𝑇𝑜,𝑑𝑎𝑖𝑙𝑦  1.193  0.057  0.598 0.000 

 𝐼𝑑𝑎𝑖𝑙𝑦  3.538  0.182  0.559 0.000 

 

 

Table 5-4. Model summary of regression SFH renovated. 
 

R R-Square Std. Error of the Estimate 

Regression 1-a 0.913 0.833 3.253 

Regression 1-b 0.915 0.838 3.203 

 

𝐼𝑑𝑎𝑖𝑙𝑦 [𝑘𝑊ℎ/𝑚2] 𝑇𝑂,𝑑𝑎𝑖𝑙𝑦 [℃] 
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Figure 5-7. Residual histogram of regression SFH renovated. (Left: Regression 2-a, right: Regression 2-b) 

 

Figure 5-8. Normal P-P Plot of regression standardized residual in SFH renovated model. (Left: Regression 2-a, 
right: Regression 2-b) 

 

For the SFH 1961-1972, regression analysis was performed in relation with daily outdoor climate 

parameters from 6:00 to 12:00. This is because the heat flexibility values of this old dwelling type is 

constantly lower than five hours during the heating season, as shown in Figure 5-1. Consequently, 

the chosen predator variables are the average outdoor temperature from 6:00 to 12:00 of the current 

day (𝑇𝑜,𝑚) and integral global horizontal solar irradiance from 6:00 to 12:00 (𝑰𝑚). The predictive model 

for SFH 1961-1972 heat flexibility is formulated as Equation 5.5.  Compared with predictive models 

for newer building types, this model has lower R-square value. This can probably be explained by the 

fact that the magnitude of variations in heat flexibility of this house type is much smaller than that of 

the newer dwellings. The flexibility of SFH 1961-1972 is mostly distributed between 0.5 to 2 hours 

with minor variations in magnitude (Figure 5-9). In addition, human error is not negligible in this study 

as the result was obtained by examining thermal response curve of buildings based on 1-hour time 

step simulations. 

 

𝐻𝑒𝑎𝑡 𝑓𝑙𝑥𝑖𝑏𝑙𝑡𝑖𝑦 
1960𝑠
′ = 0.914 + 0.127 𝑇𝑜,𝑚 + 0.144 𝑰𝑚              (𝑅2 = 0.662)           Equation 5.5 
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Figure 5-9. 3D scatter plot of daily heat flexibility of SFH 1961-1972. 

 

Table 5-5. Regression summary of SFH 1961-1972. 

 Unstandardized Coef.  Standardized 
Coef. 

P 

 B  Std. Error  Beta  

Intercept 0.914  0.043  - 0.000 
𝑻𝒐,𝒎 0.127  0.007  0.766 0.000 
𝑰𝒎 0.144  0.045  0.133 0.002 

R value: 0.814, R-square: 0.662, Std. Error of the Estimate: 0.391 
 
 

  

Figure 5-10. Residual histogram (left) and Normal P-P plot (right) of regression SFH 1961-1972. 

 

𝐼𝑑𝑎𝑖𝑙𝑦 [𝑘𝑊ℎ/𝑚2] 𝑇𝑂,𝑑𝑎𝑖𝑙𝑦 [℃] 
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5.3 Estimating heat flexibility using regression models 

This section aims to establish a categorization framework that allows for prediction of dwellings daily 

heat flexibility based on weather forecast. It can be concluded from the regression analyses that not 

only outdoor temperature- as widely recognised- but solar heat gain as well have significant 

influences on the buildings’ flexibility. Predictive models for each building type are listed in Table 5-6. 

The contribution of two outdoor climate parameters to the flexibility of dwellings built in different 

time is both positive, which means, large heat flexibility is likely to appear in warm and sunny days. 

However, the extent of contributions is not the same for all building types. Statistically, 1 °C increase 

in mean outdoor temperature contributes approximately 1.1-hour extension in heat flexibility of for 

the new Danish house type and renovated house. For the old house type SFH 19961-1972, however, 

the contribution of outdoor temperature level to flexibility is minor, as 1 °C increase in 𝑇𝑂,𝑚  only 

resulting 0.1-hour flexibility extension. In addition, the relative strength of two predictors differs case 

by case. The outdoor temperature and solar irradiance contribute nearly equally to heat flexibility of 

the newer building types, judging by their similar beta coefficients in regression analyses. A 

standardized beta coefficient allows comparing the relative importance of individual independent 

variable (in different units) to the dependent variable (Freedman, 2009). A higher absolute value of 

the beta coefficient means a stronger effect of the independent variable. In the old house model, 

the outdoor temperature (Beta Coef. =0.77) contributes about six times as much as solar irradiance 

(Beta Coef.=0.13).  

 

Table 5-6. Overview of predictive models 

Single family house Predictive models of daily heat flexibility 

SFH 2007-2010 Suitable for December, January and February: 

𝐹𝑙𝑒𝑥 07
′ = 3.415 +  1.125 𝑇𝑜,𝑚 + 5.616 𝑰𝑚 

Suitable for October, November, March and April: 

𝐹𝑙𝑒𝑥 07
′ = 2.937 +  1.172 𝑇𝑜,𝑑𝑎𝑖𝑙𝑦 + 2.802 𝑰𝑑𝑎𝑖𝑙𝑦 

SFH Renovated 1960s Suitable for December, January and February: 

𝐹𝑙𝑒𝑥 𝑟𝑛𝑣
′ = 0.087 + 1.134 𝑇𝑜,𝑚 + 7.154 𝑰𝑚 

Suitable for October, November, March and April: 

𝐹𝑙𝑒𝑥 𝑟𝑛𝑣
′ = −0.431 + 1.193 𝑇𝑜,𝑑𝑎𝑖𝑙𝑦 + 3.538𝑰𝑑𝑎𝑖𝑙𝑦  

SFH 1961-1972 𝐹𝑙𝑒𝑥 1960𝑠
′ = 0.914 + 0.127 𝑇𝑜,𝑚 + 0.144 𝑰𝑚 
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Figure 5-11. Estimated heat flexibility using predictive models. 

 

Figure 5-11 shows the results of using regression models to estimate dwellings’ daily flexibility. 

Results were obtained by applying four sets of data (A ~D). Note that 𝑇𝑜,𝑚 and  𝑰𝑚 values in case A to 

case D are assumed input parameters that represent different levels of mean outdoor temperature 

and solar irradiation from 6:00 to 12:00. Obviously, the latter two cases with relatively high outdoor 

temperature and solar irradiation input result in large estimated heat flexibility. It is important to 

emphasise the distinct variance among the flexibility of different dwellings under the same input 

weather profile. The new house type (SFH 2007-2010) have the highest flexibility potential whilst the 

old house type has the lowest. The difference between the renovated and unrenovated old house 

type (these two models have the same geometrical properties) is also large. This implies the heat 

flexibility is highly determined by the buildings’ physical and thermal properties. Recent research has 

demonstrated sensitivity analysis of design parameters on energy flexibility, which provide good 

recommendations in improving buildings’ inherent flexibility. 

5.4 Daily shiftable load (DSL)  

DEFINITION 

During the temporary heat cut-off, the heating load can be conserved (or shifted by the district 

heating company) can be estimated based on results obtained by simulations. This amount of thermal 

energy is defined as the Daily shiftable load (𝐷𝑆𝐿) of the building in equation 5.6. The amplitude of 

𝐷𝑆𝐿  is determined by the difference of heat demand between the reference case and the heat cut-

off case.  In this study, reference cases refer to normal operation cases of the heating system whereby 

the building is heated to the comfort operative temperature 22°C and allowed temperature 

fluctuation is within 22± 2°C. Note that, within the duration from 𝑡ℎ𝑐 to  𝑡𝑇𝑜𝑝,𝑚𝑖𝑛
 the heating demand 
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of heat cut-off case (�̇�ℎ𝑐) equals to zero. Hence, DSL relates to heating demand of the building in 

normal operation without switching off heating, as well as the tolerable duration of heat cut-off. 

Similar indicators were given by a number of research [9] [23] [26] . 

𝐷𝑆𝐿 = ∫ �̇�𝑟𝑒𝑓 − �̇�ℎ𝑐

𝑡𝑇𝑜𝑝,𝑚𝑖𝑛

𝑡ℎ𝑐
 𝑑𝑡 = ∫ �̇�𝑟𝑒𝑓

𝑡𝑇𝑜𝑝,𝑚𝑖𝑛

𝑡ℎ𝑐
 𝑑𝑡                                          Equation 5.6 

 

𝑡𝑇𝑜𝑝,𝑚𝑖𝑛
 is the simulation time when 𝑇𝑜𝑝 drops to minimum allowed temperature 20°C,  ℎ𝑜𝑢𝑟𝑠; 

 𝑡ℎ𝑐 is the simulation time when heating is switched off, ℎ𝑜𝑢𝑟𝑠; 

�̇�𝑟𝑒𝑓 is the instantaneous heat demand in reference case(s),  𝑘𝑊; 

�̇�ℎ𝑐 is the instantaneous heat demand in heat cut-off case, 𝑘𝑊; 

 

QUANTIFICATION 

In this study, 𝐷𝑆𝐿  of dwellings was calculated using Equation 5.7, which is an approximation of 

Equation 4.6. This approximate estimate was performed due to the limit of computational resource 

and time, therefore day-by-day integration (Equation 5.6) over 212 observations of each dwelling was 

avoided. 𝐻𝑒𝑎𝑡 𝑓𝑙𝑒𝑥𝑖𝑏𝑖𝑙𝑖𝑡𝑦 in Equation 5.7 corresponds to the results illustrated in Chapter 5.1, which 

is in unit of time. The calculated �̅�𝑟𝑒𝑓 of different dwellings is shown in Figure 5-12. 

𝐷𝑆�̃� = 𝐸𝑟𝑒𝑓 ∙ (𝑡𝑇𝑜𝑝,𝑚𝑖𝑛
− 𝑡ℎ𝑐)= 𝐸𝑟𝑒𝑓 × 𝐻𝑒𝑎𝑡 𝑓𝑙𝑒𝑥𝑖𝑏𝑖𝑙𝑖𝑡𝑦                                     Equation 5.7 

 

�̅�𝑟𝑒𝑓 is the mean reference heat demand of the simulation day, 𝑘𝑊,  �̅�𝑟𝑒𝑓 =
1

24
∫ �̇�𝑟𝑒𝑓

24ℎ𝑜𝑢𝑟𝑠

0
 𝑑𝑡. 

 

 

Figure 5-12. Reference heat demand of different dwellings. 
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Figure 5-13. Daily shiftable load (DSL) of dwellings by heat cut-off. 

 

Figure 5-13 shows the dwellings’ daily shiftable load (DSL) along with their daily heat flexibility. It can 

be seen that on average SFH 2007-2010 has the highest DSL capacity, followed by the renovated 

house. On a substantial number of days the newer dwelling types present large DSL capacities, as SFH 

2007-2010 has highest DSL up to 90 kWh and the renovated house has highest DSL nearly 65 kWh. In 

comparison, the shiftable energy of old dwelling type by heat cut-off is much lower. The DSL capacity 

of SFH 1961-1972 is constantly lower than 25 kWh during the heating season. Although the old house 

type has the highest heat demand over three building types- on average twice heat demand than that 

of the other two, its DSL potential is considerably small. This is because the duration of acceptable 

heat cut-off in the old dwelling is short, which means low heat flexibility, thereby the accumulated 

energy can be shifted during this period is less than that of the newer building types. Note that, SFH 

2007-2010 presents nearly zero DSL capacity, as shown in the beginning of October. This is due to the 

very low heat demand of the new dwelling type in warm days, resulting in DSL values approaching 

zero despite the long duration of acceptable heat cut-off. 
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Chapter 6 CONCLUSION AND DISCUSSION 

 

CONCLUSIONS 

In the thesis background, the lack of research on outdoor climate parameters’ influences on buildings 

flexibility potentials is suggested based on literature review, and the advantage of using building 

thermal mass to offer flexibility is illustrated.  The major research question of the thesis was therefore 

formulated as:  

“How to categorise the heat flexibility potential of buildings under different outdoor climate 

circumstances?” 

To answer this question, a single variable indicator was used to measure buildings’ heat flexibility in 

the unit of time, which can be simply interpreted as the acceptable duration of heating switch off of 

a certain building. The scope of the work has been limited to the analysis of the flexibility generated 

by building thermal mass itself- both structural and interior thermal mass. The thesis content was 

further developed to three parts: building simulation, quantification, and data analysis. The first part 

-building simulation aims to obtain instantaneous thermal response data of buildings. Three Danish 

residential dwelling typologies were selected from TABULA-project, representing the new house, 

renovated house and old house respectively. The simulation was performed using TRNSYS 17 in order 

to capture the dynamic thermal characteristics of three selected dwellings, and two heating emission 

systems (floor heating and radiator) were developed. The second part of the thesis is the 

quantification of heat flexibility and daily shiftable load (𝐷𝑆𝐿) of dwellings. Heat flexibility results on 

212 days of each building type were estimated by means of investigating their thermal response after 

heat cut-off. It was found that despite different building types, large flexibility is easily to be obtained 

under warm and sunny weather conditions. On the contrary, during the middle months of the heating 

season (from December to February) all Danish dwelling types present low heat flexibility values. 

Based on the daily analysis over seven heating months, the Danish single family house constructed 
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from 2007 to 2010 is estimated to have the highest heat flexibility potential among three investigated 

types, with the ability to offer 3 to 24 hours flexibility regardless outdoor climate. The old dwelling 

type that was built between1971-1972 has the lowest heat flexibility potentials from 0.5 to 4 hours. 

It should be noted that this old house type have substantial improvements in heat flexibility after 

renovating envelopes structures, which corresponds to the case of SFH renovated model.  

In the third part of the thesis-data analysis, a heat flexibility categorization methodology over existing 

buildings was developed. It is concluded that for a certain type of building, it is possible to predict its 

heating flexibility based on weather forecast. In this part, multiple linear regression analysis was 

performed on flexibility using IBM SPSS Statistic in order to facilitate a comprehensive analysis on the 

contributions of outdoor climate parameters. Based on regression analyses, predictive models on 

daily heat flexibility specifically for different months were developed. These predictive models 

characterise the correlation between daily heat flexibility, outdoor temperature and solar irradiance.  

To answer the second sort of research questions -“What is the contribution of outdoor temperature 

and solar irradiance on heat flexibility? Are these two parameters of equal importance in predicting 

heat flexibility?”-conclusions can be made from Chapter 5.2. Both outdoor temperature and solar 

irradiance contribute positively to the dwellings’ heat flexibility. That is to say, high flexibility potential 

is estimated to appear in warm and sunny weather despite building types. For the newer house type 

(SFH 2007-2010) and the renovated house, 1°C increase in outdoor temperature on average 

contributes 1.1-hour extension in heat flexibility -the acceptable duration of heat cut-off. However, 

this impact from outdoor temperature is minor in the old house case (SFH 1961-1972), as 1°C increase 

in outdoor temperature is estimated to provide no more than 0.2-hour flexibility extension. 

Similarly, the influences of predictor parameters varies from building to building. For the newer house 

type and the renovated house, mean outdoor temperature and solar irradiance have nearly equal 

impacts on flexibility. Meanwhile, for the old house, the outdoor temperature has the dominant 

impact on heat flexibility, as it contributes about six times as much as solar irradiance (judging by 

their beta coefficients in regression).These conclusions indicate that even though the dwelling may 

offer large flexibility in warm and sunny weather conditions, the variance between different buildings 

is large, as illustrated in Chapter 5.3. When a same weather profile is applied to all buildings, the 

values heat flexibility is mostly determined by buildings’ physics-thermal properties. This reveals the 

importance of investigating flexible building in design phases that a number of research has been 

focus on. Even though fundamental investigation on how to design energy-flexible buildings is 

important, the focus of this thesis is to develop categorization methodology for buildings’ flexibility. 

In addition to exploring the impacts of climate parameters on buildings’ inherent flexibility, how much 

energy potentials of existing buildings can offer is of interest as well. Hence, an energy related 

research question was proposed as: 

“How much energy can be shifted when the heating is switch off temporarily?” 

In order to answer this question, the daily shiftable load (DSL) was defined in Chapter 5.4, in which 

the approximate DSL  was calculated by multiplying reference heat demand (�̅�𝑟𝑒𝑓) and heat flexibility 

of the building. On average, the new dwelling type (SFH 2007-2010) has the highest DSL capacity 

https://www.collinsdictionary.com/dictionary/english/characterize
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during the heating season, followed by the renovated house type- with slightly lower DSL. The newer 

dwellings also have much higher accumulate DSL, on the basis that daily heat cut-off is performed 

during the heating season. This means more thermal energy can be conserved or shifted from each 

of the newer dwellings than that from the old dwelling. Although the old dwelling (SFH 1961-1972) 

has the highest reference heat demand in general, its DSL is rather small. Because the old dwelling 

that is not well insulated, has the shortest tolerance time towards heating cut-off, resulting its low 

heat flexibility values and small DSL capacities.  

Based on these findings it is concluded that the estimation over existing residential building’s’ heat 

flexibility is feasible. Different residential buddings have their inherent ability to tackle temporary 

under-heating, and this ability can be exploited as the heat flexibility to deal with the energy 

mismatching problems in DH networks. If the categorization framework is applied to all building 

typologies, heat flexibility under different outdoor climate conditions can be predicted at district level. 

By this means, temporary heat cut-off in DH systems is possibly performed to avoid using peak load 

heat plants, without compromising end-use comfort. Developing predictive models for residential 

buildings’ flexibility-not limited to heat flexibility- is beneficial for further implementation in demand 

response (DR) models to tackle the energy mismatching problems between supply sides and demand 

sides. In a macro sense, the investigation of heat flexibility will have substantial contributions to 

meeting sustainable energy and low carbon energy goals. 

 

LIMITATION AND FUTURE WORK 

Many modelling assumptions were made during the building simulation and it is necessary to discuss 

the influences of some of the assumptions. In this study, the initial operative temperature of heating 

switch off (at 6:00) is 22± 0.3°C and minimum allowed temperature is 20 °C. The allowed temperature 

decline is from 22 °C to 20 °C. Obviously, if a rather loose temperature criteria is allowed-for example- 

using 18 °C as minimum allowed temperature, the heat flexibility in prediction will be much larger. 

Similarly, if a setback thermostat is installed, which allows changing temperature set point 

automatically during unoccupied hours, the heat flexibility results will be different as well.  

Another assumption is that the heat switch off is performed at 6:00 on each simulation day. Assumed 

the time for heat cut-off is delayed 1 or 2 hours, the estimated heat flexibility of each building type 

will be larger in general. This is because the outdoor temperature and solar irradiance level that 

normally increase during the morning, have significantly positive contributions on heat flexibility, 

based on conclusions in Chapter 5.2. 

It is also important to emphasis the limitation of the study. First of all, as explained in Chapter 1.2-

Scope of the work, the study only investigates the energy flexibility from utilizing building inherent 

thermal mass, without considering coupling other thermal energy storage units and on-site 

generation systems. Secondly, the focus is on net heating flexibility of residential single family houses, 

domestic hot water heat demand is not investigated. However, the share of DHW heat demand in 

total heat demand of residential buildings cannot be neglected. TABULA project estimated the DHW 
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demand takes 31% and 25% of the annual total primary energy demand for heating and DHW of the 

Danish SFH 2007-2010 and SFH 1961-1972 respectively [25]. This indicates it is essential to take DHW 

demand into account if a comprehensive study on total heat demand flexibility is performed. Besides, 

other forms of supply heat reduction were not investigated. Consider the fact that it is challenging 

still to implement heat switch off in DH networks, partially heat supply reduction should be 

investigated. 

Moreover, the influence of occupancy behaviour on heat flexibility is not considered in the thesis. 

Interior gain profiles concerning activities e.g. cooking were defined in a regular routine based on 

recommended design input parameters. It would be interesting to study how occupancy behaviours 

effects the building thermal dynamic characteristics in future work. For example, opening windows 

in the morning may lead to sharp decrease of indoor temperature, which means the initial indoor 

temperature in heat cut-off time is probably much lower than the set-point temperature. Besides, 

considerable amount of flexibility can be provided by altering household appliances usage profiles, 

which is strongly related to occupancy behaviours. 

Last but not least, that the regression analysis only performed against two outdoor climate 

parameters, mean outdoor temperature and accumulate solar irradiance, which are considered 

impact the flexibility most. In order to develop a relatively simple model, the regression model is not 

correlated to other parameters e.g. humidity, wind velocity, wind direction. The TRNSYS Type 56 

(Multi-zone model) applies constant air change rate to calculated infiltration heat exchange (equation 

can be seen in Appendix B), which means wind profiles have no effect on heat fluxes to the building 

air node. This suggests that, if different theoretical model is used to calculate infiltration heat loss, 

the influence of wind speed should be considered. 
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APPENDICES 

A: BUILDING COMPONENTS  

Table A-1: Building models construction layers. 
SFH 2007-2010 

External wall U-value : 0.162 W/m2 ·K     

Layers Thickness [m] Conductivity [kJ/h·m· K] Density [kg/m3] Capacity [kJ/kg· K ] 

Common face brick (TESS) 0.20 4.80 2002.3 0.92 

Mineral wool 0.20 0.13 80 0.90 

Filled_hvy_block (TESS) 0.20 2.12 849 0.84 

Gypsum 0.02 2.16 975 0.84 

Roof U-value : 0.122 W/m2 ·K     

Layers Thickness [m] Conductivity [kJ/h·m· K] Density [kg/m3] Capacity  [kJ/kg· K ] 

Tiled roof 0.04 3.60 1700 0.84 

Polystyrene 0.30 0.14 30 1.25 

Wood board 0.03 0.40 550 1.85 

Finish 0.01 1.49 1294 1.09 

Ground floor U-value : 0.111 W/m2 ·K   

Layers Thickness [m] Conductivity [kJ/h·m· K] Density [kg/m3] Capacity  [kJ/kg· K ] 

Screed  0.10 2.16 1100 0.86 

Thermo-active layer - - - - 

Screed  0.10 2.16 1100 0.86 

Concrete slab 0.08 4.07 1400 1.00 

insulation 0.30 0.16 80 0.9 

Sand grave 0.10 2.52 1800 1.00 

SFH Renovated  

External wall U-value : 0.300 W/m2 ·K     

Layers Thickness [m] Conductivity [kJ/h·m· K] Density [kg/m3] Capacity [kJ/kg· K ] 

Common face brick (TESS) 0.10 4.80 2002.3 0.92 

Mineral wool 0.12 0.16 80 0.90 

Filled_hvy_block (TESS) 0.20 2.12 849 0.84 

Gypsum 0.02 2.16 975 0.84 

Roof U-value : 0.200 W/m2 ·K     

Layers Thickness [m] Conductivity [kJ/h·m· K] Density [kg/m3] Capacity  [kJ/kg· K ] 

Tiled roof 0.04 3.60 1700 0.84 

Polystyrene 0.175 0.14 30 1.25 

Wood board 0.03 0.40 550 1.85 

Finish 0.01 1.49 1294 1.09 

Ground floor U-value : 0.205 W/m2 ·K   

Layers Thickness [m] Conductivity [kJ/h·m· K] Density [kg/m3] Capacity  [kJ/kg· K ] 

Screed  0.20 2.16 1100 0.86 

Concrete slab 0.08 4.07 1400 1.00 

insulation 0.15 0.16 80 0.90 

Sand grave 0.10 2.52 1800 1.00 

SFH 1961-1972 

External wall U-value : 0.598 W/m2 ·K     

Layers Thickness [m] Conductivity [kJ/h·m· K] Density [kg/m3] Capacity [kJ/kg· K ] 

Common face brick (TESS) 0.15 4.80 2002.3 0.92 

Mineral wool 0.075 0.18 80 0.90 

Filled_hvy_block (TESS) 0.15 2.12 849 0.84 

Gypsum 0.02 2.16 975 0.84 

Roof U-value : 1.296 W/m2 ·K     
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Layers Thickness [m] Conductivity [kJ/h·m· K] Density [kg/m3] Capacity  [kJ/kg· K ] 

Tiled roof 0.02 3.60 1700 0.84 

Insulation 0.015 0.16 80 0.90 

Wood board 0.02 0.40 550 1.85 

Ground floor U-value : 0.305 W/m2 ·K   

Layers Thickness [m] Conductivity [kJ/h·m· K] Density [kg/m3] Capacity  [kJ/kg· K ] 

Concrete slab 0.10 4.07 1400 1.00 

Linoleum 0.20 0.61 1000 1.00 

Insulation 0.10 0.16 80 0.90 

B: TRNSYS TYPE 56: MULTI-ZONE BUILDING MODEL 

The section gives partly description of the heat transfer calculation in TRNSYS building air node, and 
detailed description concerning heat exchange in envelope structures can be found in TRNSYS 
Manuals. [35]  
 

 

Figure B-1. Heat balance on the air node [35] . 

CONVECTIVE HEAT FLUX TO THE AIR NODE: 

�̇�𝑖 = �̇�𝑠𝑢𝑟𝑓,𝑖 + �̇�𝑖𝑛𝑓,𝑖 + �̇�𝑣𝑒𝑛𝑡,𝑖 + �̇�𝑔𝑐,𝑖 + �̇�𝑐𝑝 𝑙𝑔,𝑖 + �̇�𝑠𝑜𝑙𝑎𝑟,𝑖 + �̇�𝐼𝑆𝐻𝐶𝐶𝐼,𝑖 

�̇�𝑖𝑛𝑓,𝑖 = �̇� ∙ 𝜌 ∙ 𝑐𝑝 (𝑇𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟) 

�̇�𝑣𝑒𝑛𝑡,𝑖 = �̇� ∙ 𝜌 ∙ 𝑐𝑝 (𝑇𝑣𝑒𝑛𝑡 − 𝑇𝑎𝑖𝑟) 

�̇�𝑐𝑝 𝑙𝑔,𝑖 = �̇� ∙ 𝜌 ∙ 𝑐𝑝 (𝑇𝑧𝑜𝑛𝑒,𝑖 − 𝑇𝑎𝑖𝑟) 

Where: �̇�𝑠𝑢𝑟𝑓,𝑖  is convective gain from surfaces; �̇�𝑖𝑛𝑓,𝑖  and �̇�𝑣𝑒𝑛𝑡,𝑖  are infiltration gains and 

ventilation gains; �̇�𝑔𝑐,𝑖 is the internal convective gains (by people, equipment, illumination, radiators, 

etc.); �̇�𝑐𝑝 𝑙𝑔,𝑖 is the gains due to (connective) air flow from airnode or boundary condition; �̇�𝑠𝑜𝑙𝑎𝑟,𝑖 is 

the fraction of solar radiation entering an airnode through external windows which is immediately 

transferred as a convective gain to the internal air; �̇�𝐼𝑆𝐻𝐶𝐶𝐼,𝑖 is the absorbed solar radiation on all 

internal shading devices of zone and directly transferred as a convective gain to the internal air [35]. 
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RADIATIVE HEAT FLUX TO THE WALL AND WINDOWS: 

 

Figure B-2. Radiative energy flows considering one wall with its surface temperature node [35] . 

�̇�𝑟,𝑤 = �̇�𝑔,𝑟,𝑖,𝑤 + �̇�𝑠𝑜𝑙,𝑤 + �̇�𝑙𝑜𝑛𝑔,𝑤 + �̇�𝑤𝑎𝑙𝑙−𝑔𝑎𝑖𝑛 

Where: �̇�𝑟,𝑤  is the radiative gains for the wall surface temperature node; �̇�𝑔,𝑟,𝑖,𝑤 is the radiative air 

node internal gains received by wall; �̇�𝑠𝑜𝑙,𝑤 is the solar gains through zone windows received by walls; 

�̇�𝑙𝑜𝑛𝑔,𝑤 is the longwave radiation exchange between this wall and all other walls and windows; and 

�̇�𝑤𝑎𝑙𝑙−𝑔𝑎𝑖𝑛 is the user-specified heat flow to the wall or window surface.  
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C: SIMULATION RESULTS OF TWO DANISH DWELLINGS 

HEAT CUT-OFF (6AM) RESPONSES OF SFH RENOVATED 1960S, RADIATOR SYSTEM 
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Figure C-1 (a)-(g). Heat cut-off responses of DK SFH Renovated during heating seasons. (IWEC Copenhagen 
climate profile). 
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HEAT CUT-OFF (6AM) RESPONSES OF SFH 1961-1972, RADIATOR SYSTEM 
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Figure C-2 (a)-(g). Heat cut-off responses of DK SFH 1961-1972 during heating seasons. (IWEC Copenhagen 
climate profile). 
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D: REGRESSION OUTPUT BY IBM SPSS STATISTICS  

SFH2007-2010: REGRESSION 1-A 
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SFH2007-2010: REGRESSION 1-B 
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SFH RENOVATED: REGRESSION 2-A 
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SFH RENOVATED: REGRESSION 2-B 
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SFH 1961-1972: REGRESSION  
 

       

 
 

 


