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Abstract 28 

Higher shares of intermittent renewable energy in energy systems have raised the issue of the need for 29 

different energy storage solutions. The utilization of existing thermal building mass for storage is a cost-30 

efficient solution. In order to investigate its potential, a detailed building simulation model was coupled 31 

with a linear optimization model of the energy system. Different building archetypes were modelled in 32 

detail, and their potential preheating and subsequent heat supply cut-off periods were assessed. Energy 33 

system optimization focused on the impact of thermal mass for storage on the energy supply of district 34 

heating. Results showed that longer preheating time increased the possible duration of cut-off events. 35 

System optimization showed that the thermal mass for storage was used as intra-day storage. Flexible load 36 

accounted for 5.5% to 7.7% of the total district heating demand. Furthermore, thermal mass for storage 37 

enabled more solar thermal heating energy to be effectively utilized in the system. One of the sensitivity 38 

analyses showed that the large-scale pit thermal energy storage and thermal mass for storage are 39 
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complimentary. The cut-off duration potential, which did not compromise thermal comfort, was longer in 40 

the newer, better insulated buildings, reaching 6 hours among different building archetypes. 41 

 42 

Keywords: thermal energy storage in buildings; thermal mass; district heating; energy supply optimization; 43 

thermal autonomy; heat flexibility 44 

1. Introduction 45 

 46 

District heating systems produce heat centrally and distribute it to the end consumers via transmission and 47 

distribution pipes. Heat storage can be used when a mismatch between the timing of production and 48 

demand for heat occurs. Other solutions include peak boilers that can quickly be dispatched. When 49 

comparing heat storage and peak boilers, the former usually has large capital costs and low operating costs, 50 

while the latter usually have larger operational costs and lower capital costs.  51 

All buildings, which are connected to district heating systems, have certain thermal capacities for storing 52 

heat inside the structure of the buildings. Contrary to the usual heating storage types such as hot water 53 

tanks or water pits, the capital costs for the utilization of thermal mass for storage is close to zero, as the 54 

building structure does not have to be modified additionally. Thus, utilizing thermal mass for storage could 55 

be an efficient solution for load shifting and/or peak shaving in district heating grids. The objective of this 56 

paper is to analyse the potential of utilizing thermal mass for storage in district heating systems in order to 57 

reduce the operational costs of the district heating systems by optimally shifting the district heat load. 58 

District heating systems are dominated by the peak demand during a few morning hours [1], which results 59 

in higher operational costs of the district heating systems. 60 

One of the main findings from a recent review of the district heating and cooling systems has indicated that 61 

district energy systems are more efficient than individual heating and cooling systems, based on many 62 

projects reviewed across the world [2]. Thermal energy storage was one of the emphasized technologies 63 

that has a potential to further increase efficiency into current district energy systems [2]. It has been 64 

anticipated that district heating should play an important role in future renewable energy systems [3]. 65 

Moreover, authors have concluded that the future smart thermal grids will involve more energy efficient 66 

buildings, as well as integration with electricity and gas grids [3]. For the case of future energy system of 67 

Denmark,  the share of 55-57% of district heating in the total heat demand could be cost-effective from the 68 

energy system point of view, although significant heat savings in the building sector have been anticipated 69 

[4]. Another recent international review of district heating and cooling systems claimed that those systems 70 

have strong potentials to be feasible supply options in a future world [5]. An author has reported that large 71 

national district heating research projects are being supported in Denmark, Germany, Sweden and China 72 

[5]. It was further concluded that heat recovery and heat based on renewable energy sources is larger in 73 

the European Union than in the rest of the world [5]. Nevertheless, the future energy system will need to 74 

balance out the potential energy savings in the building sector with the renewable energy supply in a cost-75 

effective way. One study showed that the energy demand of buildings could be cost effectively reduced by 76 

12-17% by the year 2015 [6]. The same study has shown that larger savings are to be expected in individual 77 

heating areas than in district heating areas. 78 



Thermal energy storage has proven to be a technology that can be beneficial towards the energy efficiency 79 

of a building by contributing to an increased share of renewable energy and/or reduction in energy demand 80 

or peak loads for both heating and cooling [7]. Thermal building mass for storage could serve as a 81 

supplement to already existing storage solutions, such as hot water tanks. The reason for the latter is the 82 

low capital costs in thermal building mass storage type, as no physical alterations to the buildings are 83 

needed. Many different thermal storage options have been researched and some are already implemented 84 

on a large scale. Thermal storage can be realized in several different ways. They can be central (closer to 85 

the supply side of the system) or decentral (close to the consumer side of the system). Another division 86 

considers the thermodynamic nature of the way heat is stored, i.e. whether it is latent, sensible or 87 

thermochemical storage. Seasonal thermal energy storage has been reviewed in [8] and it was concluded 88 

that although it is a promising technology, its cost does not make it applicable to all projects, even less for 89 

single family houses. Furthermore, a review of promising candidates for chemical heat storage has been 90 

reviewed in [9], highlighting its significant potential due to the high thermal storage density, but also its low 91 

efficiency, special consideration of safety and large initial investment that is required. Thermal energy 92 

storages using phase change materials (PCMs) have been reviewed in [10]. One of the main aspects of 93 

PCMs is their low thermal conductivity (usually between 0.2 and 0.7 W/mK), thus requiring the use of 94 

complex heat exchanger geometries to obtain required heat transfer rates from latent heat storage 95 

containers. Regarding thermal storage building integrated systems, one study reviews it extensively [11]. 96 

The authors have concluded that active storage systems in the building envelope could be used when 97 

constructing new buildings. The integration of active thermal storage in buildings should be planned during 98 

a design phase in order to overcome the problems of availability of space for installations. In the same 99 

study, it has been claimed that both commercial and public buildings have huge potential on implementing 100 

thermal energy storage in double skin façade as well as in ventilation systems.  101 

The utilization of short term heat storage in the sensible thermal mass of the buildings has been 102 

investigated in a number of studies during the last years. The zero investment cost that is required for the 103 

utilization of the thermal mass along with the capacity that is available in the majority of buildings in 104 

northern climates makes it a promising storage solution. One study of combined thermal energy storage 105 

and buildings has also dealt with a potential of using thermal mass of buildings for sensible heat storage [7]. 106 

It was concluded that the thermal energy storage can result in increased energy efficiency in buildings, 107 

reduced emissions, increased efficiency of HVAC equipment and reduced peak loads in the system [7]. It 108 

was further argued that it is important always to fulfil specific demands and conditions that differ from 109 

building to building [7]. In a Danish study [12], two residential buildings with different states of insulation 110 

and air tightness were examined in terms of heat storage and heat conservation.  The findings showed that 111 

the potential of the thermal mass depends on many factors (level of insulation, heat emission system etc.) 112 

and varies significantly over the season. The poorly insulated building could offer short thermal autonomy 113 

or heat flexibility meaning the time where the building can perform without activating a heating system, 114 

while the energy efficient passive house had a much higher time constant. This means that large amounts 115 

of heat could be shifted for shorter periods of time in poorly insulated buildings. On the contrary, a 116 

complete switch-off of the heating system could be achieved in the passive house for more than 24h 117 

without violating the thermal comfort of the occupants.  118 

Demand side management (DSM) can be defined as a modified consumer energy demand through various 119 

methods. Usually, the balancing of intermittent generation and load shifting from peak demand hours to 120 



off-peak demand hours are the most important targets of the DSM. A study by [13] investigated the 121 

potential of structural thermal mass of a single family dwelling for demand-side management (DSM) 122 

equipped with an air-to-water heat pump coupled with low temperature heat emission system, as well as a 123 

photovoltaic system in South-eastern Europe. The findings showed that the structural storage capacity has 124 

strong potential for shifting peak electricity loads for heating to off-peak hours. The DSM potential was 125 

found to be higher for massive buildings than for light-weight buildings.  126 

Furthermore, the interaction between the heating system and the available thermal mass is significant. The 127 

authors in [14] have addressed that even after very short overheating periods, the heating demand for the 128 

following hours can be reduced significantly (up to 20%) utilizing the thermal storage capacity of the 129 

examined building, which included a hydraulic radiator-based heating system. The main limiting factors to 130 

the discharging rate were the slow temperature increase within the thermal mass and the heat conduction 131 

into the deeper wall layers. Moreover, the influence of the ambient temperature to the storage 132 

performance of the thermal mass has been highlighted. The authors conclude that good DSM can be 133 

achieved with shorter overheating periods at cold weather conditions. In addition, a Swedish pilot study 134 

[15] investigated the storage potential of the thermal inertia of five multi-family residential buildings 135 

connected with a district heating (DH) system. Results showed that heavy-weight buildings, with a 136 

structural core of concrete, can tolerate large variations in heat deliveries while still maintaining an 137 

acceptable indoor climate. Thus, the control can be applied in many buildings in DH systems at a relatively 138 

low cost. The study also demonstrated that degree hours instead of a fixed time constant can be a more 139 

accurate metric to represent variations in indoor temperature caused by the utilization of the thermal mass 140 

of the buildings. Although many examples of the simulated uses of thermal mass for storage have been 141 

reviewed on a building scale, there is a lack of cases calculating the potential of thermal mass for storage on 142 

a system scale. 143 

A few papers dealt with the analysis of the thermal mass for storage potential on a system scale. Authors in 144 

[16] have presented a framework for planning cost effective operation of HVAC systems utilizing multi-145 

building thermal mass. They have used a business-economic optimization approach and optimized thermal 146 

mass for storage of commercial buildings [16]. However, in their approach, thermal mass for storage was 147 

used to impact only the power sector while their time frame was one day. A simulation platform and 148 

different control strategies for utilizing the thermal mass for storage has been presented in [17]. The 149 

authors have concluded that single buildings only have marginal influence on the energy system flexibility 150 

and that extension of the models to the entire city is needed [17]. They have also assessed the potential of 151 

utilizing the thermal mass for storage to increase the flexibility of the power sector. A detailed dynamic and 152 

grey box model has been developed in [18]. They have shown that between 3% and 14% of the load can be 153 

shifted by utilizing the thermal mass for storage [18]. However, they have also considered the impact of 154 

flexibility solely on the power sector and not on the district heating sector [18]. Furthermore, the buildings 155 

they have modelled were well insulated and no behaviour of older buildings has been presented. The 156 

primary energy supply in the power sector was dominated by gas (40%), followed by nuclear (35%), waste 157 

and renewables (10%) and hydro (9%) [18]. 158 

To continue on the latter, one paper has proposed a resistance-capacitance representation of building 159 

thermodynamics in order to incorporate thermal mass for storage into an integrated planning model [19]. 160 

They have used it for an Irish case study and their focus was on partially decoupling of heat and electricity 161 



demand, without including district heating systems into the model [19]. The authors concluded that by 162 

utilizing building thermal inertia, electrified residential heat costs can be reduced to the cost of benchmark 163 

technology, which were gas boilers in the Irish case [19]. The energy supply in the power sector was 164 

dominated by wind (40%), coal, peat, gas, oil and hydro. Other authors used Balmorel model with the 165 

thermal building model add-on in order to represent thermal mass for storage [20]. The model has not 166 

taken transient behaviour of heat transfer into account, while the average annual building energy 167 

consumption was taken from the literature without detailed modelling [20]. They have concluded that by 168 

utilizing thermal mass for storage, peak load could be shaved and that heat pumps operation could be 169 

prioritized for hours with low marginal generation costs [20].   170 

So far, most of the research papers dealt with detailed calculations of thermal mass for storage on a 171 

building scale for specific building archetypes. The majority of the papers that modelled thermal inertia on 172 

a system scale have not captured dynamics of the heat transfer and transient behaviour well enough during 173 

the hours after the DSM event using reduced-order models. Moreover, almost no literature has been 174 

found, which focuses on the impact of utilizing thermal mass for storage on district heating supply in 175 

general; the presented papers have rather focused on the potential benefits that the thermal mass for 176 

storage could have on the power sector. Thus, the aim of this paper is to analyse building performance of 177 

different archetypes during the DSM events and to analyse the impact of DSM events on district heating 178 

systems. Moreover, the main objectives of the paper is to give an overview of the energy flexibility 179 

potential that an urban residential building stock can give to the energy grid and to project this potential 180 

into the future. In order to have a sufficiently detailed model, a two level modelling approach is proposed. 181 

First, detailed simulation of existing building archetypes shall be carried out in order to estimate their 182 

thermal autonomy or heat flexibility potential, obtain detailed heat demand pattern after the DSM events 183 

and possible additional peaks in heat demand of different building archetypes. Second, simulation output 184 

data shall be used as input for linear optimization model that optimizes the whole energy system and 185 

analyses the potential of thermal mass for storage on a system scale. In this way, the realistic building 186 

energy performance is captured in great detail while the analysis of the impact of DSM events on the 187 

energy system on a district scale brings clarity about the total potential of smart control in district heating 188 

systems. 189 

The outline of the paper is structured as follows: the building simulation and system optimization models 190 

are described in the Methods section. The city of Sønderborg was chosen for the case study and specifics of 191 

its energy system and the representative buildings are described in the Case study section. The potential of 192 

the thermal mass for storage is presented in the Results section. The results are put into perspective and 193 

compared with the findings from the other studies in the Discussion. Finally, the main points are 194 

summarized in the Conclusions section.  195 

2. Methods 196 

The following section presents the methods that were applied to model the investigated building stock, 197 

calculate the indicators and conduct the energy system optimization analysis. First, a detailed building 198 

energy model is presented. Second, the system indicators for evaluation of thermal mass for storage are 199 

introduced and different building heating scenarios presented. Third, an energy system optimization model 200 

is described. The energy system optimization model used the output of building simulations in terms of 201 



thermal autonomy, a difference in energy consumption compared to the reference case and the 202 

distribution of preheating and after cut-off heating demand as an input for running the optimization. 203 

Different steps used in the model are presented in Figure 1. 204 

 205 

Figure 1. The flow diagram of the two-stage modelling process 206 

 207 

2.1. Building energy modelling  208 

The current analysis was conducted by use of building models. The building model and energy simulations 209 

were run in IDA ICE Version 4.7 [21]. The model behind the simulation tool is a detailed physical 210 

representation of the transient heat transfer phenomena taking place in a building. The model describing 211 

the external walls is a finite differences model of a multi-layer component. The buildings were simulated as 212 

single-zone models. The models were run with the Danish Design Reference Year (DRY) weather file [22]. 213 

These weather conditions are characterized by very cold winter temperatures. The monthly degree-days for 214 

the given climate and the annual outdoor temperature distribution according to [23] are presented in 215 

Appendix B. Based on literature, the utilization of thermal mass during times of very low ambient 216 

temperatures can have a good potential for DSM strategies. A cold and grey winter day was selected out of 217 

the DRY file to run the following experiment, during which the solar gains were very low and the average 218 

ambient temperature was -3oC. Thus, the heat losses were increased for the specific examined case. The 219 



global radiation for an exemplary week in January is presented in Appendix B.  However, the ambient 220 

temperature on the selected day did not fall below -12oC, which is the dimensioning temperature for 221 

heating systems in Denmark. Deterministic occupancy profiles were modelled representing typical house 222 

living schedules, where there was no occupancy during 8am-3pm on weekdays. The heat supply system 223 

was DH and the heat emission system were hydronic radiators. No mechanical cooling or ventilation was 224 

assumed being installed in the buildings. The infiltration rate was determined based on wind-driven air 225 

flow. Internal walls and furniture mass were modelled taking into account the floor area that they covered, 226 

their material, thickness and the convective heat transfer coefficient. 227 

The segmentation and characterization of the building stock was done according to [24]. Six building 228 

archetypes were created to represent different types of buildings according to their construction age and 229 

energy refurbishment level. These can be seen inTable 2. The properties of the building envelope and 230 

systems were created according to the TABULA [25], EPISCOPE project [26] and national building 231 

regulations. The building models were calibrated according to [27] based on measured hourly energy data 232 

acquired from 54 households in the city of Sønderborg.  233 

 234 

2.2. Definition of thermal autonomy and adopted indicators 235 

The thermal autonomy of the building was defined as an indicator of heat flexibility standing for  the 236 

duration of the thermal comfort period [28], during which the operative temperature inside the building 237 

does not fall below 18oC ( 1 ). This threshold was selected according to the Danish standard [29] 238 

corresponding to the third acceptable thermal comfort category, to reflect the degradation of indoor 239 

comfort in a straight-forward way. The thermal autonomy [h] was calculated on the basis of a heat supply 240 

cut-off experiment in the building models and was defined as the first indicator in our study.  241 

𝐼𝑛𝑑1 = min{𝑡|𝑇(𝑡) = 18𝑜𝐶} 

( 1 ) 242 

The second indicator was defined as the difference in space heating demand of the building caused by the 243 

heating strategy implemented as opposed to the ‘reference’ heating demand ( 2 ). It was calculated on the 244 

basis of the thermal autonomy potential of each house. Indicator 2 [%] was calculated on the 24-hour time 245 

period, starting from the hour 432 in the modelled year. 246 

𝐼𝑛𝑑2 =
𝑄 − 𝑄𝑟𝑒𝑓

𝑄𝑟𝑒𝑓
 

( 2 ) 247 

The exact time period was chosen as in none of the cases, the DSM event resulted in heat demand 248 

differences of more than 2% after the 24-hour period.  249 

2.3. Overview of different strategies of DSM events 250 

To be able to determine the potential for thermal autonomy for all houses, heating control strategies were 251 

implemented. First, three different scenarios were created, which can be seen in Table 1. The first scenario 252 

included a complete cut-off of the heating system with no preheating or overheating strategy for a period 253 



that equals the thermal autonomy of each house, according to equation ( 1 ), so that operative 254 

temperature would not decrease below 18oC. In order to make our results more robust, this strategy was 255 

implemented on the afore-mentioned cold weather conditions, so that an unfavourable case is 256 

represented. The heating set point of the reference operation of the heating system was set to 21oC in all 257 

scenarios based on the findings from calibrating the building models. 258 

Then, the effect of preheating on the utilization of the thermal mass was investigated. The second scenario 259 

considered 2 hours of preheating the houses up to 24oC, followed by a complete cut-off of the heat supply 260 

on the same cold day as the first scenario, during the same time. The duration of the cut-off was found 261 

such that it equalled the result of indicator 1 after the preheating was applied, so that the temperature 262 

would not decrease below 18oC.  According to the third scenario, 4 hours of preheating strategy up to 24oC 263 

was applied, followed by a heating cut-off on the same day, as previously explained. The duration of the 264 

heat cut-off was again adjusted so that it matched the new autonomy potential after the 4 hours of 265 

preheating. The three different strategies were implemented in the IDA ICE models through the option of 266 

variable controller heating set points ranging from 21oC in the reference case to 24oC in the preheating 267 

phase and to 18oC during the heat cut-off phase, which were continuous throughout the entire simulation 268 

year. 269 

Table 1. DSM scenarios implemented to the models 270 

Scenario Action Preheating [h] Notation 

1 Heat cut-off 0 CO 

2 Heat cut-off 2 CO_2hPH 

3 Heat cut-off 4 CO_4hPH 

 271 

2.4. Energy system optimization 272 

 273 

A linear continuous optimization model was used in order to represent an energy system. The optimization 274 

was run using Matlab interface and Gurobi solver, one of the solvers with the fastest computation times for 275 

solving linear optimization problems [30]. After the building simulations had been run, inputs from the 276 

building simulations such as autonomy time, the maximum capacity of avoided energy consumption during 277 

a cut-off event for each archetype, increased demand before and after the cut-off event and their 278 

corresponding distributions were incorporated in the optimization model. The simulated day from the first 279 

modelling stage was used as a pattern for all the cut-off events during the heating season (1st October to 280 

30th April). A sensitivity analysis for the latter assumption was carried out and commented on in the 281 

Discussion section. Between 1st May and 30th September load shifting utilization was not allowed in the 282 

model as the space heating demand during that period was low. The optimization model includes the 283 

power, heat, gas and transport sectors. The optimization model used was developed, presented and 284 

validated in [31]. As a short overview, the model optimizes the energy system with an objective function 285 

set to minimize the total socio-economic costs of the energy system ( 3 ). It optimizes the whole energy 286 

system during one year on hourly resolution.  287 



min𝑍 =∑(𝑓𝑖𝑥_𝑂&𝑀𝑖 + 𝑙𝑒𝑣𝑖𝑛𝑣𝑖)𝑥𝑖 +

𝑛

𝑖=1

∑(𝑣𝑎𝑟_𝑂&𝑀𝑗 +
𝑓𝑢𝑒𝑙𝑗

𝜂𝑗
+ 𝐶𝑂2𝑗 ∙ 𝐶𝑂2𝑖𝑛𝑡𝑒𝑛𝑗 ) 𝑥𝑗

𝑚

𝑗=1

+∑(𝑒𝑙_𝑖𝑚𝑝_𝑒𝑥𝑝𝑘 + 𝑔𝑎𝑠_𝑖𝑚𝑝_𝑒𝑥𝑝𝑘 + 𝑑𝑖𝑒𝑠_𝑖𝑚𝑝𝑘 + 𝑝𝑒𝑡𝑟_𝑖𝑚𝑝𝑘)𝑥𝑘

𝑝

𝑘=1

 

( 3 ) 288 

Energy plants were modelled using a black-box approach. The total socio-economic costs of the system 289 

incorporated levelized investment costs over the lifetime of the energy plants, fixed and variable operating 290 

and maintenance costs, fuel costs and costs of CO2 emissions. Other taxes were not included. A discussion 291 

about the reasons for including the cost of CO2 emissions and excluding the cost of other taxes in the total 292 

socio-economic costs can be found in [32]. The main reasoning for the latter is that the CO2 emissions cost 293 

represents the internalized negative externality in terms of climate change costs imposed to the society. A 294 

detailed explanation of all the terms used in ( 3 ), as well as corresponding units, can be found in the 295 

Nomenclature, located at the end of this paper. As the goal of the optimization is to minimize the total 296 

socio-economic costs, different storage solutions will only be utilized if the corresponding load shifting can 297 

bring savings in the overall energy system costs. Based on the decision of the modeller, the model can 298 

optimize investments, too.  299 

Furthermore, the model included all the district heating energy plants supplying the district heating 300 

network of the city, electricity plants (wind and PVs) erected as a part of the energy transition plan of the 301 

city and transportation demand for fuels. Electricity could be exported/imported over the system boundary 302 

(constrained by the transmission capacity), as well as fossil fuels for meeting the transport demand. Large 303 

(sensible) heat storage is another flexibility option that existed within the system boundary. Finally, gas CHP 304 

plant did not have a constraint on the minimum load level, which made it available to behave as a flexible 305 

generation technology. The building thermal mass for storage, which is the focus of this paper, was the last 306 

source of flexibility in the local energy system.  307 

Congestion of the district heating grid and electricity grids was not modelled. Moreover, the model does 308 

not include dynamic modelling of the district heating grid due to the complexity of the size of the current 309 

model. 310 

For this paper, the model was significantly expanded in order to include the potential of thermal mass for 311 

storage of different building archetypes. For each modelled building archetype, a set of variables for cut-off 312 

event, increased after cut-off heating demand and increased preheating were introduced. In order to meet 313 

the increased heat demand after the cut-off event, as well as before the cut-off event when the heating 314 

strategy included preheating, inequality constraints ( 4 ) and ( 5 ) were introduced. 315 

𝑐𝑢𝑡𝑜𝑓𝑓𝑡,𝑥 ∙ 𝐶𝑥,𝑦 ≤ 𝑝𝑟𝑒ℎ𝑒𝑎𝑡𝑖𝑛𝑔𝑡,𝑥,𝑦 

∀𝑡𝜖{1, … ,8760}, ∀𝑥𝜖{1,… , 𝑋}, ∀𝑦𝜖{1, … , 𝑌} 

( 4 ) 316 

Where 𝑐𝑢𝑡𝑜𝑓𝑓𝑡,𝑥 represents the avoided heat demand due to the cut-off event [MWh] for each building 317 

archetype 𝑥 in every hour 𝑡 of the year. 𝐶𝑥,𝑦  represents coefficients of hourly difference in district heat 318 



demand in each preheating hour 𝑦 (compared to the reference heating demand pattern), obtained as a 319 

part of calculation for indicator 2 of the first step of the model. Finally, 𝑝𝑟𝑒ℎ𝑒𝑎𝑡𝑖𝑛𝑔𝑡,𝑥,𝑦 represents the 320 

increased heat demand [MWh] prior to the anticipated DSM event.  321 

 322 

𝑐𝑢𝑡𝑜𝑓𝑓𝑡,𝑥 ∙ 𝐶𝑥,𝑧 ≤ 𝑎𝑓𝑡𝑒𝑟ℎ𝑒𝑎𝑡𝑖𝑛𝑔𝑡,𝑥,𝑧 

∀𝑡𝜖{1,… ,8760}, ∀𝑥𝜖{1, … , 𝑋}, ∀𝑧𝜖{1,… , 𝑍} 

( 5 ) 323 

Where 𝑎𝑓𝑡𝑒𝑟ℎ𝑒𝑎𝑡𝑖𝑛𝑔𝑡,𝑥,𝑧 represents increased heat demand after the cut-off event [MWh] in each after 324 

cut-off heating demand hour 𝑧. 325 

The 𝐶𝑥,𝑧 and  𝐶𝑥,𝑦 coefficients were used to realistically capture the dynamics of the heating demand in 326 

hours before and after the cut-off events took place. 327 

The sum of preheating hours 𝑦, the duration of cut-off event (equal to the value of Indicator 1) and after 328 

cut-off heating demand hours 𝑧 were set to 24 hours in order to match the indicator 2 from the first part of 329 

the model ( 6 ). 330 

𝑦 + 𝐼𝑛𝑑1 + 𝑧 = 24 

( 6 ) 331 

In order to further integrate the first and the second part of the model, only one maximum capacity cut-off 332 

event was allowed in any 24-hour period ( 7 ). The latter constraint was introduced in order to acknowledge 333 

the calculation method used for the estimation of indicator 2. However, the system could choose to have 334 

more than one cut-off event during any 24-hour period, as long as the sum of the avoided heat demands 335 

during all the cut-off events did not exceed the maximum capacity of a single cut-off event. 336 

𝑐𝑢𝑡𝑜𝑓𝑓𝑡,𝑥 + 𝑐𝑢𝑡𝑜𝑓𝑓(𝑡+1),𝑥 +⋯+ 𝑐𝑢𝑡𝑜𝑓𝑓(𝑡+23),𝑥 ≤ 𝑐𝑢𝑡𝑜𝑓𝑓𝑚𝑎𝑥,𝑥 

( 7 ) 337 

Where 𝑐𝑢𝑡𝑜𝑓𝑓𝑚𝑎𝑥,𝑥 represents maximum avoided heat demand during the cut-off event for each building 338 

archetype 𝑥, calculated in the first part of the model. Inequality constraint ( 7 ) allows more than one cut-339 

off event during the 24-hour period as long as the sum of them does not exceed maximum possible cut-off 340 

demand.  341 

Finally, after the optimization part of the model had been run, the economic indicator (Indicator 3) was 342 

calculated ( 8 ). 343 

𝐼𝑛𝑑3 =
𝐶𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙,𝑟𝑒𝑓 − 𝐶𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙

𝐶𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙,𝑟𝑒𝑓
 

( 8 ) 344 



Indicator 3 represents the difference in the operational costs of the district heating system, without the 345 

costs of the other parts of the energy system. Operational costs of the district heating system did not 346 

include investment costs of the energy plants. They were calculated using the equation ( 3 ) for the plants 347 

operating in the district heating network, without including the first and the third summation terms. The 348 

economic indicator encompassed operational costs of the district heating system only, as the district 349 

heating sector was the focus of research carried out in this paper. For the purpose of calculating the 350 

operational costs of DH systems, the income from cogeneration units selling electricity to the grid was 351 

included as revenue in the operational costs of the district heating systems, reducing the overall 352 

operational costs of the district heating system, while in the same time all the fuel costs of running the 353 

cogeneration units were included as expenditure. 354 

3. Case study 355 

 356 

The city of Sønderborg was chosen as the current case study. It is located in the south of Denmark with a 357 

population of 27,500 inhabitants as reported in 2011. It includes several types of energy supply plants and 358 

the whole municipality has started a transition towards net zero carbon until 2029. The highest share of 359 

heating demand is attributed to residential demand, accounting for 69% of the total heating demand 360 

(Figure 2). In Denmark, housing accounts for 64% of the total heat demand. As Sønderborg can be 361 

considered representative in terms of heat demand, and ambitious in terms of integrating variable 362 

renewable energy sources, it was decided to focus on the residential building stock of Sønderborg to 363 

investigate the potential for energy flexibility provided by the thermal mass included in the building 364 

envelope and internal walls. Around 53% of the area’s heat demand is covered by the local district heating 365 

network [33].  366 

 367 

Figure 2. Allocation of heat demand on the building categories in Sønderborg 2007 [29] 368 

3.1. Characterization of Sønderborg’ building stock 369 

The focus of the current study is on single-family houses (SFH), which represent the largest share of 370 

residential buildings in this area. The building stock of Sønderborg was represented by archetypes as afore-371 

mentioned. The categorization follows the general guidelines of the TABULA database. According to the 372 

TABULA project, in general there are ten typical Danish building archetypes corresponding to SFH [25]. One 373 

archetype belongs to each of the ten proposed age bands, which reflect a shift in building tradition and the 374 

introduction of building energy codes. The same age bands were used in our case to extrapolate the results 375 



of simulated building archetypes to the system level. Based on the available energy data that we had and 376 

used to calibrate the building models, six building archetypes were created representing the majority of the 377 

SFH in Sønderborg. The models of the archetypes are presented in Table 2. The construction age of all the 378 

building models, their gross floor areas along with the average heat loss coefficient (U-value) of the total 379 

building envelope and internal heat capacities are presented. The time constant of the buildings is also 380 

presented in Table 2. It is calculated as the ratio of the total heat capacity of the building and the total heat 381 

loss coefficient including transmission, ventilation and infiltration losses. The time constant gives an 382 

indication of the response pace of the building to different stimulations such as change in heating or 383 

outdoor temperature, hence being very relevant to the current study. It is evident that newer buildings 384 

have longer time constants. The total energy use intensity and peak energy demand over a full simulated 385 

year, which are also presented in Table 2, give an indication of the energy efficiency of the investigated 386 

building stock. The energy demand results were calculated after the models were calibrated according to 387 

the measured energy data and with the system properties and internal conditions that were described for 388 

the reference case. There are two archetypes corresponding to SFH built in the 1960’s, since one of the two 389 

(1960’s ref.) had undergone more extensive energy refurbishments based on the calibration findings. The 390 

U-values give an indication of the insulation state of the building envelope relating to how airtight each 391 

building is. The lower the U-value, the more airtight the building is and fewer thermal bridges it has. The 392 

refurbishment implemented in each building model/archetype -also affecting the heat loss coefficient of 393 

the building envelope- was decided based on the results of the calibration with measured energy data as 394 

mentioned earlier. The majority of the houses were made of heavy-weight insulated brick walls with an 395 

average thickness of 340 mm. The internal walls in the majority of the investigated houses consisted of 396 

aerated concrete of 75mm thickness and were designed based on typical floor plans of Danish SFH. The 397 

idea of using archetypes to characterize the building stock is that one archetype represents a building 398 

category having uniform characteristics in terms of building construction and systems that are regulated by 399 

building codes. Thus, the energy performance of buildings belonging in the same category will be quite 400 

similar making one archetype representing each category sufficient. More information about this approach 401 

can be found in [24]. The six building archetypes that were created represented 60% of the residential 402 

building stock and 55% of the district heating demand in Sønderborg. Most of the building stock not 403 

represented in Table 2 (26.4% of the building stock and 36.9% of district heating demand), were buildings 404 

built before 1930. The latter building stock has similar characteristics to the first archetype in terms of 405 

energy use intensity, dominated by low time constants.  406 

 407 

 408 

Table 2. Building archetypes representing the examined Danish residential building stock 409 

Building archetype 
Construc
tion age 

Floor 
area 
[m

2
] 

Average U-
value of 
total 
building 
envelope 
[W/m

2
K] 

Internal 
heat 
capacity 
e+07 
[J/K]  

Time 
consta
nt [h] 

Energy 
use 
intensity 
[kWh/(m
2
year)] 

Peak 
deman
d [kW] 

Share of 
buildings 
represent
ed 
[m

2
/m

2
] 

[%] 



 

1930’s 85 0.72 1.44 20 225.7 7.5 5.9 

 

1950’s 87 0.47 2.34 43 148 4.4 6.8 

 

1960’s 140 0.54 2.33 29 143.6 7.3 7.8 

 

1960’s 
ref. 

119 0.43 2.13 39 111.6 5.1 11.8 

 

1970’s 136 0.51 3.69 51 132.6 6.8 10.3 

 

1990’s 137 0.31 5.87 134 84.5 3.8 17.5 

*Pictures taken from [34–36]   410 



3.2. Overview of Sønderborg district heating system 411 

 412 

In 2015, the total district heat supplied to the customers in the city was 288.95 GWh (not including 23% of 413 

distribution losses), based on information provided by the Sønderborg Fjernvarme, which is the operator of 414 

the district heating system. The Sønderborg DH operation data, such as volume flows, supply and return 415 

temperatures, as well as the circulation pumps electricity demand, can be found in great detail in Appendix 416 

B. According to the energy transition plan towards 2029, an increased share of households connected to 417 

the district heating systems has been anticipated [33]. The current district heating plants that supply the 418 

city of Sønderborg with heat are listed in Table 3.  419 

Table 3. The current district heat supply plants [31] 420 

Energy plant type Electrical power [MWe] Heat generation capacity [MWth] 

Waste CHP 4.5 20 

Gas CHP 40 53 

Gas boilers  100 

Solar heating (centralized)  5.2 

Bio-oil  5.4 

Geothermal + biomass driven 
absorption heat pump 

 12.5 

 421 

All household owners in Denmark are obliged to report certain information about their real estate, 422 

including the year of construction and last refurbishment of the building, energy consumption, heat energy 423 

source, type of the heating system, etc. in the so called BBR Database [37]. For the purpose of this paper, 424 

we have obtained the BBR data for the city of Sønderborg through the ProjectZero company, the managing 425 

company of the net zero carbon energy transition of Sønderborg. Data has been cleansed removing 426 

unreasonable values. The high uncertainty in some of these variables used as inputs to the building models 427 

has been balanced by the calibration process as earlier mentioned, according to which measured energy 428 

data were used to calibrate the inputs of the building models so that the predicted and actual energy 429 

demand match.  430 

The energy system of Sønderborg should undergo significant changes until the year 2029 and different 431 

renewable energy plants are anticipated [33,38]. The whole municipality of Sønderborg will try to achieve 432 

carbon neutrality by 2029. Important contribution towards this goal should be made by the district heating 433 

sector. Thus, in order to assess the effects of the potential utilization of the thermal mass for storage in the 434 

future energy system, an additional scenario (the 4th one, designated CO_2hPH_2029) was modelled. An 435 

overview of the plants, which should be installed until the year 2029 can be seen in Table 4. Only zero-436 

carbon energy technologies are anticipated for the year 2029. Furthermore, it was complicated to extract 437 

the capacity of solar thermal anticipated in the DH network of the City of Sønderborg, as the transition 438 

plans are made for the whole municipality of Sønderborg. In order to cope with the latter, it was assumed 439 

that the maximum solar thermal generation would correspond to the 15% of the yearly DH demand in 440 

2029. Effective solar thermal generation supplied to the district heating could be lower if there would not 441 

be enough demand during the peak generation hours and there would be a lack of heat storage capacity in 442 

the system. 443 



Table 4. Energy plants capacities anticipated in 2029 444 

 Installed capacity 2015 (MWth) Installed capacity 2029 (MWth) 

Gas boilers 100 0 

Gas CHP 53 0 

Waste CHP 20 20 

Geothermal + biomass driven 
absorption heat pump 

12.5 12.5 

Biomass boilers (including bio-oil) 5.4 * 

Large scale heat pumps 0 12 (heating capacity) 

Solar heating 5.2 40 

Heat storage 4,000 MWh 4,000 MWh 

Wind turbines 14.6 180 

Photovoltaics 14.8 60 

*Optimized by the model (a minimum capacity needed to satisfy the heating demand in all hours throughout the year) 445 

It should be noted from Table 4 that the capacity of biomass boilers in the year 2029 was not fixed before 446 

the optimization was run. Opposite to the current portfolio of the DH supply plants, the future investments 447 

in the plants can be projected taking into account different technologies or flexibility options, such as 448 

utilizing the thermal mass for storage. In order to account for the potential savings of the capital costs, by 449 

reducing the installed capacity in the DH system, biomass boilers as a peak technology was also optimized 450 

in the CO_2hPH_2029 scenario. Thus, the resulting capacity of biomass boilers was the minimum capacity 451 

still being able to satisfy the DH demand in all hours during the year. 452 

Furthermore, it is expected that the increased share of households will connect to the district heating grid. 453 

The DH demand should increase by 13% compared to the 2015 share, taking into account significant energy 454 

savings, which are anticipated in the building sector [33]. Furthermore, energy retrofit of buildings will 455 

increase the share of the buildings with longer thermal autonomy, i.e. more buildings will have better air-456 

sealed and thermally insulated envelope. Historically, the energy retrofit rate of the buildings in Denmark 457 

has been 1% per year [39,40]. We adopted the same rate until the year 2029. Moreover, we assumed that 458 

the retrofitted buildings behave in the same way as the 1990’s archetype, as those were the newest 459 

modelled buildings. Finally, for the 2029 scenario, the second strategy (with two hours of the preheating 460 

time) was used. The latter also means that the indicators 1 and 2 are equal in CO_2hPH and CO_2hPH_2029 461 

scenarios. CO2 emission costs, as well as the average electricity prices can be seen in Table 5. 462 

Table 5. Average wholesale electricity prices (based on Nordpool el-spot [41]) and CO2 emission prices used in the 463 
scenarios 464 

 2015 2029* 

Average electricity price (€/MWh) 22.89 [41] 59.64  and [42] 

CO2 emission price (€/t) 7.6 [42] 13.6 [42] 
*Real future prices, i.e. the future prices were adjusted for inflation (2016 prices) 465 

One should also note that the assumed volatility of the prices was greater in the year 2029, as more 466 

intermittent renewable energy sources was assumed to be installed in the power grid. The spread between 467 

the highest and the lowest electricity price was 192.3 EUR/MWh in 2015, while the assumed spread was 468 

302.6 €/MWh in 2029. 469 



4. Results 470 

4.1. Results of the building energy modelling 471 

 472 

As mentioned in the Methodology, one representative winter day had to be identified and selected as the 473 

date when the experiments in the simulation part of the model would be carried out. These results were 474 

then reproduced according to the optimization results within the heating season of a year in the second 475 

stage of the model, making the system level results of the optimization part of the model robust. So, the 476 

heat cut-off was applied on January 19, which was found to be one average cold day of the reference year 477 

with the mean daily ambient temperature being -3oC and very low solar gains in order to isolate their effect 478 

on heat flexibility. 479 

The effect of the preheating strategies on the energy use for heating can be seen in Table 6. These results 480 

should be interpreted with regard to the information presented inTable 2. The buildings with the lowest 481 

average U-values have the highest thermal autonomy potential (Ind1), indicating that the effect of heat 482 

losses in the examined buildings is dominating. It should be also noted that even though the 1970’s 483 

archetype has a longer time constant than the 1960’s refurbished archetype, its better insulated envelope 484 

(thus lower U-value) results in a longer thermal autonomy potential. This validates the previous finding that 485 

heat losses have a more significant effect than the heat capacity of the building or its thermal mass for the 486 

specific investigated buildings under the cold and grey weather conditions. It should be noted that the 487 

internal wall mass for all archetypes was modelled in a very similar way, having similar construction 488 

characteristics (materials and wall thickness), as well as the share of the volume of internal walls to the 489 

floor area was assumed to be almost the same for all the different models. It is also evident that as the 490 

duration of preheating increases, the results of thermal autonomy (Ind1) increase in most archetypes. The 491 

effect of preheating is not pronounced on the newest archetype, which represents SFH built in the 1990’s. 492 

This is attributed mainly to the fact that the building has airtight envelope leading to low heat losses, so its 493 

thermal autonomy potential is already high (6 hours) and is slightly improved by preheating, which is not 494 

evident due to rounding. According to [28], the effect of transmission losses exceeds the effect of thermal 495 

mass when it comes to thermal autonomy potential of a building and the peak load that is created after 496 

overheating strategies. Since the weather conditions on the day of the experiment were cold, the effect of 497 

the transmission losses on the specific indicators is outlined. Therefore, it is confirmed that buildings with 498 

airtight building envelopes and very low overall heat transfer coefficients would perform better in general 499 

with regards to heating demand. Looking at indicator 2, we observe that the cut-off of heating led to 500 

savings in space heating demand in all archetypes compared to the reference case when heating was 501 

always on, as expected. The heat losses were decreased due to the lower average internal temperature 502 

during the day of the cut-off. The highest decrease was observed for the newest archetype, which allowed 503 

the longest duration of cut-off. Indicator 2 could be positive or negative for the two preheating scenarios, 504 

as the duration of the preheating and of the subsequent cut-off may or may not lead to savings of space 505 

heating energy use. In the majority of the houses, even in the case of four hours of preheating up to 24oC, 506 

the heating demand was still lower than the reference case except for the 1930’s archetype and the 1970’s 507 

archetype. Thus, it can be concluded that longer preheating times do not have the same effect in all 508 

buildings.   509 



Table 6. Results of indicator 1 (thermal autonomy) and 2 (difference in heating demand) 2 510 

 SCENARIO 1 (CO) SCENARIO 2 (CO_2hPH) 
SCENARIO 3 
(CO_4hPH) 

Archetype Ind1 [h] Ind2 [%] Ind1 [h] Ind2 [%] Ind1 [h] Ind2 [%] 

1930’s 1 -0.3% 1 1.3% 2 4.2% 

1950’s 2 -1.9% 3 -1.5% 4 -0.7% 

1960’s 1 -1% 2 -2.1% 2 -1.4% 

1960’s ref. 2 -1.5% 3 -2.0% 4 -1.5% 

1970’s 1 -0.3% 2 -1.2% 2 0.4% 

1990’s 5 -14.6% 6 -18.1% 6 -15.2% 

 511 

Operative temperatures and heat consumption of the 1990’s archetype and the 1960’s archetype  during 512 

the 24-hour period around the simulated cut-off event can be seen in Figure 3 and Figure 4, respectively. 513 

The latter represents the archetype with short time constant and a low thermal autonomy (1 to 2 hours in 514 

different scenarios), while the former presents the archetype with the longest time constant and longer 515 

thermal autonomy (5 to 6 hours). For the implemented DSM strategies, we can see that operative 516 

temperature inside the 1990’s and 1960’s archetypes varies between 18oC and 22oC.  Furthermore, the 517 

preheating scenarios CO_2hPH and CO_4hPH lead to higher initial internal temperatures for both 518 

archetypes. The thermal comfort remains to be acceptable in all cases according to [29]. When comparing 519 

the reference case and the cases with the occurring DSM events, one can note new peaks in heat demand. 520 

These peaks occur both during preheating and after heat cut-off phase. We can observe that the effect of 521 

preheating strategies is minimized on the archetype of 1990’s leading to similar thermal autonomy results. 522 

The magnitude of the peak load that is created after the cut-off is similar for all three scenarios and it is 523 

defined by the capacity of the heating system. For the same archetype, even though the preheating set 524 

point is set to 24oC, this cannot be achieved within the given time, with the maximum operative 525 

temperature inside the house being 21.8oC for the CO_4hPH scenario. Despite the 4-hour preheating, the 526 

thermal autonomy is not much prolonged as mentioned earlier due to the long-time constant and the low 527 

heat loss coefficient of the building envelope of the 1990’s archetype. We can see that the operative 528 

temperature stabilizes in the three scenarios at the end of the day reaching almost the same value of the 529 

reference case where no cut-off was applied. Looking at the heat power graph of Figure 3, it can be 530 

observed that the peak load that is created after the heat cut-off is almost equal for the three scenarios, 531 

independent of the preheating strategy as already mentioned. Similarly, 1960’s archetype has a slightly 532 

increased thermal autonomy after preheating scenarios CO_2hPH and CO_4hPH as seen in Figure 4. The 533 

magnitude of the peak load seems again to be independent of the preheating strategy and is very much 534 

defined by the maximum capacity of the heating system that is almost fully utilized in these cases of a 535 

sudden internal temperature drop. It should be noted that the heating system is dimensioned in the 536 

construction phase of the building. So, when the building undergoes energy refurbishments, the heat 537 

demand may be reduced but the capacity of the heating system remains the same as before. That is the 538 

reason that the older archetype has higher peak loads after the cut-off compared to the newer archetype. 539 

The operative temperature of the 1960’s archetype in the CO scenario does not seem to reach 18oC due to 540 



the setup of the controller that was set to take average values of very short time steps to eliminate 541 

temperature changes within a few minutes. 542 

 543 

 544 

Figure 3. Operative temperatures (up) and heat demand (down) of the 1990’s archetype in different scenarios 545 
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 547 

 548 

 549 

Figure 4. Operative temperatures (up) and heat demand (down) of the 1960’s archetype in different scenarios 550 

 551 

4.2. Results of the energy system optimization 552 

 553 

The total shifted heat demand during the year, in terms of avoided heat demand during the cut-off events, 554 

for the 3 different strategies for the year 2015 and strategy two for the year 2029 (scenario 555 

CO_2hPH_2029) can be seen in Figure 5.  556 
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  557 

Figure 5. The total amount of shifted heat demand on the system scale in different scenarios for one whole heating 558 
season  559 

In all the scenarios, the newer archetypes contributed more to the overall load shifting than the older ones. 560 

The oldest houses, represented by the 1930’s archetype were utilized only in the CO scenario. All other 561 

archetypes contributed to the load shifting in all the scenarios. Archetypes 1960’s ref, 1970’s and 1980’s 562 

accounted for 65%-70% of the total shifted load, in the first three scenarios. Moreover, the relatively old 563 

building archetype 1950’s was often utilized, especially in scenarios CO_2hPH and CO_4hPH when it had 564 

larger autonomy (3 and 4 hours compared to the 2 hours in the CO scenario). It was found feasible to utilise 565 

almost all of the identified load shifting potential. The maximum possible capacity of the load shifting was 566 

5.6% to 8.4% of the total DH demand of the city of Sønderborg in different scenarios. The real activation of 567 

the thermal mass for storage in different scenarios showed that the shifted load accounted for 5.5% to 568 

7.7% of the total DH demand in the different scenarios.  569 

Differences in operational costs of the district heating system, represented by Indicator 3, can be seen in 570 

Table 7.  571 

Table 7. Comparison of the operational costs of district heating in the city of Sønderborg in different scenarios 572 
(indicator 3).  573 

 
Reference 

(2015)* 
CO 

CO_2hP
H 

CO_4hP
H 

Reference 
(2029)* 

CO_2hPH_
2029 

Operating costs of DH system 
[103€] 

5,238 5,201 5,186 5,164 5,687 5,425 

Savings compared to the 
reference case [%] (Indicator 3)  

0.7% 1.0% 1.4% 
 

4.6% 

*Reference case costs were obtained by constraining the modelled system not to utilize the thermal mass 574 

for storage. 575 

The largest saving potential occurred in the 2029 scenario. The energy system of the 2029 is anticipated to 576 

have more capital intensive, but efficient technologies, such as large scale heat pumps and centralized solar 577 

thermal systems (Table 4). The main reason for much larger operational savings in 2029 was the larger 578 
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capacity of solar thermal technology that was less curtailed when utilizing the thermal mass for storage. 579 

Moreover, more refurbished buildings meant that the larger share of buildings behaved as the 1990’s 580 

building archetype, having larger time constants and lower energy consumption (Indicator 2).  581 

The resulting capacities of the peak biomass boilers for the year 2029 were 52.2 MW in the reference 582 

(2029) case and 37.7 MW in the CO_2hPH_2029 scenario. The latter means that taking into account the 583 

thermal mass for storage and corresponding reduction in heat demand (indicator 2) when planning future 584 

investments, reduced the needed peak capacity. The reduced peak boiler capacity of 14.5 MW represents 585 

14.6% of the peak DH demand of the city of Sønderborg throughout the year. Although it was not the focus 586 

of our study, reduced capacity of the installed plants reduced the total capital costs of the whole energy 587 

system by 2% in 2029, equal to 770,000 EUR.  588 

Table 8. Difference in generation of district heating plants in the city of Sønderborg compared to the reference case 589 
(the first three scenarios compared with the reference case for the year 2015, the last scenario compared with the 590 

reference case for the year 2029) 591 

 CO 
[MWh] 

CO_2hPH 
[MWh] 

CO_4hPH 
[MWh] 

CO_2hPH_2029 
[MWh] 

Solar heating  111 235 247 3,762 

Geothermal + biomass driven absorption heat 
pump -1 

-44 -52 -734 

Biomass boilers -45 -74 -68 -6,755 

Waste CHP (heat generation) 0 0 0 30 

Gas CHP (heat generation) 98 -5 -36 0 

Gas boilers -1,361 -1,852 -1,460 0 

Heat pumps 0 0 0 169 

*The full results of the generation of different energy plants in the reference cases can be seen in Appendix A. 592 

Comparing the CO_2hPH_2029 scenario and the reference scenario for the year 2029, the optimization 593 

results showed that large scale solar-thermal was more utilized. Gas boilers and large scale heat pumps had 594 

significantly lower heat generation. Although the capacity of solar thermal DH was larger in the year 2029 595 

than in the 2015, the overall capacity of it was still relatively low. However, the results showed that it could 596 

be possible that in systems with larger shares of solar thermal DH, the utilization of thermal mass for 597 

storage would be even more attractive economically. 598 

5. Discussion 599 

 600 

One of the main goals of this paper was to focus on the impact of utilizing building thermal mass for storage 601 

on district heating supply and its operating expenses. Our analysis showed that operational savings can be 602 

much larger in the future, with larger capacities of the intermittent sources installed in the DH system, 603 

larger average electricity prices and higher electricity price fluctuations in the energy system. Load shifting 604 

in relative terms was mostly utilized in the CO scenario, during the 98% of the possible time. Although in 605 

the CO_2hPH_2029 load shifting possibility was utilized the most in the absolute numbers (Figure 5), in 606 

relative terms its utilization was lower than in the CO scenario, i.e. it utilized 96% of the total thermal mass 607 



for storage capacity throughout the year. DSM events were usually triggered in mornings, in the duration of 608 

2-3 hours, and often in the evenings, especially during the winter time with higher overall DH demand. 609 

Heating savings related to the activation of thermal mass for storage were assessed using the indicator 2. 610 

Only two archetypes did not have heating savings in CO_2hPH, CO_4hPH and CO_2hPH_2029 scenarios. All 611 

other building archetypes had heating savings, resulting in a lower overall DH demand. One should note 612 

that the latter means that certain share of load shifting occurred due to the energy savings itself. In order 613 

to check the share of savings that comes from reduced average temperature when activating the thermal 614 

mass for storage, simple sensitivity analyses were carried out for CO_2hPH and CO_2hPH_2029 scenarios. 615 

To carry out the sensitivity analyses, the reference heat demand was reduced in order to be equal to the 616 

total yearly heat demand in the CO_2hPH and CO_2hPH_2029 scenarios. The sensitivity analyses showed 617 

that the operational economic savings in the CO_2hPH scenario reduced from 1.0% to 0.17%. In the 618 

CO_2hPH_2029 scenario, the operational economic savings reduced from 4.6% to 3.1%. However, one 619 

should note that the actual implementation of the proposed preheating scenarios and heat supply cut-off 620 

to the residential building stock requires a central management system, the same one that allows the 621 

activation of thermal mass for storage, which would impose a non-negligible capital cost to the system. 622 

All scenarios showed that despite most of the energy plants reduced their generation (Table 8) solar DH 623 

increased its useful output in all the scenarios. The latter could be especially observed in the carbon neutral 624 

scenario carried out for the year 2029, when 3.8 GWh more solar thermal heat generation was effectively 625 

utilized compared to the reference scenario for the year 2029.  Moreover, the thermal autonomy was more 626 

important factor for triggering DSM events from the system point of view than the energy use intensity of 627 

different building archetypes.  628 

There were four main flexibility sources in the modelled energy system: flexible generation of gas driven 629 

plants, import/export of electricity over the system boundaries, heat (pit thermal energy) storage and the 630 

building thermal mass for storage. In order to check the operation and mutual influence of pit thermal 631 

energy storage and the activation of the thermal mass for storage, another sensitivity analysis was carried 632 

out for the CO_2hPH_2029 scenario. In the sensitivity analysis, except the biomass boilers capacity which 633 

was not constrained, the capacity of pit thermal energy storage was not constrained either. The analysis 634 

showed that the optimal capacity of pit thermal energy storage, that minimizes the total socio-economic 635 

costs of the energy system, was 158,000 m3, behaving as a seasonal storage. The significantly increased 636 

capacity of the thermal storage further reduced the need for additional 10MW of biomass boilers due to 637 

the increased utilization of both solar thermal and the thermal mass for storage. The total load shifted by 638 

activating the thermal mass for storage in the sensitivity analysis was 34.1 GWh, compared to the 32.9 639 

GWh in the CO_2hPH_2029 scenario. The latter shows that the two storage flexibility options are mutually 640 

complementary. The thermal mass for storage behaved as intra-day storage, shaving daily peaks in 641 

demand, while the pit thermal energy storage behaved more as seasonal storage, shifting lots of excess 642 

solar thermal generation during the summer time to the winter time. 643 

In the first three scenarios, the majority of savings came from less utilization of gas boilers. In the 644 

CO_2hPH_2029 scenario, the majority of energy savings came from less utilization of biomass boilers. The 645 

latter also shows that implementation of thermal mass for storage could lead to savings in consumed 646 

biomass, allowing larger amounts of sustainable biomass to be utilized for the transition of the heavy-647 



weight transport sector. It was shown that the transition of the heavy-weight part of the transport sector to 648 

the renewable one will be especially energy demanding [43].  649 

Compared to the other studies that assessed the potential of thermal mass for storage and were presented 650 

in the literature review, our study simulated real existing buildings from our case study. The simulations 651 

were detailed, taking transient behaviour into account as opposed to steady-state or quasi-steady-state 652 

models. The latter has allowed us to capture the peaks in heat demand just before (when preheating was 653 

applied) and after the cut-off events, a finding that would be hard to obtain using less detailed models. 654 

Moreover, our study focused on the DH supply system in a holistic way; not just on its electrified part or on 655 

integration of intermittent electricity sources by utilizing the thermal mass for storage. On the other hand, 656 

because of the coupling of detailed simulation model with the holistic energy supply model, we had to use 657 

a two-level approach and not the integrated model. Furthermore, the DSM strategies were implemented 658 

on cold weather conditions with very low solar gains and mean daily temperature of -3oC, which 659 

represented a cold and grey winter day, which is quite common in Danish heating season so that our 660 

system level results become more robust. Two other cases were also modelled to estimate the flexibility 661 

potential on a more favourable case and on a least favourable one with regards to the thermal autonomy 662 

potential of buildings. These were i) an equally cold but entirely sunny day, with an average ambient 663 

temperature of -3oC and ii) an equally grey day but colder with an average ambient temperature of -6oC. 664 

The experiment was run for the newest archetype representing SFH built in the 1990’s and showed that the 665 

effect of solar gains is significant. In particular, for the clear day the thermal autonomy potential of the 666 

newest archetype increased by 7 hours in the cut-off and preheating scenarios due to the highly increased 667 

solar gains that coincided with the time of the cut-off. When a colder grey day was investigated, the 668 

thermal autonomy potential of the same archetype decreased by 2 hours due to the increased thermal 669 

losses. Thus, the flexibility results are subject to significant changes based on the weather conditions. 670 

However, it should be noted that the extremely sunny day that was examined represents only 9% of the 671 

days in a typical Danish heating season (October-April), while the share of very cold days, when the average 672 

daily temperature falls below -3oC, is 10%. In addition, the examined 1990’s archetype in this sensitivity 673 

analysis was characterized by a very long time constant and low overall heat loss coefficient, thus 674 

benefiting significantly from high solar gains. These results would be different for the older houses. 675 

Therefore, it is assumed that our initial choice of day to run the experiments represents the building 676 

performance during a Danish heating season quite well. The effect of warmer days on heat savings [kWh] 677 

could be further investigated. Overall, it is expected that much warmer days would lead to lower heat 678 

savings due to decreased heating demand.  . Testing extremely cold ambient temperatures falling below -679 

12oC was beyond the scope of this analysis, as this is the dimensioning temperature of heating systems 680 

according to the Danish standards, below which the heating systems would not be able to operate 681 

sufficiently to achieve acceptable thermal comfort. 682 

Out of other studies, one study showed that between 3% and 14% of the load can be shifted by utilizing the 683 

thermal mass for storage [18]. Our findings showed that the theoretical potential for load shifting is 684 

between 5.6% and 8.4% and the economic potential between 5.5% and 7.7%, according to the different 685 

scenarios. Thus, our results were similar with a smaller variation in different scenarios. A grey-box model 686 

applied for in [19] showed very low total system cost savings when utilizing the thermal mass for storage. 687 

However, if significant electrification of the heating sector would be pursued, thermal mass for storage 688 

would lead to more significant savings, up to 15% [19]. Although our results are not directly comparable, 689 



the total system costs in our case were also only marginally lower compared to the reference case. Finally, 690 

the linear optimization model developed in [20] showed that the thermal mass for storage was mostly 691 

utilized to shift the morning peaks and to a some extent the late afternoon peaks. The same behaviour 692 

occurred in our case, especially in the colder periods. They have further claimed that smart controls should 693 

be invested in approximately 34% of the buildings. Our findings showed that the system would 694 

economically benefit, in terms of operational costs of the district heating system, by equipping up to 98% of 695 

the modelled buildings with smart controls, which equals to 59% of the total housing stock in the city of 696 

Sønderborg. Only the buildings with very low autonomy time should not spend money on implementing 697 

smart controls. It is yet unclear what the price of implementing smart controls in district heating systems 698 

on this wide scale would be. However, based on the CO_2hPH scenario and assumed lifetime of smart 699 

controls of 15 years, the maximum investment in smart controls of 261 EUR per household would be 700 

economically feasible. Larger investments in smart controls would not be recuperated by operational 701 

savings in the district heating system.  702 

Regarding the building energy simulations, IDA ICE uses a variable time step solver to capture the dynamics 703 

of the system. However, the cut-off duration was rounded up on hourly intervals to reduce the complexity 704 

of the optimization problem and thus, the computation time. If a simpler optimization problem was to be 705 

solved, the implemented cut-off times would be converted to 30-min intervals or less. Thus, the effect of 706 

preheating strategies on the heat flexibility potential of the archetypes would be more evident since 707 

rounding would be avoided. In addition, it should be noted that despite the preheating set point of 24oC, 708 

the operative temperature inside the buildings could not exceed 22oC even in scenario 3 (CO_4hPH), which 709 

is due to the high inertia of the internal walls and mass, as well as the relatively short preheating duration. 710 

The lowest operative temperature of 18oC was selected to determine the duration of the heating cut-off, so 711 

that acceptable thermal comfort was ensured according to ASHRAE and Danish standards and also provide 712 

some flexibility to the system. One can argue that this temperature might be too low when occupants 713 

would be present or too high if no occupancy is assumed during the cut-off times. Therefore, further 714 

investigations are proposed that will study a wider range of lowest temperature threshold and its effect on 715 

heat flexibility. Another proposal would be to introduce an additional indicator that will represent the 716 

deterioration in the thermal comfort from occupant’s side. That would give the human perspective to the 717 

effect of DSM approaches. Moreover, some tests were run where internal wall mass was neglected from 718 

the building models which resulted in a much lower inertia of the building. Consequently, the thermal 719 

autonomy potential was decreased in the majority of archetypes since the total heat capacity decreased. 720 

Thus, internal walls proved to be decisive for the inertia of the building, which in combination with the U-721 

value of the building envelope determine the heat flexibility indicators. Previous work on Danish low-722 

energy apartments [44] indicated that the thermal autonomy was mainly determined by the heat capacity 723 

of internal walls and heat losses from the external walls. Our work validated this finding for older single-724 

family houses, too, which consist of less well-insulated building envelope and larger external envelope 725 

areas. If extensive refurbishments were to be applied to the building envelope, the effect of the thermal 726 

mass would be more pronounced. 727 

The current case only investigated the residential building stock and specifically single-family houses. Thus, 728 

the building sample was very homogeneous. It should be pointed out that the investigated building stock 729 

did not include low-energy or nearly-zero energy buildings, which would have even longer thermal 730 

autonomy potential due to their very well-insulated building envelope. Furthermore, no apartment blocks 731 



or multi-family buildings were modelled in the current study, which would have lower thermal losses due 732 

to decreased external envelope area, leading to potentially higher heat flexibility. If different building 733 

typologies had been included, the thermal autonomy results could have been different, resulting in a 734 

different triggering of DSM events on the system scale. Also, if commercial buildings are to be included in 735 

the analysis, the internal gains and the occupant schedules should be adjusted accordingly. In that case, 736 

high internal gains from employees and equipment could potentially create overheating problems 737 

especially in newer office buildings, which is a challenge that has to be addressed during the design phase. 738 

Hence, the duration and set-points of the preheating strategy would have to be adjusted accordingly, so 739 

that they do not lead to very high and uncomfortable internal temperatures. It should be pointed out that 740 

this analysis focused only on the heating demand and the heat flexibility that could be provided to the 741 

district energy system due to the cold climate. No mechanical cooling is installed in the majority of 742 

residential buildings in Denmark. However, in warmer climates, district cooling is one of the promising 743 

solutions for increasing energy efficiency of the system [45]. Thus, if a warmer climate had been studied, 744 

the thermal flexibility from a cooling perspective would have been relevant, too, as a demand side 745 

management technique. 746 

There are several refinements, which could be assessed in the future. First, the simulation strategy we 747 

adopted was to return to the operative temperature as quickly as possible after the DSM event. This was 748 

facilitated by the cold ambient temperature and the relatively short overheating periods, which led to fast 749 

discharging of the thermal mass.  750 

 However, one could try to assess the performance of buildings if much slower temperature increase 751 

would be adopted. However, the latter needs to be balanced taking into account the expected thermal 752 

comfort, too.  753 

 Second, a future scenario with much more excess heat, solar thermal, heat pumps, geothermal and 754 

other renewable (and possibly intermittent) supply sources in the district heating grid could be 755 

analysed. Having more options and capacities of low operational cost technologies in the system could 756 

increase the activation of thermal mass for storage in order to avoid the utilization of high operating 757 

cost technologies.  758 

 Third, as the literature review showed that nearly zero energy buildings have very long autonomy 759 

times, one could try to assess the impact of utilizing the thermal mass for storage in a system with a 760 

very large share of nearly zero energy buildings. The latter system could represent newly built 761 

neighbourhoods connected to DH systems. According to [44], the thermal autonomy times of newly-762 

built low-energy apartments in Denmark could exceed 15h with a 4 hour-preheating strategy, similar to 763 

our CO_4hPH.  764 

 Fourth, the system optimization model currently does not have the possibility of dynamic modelling of 765 

the operation of the DH grid. Hence, one of the future research pathways could be soft-linking of the 766 

current system optimization model with some of the dynamic models of the DH grid operation. The 767 

latter could make results robust for a wide range of operational cases.   768 

Implementing smart controllers in district heating grid on very large scale is a significant feat. Thus, one 769 

potential implementation strategy would be to implement it when building refurbishments take place. That 770 

would reduce the installation costs and implement the controllers in the buildings that would have longer 771 

thermal autonomy times, after being refurbished. 772 



6. Conclusions 773 

This study investigated the potential of thermal building mass for storage in district heating systems. It was 774 

conducted as a two-stage analysis, where building performance simulations were run followed by a system 775 

optimization analysis. The building stock of Sønderborg was characterized by six archetypes that 776 

represented the 60% of single-family houses in the area. The results were evaluated on basis of two 777 

flexibility indicators: thermal autonomy potential that was defined during a heat supply cut-off while the 778 

internal temperature did not fall below 18oC and the savings in heating demand compared to the reference 779 

case. A third indicator was used to evaluate the economics of the system. Three different strategies were 780 

investigated: (i) a heating cut-off for a certain number of hours, and preheating of (ii) two or (iii) four hours 781 

followed by a heating cut-off. The heating cut-off resulted in energy savings in all archetypes compared to 782 

the reference case, as expected. The effect of preheating control up to four hours was found to affect 783 

positively the heat flexibility potential of buildings, but should be evaluated individually for each archetype. 784 

The experiment of the cut-off was implemented on a cold and grey day, so that the effect of additional 785 

gains, such as solar gains, was not considered, while transmission losses through the building envelope 786 

were increased. This choice gave a pessimistic prediction to our results. The peak loads that were created 787 

after the heating cut-off were mostly determined by the capacity of the heating system (i.e. hydronic 788 

radiators) and the duration of the cut-off, which determined the internal temperature. It was concluded 789 

that the highest potential for utilization of building thermal mass is provided by houses built after the 790 

1980s, which have well-insulated building envelope and thus, have lower transmission losses. Furthermore, 791 

the thermal autonomy potential is better described by the total heat loss coefficient of the building 792 

envelope and less by the time constant during these cold and cloudy weather conditions, since heat losses 793 

were found to be more dominating in the specific buildings than the embedded thermal mass.   794 

Operational savings in the DH system occurred in all the cases when thermal mass for storage was utilized. 795 

The economic savings in operational costs of the district heating system of the city of Sønderborg were in 796 

the range of 0.7%-4.6%, not taking the cost of smart controls into account. It would be feasible to invest up 797 

to 261 EUR per household in the installation of smart controls. The scenario carried out for the year 2029 798 

showed that the benefits of using the thermal mass for storage are much greater in the future than in the 799 

current district heating system, due to the larger capacities of intermittent generation that can be 800 

successfully integrated in the district heating supply. Moreover, load shifting that is made possible with 801 

activation of thermal mass for storage allows for larger load factors of capital intensive-low operating cost 802 

technologies, such as central heat pumps. 803 

One of the sensitivity analyses showed that the large-scale pit thermal energy storage is complimentary to 804 

the thermal mass for storage, as the former is mainly used for seasonal shifting of load and the latter one 805 

for intra-day shifting of load. 806 

All the scenarios showed that the thermal mass for storage allowed more solar thermal district heating to 807 

be effectively utilized. The most significant energy savings originated from the less utilized central gas 808 

boilers, as well as biomass boilers in the CO_2hPH_2029 scenario. 809 

 810 
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Nomenclature 818 

 819 

𝐶𝑂2_𝑖𝑛𝑡𝑒𝑛𝑗   CO2 intensity of a certain technology or energy within the system boundaries, ton/MWh    820 

𝐶𝑂2𝑗    Costs of CO2 emissions, €/ton 821 

𝑑𝑖𝑒𝑠_𝑖𝑚𝑝𝑘    Price of import of diesel in a specific hour, €/MWh 822 

𝑒𝑙_𝑖𝑚𝑝_𝑒𝑥𝑝𝑘    Price of import or export of electricity in a specific hour, €/MWh 823 

𝑓𝑖𝑥_𝑂&𝑀𝑖   Fixed operating and maintenance costs of energy plants, €/MW 824 

𝑓𝑢𝑒𝑙𝑗    Fuel cost of specific energy type, €/MWhfuel 825 

𝑔𝑎𝑠_𝑖𝑚𝑝_𝑒𝑥𝑝𝑘    Price of import or export of gas in a specific hour, €/MWh 826 

𝑙𝑒𝑣_𝑖𝑛𝑣𝑖    Levelized cost of investment over the energy plant lifetime, €/MW 827 

𝑝𝑒𝑡𝑟_𝑖𝑚𝑝𝑘    Price of import of gasoline in a specific hour, €/MWh 828 

𝑥𝑖    Capacity variables of energy plants, transmission grid and gas grid, MW 829 

𝑥𝑗    Generation capacities of energy plants (8,760 variables for each energy plant, representing the    830 

generation in each hour during the one year), MWh 831 

𝑥𝑘    Import or export across the system boundaries of different types of energy (8,760 variables per one 832 

type of energy, representing the flow in each hour during the one year), MWh 833 

𝜂𝑗   Efficiency of technology, MWhenergy/MWhfuel 834 

T     Operative temperature [oC] 835 

Q    Heating demand of building after the applied strategy [Wh] 836 

Qref    Heating demand of building under normal operation of heating system 837 

CO    Heat supply cut-off strategy 838 

CO_2hPH    Heat supply cut-off strategy with a 2 hour preheating 839 

CO_4hPH    Heat supply cut-off strategy with a 4 hour preheating 840 
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 943 

Appendix A 944 

Generation of different plants in reference cases for the year 2015 and 2029: 945 

 Reference 
(2015) 
[MWh] 

Reference 
(2029) 
[MWh] 

solar heating  3,362 30,683 

geothermal + biomass ab. Heat pump 77,930 60,108 

biomass boilers 27,034 95,593 

waste CHP heat 170,346 174,637 



gas CHP heat 17,833 0 

gas boilers 80,184 0 

heat pumps 0 65,503 

wind turbine 37,488 454,875 

PV 13,150 54,101 

el grid import 334,300 20,030 

el grid export 329 242,455 

waste CHP ele 38,366 39,333 

gas CHP ele 20,265 0 

gas import 602,207 169,274 

gas export 0 0 

gasoline import 253,169 253,169 

diesel import 253,169 253,169 

 946 

Activation of cut-off events on hourly resolution in different scenarios: 947 

CO scenario: 948 

 949 

CO_2hPH scenario: 950 



 951 

CO_4hPH scenario: 952 

 953 

CO_2hPH_2029 scenario: 954 



 955 

Appendix B 956 

 957 

Monthly degree-day values for a year according to the given Danish climate file: 958 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

536 533 463 355 177 95 60 50 126 237 324 469 

 959 

Annual outdoor temperature distribution: 960 

 961 

Global radiation amount for an exemplary week in January: 962 



 963 

Hourly supply and return temperatures, as well as total delivered district heating energy to the end users, 964 

obtained from Sønderborg Fjernvarme (the operator of the DH grid): 965 

 966 

Hourly volume flow (obtained from Sønderborg Fjernvarme) and estimated hourly pumping demand in the 967 

DH grid (total yearly pumping electricity demand is equal to the 1% of the final DH energy demand, in line 968 

with the pumping energy demand reported in [46]): 969 
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