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Abstract: Low temperature is the most significant feature of the future district heating (DH) - the 4th 

generation district heating (4GDH). The revolutionary temperature level (50–55/25°C) will improve the 

efficiency of heat sources, thermal storages, and distribution systems, meanwhile, bring huge potentials to 

renewable energies. One challenge of transition to the future DH is the compatibility of current customer 

installations and the future temperature level. The aim of this study was to find the temperature potential of 

Norwegian residential buildings for the future DH system. A reference apartment was created, and typical 

space heating (SH) system was designed. A detailed building and SH system model were built in 

Modelica® language, and simulation was conducted via Dymola environment. Different operation strategies: 

PI control of the supply temperature, weather compensated control of the supply temperature, and PI control 

of the return temperature were tested. The results of the study showed the average supply temperature could 

be as low as 56~58°C, and only limited time the temperature was above 60 °C, when the controlled supply 

temperature strategies were applied. For the case with controlled return temperature strategies, the average 

return temperature were 30 and 37°C, while the average required supply temperature could be 72 and 94°C. 

The conclusion was that the low supply temperature could be achieved through optimized operation 

strategies. Whereas, the low return temperature was not able to be achieved only by improving the operation 

strategy. 

1 Introduction 

District heating (DH) is an energy service, which moves 

the heat from available heat sources to customers. The 

fundamental idea of DH is to use local fuel or heat 

resources, which would otherwise be wasted, to satisfy 

local customer heat demands, by using heat distribution 

networks [1]. 

In historical development of DH, the three 

generations of DH have been developed successively. 

The 1st generation DH system uses steam as heat carrier. 

Almost all DH systems established until 1930 use this 

technology. The 2nd generation DH system uses 

pressurized hot water as the heat carrier, with supply 
temperature mostly higher than 100℃. These systems 

emerge in the 1930s and dominate all new systems until 

the 1970s. The 3rd generation DH system still uses 

pressurized water as the heat carrier, but the supply 

temperatures are often below 100℃. The system is 

introduced in the 1970s and take a major share of all 

extensions in the 1980s and beyond [2]. 

The direction of DH development has been in favour 

of lower distribution temperatures [1]. In addition, low 

temperature is the most significant feature of the future 

DH - the 4th generation district heating (4GDH). The 
revolutionary temperature level (50-55/25°C) will 

improve the efficiency of heat source, thermal storage, 

and distribution system, meanwhile, bring huge potential 

to renewable energies [3].   

One challenge of transition to the future DH is the 

compatibility between current customer installation and 

future temperature level. Older buildings will continue to 

make up large share of building stock for many years 

(for Denmark and Norway, the share will be about 85-

90% [4] and 50% [5] in 2030, respectively). Those 
buildings are usually equipped with space heating (SH) 

systems designed with supply temperature around 70°C 

or higher, thereby reduction of supply temperature would 

be expected to cause discomfort for the occupants [6]. 

However, studies show houses from the 70s or 80s 

without any renovation are possible to be heated with 

supply temperature of 50°C most of the year, and only 

limited time the supply temperature has to be above 

60°C. If original windows of the houses are replaced, it 

is possible to decrease the supply temperature to less 

than 60°C for almost the entire year [4, 7, 8].  
The aim of this study was to find the temperature 

potential of residential apartment buildings for the future 

DH systems in Norway. Reference apartment was 

created, and typical space heating (SH) in the apartment 

was designed. Different operation strategies to achieve 

low supply and return temperature were tested. The 

results were used to analyse the possibilities and 

limitations of different control strategies. 
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2 Methodology 

2.1 Reference apartment and weather data  

2.1.1 Reference apartment 

Statistical data for Norwegian apartments constructed in 

different periods is presented in Table 1. Requirement 

development for the U-values for building envelop based 

on the Norwegian building code (TEK) are displayed in 

Fig. 1.  

Table 1. Statistical data for Norwegian apartments [9]. 

Construction 

period 

Number of 

buildings 

Share of 

percentage 

(%) 

Before 1956 161554 27 

1956~1970 106324 18 

1971~1980 90441 15 

1981~1990 56379 9 

1991~2000 63820 11 

2001~2010 115080 19 

 

Fig. 1. Limit U-value of envelopes in developed Norwegian 

standards [9-11]. 

As Table 1 and Fig. 1 show, apartments built before 

1990 account for about 70% of the total apartments, and 

the thermal requirement of envelopes during the years 

before 1990 show minor changes. Therefore, the 

apartment built around the years 1970s or 1980s can 

represent the thermal conditions of the majority of 

Norwegian apartments. In addition, the Norwegian 

building code TEK69 can be chosen as representative 

standard of the period. 

The reference apartment was chosen from the middle 

floor of one building, there were five rooms: a living 
room, a children room, a bedroom, a bathroom, and a 

kitchen. The total floor area was about 70 m2. The 

condition of the reference apartment was selected based 

on the statistics of Norway, about 46% of the dwellings 

have 4-6 rooms, and about 17% of the dwellings have 

the size of 60-79 m2 [12]. Detailed information of the 

apartment is listed in Table 2, and the sketch of the 

apartment is shown in Fig. 2.  

Only natural ventilation was considered, and the air 

exchange rate was 0.5 1/h, which is recommended 

0.2~0.5 1/h in [9] and 0.5 1/h in the standard SN-

CEN/TR 12831 [13]. The set indoor air temperature in 

the living room, the children room, the bedroom, and the 

kitchen was 20°C, which is the recommended value for 

category Ⅱ in the standard EN 15251 [14]. For the 

bathroom, the set indoor air temperature value was 24°C, 

considering the higher thermal comfort requirement.  

Table 2. Thermal conditions of the reference apartment. 

Component Value 

Proportion of window and door 
area of heated use area (%) 

15 

U-value of exterior wall 
[W/(m2/K)] 

0.67 

U-value of exterior window 
[W/(m2/K)] 

2.50 

U-value of ceiling [W/(m2/K)] 2.16 

U-value of floor [W/(m2/K)] 2.46 

U-value of interior wall within 
apartment [W/(m2/K)] 

7.13 

U-value of interior wall between 
apartment [W/(m2/K)] 

2.93 

Thermal bridges [W/(m2/K)] 
Included in 
U-values 

 

Fig. 2. Sketch map of the reference apartment. 

The simulation result for the heat demand of the 

reference apartment was 121 kW·h/(m2·year), which was 

close to 156 kW·h/(m2·year) from a similar research [15].  

2.1.2 Weather data 

Test reference year (TRY) provides weather data for one 

year that characterize the local climatic conditions over a 

reasonably long period of time. TRY is widely adopted 

to get reliable simulation results [16]. The method to 

determine TRY is presented in ISO 15927-4 [17]. TRY 

for Trondheim, Norway was used in this study. The 

detail parameters for the air temperature, solar irradiance, 

and wind speed are shown in Fig. 3. 
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Fig. 3. TRY parameters of Trondheim, Norway. 

2.2 Building and heating system model  

2.2.1 Language and simulation environment 

The model was built in Modelica® language [18], and 

the simulation was conducted via Dymola [19] 

environment. The components of the model were mainly 

from Modelica standard library [18], AixLib library [20], 
and Buildings library [21].  

2.2.2 Apartment model 

The apartment model was a high order model, which 

included all individual elements of envelopes and their 

spatial context. It could be used for in-depth analyses of 

building thermal behaviours. The overview of the 

apartment model is shown in Fig. 4. 

 

 

Fig. 4. Simplified overview of the building model. 

For the submodule of each room, the following 

physical processes were considered: transient heat 

conduction through walls, steady-state heat conduction 

through glazing systems, radiation exchange between 

room facing elements. The detail information and 

evaluation work are presented in [22].  

2.2.3 Radiator model 

The radiator model is presented in Fig. 5. The 

calculation methods of convective and radiative heat 

transfer were described in [23, 24]. The calculation of 

water pressure loss was illustrated in [25]. 

 

Fig. 5. Simplified overview of the radiator model. 

The validation was conducted according to the 

standard EN 442-2 [26], and the simulation result was 

compared with the measured data from [27]. The results 

are presented in Fig. 6.  

 

 

Fig. 6. Radiator heat output at different water flow rate at the 

operation condition 75/65/20°C. 

2.2.4 Thermostatic valve model 

The behaviour of thermostatic valve (TV) depends on 

the characteristic of TV as well as the overall system. 

Both of them should be taken into account to build the 

TV model [28]. According to the standard EN215 [29] 

and researches in [28, 30], the water flow rate through 

the TV depends on the difference between measured 

indoor air temperature and the closing temperature or 

opening temperature of TV. To simplify the control 

process, proportional integral (PI) controller is applied to 

approximate the performance of the TV in [31, 32]. The 
PI controller in the TV model is shown in Fig. 7.  

 

 

Fig. 7. Overview of the PI controller in TV model. 
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2.2.5 Space heating system model 

The overview of the SH system is presented in Fig. 8. 

For each room one radiator was designed to satisfy the 
heat demand. Heat demand of each room during heating 

season and heat output of corresponding radiator at 

nominal condition are shown in Fig. 9. According to the 

standard SN-CEN/TR 12831 [13], the outdoor design 

temperature for heat load calculation is -12 °C, and the 

sizing of system is based on the calculated heat load. The 

room heat loads, nominal heat output of radiators, and 

system oversizing values are listed in Table 3. The 

oversizing values in this study agree with the median 

oversizing values from one investigation research, which 

is range from 15% to 25% [33] .  

 

 

Fig. 8. Overview of the space heating system. 

 

Fig. 9. Room heat demand during heating season and radiator 

heat output at nominal condition. 

Table 3. Room heat load and Radiator design. 

Room 
Room heat 

load (W) 

Radiator 

heat output 

(W) 

Oversizing 

(%) 

Living room 770 874 14 

Children 

room  
520 608 17 

Bedroom 520 608 17 

Bathroom  352 431 22 

Kitchen  360 415 15 

2.3 Scenarios 

The considerations of different scenarios are listed as 
follows: 

• The scenarios with low return temperature: Low 

supply and return temperature reduce the costs of heat 

generation and distribution. Some DH companies 

incentivize their customers through motivation tariffs to 

reduce their temperatures in exchange of discount in 

their energy bills. Researches show that low return 

temperature has higher economic benefits, and DH 

companies care more about low return temperature than 

low supply temperature [34].  

• The scenarios with low supply temperature: In the 
future, more renewables will be integrated into DH 

system. Low supply temperature will increase output of 

solar energy, raise coefficient of performance for heat 

pumps, and increase the power to heat ratio of combined 

heat and power plans [3]. 

• The scenarios with minimum supply temperature: 

The favourable conditions for legionella proliferation 

ranging from 25 to 45°C [35]. In the European standard 

CEN/TR16355 [36], drinking water installation without 

hot water circulation, should be capable of reaching the 

minimum of 55°C. For a drinking water installation with 

circulation, should be the minimum of 55 °C, and within 
30 s after fully opening a draw off fitting the temperature 

should not be less than 60°C. Meanwhile, to decrease the 

required temperature, some researches recommend to 

use supplementary heating devices, and the supply 

temperature can be decreased to 40°C [35].  

In this study, six scenarios were proposed, see Table 

4. For those scenarios, the controlled supply or return 

temperature were adjusted once in an hour, based on 

outdoor temperature, or the difference between the set 

and the measured indoor air temperature. Meanwhile, the 

maximum supply temperature for all the scenarios was 
130°C. 

For the theoretical calculation marked with TC in 

Table 4, the supply temperature was calculated based on 

equation (11-14) in [25], which is widely applied when 

the weather compensation (WC) control is used: 

         Ts = 20+10∙(20- Tout)0.45+0.14∙(20-Tout)  (1) 

where Ts is the supply water temperature (°C), Tout is the 

outdoor air temperature (°C).  
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Table 4. Information of the six scenarios. 

Scenario Description 

TS_PI_NL 

Supply temperature control via PI 
controller with no minimum 

temperature limit 

TS_PI_WL 
Supply temperature control via PI 

controller with minimum temperature 
limit of 50°C 

TS_TC_NL 

Supply temperature control via 
theoretical calculation with no 

minimum temperature limit 

TS_TC_WL  
Supply temperature control via 

theoretical calculation with minimum 
temperature limit of 50°C 

TR_PI_TC 

Return temperature control via PI 
controller with constant target 

temperature of 30°C 

TR_PI_TV 

Return temperature control via PI 

controller with variable target 
temperature ranges from 30 to 50°C 

3 Results 

The system supply and return temperature during heating 

season are presented in Fig. 10. The relation between the 

average supply temperature, the average return 

temperature, and the average temperature difference 

during heating season is shown in Fig. 11. The indoor air 

temperatures for different scenarios are shown in Fig. 12. 
The total heat rates of the flat for different scenarios are 

displayed in Fig. 13. A summary of all the results is 

given  in Table 5. 

As Fig. 10 and Table 5 show, the low supply 

temperature was achieved via the PI control in the 

scenarios TS_PI_NL and TS_PI_WL, and with the WC 

control in the scenarios TS_TC_NL and TS_TC_WL. 

The average supply temperature in those scenarios could 

be as low as 56~58°C, and only limited time the required 

supply temperature was above 60°C. In addition, 

compared with the WC control, the PI control shown an 

advantage lowering the supply temperature. The 
percentage of required supply temperature above 60°C 

was 17% when the PI controllers were applied, while, 

the corresponding value was 36% in the case of the WC 

controls. The reason was that the WC control is an open 

loop control strategy and the supply temperature is only 

decided by the outdoor air temperature, ignoring any 

other impact factors, such as heat gain from solar 

radiation, occupant, and other devices. Whereas, the PI 

controller is a feedback control strategy and any 

overheating caused by extra heat gain will be 

compensated by the change in the supply temperature. In 
that way, unnecessary high supply temperatures are 

avoided. In this study, heat gains from occupants and 

devices were not taken into account, even though they 

might show more advantages for the PI controller. This 

model extension will be a topic for the future work. 

As Fig. 10 and Table 5 show, the low return 

temperature was achieved through the PI controller in 

the scenarios TR_PI_TC and TR_PI_TV. The average 

return temperature in those scenarios were 30 and 37°C 

respectively, and the temperature below 40°C covers 

most of the heating season, with share of 99% and 83%, 

respectively. However, one obvious disadvantage for 

those operation strategies was the high supply 

temperature. The average supply temperature in the 

scenario TR_PI_TC was 94°C, and sometimes in order 

to achieve the low target return temperature, the required 

supply temperature was even up to 130°C. One way to 

solve this issue is to use flexible target return 

temperature. Compared with the scenario TR_PI_TC 
with constant target return temperature, TR_PI_TV uses 

flexible target return temperature. The average supply 

temperature of the scenario TR_PI_TV decreased to 

72°C, meanwhile the maximum supply temperature 

decreases to 111°C.  

As Fig. 10, Fig. 11, and Table 5 show, there is a clear 

relation between the supply temperature, the return 

temperature, and the temperature difference.  

 

 

Fig. 10. Supply and return temperature during heating season. 

 

 

Fig. 11. The relation between average supply temperature, 

return temperature, and temperature difference. 
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As shown in Fig. 12 and Table 5, different operation 

strategies show small differences in the indoor air 

temperature. During most of the heating season, 98~99% 

of the entire season, the range of the indoor air 

temperature is within 0.5°C around the set value. In 

addition, the results reveal the importance of indoor 

temperature control device, specifically TVs. Well-

functioning TVs guarantee the indoor air temperature 

fluctuating within a certain range around the set values, 

no matter what operation strategy was applied. On the 

contrary, the indoor air temperature and the system 

return temperature would be with fault when the TVs 
have malfunctions [37, 38].    

 

 

Fig. 12. Indoor temperature during heating season. The yellow 
dots present temperature of bathroom with setting temperature 
of 24°C, other color dots present temperature of living room, 
children room, bedroom, and kitchen with setting temperature 

of 20°C. 

As shown in Fig. 13 and Table 5, different operation 

strategies show little difference on apartment heat use. 

As mentioned before, heat gains from occupants and 

devices were not taken into account in this study, 

otherwise energy savings from the PI controls would 

become bigger. More advanced control strategy, such as 

model predictive control (MPC) can bring even more 

energy savings and make the control process more 

smooth [39]. 

   

 

Fig. 13. Heat use during heating season. 

 

Table 5. Summarized outcomes of different scenarios. 

Scenario 

TS_

PI_

NL 

TS_

PI_

WL 

TS_

PI_

WL 

TS_

TC_

NL 

TR_

PI_

TC 

TR_

PI_

TV 

Supply temperature  

Max (°C) 78 78 77 77 130 111 

Min (°C) 38 50 38 50 50 50 

Average 
(°C) 

56 56 58 58 94 72 

> 60 (%)  17 17 36 36 96 87 

Return temperature 

Max (°C) 67 67 65 65 52 52 

Min (°C) 34 25 28 20 23 24 

Average 
(°C) 

48 47 46 46 30 37 

< 40 (%)  6 7 15 16 99 83 

Temperature difference 

Average 

(°C) 
8 9 12 13 64 36 

Indoor temperature (%) 

< set-0.5   1 0 0 0 0 0 

Within 

set 0.5   
98 98 99 99 99 99 

> set+0.5   1 1 1 1 1 1 
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Scenario 

TS_

PI_

NL 

TS_

PI_

WL 

TS_

PI_

WL 

TS_

TC_

NL 

TR_

PI_

TC 

TR_

PI_

TV 

Heat use per year 

Total  
(kWh) 

8427 8435 8470 8477 8478 8478 

Index 
(kWh/m2) 

120 121 121 121 121 121 

4 Conclusion and discussion 

This study aimed to optimize the operation strategy, and 

achieve the low supply and return temperature of the DH 

system. A building and a SH model were built using 

Modelica® language, and simulation was conducted in 
Dymola environment. Six scenarios, with controlled 

supply temperature or return temperature, were analysed 

based on the model.  

The low supply temperature was achieved through 

the controlled supply temperature operation strategies: 

the PI control and the WC control. The average supply 

temperature could be as low as 56~58°C, and only 

limited time the required supply temperature was above 

60°C, with 17% and 36% of the heating season, 

respectively. Meanwhile, the low return temperature was 

achieved through controlled return temperature operation 
strategy, the PI control. The average return temperature 

could be 30 or 37°C, while the temperature below 40°C 

covered the most time of heating season, with share of 

99% and 83%, respectively.  

One question come from this study, whether it is 

possible to achieve the low return temperature through 

optimizing operation strategy, without inappropriate high 

supply temperature. The results showed a clear coupling 

among the supply temperature, the return temperature, 

and the temperature difference between them. When the 

strategy with the constant target return temperature of 

30°C was applied, the average supply temperature was 
94°C, and during the coldest days, it was even up to 

130°C, which is too high for the secondary side of DH 

system. One way to mitigate this issue was using flexible 

target return temperature. After the flexible target return 

temperature from 30 to 50°C was applied, the average 

supply temperature decreased to 72°C, and the maximum 

supply temperature decreased to 111°C. The results were 

still some distance from the temperature requirement of 

4GDH, which is 50–55°C for the supply temperature, 

and 25°C for the return temperature. However, please 

note that the results are valid for the existing apartment 
building, built before 1980s and not for new buildings. 

Another conclusion was the importance of TVs. 

Different operation strategies in this study showed small 

differences in the indoor air temperature and heat use. 

During the heating season, about 98~99% of the time, 

the fluctuation of the indoor air temperature was within 

0.5 °C around the set value. The results revealed the 

importance of TVs, which was the critical device to 

prevent overheating.  

There were some limitations in this study. 

Renovations of buildings is a critical influencing factor 

in building energy analyses. Buildings have gone 

through reasonable renovations, such as changing the 

windows, use less heat and require a lower supply 

temperature. Building renovation was not taken into 

account in this study. In addition, the average heat gains 

from occupants and equipment can be assumed as 0.81 

and 1.55 W/m2 respectively [34]. If those heat gains 

were added, the oversizing of radiators would increase 

5~10 %, the final value of oversizing will range from 21 

to 27%. Under such condition, the required supply 

temperature could be further lower. Meanwhile, 
simplified occupant behavior mode was applied in this 

study, with constant set indoor temperature and fixed air 

exchange rate. Studies show occupant behaviour 

influence building energy use [40-42]. The 

simplification of the model may cause some inconsistent 

between simulation and reality. Finally, the research was 

conducted based on the simulation of two pipe SH 

system in an apartment with five rooms. To obtain more 

general and proper conclusions, further researches and 

experimentation studies are needed. 
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