
ScienceDirect

Available online at www.sciencedirect.comAvailable online at www.sciencedirect.com

ScienceDirect
Energy Procedia 00 (2017) 000–000

www.elsevier.com/locate/procedia

1876-6102 © 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientific Committee of The 15th International Symposium on District Heating and Cooling.

The 15th International Symposium on District Heating and Cooling

Assessing the feasibility of using the heat demand-outdoor 
temperature function for a long-term district heat demand forecast

I. Andrića,b,c*, A. Pinaa, P. Ferrãoa, J. Fournierb., B. Lacarrièrec, O. Le Correc

aIN+ Center for Innovation, Technology and Policy Research - Instituto Superior Técnico, Av. Rovisco Pais 1, 1049-001 Lisbon, Portugal
bVeolia Recherche & Innovation, 291 Avenue Dreyfous Daniel, 78520 Limay, France

cDépartement Systèmes Énergétiques et Environnement - IMT Atlantique, 4 rue Alfred Kastler, 44300 Nantes, France

Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Outer-layer shape-stabilized phase change roof is a building roof construction that laying shape-stabilized phase change material 
(PCM) on the surface of the roof. The peak temperature and the decrement factor of the roof inner surface can be greatly reduced. 
In this study, the thermal insulation properties of this structure in five climate regions of China are studied using CFD numerical 
simulation. By comparing with roof without PCM, the optimal phase transition temperature for each climate region is analyzed. 
The results show that the phase transition temperature of the PCM in the roof increases linearly with the increase of the average 
outdoor solar air temperature. The optimum phase transition temperatures in severe cold region, cold region, hot summer and cold 
winter region, hot summer and warm winter region, and mild region are 31~33°C, 34~36°C,36~38°C, 34~36°C, and 29~31°C, 
respectively. The corresponding decrement factors of the inner surface of the roof under the optimum phase transition temperature 
are 0.033, 0.030, 0.033, 0.028 and 0.026, respectively. Compared with roof without PCM layer, the decrement factors are decreased 
by 85.90%, 87.12%, 85.78%, 87.83%, and 88.79%, and the peak temperatures of inner surface are decreased by 3.7, 4.0, 3.9, 3.8, 
and 3.7°C, respectively. 
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1. Introduction  

The thermal insulation performance of building envelope is important for the reduction in cooling requirement of 
building [1]. Existing roof energy-saving technologies mostly focus on lowering the heat transfer coefficient by adding 
lightweight heat-insulating materials. This method is difficult to effectively attenuate outdoor temperature waves. 
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PCM uses phase change processes to absorb or release heat at a constant temperature range, which greatly enhances 
the thermal performance of the roof [2]. Outer-layer shape-stabilized phase change roof is a building roof construction 
that laying shape-stabilized PCM on the surface of the roof. The solar radiation can be absorbed by the PCM 
liquefaction process during the day, and the condensation heat is released under the effect of sky radiation and cold 
air convection at night. Heat transfer through the roof and the peak temperature of inner surface can be greatly reduced.  

Recent years, some scholars have studied the effect of PCMs applied to the middle layer of building roofs, which 
mainly focused on the changes of inner surface temperature [3-5] and the inner surface heat flow [6-7]. Researchers 
have found that phase change roofs can reduce the amount of heat transmitted to the room from the outside, and reduce 
indoor temperatures. There is still a lack of research on the optimal phase transition temperature of the outer-layer 
shape-stabilized phase change roof. Therefore, the study uses the CFD numerical model to study the thermal insulation 
properties of the phase change roof in five climate regions in China. By comparing with roof without PCM, the optimal 
phase transition temperatures for each climate region are analyzed. 

2. Heat transfer model of outer-layer shape-stabilized phase change roof  

2.1. Accuracy analysis of phase change heat transfer calculation by CFD 

CFD is a detailed numerical model and it can be used for solving problem that involves phase change, some studies 
have used CFD program to predict the thermal performance of building envelope with PCM. A two-dimensional CFD 
transient model of a roof with PCM was established according to Ref. [7]. The experimental data in Ref. [7] was used 
to verify the accuracy of the CFD phase change heat transfer model. The verification model includes 50mm phase 
change roofing brick, 20mm screed-coat, 20mm slope making layer and 130mm concrete structural layer from the 
outside to the inside. The PCM is made of number 56 paraffin, liquid paraffin and high density polyethylene with 
mass ratios of 49%, 21%, and 30%, respectively. Then, the phase change roofing brick was produced and placed on 
the outer layer, of which the phase transition temperature range is from 35.8°C to 57.1°C, and the latent heat of phase 
change processes is 81.3 kJ/kg. The experiment was carried out at a two-story office building in Guangzhou, and the 
outdoor meteorological parameters and the inner surface temperature were monitored.  

For the verification model, the PCM is divided into 3 layers, so the verification model of the whole roof is divided 
into 6 layers in total, and the grids in the numerical model is 20,000. The external and inner surfaces of the verification 
model adopt the third type of boundary conditions. The measured data in this experiment are used as the 
thermophysical parameters of roof materials, the indoor and outdoor air temperatures, and solar radiation intensity. 
The average temperature and peak temperature of the inner surface of the PCM roof verification model obtained by 
the simulation are shown in Table 1. The relative errors between the simulated data and the measured data do not 
exceed 5%, indicating that the calculation results of the CFD phase change heat transfer model are reliable. 

Table 1. Errors in Simulation and Measured Data of Phase Change Roof Verification Model 

Test date 
Inner surface average temperature (°C) Inner surface peak temperature (°C) 
Measured 
Data Simulation Date Relative error Measured Data Simulation Date Relative error 

July 28 31.7 32.64 2.96% 32.30 33.79 4.62% 
August 7 32.5 33.06 1.73% 33.60 34.13 1.57% 
August 9 30.5 30.65 0.49% 31.80 31.28 1.64% 
August 21 31.1 32.49 4.48% 32.20 33.58 4.29% 

2.2. The establishment of outer-layer phase change roof simulation model 

The structure and specific dimensions of the outer-layer phase change roof are shown in Fig. 2. The main structure 
is a 120mm precast concrete slab, the material of which is concrete. A 30mm PCM layer is placed above the hollow 
core slab. The paraffin PCM with a carbon number of 20 is used, the phase change latent heat of the PCM is 246.62 
KJ/Kg, and the density is 755 Kg/m3. In this case, the heat storage density per unit volume is 186.2 MJ/m3. In the 
model, a 20mm-protective layer and a 20 mm screed-coat layer are provided above and below the PCM, respectively, 
both materials are cement mortar. Waterproof layer is neglected. One unit including a hole in the dotted box is selected 
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as a research object, and the left and right sides set as adiabatic boundary condition. The thickness and thermal 
properties of each layer are shown in Table 2. The indoor temperature is set to 26°C; the convection heat transfer 
coefficients on the inner and outer surfaces of the roof are taken as 8.72 and 23.26 W/m2; the outdoor solar air 
temperature in summer typical design day is used for considering solar radiation and outdoor air temperature. The 
network model of the phase change roof is shown in Fig. 3. The inner surface temperatures of the roof obtained by 
CFD simulation with different gird numbers (20000, 250000 and 640000) are basically the same. At last, 250000 grids 
model is selected to simulate the thermal performance of this roof. 

 

  
Fig. 1 Outer-layer phase change roof model Fig. 2 Mesh model of phase change roof (250000 grids) 

Table 2. Thermodynamic properties of materials in each layer of phase change roofing model 

Structure  Material  Thickness (mm) Density (kg/m2) Specific heat (J/kg.K) Thermal Conductivity (W/m2.K) 
Protective layer cement mortar 20 1800 1050 0.93 
PCM layer paraffin 30 - - - 
Screed-coat cement mortar 20 1800 1050 0.93 
Hollow slab concrete 120 2500 920 1.7 
Hollow core air D80 1.18 1005 0.02638 

3. Determination of optimum phase transition temperature in different climate regions 

The thermal performance and optimum phase transition temperature of phase change roof are studied in Harbin, 
Beijing, Guangzhou, and Kunming which are selected to represent the severe cold region, cold region, hot summer 
and cold winter region, hot summer and warm winter region and mild region, respectively. The hourly outdoor solar 
air temperature on typical design day is shown in Fig.4. The heat insulation properties of the roof are evaluated by the 
decrement factor, time lag, liquefaction rate and utilization of latent heat. The decrement factor is the ratio of the inner 
surface temperature amplitude to the outer surface temperature amplitude of the roof; time lag is the time for a 
temperature wave propagating through a structure from the outside to the inside; liquefaction rate refers to the volume 
fraction of the liquid during the solidification and melting of the PCM; utilization of latent heat is the difference 
between the highest liquid phase rate and the lowest in the PCM during the day. 

3.1. The heat insulation properties of the structure in hot summer cold winter region 

Taking Wuhan as an example, the hourly variations of roof inner surface temperature at different cases (Fig.5) are 
analyzed. For roof without PCM, the average inner surface temperature is 31.0°C; the peak temperature is 34.7°C, and 
the temperature amplitude is 7.0°C; the decrement factor is 0.232, and time lag is 5h. For the roof with out-layer PCM, 
with the increase in phase transition temperature of the PCM, the average inner surface temperature changes slightly, 
staying around 30.4°C, but the peak temperature and the temperature amplitude of inner surface vary significantly. 
The decrement factors are decreased to 0.14~0.033; time lags are increased by 2~3h.  

The PCM layer is divided into 6 sub-layers, including 0~5mm, 5~10mm, 10~15mm, 15~20mm, 20~25mm and 
25~30mm from the outside to the inside respectively. Fig. 6 shows the hourly liquefaction rate and utilization of latent 
heat of these 6 sub-layers at different transition temperatures. When the phase transition temperature ranges are 
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34~36°C and 35~37°C, the utilization rate of latent heat of each layer is lower in the middle and higher on the both 
sides. The phenomenon can be explained by low phase transition temperature, which causes insuffient solidification 
of PCM at night. It is found that the utilization of latent heat of PCM is completely determined by the amount of heat 
absorption during the day, the closer it is to the interior side, the less heat is absorbed during the day, and the lower 
the utilization of latent heat. When the phase transition temperature ranges are 36~38°C and 37~39°C, the closer the 
layer is to the outside surface, the higher the utilization of latent heat is. Because there is a long time when the outdoor 
air temperature is lower than the solidification temperature at night, PCM can solidify sufficiently with the great heat 
release. When the phase transition temperature ranges are 34~36°C, 35~37°C, 36~38°C and 37~39°C respectively, the 
average utilizations of latent heat are 76%, 87%, 96%, 84%, respectively. 

 

  
Fig.3 Outdoor sol-air temperature in summer Typical day Fig.4 inner surface temperature of the roof  in Wuhan 

  
（a）phase transition temperature 34~36°C （b）phase transition temperature 35~37°C 

  
（c）phase transition temperature 36~38°C （d）phase transition temperature 37~39°C 

Fig. 5 Hourly liquefaction rate of PCM at different phase transition temperatures in Wuhan 
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3.2. optimum phase transition temperature in each climate region 

The hourly inner surface temperatures of phase change roof at different phase transition temperatures in five 
climatic regions are shown in Fig.7-10, the thermal performance of roof at different phase transition temperatures in 
five regions is shown in Table 3. With the change of transition temperature of PCM, the mean inner surface 
temperatures are basically consistent, but amplitude and decrement factor of the inner surface vary greater. In the 
summer typical day in Harbin, compared with the roof without PCM, the mean inner surface temperatures are all 
about 28.6°C and reduced by 0.3°C at different transition temperatures; the peak temperatures are reduced by 2.9~3.7°C; 
The time lags are increased by 1~2h; the decrement factors are reduced from 0.234 to 0.1~0.039. When the phase 
transition temperature range is 31~33°C, the fluctuation of inner surface temperature of the roof is the lowest and the 
decrement factor is the smallest. Therefore, the optimal transition temperature of PCM of the phase change roof is 
31~33°C on summer typical day in Harbin. 

In cold region of Beijing, the mean inner surface temperatures are about 29.7°C at different PCM transition 
temperatures. Compared with the roof without PCM, the mean inner surface temperatures are all reduced by about 
0.6°C at different PCM transition temperatures. The peak inner surface temperatures are reduced by 2.5~4.0°C, and 
the decrement factors are reduced to 0.03~0.104. The optimal transition temperature in Beijing is 34~36°C. 

 In hot summer and cold winter region of Wuhan, when the phase transition temperature ranges are 33~35°C, 
35~37°C, 36~38°C and 37~39°C respectively, the decrement factors of the roof are 0.078, 0.048, 0.033 and 0.057, the 
peak inner surface temperatures are reduced by 2.6, 3.5, 3.9 and 3.7°C; the time lags are increased by 2, 2, 3, 3 hours, 
respectively. The optimal phase transition temperature range is 36~38°C.  

In hot summer and warm winter region of Guangzhou, the mean inner surface temperatures are all about 29.7°C at 
different PCM transition temperatures. Compared with the roof without PCM, the mean inner surface temperatures 
are reduced by 0.5°C; the time lags are increased by 2~3h, the decrement factors are reduced from 0.23 to 0.1~0.03; 
the peak inner surface temperatures are reduced by 2.5~3.8°C. The optimal transition temperature on summer typical 
day in Guangzhou is 34~36°C. 

In mild region of Kunming, compared with the roof without PCM, the mean temperatures of the interior surface 
all reduces by about 0.1°C, the time lags are increased by 2~3h; the decrement factors are reduced from 0.232 to about 
0.1~0.0026. The optimal transition temperature of phase change roof on summer typical day in Kunming is 29~31°C. 
At this case the peak interior temperature reduces by 3.7 °C and the decrement factor is 0.026.  

 

  
Fig.6 inner surface temperature of the roof  in Haerbin Fig.7 inner surface temperature of the roof  in Beijing 
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Fig.8 inner surface temperature of the roof  in Guangzhou Fig.9 inner surface temperature of the roof  in Kunming 

Table 3Roof  thermal performance at different phase transition temperatures in different climate regions 

 roof without PCM 
Phase transition temperature（℃） 

26~28 28~30 29~31 30~32 31~33 32-34 33~35 34~36 35~37 37~39 

Haerbin 

Peak Tem(°C) 32.71 - - - 29.68  29.10  29.01  29.24  - 29.81 - 
Tem Amp(°C) 7.04 - - - 1.66 0.85 0.96 1.64 - 2.76 - 
DF 0.234 - - - 0.065 0.033 0.039 0.066 - 0.104 - 
Time Lag(h) 6 - - - 7 7 7 8 - 8 - 

Beijing 

Peak Tem(°C) 34.01  - - - - 31.48 - 30.57 30.07 30.21 30.74  
Tem Amp (°C) 7.27 - - - - 2.87 - 1.42 0.79 1.36 2.55 
DF 0.233 - - - - 0.104 - 0.054 0.03 0.052 0.093 
Time Lag(h) 5 - - - - 6 - 6 6 7 7 

Wuhan 

Peak Tem(°C) 34.71      32.72  - 32.14  31.17  30.83  30.98  
Tem Amp(°C) 7.01      3.89  - 2.73  1.23  0.83  1.42  
DF 0.232      0.138  - 0.103  0.048  0.033  0.057  
Time Lag(h) 5      7 - 7  7  8  8  

Guangzhou 

Peak Tem(°C) 33.79  - - - - 31.43  - 30.53 30.04 30.16  30.68 
Tem Amp (°C) 6.79 - - - - 2.79 - 1.34 0.69 1.18 2.46 
DF 0.23 - - - - 0.106 - 0.053 0.028 0.048 0.111 
Time Lag(h) 5 - - - - 7 - 7 7 8 8 

Kunming 

Peak Tem(°C) 31.61  29.26  28.35 27.92 28.09 - 28.60  - - - - 
Tem Amp (°C) 7.31 2.69 1.25 0.68 1.38 - 2.62 - - - - 
DF 0.232 0.098 0.047 0.026 0.052 - 0.094 - - - - 
Time Lag(h) 5 7 7 8 8 - 9 - - - - 

Tem Amp- temperature amplitude; DF-decrement factor; Peak Tem-peak temperature 

4. Conclusions  

The thermal performance of phase change roof are studied by CFD numerical simulation. The optimum phase 
transition temperature for each climate region is analyzed. The following conclusions are drawn: 

(1) The phase transition temperature has little effect on the mean temperature of the inner surface of the roof, but 
it has great effect on the peak temperature and the decrement factor of inner surface. The utilization of latent heat of 
PCM is completely determined by the amount of heat absorption during the day. The closer the layer is to the interior 
side, the less heat will be absorbed during the day, and the lower the utilization of latent heat is.  

(2) In different climatic regions, the optimum phase transition temperature of PCM layer increases linearly with 
the increase of the average outdoor solar air temperature, the values are 31-33°C, 34-36°C, 36-38°C, 34-36°C, and 29-
31°C respectively in severe cold region, cold region, hot summer cold winter region, hot summer warm winter region 
and mild region. The decrement factors at the corresponding optimum phase transition temperature are 0.033, 0.030, 
0.033, 0.028, and 0.026, respectively. Compared with roof without PCM, the decrement factors are decreased by 
85.90%, 87.12%, 85.78%, 87.83% and 88.79%, the peak inner surface temperatures are decreased by 3.7, 4.0, 3.9, 
3.8, and 3.7°C, and the inner surface temperature amplitudes are decreased by 6.2, 6.5, 6.1, 6.2, and 6.7°C, respectively. 
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