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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 

As a typical cold storage media working at sub-zero temperature, NaCl-water solution as a phase change material 
(PCM) with -21 oC melting point has been selected in this study. 0.0625 vol.%-0.5 vol.% multi-wall carbon nanotube 
(MCNT) was dispersed in the NaCl-water basefluid via ultra-sonicating to make nano-suspension. The viscosity of 
MCNT-NaCl-water was measured and the experimental results fitted well with the modified Krieger-Dougherty 
(K-D) model. The structure of MCNT cluster was derived from the fitting of viscosity data, showing that the lower the 
temperature, the larger the cluster size could be. Benefited from the MCNT cluster parameter, the thermal conductivity 
of MCNT-NaCl-water was predicted by modified Hamilton-Crosser (H-C) model, in which the MCNT cluster was 
considered as a whole part with its equivalent thermal conductivity. In addition, thermal conductivity experiment was 
also conducted to compare the measured value with the calculated value. The results indicated that the traditional H-C 
model underestimates the measured thermal conductivity by a large margin while the approach proposed in this paper 
shows good accuracy. Moreover, it is also found that MCNT will improve the thermal conductivity more significantly 
at low temperature than at high temperature. 
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1. Introduction 

Cold storage has become more and more attracting for both academia and industry in last decade due to the 
increasing demand of low temperature applications, including cold chain transport, air conditioning, biomedicine and 
so on[1][2][3][4]. In such applications, the desirable temperature is the most important parameter and needs to be well 
monitored and controlled. To achieve the efficient and economical thermal management in cold storage fields, phase 
change material (PCM) has been proposed as an promising candidate due to its feature of keeping self-temperature 
constant while melting and freezing. In aspect of cold storage, the desirable temperature varies a lot in different 
processes where the most common range is from -30 oC to 0 oC, such as frozen transportation, food preservation, air 
conditioning and so on. As a result, to meet the sub-zero temperature requirements of above applications, salt-water 
mixtures have been considered as a promising class of PCM due to their corresponding melting point and high latent 
heat[5].  

In spite of phase changing temperature, thermal conductivity as another very important criteria of selecting PCM is 
being widely studied, particularly, the topic on enhancing thermal conductivity by adding nanoparticles. For instance, 
Wang[6] et al. dispersed 0.2 wt.% to 1 wt.% carbon nanotube(CNT) into the palmitic acid to make a stable 
nano-composite PCM. Then the thermal conductivity of CNT/palmitic acid was measured in both liquid and solid 
state. It is observed that by adding only 1 wt.% CNT, the thermal conductivity increased over 30 %. Moreover, larger 
thermal conductivity enhancement were found at solid state, which is 46 % compared with 38 % at liquid state. Also, 
Jana[7] et al. prepared both Cu/water and CNT/water nanofluids and their thermal conductivity were measured. They 
found a linear relationship between the nanoparticle concentration and the enhancement of thermal conductivity in 
Cu/water suspension. But in the CNT suspension, enhancement was non-linearly dependent on the fraction of CNT. 
Although they contributed the non-linear behaviour of thermal conductivity to the geometric anisotropy caused by 
large aspect ratios of CNT and the effect of shape and size due to agglomeration, a theoretical model to match the 
experimental value is still lacking. To further explore the effect of cluster of nanoparticle on the thermal conductivity, 
Gao[8] et al. designed a contrast experiment to focus on the influence of cluster specifically. Firstly, they mixed Al2O3 
nanoparticle in to two different types of PCM, which are hog fat and hexadecane and the difference is that hog fat is 
amorphous and hexadecane is polycrystalline when they are frozen. Based on this knowledge, the morphology of 
Al2O3 nanoparticle in the solid state in the two hosts are very different, consequently, the thermal conductivity 
enhancement as well. The thermal conductivity results of both frozen samples showed the enhancement is higher in 
hexadecane than in hog fat, which is even much higher than predicted by Maxwell-Garnet model. They claimed the 
notable enhancement of thermal conductivity is caused by the formation of rod –type clusters of Al2O3 nanoparticle 
during crystallizing of hexadecane.   

Besides that, in terms of sub-zero temperature, papers reporting thermal conductivity of nano-composite PCM can 
be also found. For example, He[9] et al. used BaCl2-H2O solution (22.5 wt.%) as the low temperature PCM of which 
the melting point is -8 oC. Then, they suspended a small amount of TiO2 nanoparticle into the BaCl2-H2O solution, the 
size of the nanoparticle is 20 nm and the volume fraction is 0.167 % to 1.130 %. The experimental results of thermal 
conductivity shown that the relative thermal conductivity increases with TiO2 concentration linearly. And the 
enhancement of thermal conductivity is larger at higher temperature. For instance, when particle concentration is 
1.13%, thermal conductivity increased by 16.74 % at 25 oC, while at -5 oC, the increase is 12.76 %.  

As listed above, although many of the existent research works invested the enhanced thermal conductivity of PCMs 
containing nanoparticles, discussion on the mechanism of the heat conduction in nano-composite PCMs at low 
temperature is still not sufficient. In our present investigation, an novel approach was proposed to explain the thermal 
conductivity enhancement of MCNT-NaCl-water at low temperature. Specifically, MCNT clustering condition was 
numerically illustrated via rheology study of salt-water with MCNT. Then, the clustering information was applied to 
conventional thermal conductivity model to explain the varying degrees of enhancement at different temperature.      

In this paper, NaCl-water mixture was prepared as the cold storage PCM which has great potential for temperature 
sensitive products preservation due to its melting point of -21 oC and high latent heat. And to study the thermal 
conductivity enhanced by adding nano-additives, MCNT-NaCl-water nano-composite PCM was formulated by 
dispersing MCNT into NaCl-water basefluid with the help of surfactant and ultrasonication. Then, the thermal 
conductivity of nano-composite samples were tested at different temperatures by laser flash equipment and the 
viscosity were measured against shear rate at different temperatures by a rheometer. Based on the experimental 
results, a theoretical model was applied to explain the viscosity of samples containing MCNT. After that, the 
parameters in the viscosity model related with MCNT cluster structure were substituted into a thermal conductivity 
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model to calculate the predicted value. Finally, the predicted thermal conductivity value were compared with the 
experimental results to validate the approach of linking rheology with thermal conductivity.   

2. Experimental methods 

2.1.Materials and preparation 

In this work, MCNT with >98% carbon basis, 10 nm outer diameter, 4.5 nm inner diameter and 3~6 μm length 
(CAS 308068-56-6) and NaCl with purity of 99.5% (CAS 7647-14-5) were purchased from Sigma Aldrich. Distilled 
water was obtained from an lab water still (Calypso water still, Fistreem International Ltd). To maintain the stability of 
the nano suspension, Gum Arabic (CAS 9000-01-5, Sigma Aldrich) was used as surfactant.  

The two-step method for preparing nano suspension is a process by dispersing nanoparticles into base fluids and it 
was applied in this work[10]. Firstly, NaCl and water were mixed at the ratio of 22.4/77.6 as basefluid. Then, a certain 
amount of MCNT corresponding to volume fraction and the same amount of Gum Arabic was dispersed into the 
mixture of NaCl and water and stirred by a magnetic stirrer for 10 min. After that, the pre-processed nano composites 
were further treated continuously for 1 h using an ultrasonication probe. The sample preparation procedure is shown in 
Fig.1. The volume fraction of MCNT were 0.0625%, 0.125%, 0.25% and 0.5% respectively and the mass of added 
MCNT were calculated correspondingly as following: 

φ = 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀/𝜌𝜌𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
(𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀/𝜌𝜌𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)+(𝑚𝑚𝑏𝑏/𝜌𝜌𝑏𝑏)

  (1) 

where φ represents the volume fraction of nano-suspension, mMCNT and mb are the mass of MCNT and base fluid 
respectivel, ρMCNT and ρb determine the density of the MCNT and base fluid respectively.  

 

 

Fig.1. schematic of sample preparation. 

2.2. Method of characterization 

An Anton Paar MCR 502 rheometer was used in this work to measure the dynamic viscosity of the NaCl-water 
based MCNT nano suspension. The viscosity was measured at a linear increasing shear rate from 100 s-1 to 800 s-1 at 
25 oC,-10 oC and -20 oC respectively. Value of 1 mPas was obtained at 25 oC for distilled water, and it kept constant 
with shear rate from 100 to 1000 s-1, this indicates the good accuracy of rheological properties measured by this 
rheometer. Thermal conductivity was measure by a transient method called laser flash method, the laser was generated 
by STARWELD 40, ROFIN, Germany and the laser signal was detected and recorded by LFA 427, Netzsch, 
Germany. Value of 0.6 W/m·k was measured at 25 oC for distilled water, this indicates the good accuracy of thermal 
conductivity measurment. 

3. Results and discussion 

3.1. Rheology to cluster structure 

As studied in other previous works on viscosity of nanofluids, viscosity models like Einstein model, Batchelor 
model were reported to underestimate the experimental data a lot[11-13], thus original Krieger-Dougherty(K-D) 
model[14], modified Krieger-Dougherty (K-D) model[11] was selected here to fit the experimental data. Fig.2 shows 
the measured viscosity of MCNT-NaCl-water nano-suspension and the measurement was taken when the shear rate 
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was given at 100 s-1, along with the temperature was set at 25 oC, -10 oC and -20 oC respectively. 

 

Fig.2. relative viscosity as a function of MCNT volume concentration. 

It is obvious that the measured viscosity data has the similar trend with the calculated value, and all of them lie 
within the range between R=10 and R=17, in which R is the ratio of ra and r. One can also find that the trend line with 
only one parameter R cannot fit every point with different particle concentration. As a complement, the fitting value of 
D, 𝜑𝜑𝑚𝑚 together with R of our samples by using modified K-D model is listed in Table 1, covering all particle 
concentration and temperature in this study. 

Table 1 fitting value of D, 𝜑𝜑𝑚𝑚 and R in modified K-D model. 

MCNT 
/vol.% 

Temperature /oC 
25  -10 -20 

η/η0 R D 𝜑𝜑𝑚𝑚 η/η0 R D 𝜑𝜑𝑚𝑚 η/η0 R D 𝜑𝜑𝑚𝑚 
0.0625  1.05 12 1.65 0.400 1.09 15 1.65 0.400 1.11 18 1.65 0.400 
0.125  1.11 12 1.65 0.400 1.16 15 1.65 0.400 1.26 18 1.65 0.400 
0.25  1.28 12 1.65 0.400 1.38 15 1.65 0.400 1.54 18 1.65 0.400 
0.5  1.72 12 1.65 0.400 1.98 15 1.69 0.400 2.28 18 1.73 0.400 

3.2. Cluster structure to thermal conductivity  

The well-known Hamilton-Crosser (H-C) model[22] is shown in equation (1), it can be modified by introducing 
Nan’s[23] approach is given in equation (2): 

 

 
𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒
𝑘𝑘𝑏𝑏

= 𝑘𝑘𝑝𝑝+(𝑛𝑛−1)𝑘𝑘𝑏𝑏−(𝑛𝑛−1)(𝑘𝑘𝑏𝑏−𝑘𝑘𝑝𝑝)𝜑𝜑
𝑘𝑘𝑝𝑝+(𝑛𝑛−1)𝑘𝑘𝑏𝑏+(𝑘𝑘𝑏𝑏−𝑘𝑘𝑝𝑝)𝜑𝜑

 (1) 

 𝑘𝑘𝑎𝑎
𝑘𝑘𝑏𝑏
= 3+𝜑𝜑𝑖𝑖𝑖𝑖[2𝛽𝛽𝑥𝑥(1−𝐿𝐿𝑥𝑥)+𝛽𝛽𝑧𝑧(1−𝐿𝐿𝑧𝑧)]

3−𝜑𝜑𝑖𝑖𝑖𝑖[2𝛽𝛽𝑥𝑥𝐿𝐿𝑥𝑥+𝛽𝛽𝑧𝑧𝐿𝐿𝑧𝑧]
 (2) 

 
Where kb and ka is the thermal conductivity of basefluid and MCNT cluster respectively. in is the MCNT volume 

fraction in one cluster expressed in=(ra/r)D-3, a is the effective volume fraction of MCNT clusters expressed as 
a=/in.  

Fig.3 only shows the increment of thermal conductivity at -10 oC together with the calculated data by traditional 
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H-C model and modified H-C model in our study. One can see that the traditional H-C model predicted data does not 
vary with temperature and underestimates the measured data by a large gap. This is because the H-C model assumes 
that all nanoparticles are well isolated from each other, no aggregation forming during sample preparation, which is 
only applicable in well dispersed ideal suspension. On the other hand, the modified H-C model shows much better 
matching to the measured data, also agrees very well with our previous expectation that cooling of the sample would  
promote the MCNT cluster to form high heat conduction pathway.  

 
Fig.3. enhancement of thermal conductivity of MCNT-NaCl-water at -10 oC 

4. conclusions 

In this paper, an approach to predict thermal conductivity of suspension containing MCNT by measuring viscosity 
of it was proposed. Firstly, the structure of MCNT cluster was obtained by fitting the measured viscosity data with 
modified K-D model. Secondly, the solid volume fraction in cluster is derived using the fitting parameter, which then 
was substituted to Nan’s model to calculate the effective thermal conductivity of MCNT cluster. Thirdly, the 
traditional H-C model was modified by changing the thermal conductivity and concentration term of original MCNT 
to the equivalent value of cluster to get the predicted thermal conductivity of our suspension. At last, the thermal 
conductivity was measured experimentally and compared the results with both traditional H-C model and modified 
H-C mode and found that the former one failed to predict the thermal conductivity, while as the later one presented a 
quite accurate prediction and followed very well with the increasing thermal conductivity enhancement when 
temperature is reducing.  
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