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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 

In this paper, we report the calculation results of infrared active modes in dimer of single-walled carbon nanotubes (SWCNTs). 
The spectra calculations are performed using the spectral moment’s method (MMS). We present the evolution of the dimers of 
SWNCTs infrared spectrum as a function of the diameter and chirality of the two interacting nanotubes. We investigated the 
electronic properties of bundle of SWCNTs and the effect of coupling between nanotubes on charge transfer processes.The 
results are useful for the interpretation of the future experimental data of dimer of carbon nanotubes. 
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1. Introduction 

Since the discovery of carbon nanotubes [1], they are attracting growing interest from the international scientific 
community because of their intrinsic properties. Carbon nanotubes can be metallic or semiconducting, and offer 
many possibilities for creating nanoelectronics devices.  Recently a bundle of two Single Walled Carbon Nanotubes 
(SWCNTs) have been synthesized using the chemical vapor deposition method and named this Nano system, dimer. 
The homogeneous (two identical SWCNTs) and inhomogeneous (non-identical SWCNTs) dimers of SWCNTs are 
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characterized by a weak van der Waals interaction between the neighboring carbons of its two constituting 
SWCNTs. Many experimental and theoretical studies have been conducted on their vibrational properties.  

Carbon nanotubes field continue to grow since their discovery and these improvements are due to the 
development of synthesis techniques. Recently, the most promising method to produce carbon nanotubes on an 
industrial scale is the catalytic vapor chemical deposition (CVD) [2]. This method involves the decomposition of a 
carbon source in a gas phase, usually a hydrocarbon (methane, ethane, ethylene or acetylene are commonly used), 
carbon monoxide and ethanol on the catalyst particles metal (usually iron, cobalt or nickel). The method is very 
flexible since, depending on the catalyst system used and the operating conditions, it is possible to produce either 
nanofibers either single walled carbon nanotubes or multi-walled. 

Raman spectroscopy is one of the most powerful tools for investigating the vibrational properties of materials in 
relation to their structural and electronic properties [3,4]. Infrared spectroscopy of carbon nanotubes has been 
neglected since the infrared activity is related to a dynamic dipole moment that is weak. Nevertheless, a number of 
optical phonons are active in infrared through transient dipole, creating a surprising number of phonon mode bands. 

The objective of this work is to calculate the infrared active modes in dimers of carbon nanotubes. Calculations 
are performed for different possible configurations such as: armchair-armchair, zigzag-zigzag and armchrair-zigzag. 
We report the evolution of infrared spectrum dimers according to diameter, chirality and the length of the two 
interacted nanotubes. The results are useful in the interpretation of future experimental infrared data of dimers of 
SWCNTs. 
Nomenclature 

MMS spectral moment’s method
SWCNT     Single Walled Carbon Nanotube 
dimer  bundle of two Single Walled Carbon Nanotubes

2. Model and methods 

A dimer consists of two SWCNTs greatly spaced by intermolecular distance d. The interactions between the 
carbon atoms at the surface of SWCNT are described using the force constants model introduced by Saito [5] and 
previously used to calculate the Raman and infrared spectra of SWCNTs [3,6,7,8]. Van der Waals interaction 
between the two tubes is described by the Lennard-Jones potential, given by the following expression: 

 = 4( )⁄  − ( )⁄ )  (1) 
The values of the Lennard-Jones parameters were chosen as ε=2.964 meV and σ=0.3407 nm. The energy 

calculations performed using the this potential show that the optimal SWCNT-SWCNT distance d in dimers is 
around 0.34 nm. 
The intensity of the infrared absorption spectrum is given by the following expression:

() = 
 ∑ 

  −  −  +  (2) 
With 

 = ∑ 
 ()  (3) 

Where n and c are the indice of the material and speed of light, respectively, ωj and ej(kα) are respectively the 
frequency and  the (kα) component of the displacement amplitude for the kth (α is cartesian coordinate) in the jth

mode. qk is the effective charge and mk is the mass of the kth atom. To enhance the IR response of nanotubes, 
dynamical effective charges on tied carbon atoms were fixed at qA=+1 and qB=-1 for a given A-B bond. 

The usual method to calculate the IR spectrum consists of injecting in the previous expressions the values of ωj
and ej(kα) obtained by direct diagonalization of the dynamical matrix of the system. However when the system 
contains a large number of atoms, as for long dimer of SWCNT, the dynamical matrix is very large and its 
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diagonalization fails or requires long computing time. By contrast, the spectral moment’s method [3] allows the 
infrared spectrum of very large harmonic systems to be directly computed without any diagonalization of the 
dynamical matrix.  

the electronic structure of dimers calculations are performed using a tight-binding Hamiltonian including four 
orbitals per atom to calculate in which the σ-π electron hybridization can be included[9-10]. The model Hamiltonian 
is in reference [11]. 

3. Results and discussion 

First, we focus on the infrared spectra of infinitely homogeneous dimers obtained by applying periodic conditions 
on the unit cells of the two SWNTs. In order to identify all infrared active-modes, we present in figure 1 the 
calculated Ix(ω) (solid line) and Iz(ω) (dashed line) for (5,5)-(5,5), (10,10)-(10,10) and (15,15)-(15,15) armchair-
armchair dimers. 

Spectra are displayed in the breathing-like phonon modes (BLM), intermediate and tangential-like phonon modes 
(TLM) regions. We found that the frequencies in the BLM and TLM regions of dimers significantly differ from 
those calculated for SWCNTs. Depending on the polarization, we found that the peaks corresponding to BLM mode 
and those of the intermediate region are downshifted when the diameter increases. Regarding the TLM region, the 
peaks corresponding to the polarization Ix(ω) are up-shifted, while the IR spectrum ZZ (dashed line) undergoes no 
change. 

Fig. 1: The calculated Ix(ω) (solid line) and Iz(ω) (dashed line) infrared spectra of homogeneous (5,5)-(5,5), (10,10)-(10,10) and (15,15)-(15,15) 
armchair-armchair dimers in the BLM (left), intermediate (middle) and TLM (right) regions. 

Calculations are also performed in the case of Zigzag-Zigzag dimers and the infrared spectra are shown in Figure 
2. We found that if the diameter of carbon nanotubes increases, the peaks corresponding to BLM mode and those of 
the intermediate region are downshifted. 

Regarding the TLM modes, the calculated peaks of I(ω) spectrum are downshifted, while the peaks of the I(ω)
spectrum are up-shifted. The obtained behavior is opposite to that observed in the case of armchair-armchair dimers. 
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