
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 

Semiconductor laser is used in processing many issues related to the scientific, military, medical, industrial and agricultural fields 
due to its unique properties such as coherence and high strength where GaN-based components are the most efficient in this field. 
Current technological developments mention to the strong connection of GaN with sustainable electronic and optoelectronic 
devices which have high-efficiency. The threshold current density of Al0.1Ga0.9N/GaN triple quantum well laser structure was 
investigated to determine best values of the parameters affecting the threshold current density that are well width, average 
thickness of active region, cavity length, reflectivity of cavity mirrors and optical confinement factor. The optimum value of the 
threshold current density is 2670 A/cm2 was obtained when the well width (w= 2.5 nm), reflectivity of cavity mirrors (R1=0.75, 
R2=0.9), cavity length (L=2mm), average thickness of active region (d= 11.5 nm), and optical confinement factor ( Γ= 0.034) at 
room temperature. 
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1. Introduction  

Semiconductor laser (SLs) technology is one of the most advanced technologies that have intensive development 
since the invention of laser in fifties of last century to the present and the literature on this topic is really immense. 
Most semiconductor lasers are based on compounds of the III-V [1,2]. The advance in III-V nitride technology 
leading to the availability diodes is of blue laser diodes as a recent example [3]. In fact, in the past few decades, 
various forms of laser have gained much attention to the treatment of more issues and their widespread use in 
various areas of life, especially those related to the scientific, military, medical, industrial and agricultural fields. 
This is due to its unique properties such as coherence and high strength [1-4]. GaN-based components are the most 
efficient in this field. These devices used instead of conventional lighting for domestic lighting and the roadside due 
to their high reliability and their little energy consumption. In addition the “nitrides and their alloys” which have 
basic properties of the development of ultraviolet and blue lasers, the production of systems allows the operation of 
digital information and greater storage capacity [5]. GaN is a promising semiconductor due to its exceptional 
physical properties, good mechanical properties and high chemical stability [6]. On the other hand, the emphasis 
continues to the present day the developments in all the III-V nitride such as GaN thin film materials, direct energy 
band gap. The most important feature of these materials is the proportions control of the semiconductor material 
components through which the light emitted wavelength can be determined. These wavelength of light emitted is 
often located in the visible and infrared spectra and extends to the deep ultraviolet. At present, maximizing the 
benefit and evaluate of the sustainable light sources dependence two important criteria energy-savings and 
environmental-friendliness, this is much available in LEDs[7].  

The p-n junction of semiconductor materials is an base in producing semiconductor laser [1,5]. Nanostructures is 
a convenient and advance route for the development of semiconductor materials with new profiles, able to yield 
materials with property profiles superior to those of the bulk materials (large size) [8,9] such as quantum well laser. 
This method is usually more efficient to create laser materials with new properties than the development of new 
materials. During the few past decades, the production of semiconductor nanomaterials has gained considerable 
interest in a development of innovative materials with suitable properties to deal with challenges related of laser 
production. A quantum well is a special type of heterojunction in which one thin well layer is surrounded by two 
barrier layers. The active region of the quantum well laser structure is a narrow layer a quantum confinement occurs, 
according to quantum mechanics [4,10]. Quantum well laser is classified into two types single and multiple quantum 
well lasers.  The most common structure of GaN crystal is the wurtzite structure and it is the most stable structure in 
thermodynamics steady state at room temperature and 1 atm. Therefore most of the GaN devices or researches are 
founded on the wurtzite GaN. Through its crystalline structure, the properties of GaN are determined directly [4,6]. 
AlGaN is the ternary alloys of wurtzite and zinc blened poly types of GaN with AlN of a continuous alloy system 
with a wide range of band gap and a minor change in the lattice constant.  It is frequently used as the barrier material 
for nitride electronic and optoelectronic devices [11]. 

In order to achieve as good as it is possible to be performance that achieves the desired results we apply the most 
effective way, by choosing a structure three-quantum wells with barrier width 2 nm of III-V compounds, for further 
details, refer to the Ref. [12,13]. In this research, the perform optimal values of parameters of the Al0.1GaN0.9 / GaN 
triple quantum well laser which has been emitted wavelength 352 nm in ultraviolet radiation range are determined 
by well width, cavity length, average thickness of active region, reflectivity of cavity mirrors, and optical 
confinement factor, which performing gives by lowest threshold current density. 

2. Theoretical model 

The carrier recombination is the reverse process for generation process. The generation defined as the movement 
of an electron from the valence band to the conduction band. This leads to the creation of the electron hole pair. 
Recombination is that the process in which the electrons from conduction band return to valence band, which emit 
the energy in form light or photons. The lifetime of the minority carrier controls the rate of recombination. 
Recombination process is classified into two type radiative recombination and non radiative recombination [14].    

 Author name / Energy Procedia 00 (2018) 000–000  3 

The radiative recombination occurs when electron in the conduction band (CB) recombines with hole in the 
valence band (VB) emitting a photon. The radiative recombination rate due to spontaneous emission can be 
expressed by the following equation [15].  

𝑅𝑅� � 𝐵𝐵���𝑁𝑁�                                                                             (1) 
Where N is the carrier concentration, 𝐵𝐵��� is the radiative recombination coefficient, can be written as [16].  
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Where e is the electron charge, w is the well width, Eg is the energy band gap, ɛ� is the permittivity in vacuum, C 
is the light velocity, mo is the free electron mass, kb is the Boltzmann constant, r =  ��∗
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and hole effective masses, nr is the refractive index,  |𝑀𝑀���|� is the average of the squared of the momentum matrix 
element can be written as [17, 18].  
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Where  𝑀𝑀�� is an average of the squared momentum matrix element for the TE mode can be written as [19]. 
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Where M is the momentum matrix element can be written by the following express [20]. 
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Where is ∆� is the split off energy.  
Non radiative recombination happens when the carriers in the (CB) and (VB) recombine non- radiatively, this 

means that will not light emit from this process. This will increases the current need achieve lasing [21]. Non 
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radiative recombination process includes defects recombination, Auger recombination and leakage current 
recombination. The Auger recombination coefficient can be written as [15]. 

𝐶𝐶��� � �
ɽ� ��  = 𝐶𝐶� ��� ����

���  �                                                         (11) 

Where ɽ� is the Auger carrier lifetime. Ea and Co are the activation energy and coefficient in the conduction-hole 
conduction-conduction (CHCC) Auger process can be written [16]. 

 𝐸𝐸� � ����
��∗ ����

                                                                                   (12) 
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Where 𝑚𝑚�� the heavy hole mass, ɛ is the dielectric constant, |𝑀𝑀��|�is the matrix element of the electron-electron 
interaction is given by  

|𝑀𝑀��|� � � ħ�
��� �� ����

� �� ∗ ���
                                                                   (14) 

 Where 𝐸𝐸� is the energy equivalent of the momentum matrix element.  
The threshold current density (Jth) is the most common of the laser diodes. It is a direct indicator in determining 

the quality of semiconductor materials that are fabricated device. The threshold current density is given by [22]. 

𝐽𝐽�� � ���𝐴𝐴�𝑁𝑁�� � ����𝑁𝑁��� � 𝐶𝐶���𝑁𝑁��� �                                        (15) 

Where d is the average thickness of active region, 𝐴𝐴� is the monomolecular recombination coefficient, Nth is the 
threshold carrier density can be expressed as [23]. 

𝑁𝑁�� � 𝑁𝑁����� � �����
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�                                                               (16) 

Where 𝑔𝑔� is the gain coefficient, 𝛼𝛼� is the internal loss and 𝛼𝛼�is the mirror loss, 𝛤𝛤��� is the optical confinement 
factor for multiple quantum well, Ntr is the transparency carrier density can be written 

𝑁𝑁�� � ����� �
� ħ���

��𝑚𝑚�∗𝑚𝑚�∗ ��
� ]                                                         (17) 

3. Results and discussion 

Figure (1) shown that the threshold current density (Jth) versus the well width (w) for different cavity length L = 
(0.5, 0.75, 1, 2, 3, 4) mm, can be calculated by using eqs. (11), (10) and (3), (2) and (15). It is clear that the Jth 
decreases with increasing well width for each the cavity length values where the best value is 𝐽𝐽�� � ���� A/cm2 
which it the same value at L=2mm, L=3mm, and L=4mm, when w=2.5nm and T=300K. After this value of   𝐽𝐽��, it 
increases with increasing w.  
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Fig. 1. The threshold current density for different cavity length versus the well width. 

Equation (15) shows relation between the total threshold current density with well width (w) for several 
temperature T= (77,150, 200, 250, 300) K, as shown in figure (2) which was drawn by eqs (2), (3), (10) and (15). 
The lowest value of the threshold current density at T=77K is 𝐽𝐽��= 188A/cm2 but at T=300K is 𝐽𝐽��= 2670 A/cm2 
when w=2.5 nm.   

 

 
Fig. 2. The threshold current density for the different temperatures versus well width. 
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�                                                               (16) 

Where 𝑔𝑔� is the gain coefficient, 𝛼𝛼� is the internal loss and 𝛼𝛼�is the mirror loss, 𝛤𝛤��� is the optical confinement 
factor for multiple quantum well, Ntr is the transparency carrier density can be written 

𝑁𝑁�� � ����� �
� ħ���

��𝑚𝑚�∗𝑚𝑚�∗ ��
� ]                                                         (17) 

3. Results and discussion 

Figure (1) shown that the threshold current density (Jth) versus the well width (w) for different cavity length L = 
(0.5, 0.75, 1, 2, 3, 4) mm, can be calculated by using eqs. (11), (10) and (3), (2) and (15). It is clear that the Jth 
decreases with increasing well width for each the cavity length values where the best value is 𝐽𝐽�� � ���� A/cm2 
which it the same value at L=2mm, L=3mm, and L=4mm, when w=2.5nm and T=300K. After this value of   𝐽𝐽��, it 
increases with increasing w.  
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Fig. 1. The threshold current density for different cavity length versus the well width. 

Equation (15) shows relation between the total threshold current density with well width (w) for several 
temperature T= (77,150, 200, 250, 300) K, as shown in figure (2) which was drawn by eqs (2), (3), (10) and (15). 
The lowest value of the threshold current density at T=77K is 𝐽𝐽��= 188A/cm2 but at T=300K is 𝐽𝐽��= 2670 A/cm2 
when w=2.5 nm.   

 

 
Fig. 2. The threshold current density for the different temperatures versus well width. 
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  The threshold current density versus the average thickness of active region (d) for different temperatures (77, 
150, 200, 250, 300)] K, can be calculated by using eq. (15) as shown in figure (3). It is clear that the Jth  decreases 
with increase average thickness of active region for each temperature value until the arrival threshold current density 
to the lowest value is 𝐽𝐽�� � ���� A/cm2 at d = 11.5 nm , T=300K, then start increases. The 11.5 nm value of 
average thickness of active region is considered as the best value to reduce threshold current value and to provide 
more possible performance content using this simulation.  

The simulation results indicate that, these effects occur because as the losses increases, the current density 
required as threshold increases. Hypothetically, increment of loss increases the threshold current and reduces content 
of structure performance. When the loss is decreased, the threshold current improved owing to the decreased the 
number of carriers that cross the active region without recombining effects. Thus, decreasing the loss value provides 
higher performance content for the laser structure. As a result, in this article, the lowest threshold current value with 
a lower loss is considered as the best value. Whenever, the barrier is larger, lower thermionic emission of the charge 
carriers outside the active region. These carriers collect in active region, leading to quasi-Fermi levels moving to 
more ranges. Thus, Charge carriers with energies close to quasi-Fermi levels will have lower barrier to cross without 
recombination or growing the gain. Increasing the confinement of charge carrier in the active region through the 
larger barriers and the smaller well leads to increase in the active region and thus the threshold current is lower and 
has a lower rate of increase with losses.   

 
           

 

Fig. 3. The threshold current density for the different temperatures versus average thickness of active region. 

The threshold current density (Jth) versus the cavity length (L) for different values of temperature T= (70, 150, 
200, 250, 300) is shown in figure (4), using equation (15).  

It's clear that the Jth decreases with increases cavity length for each temperature values. Next, the threshold 
current density for all values of cavity length that takes values greater or equal to 1 mm is almost stable; owing to 
the mirror loss component is proportional to the total loss with L-1. An important consequence of this difference 
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indicates that the cavity loss is not so high as to overwhelm the mirror loss. This is the determining factor in a 
dependence on the cavity length. Otherwise, the threshold current density does not depend on the cavity length. 
When the loss of the mirror is almost known, the cavity loss can be approximated from the threshold current density 
measurements by supposing that the optical gain is plainly proportionate to the injection current. Optimal value of 
threshold current density has a 2670 A/cm2, corresponding to a cavity length is 2 mm at room temperature. 

 
Fig. 4. The threshold current density versus cavity length for the different temperatures. 

Through the previous figures for threshold current density illustrate that both Jth increase with increasing 
temperature this is the increases cavity losses with increasing temperature. To overcome cavity losses we need more 
current to achieve the population inversion.   

The threshold current density versus the well width (w) for variations mirrors reflectivity (R1, R2) was calculated 
by using eq. (15) at room temperature, as shown in figure (5). This figure appears that the 𝐽𝐽�� � �����A/cm2 when 
R1=0.75 and R2=0.9, as well as 𝐽𝐽�� � ����� A/cm2 when [21] 

R1=R2=����������
����������                                  (18)  

the threshold current density value is 𝐽𝐽�� � ���� A/cm2 when R1=���������
�

����������  and R2=0.9.Through these values, 
it is clear that the best value of threshold current density is 2670 A/cm2 in the case reflectivity R1=0.75 and R2=0.9.  
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Fig. 5. The threshold current density for different reflectivity versus well width. 

The threshold current density versus the optical confinement factor was calculated by using equation (15) as 
shown in figure (6),  it shows that the best value of threshold current density is 𝐽𝐽�� � �����A/cm2 at Γ= 0.034 and 
T=300K.  

 

Fig. 6. The threshold current density versus the optical confinement factor. 
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4. Conclusions  

In this study we have shown optimal values for some parameters of Al0.1Ga0.9N/GaN triple quantum well laser 
structure at room temperature. Determine the optimal values of the necessary parameters which allowed the 
determination of the less value for threshold current density of this structure performance. It turned out that 
threshold current density decreases with increases cavity length for each temperature values and then begin to be 
constant near cavity length is equal 1mm. Accordingly, the less value of threshold current density is 2670 A/cm2 at 
cavity length (2mm),  when well width (2.5 nm) at room temperature. Also show that the threshold current density 
decreases with increase average thickness of active region for each temperature value. Where the lowest value of 
threshold current density is get at average thickness of active region (11.5 nm) at room temperature.  In addition, 
that the optimal value of threshold current density (2670 A/cm2) is in the case reflectivity of cavity mirrors for R1 
and R2 are 0.75 and 0.9 respectively and optical confinement factor (0.034) at room temperature.  
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