
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 

The present paper deals with a study on the wind turbine wake mathematical modelling as well as experimental 
validation by means of wind tunnel experiments. In particular, different wind turbine wake’s equations were 
implemented and results compared with experimental data. 
Therefore, an experimental setup was implemented in the wind tunnel test section with a small-scale wind turbine, 
while velocity deficit was measured. A design of experiment based on three parameters variation was defined: wind 
velocity, turbine rotational speed and distance from the wind turbine rotor. In the same experimental conditions 
simulations were carried out by means of three 1D equations. In particular, Jensen, Larsen and Frandsen equations 
were studied. 
Comparing theoretical and experimental results, it is evident that Larsen mathematical model is in good agreement 
with experimental data, while Jensen and Frandsen mathematical models are able to identify only mean and peak 
velocity deficit, respectively. 
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1. Introduction 

In the last decades, wind energy was the main renewable source worldwide and in the next future it will play a 
dominant role in the world energy scenario [1]. Generally, wind turbines operate in wind farms. Therefore, turbines 
interaction occurs (wake effects). A wind turbine wake is characterized by both a mean air velocity deficit and a 
strong increase in turbulence level. This phenomenon modifies the inflow wind conditions for wind farm turbines if 
to the ambient wind field that apply for stand-alone wind turbines [2]. For these reasons the study of wind turbine 
wake and its effects on downstream is crucial to evaluate energy production. 

Thus, it is of high importance the study of wind turbine wake and its effects on downstream wind turbine 
performance to evaluate energy production. 

Mathematical modeling of the wake is an important tool in energy harvesting in wind farms to take into account 
wind turbine interaction. The present paper deals with a study on wind turbine wake aerodynamic characterization 
by means of theoretical and experimental analysis. Three different simple wake mathematical models were 
implemented and the results compared with experimental data. 

2. Wake Mathematical Models 

In the present paragraph a brief description of the three wake mathematical models implemented and compared 
with experimental data, is presented. In particular, Jensen/Katic, Larsen and Frandsen models are treated in the 
present paper. 

2.1. Jensen/Katic Wake Mathematical Model 

The wake mathematical model developed by Jensen [3] and modified by Katic [4] is based on the Momentum 
balance in the wake. In the present paper, the Katic version of the model was implemented and used. 

The model treats the wake as a turbulent wake or a negative jet, neglecting the near field (the near wake) behind 
wind turbine rotors where periodic and deterministic swirling vortices strongly contribute to wake structure. Usually, 
it is based on the description of a single wake as a function of initial velocity deficit, wake decay coefficient and 
distance from the rotor. The velocity profile within the wake is ideal, maintaining constant the velocity inside the 
wake section [3]. On the contrary, the behavior of wind turbine (stall-turbine, pitch-regulated turbine, etc.) could be 
modelled using the Katic model. 

 

Fig. 1. Jensen Model Wake schema. 

 
According to Fig. 1, the Momentum balance of the wake could be expressed as in Eq. (1). Once v is calculated 

taking into account Eq. (2) and Eq. (4), Eq. (6) is solved. 
 

(1)
 

where vr is the velocity just behind the rotor, v is the velocity inside the wake at a distance x from the rotor, u is the 
velocity of the free stream, while D0 and Dw are respectively the rotor diameter and the wake diameter at distance x. 
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(2) 

 
where a is the axial induction factor of the turbine. This factor is also defined as the initial velocity deficit caused by 
the rotor (see Eq. (3)). 

 
(3) 

 
(4) 

 
where  is the decay coefficient (see Eq. (5)). 

 

(5) 

 
where z is the turbine hub height and z0 is the terrain roughness. 

 

(6) 

 

2.2. Larsen Wake Mathematical Model 

The wake mathematical model developed by Larsen [5 – 8] is based on the consideration that a wind turbine 
wake is a perturbation on a mean flow. According to Larsen [5], the apparent mean flow, developing downstream a 
wind turbine, is due to both conventional shear and wake contributions, which expand in space and attenuate with 
downstream distance from the turbine. 

 

Fig. 2. Larsen Model Wake schema. 

 
The wake extension and the wake deficit in the mean wind direction could be evaluated using Larsen simplified 

wake mathematical model [8]. According to this model, the wake radius is expressed as a function of the 
downstream distance, while the velocity deficit as a function of distance and radial coordinate (see Eq. (7) and Eq. 
(8) with reference to Fig. 2). 

 

(7)
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(8) 

 
where x and r are respectively the axial and radial coordinates, U1 and U2 are the first and second order 
contributions to the velocity deficit U,  is the turbine rotor area, CT is the turbine trust coefficient. In Eq. (7), C1 
and x0 come out form Eq. (9) and Eq. (10). 

 

(9)

 

(10)

 
where k is determined by Eq. (11). The imposed boundary conditions refer to the magnitude of the turbulent mixing, 
expressed in terms of the mixing length, and the definition of the origin of the along wind coordinate, respectively 
[5]. 

 
(11) 

 

(12) 

 
The wake radius at a downstream distance of 9.6 times rotor diameter (9.6D0) could be determined using semi-

empirical Eq. (13) [5]. 
 

(13) 
 

where Ia is the ambient turbulence intensity, a1, a2, a3, a4 and b1 are coefficients that were empirically determined as 
reported in Table 1 [5]. 

 

Table 1. Larsen model coefficients 

 a1 a2 a3 a4 b1 

Coefficient Values 0.43544986 0.797853685 -0.124807893 0.136821858 15.6298 

 
The first order contribution to the wake deficit could be expressed using Eq. (14). 
 

(14) 

 
where u is the undisturbed upstream wind velocity. 

The second order to contribution to the wake deficit is generally neglected in the case of the stationary wake 
deficit prediction. Therefore, in the present study it was not considered. 
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2.3. Frandsen Wake Mathematical Model 

The wake mathematical model developed by Frandsen [9] is based on the Momentum Conservation Law of the 
flow through and around the wind turbine rotor. Frandsen considered a cylindrical control volume with constant 
cross-sectional area equal to the wake area and horizontal axis parallel to the mean wind vector. 

 

Fig. 3. Larsen Model Wake schema. 

 
According to Fig. 3, the expansion of the wake cross-sectional area, in terms of wake diameter, at a distance x 

downwind the wind turbine rotor could be expressed using Eq. (15). 
 

(15) 

 
where D0 is the wind turbine rotor diameter,  is the decay constant of the wake, s is the relative distance from the 
rotor (see Eq. (6)) and  is the wake expansion coefficient (see Eq. (17)).  and k are constants determined 
experimentally and generally they assume as values respectively 0.075 and 2 [9]. 

 

(16) 

 

(17) 

 
where CT is the wind turbine thrust coefficient. According to Frandsen [9], the initial wake diameter should be 
evaluated using Eq. (18). 

 
(18) 

 
According to Larsen [9], and with reference to Fig. 3, the air velocity into the wake could be calculated by means 

of Eq. (19). 
 

(19) 

 
where 0 and w are the swept area by the rotor and the area of the wake at the distance x, respectively. 
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3. Experimental setup 

In order to verify the accuracy of the wake mathematical models, a specific experimental setup was implemented 
using a closed-loop wind tunnel (see Table 2 for wind tunnel characteristics) [10, 11]. In order to measure velocity 
deficit in the turbine wake, a pressure rake was built and used. In Fig. 4 pressure rake schema (Fig. 4a) and 
photograph in the wind tunnel (Fig. 4b) are shown. 

Ten dynamic pressure ports were used connected with ten correspondent pressure sensors (Trafag AG ECT8473). 
Pressure signals were acquired by means of National Instrument DAQ system as shown in Fig. 4c. In the same figure 
an experimental setup schema is also shown. As far as the studied turbine it is concerned, in Fig. 5 a wind turbine 
schema (Fig. 5a), a photograph of the studied turbine (Fig. 5b) and a wind turbine rotor drawing (Fig. 5c) are 
reported. 

 

           Table 2. Wind tunnel main characteristics 

Characteristic Value 

Wind tunnel type Closed-loop

Test section dimensions 500 x 500 x 1300 mm 

Maximum wind velocity 30 m/s 

Turbulence level 0.4 % 

 

(a) (b) (c)

Fig. 4. Pressure rake: (a) schema; (b) photograph in wind tunnel; (c) experimental setup. 

 

(a) (b) (c) 

Fig. 5. Wind turbine: (a) schema and dimensions; (b) photograph; (c) rotor 
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4. Results and discussion 

In order to test and verify the mathematical models, a specific experimental campaign was carried out. Wind 
velocity (5, 8 and 10 m/s), turbine rotational speed (1000, 2000 and 3000 r/min) as well as distance from turbine 
rotor (relative to the rotor diameter 3D0, 5D0 and 8D0) were considered as parameters in the present study. For each 
single combination of the parameters 10 repetitions were carried out. 

Fig. 6 shows a velocity deficit as a function of wind velocity and relative distance from the turbine rotor at 1000 
r/min at 5 m/s (Fig. 6a), 8 m/s (Fig. 6b) and 10 m/s (Fig. 6c). For the sake of simplicity only the results obtained at 
1000 r/min are reported. On the basis of the presented results, it is possible to notice that increasing the relative 
distance, the velocity deficit decreases, while the wake radius increases according to Eq. (4) (Jensen/Katic model), 
Eq. (7) (Larsen model) and Eq. (15) (Frandsen model). This behavior is evident at all studied wind velocities. 
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Varying undisturbed wind speed, the velocity deficit within the wake depends on the relative distance and very 

marginally on the undisturbed wind velocity. According to the obtained results, increasing the turbine rotational 
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5. Conclusions 

The present work deals with a study on wind turbine wake aerodynamic characterization. This study was 
conducted by means of theoretical and experimental analysis. In particular, three different simple models were 
implemented and compared with experimental results. A specific experimental setup was implemented using a wind 
tunnel to measure velocity deficit within the wake by means of a pressure rake. Different undisturbed wind velocities 
(5, 8 and 10 m/s), turbine rotational speeds (1000, 2000 and 3000 r/min) and relative distances from turbine rotor 
(3D0, 5D0 and 8D0) were studied. On the basis of the presented results, it is possible to state that: a) the higher the 
relative distance, the smaller the velocity deficit; b) the higher the turbine rotational speed, the higher the velocity 
deficit at all distances and undisturbed wind velocities; c) the wake radius increases with the relative distance and 
decreases inversely proportional with the wind velocity. Comparing the three wake mathematical models, it is 
possible to conclude that Larsen wake model describes better the wake profile at all wind velocity and distance from 
the rotor. 
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4. Results and discussion 
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