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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 

The authors present a combined method using statistical and numerical models for selecting a pump running as 
turbine in micro hydro plants. The data of the site (head and capacity) allow calculating two coefficients, CQ and CH, 
which identify the pump to use successfully as turbine in that place. A one dimensional model, starting from data 
available on the pumps manufacturers catalogues, reconstructs a virtual geometry of the PAT, then calculates the 
performances curves, head vs. capacity, efficiency vs. capacity. The procedure has been applied with the aim to 
select a PAT recovering energy from a pipeline whose characteristic curve is known. 
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1. Introduction 

In the last years, the request of energy from renewable resources has increased more and more tacking into 
account the depletion of traditional sources like oil, gas, nuclear [1]. Wind, sun, tides, rivers offer huge quantities of 
clean, green and renewable energy. Among these, hydraulic sources are the most easily used and their exploitation is 
always desirable. However, small resources, under 100 kW, often are not considered or discarded, because of the 
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specific cost of energy, which is higher respect to that of big hydro-electrical power plants. The traditional turbines 
are very expensive and their cost can reach the 25% of the entire plant one. Moreover, they need specific 
maintenance and have components hardly available on the market. The pumps working as turbines (PATs) [2] 
constitute an alternative surely cheaper and manageable. Centrifugal pumps are mass-produced for a wide range of 
heads and flow rates so their prime cost is lower than that of the turbine and their maintenance is easier, because of 
the availability of spare parts, even in developing countries. The efficiency of these machines will be lower but, as 
they exploit otherwise wasted energy sources, this is not a critical issue. From the economic point of view, realizing 
a micro hydro plant using PATs having power up to 500 kW, imply payback periods less than two years [3], surely 
lower with respect to installations using conventional turbines. 

This work is framed in this context, with the goal to find the performance curves of a PAT suitable to a 
hydrological site, whose head Hsite and capacity Qsite are known. To do this, the authors propose a procedure, which 
involves a statistical method and a numerical model.  

The statistic method allows calculating two conversion factors [4]: CQ as ratio between the capacity of the pump 
running as turbine and that of the pump one at best efficiency point (BEP) and CH as ratio between the two heads, 
defined in a similar way. Both the coefficients are expressed in relation with nsp, the specific speed of the PAT 
working in pump mode, which can be expressed as function of that of the same machine working as turbine nst. This 
last parameter can be obtained from the hydrological data of the site Hsite and Qsite, unique input data known when 
the selection of the PAT has to be done. Once calculated head and capacity at BEP of the pump suitable for the 
chosen site, it is possible to select, on the composite performance chart of the manufacturer, the pump one. 

The authors propose a numerical model, developed during the past years [5-6], which is able to estimate the 
performance of the chosen pump in the reverse mode, as turbine (PAT). 

Firstly, the code reconstructs the geometrical parameters of the PAT, which usually are unknown, by using 
information provided on the manufacturer catalogue. Once deduced these data, the code calculates the losses and 
determines the characteristics curves of the PAT i. e. head vs. capacity and efficiency vs. capacity. The knowledge of 
such curves allows the operating point of the plant to be assessed. In this way, the annual yield of energy can be 
estimated. The case study of a pipeline whose characteristic curve is known is presented with the aim to better 
expose the proposed methodology. 

2. Statistical Model 

The main issue using PATs is represented by the choice of the machine because the performance curves of a 
pump running as turbine are not immediately available. In fact, on the catalogues of the pumps manufacturer the 
only performances of the pump operations are reported. Therefore, it is important to connect the pump performances 
to the turbine performances of the same machine, by using mathematic correlations having universal validity and 
involving simple data obtainable from the pump catalogue. The easiest way to pass from the pump working mode to 
the turbine working mode is to put in relation the best efficient point (BEP) of the pump to that of the turbine. In this 
way two coefficients can be detected: the best head ratio and the best flow rate ratio. Childs [7], Sharma [8], Alatorre 
[9] and Stepanoff [10] link these coefficients to the global efficiency of the pump. Hancock [11] links them to the 
global efficiency of the turbine while Schmield [12] relates them to the hydraulic efficiency of the pump.  

Some authors, like Grover [13] and Hergt [14], consider statistic correlations involving the specific speed of the 
pump by considering that the shape of the impeller, and consequently the losses typology, changes when the specific 
speed increases, as showed in Fig. 1. 

 

 

Fig. 1. Shape of the impeller with nsp increasing 

10<nsp<20 20<nsp<35 35<nsp<50 50<nsp<75 
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Usually, the selection of a suitable PAT for a given site starts from two conversion factors which are:  

 
- CQ as ratio between the capacity of the turbine and that of the pump one, at best efficiency point (BEP): 
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- CH as ratio between the two heads, defined in a similar way.  
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The authors propose a correlation involving the specific speed of the pump nsp defined as:  
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The dependence between CQ, CH and nsp was fixed on a sample of 26 pumps. A sample of 12 pumps was 

measured at DIMEG in direct and reverse operation [15]; other 4 pumps measurements were found in [16], while 
the remaining 11 in [17] 
In Tab. 1 the values of flow, head, specific speed, efficiency at BEP point, both in direct (P) and in reverse mode 
(T), together with the conversion factors CQ and CH, of the pumps measured at DIMEG are reported.  

Tab. 1. Measurements at BEP point of the pumps sample of University of Calabria 

PUMP QP [l/s] HP [m] nsp P QT [l/s] HT [m] nst T CQ CH 
Ksb 40-335 7.39 33.01 9.08 0.44 13.08 93.28 5.54 0.43 1.77 2.83 
Ksb 40-315 7.52 31.41 9.43 0.45 14.11 110.80 5.09 0.35 1.88 3.53 
Ksb 40-250 6.97 20.00 12.82 0.55 10.65 43.66 8.82 0.51 1.53 2.18 
Ksb 40-200 5.28 12.00 16.34 0.55 9.72 25.50 12.60 0.59 1.84 2.13 
Av  65-250 16.5 19.3 20.23 0.65 26.02 38 15.28 0.65 1.58 1.97 
Av  80-250 26.77 19.6 25.43 0.73 40.28 33.2 21.04 0.73 1.50 1.69 
Ksb 50-160 9.72 8.50 28.72 0.67 15.28 13.10 26.03 0.73 1.57 1.54 
Ksb 80-220 24.16 14.52 30.31 0.74 36.52 22.40 26.91 0.78 1.51 1.54 
Ksb 80-200 23.19 12.06 34.11 0.72 31.22 17.60 29.82 0.76 1.35 1.46 
Ksb 100-200 41.67 12.90 43.48 0.76 50.00 18.80 35.91 0.84 1.20 1.46 
Ksb 125-200 57.93 9.59 53.01 0.82 84.33 13.30 50.04 0.84 1.46 1.39 
Ksb 100-160 34.95 5.32 64.07 0.78 43.63 7.82 53.59 0.70 1.25 1.47 
 

It was therefore possible to obtain the following correlations, which cover a specific speed range from 10 to 70: 
 

CH = -0.00003 nsp
3 + 0.00440 nsp

2 – 0.20882 nsp + 4.64293 (4) 
 

CQ = 0.00029 nsp
2 – 0.02771 nsp+ 2.01648 (5) 

 
In Fig. 2 the data collected for the two conversion factors on the pump sample are represented together with the 

interpolating curves, reporting respectively an error band of 20% (CH curve) and of 15 % (CQ curve). 
By disposing of the hydrological data of the chosen site i.e. head Hsite and flow Qsite, the required specific speed of 
the site can be calculated. This parameter will be equal to the available specific speed of the PAT nst defined as:  
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Fig. 2 Interpolating curves for the conversion factors CH and CQ. 

This parameter changes almost linearly with the specific speed of the pump and it can be correlated from the pumps 
sample as it follows: 
 

nsp = 0.9867 nst + 5.2818 (7) 
 

Fig. 3 shows a flow chart illustrating the various steps. Obviously, it is necessary to know the hydrological data 
of the site i.e. the head curve and the yearly frequencies distribution of flow rates. Starting from these data, it is 
necessary to select the design flow rate Qsite, determine the correspondent head Hsite and the specific speed of the site 
nst which will be equal to that of the PAT. 
 

 

Fig. 3 PAT selection procedure - flow chart  
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Then it is possible, by means of eq. 7, to calculate the specific speed of the pump nsp and consequently to 
calculate, via the eqs. 4 and 5, the two conversion factors CQ and CH. 
At this point, head and capacity at BEP of the pump can be calculated through the following equations: 
 

Q

site
P C

QQ   (8) 

H

site
P C

HH   (9)
 

 
By using QP and HP as input on the composite performance chart of the manufacturer, it is possible to select the 

pump to use as turbine. With the aim to calculate the performances curve of the pump in reverse mode, it is possible 
to apply the UNICAL numerical model [5-6] described briefly in the following section.  

3. Numerical Model 

The one dimensional model is a code homemade, developed by authors in several years of research. In this work, 
for brevity, the main features are synthetized, by remanding the reader to accurate description in [5-6] where all the 
details are found.  

The model is capable to operate by starting from data just available on the manufacturer catalogues. It has the 
aim to supply an extended information. In fact, it can determine the whole H(Q) and (Q) curves instead of the BEP 
only, by providing more accurate responses, without requiring data not immediately accessible. Indeed, the model, 
by applying standard design criteria, can determine itself many useful geometrical parameters. 

In order to perform a standard design it is necessary to take a precise example of centrifugal pump as a reference: 
a machine prototype, as illustrated in Fig. 4. The shape has been chosen with a straight conical suction, rectangular 
volute section having height linearly variable from 0 to the throat size, and a final diffuser with square sections as a 
truncated pyramid.  

 

Fig. 4  Reference geometry 

The reference pump shape and the related geometric parameter calculations were obtained as Lobanoff [18] 
suggests. The sizing procedure of the reference prototype needs the knowledge of 6 parameters available in the 
manufacturers catalogues: head (HP) and flow rates (QP) at BEP of the pump, maximum power (Pmax), the shut off 
head (Hmo), impeller diameter (D2) and height of the pump (yP). 

If the geometry of the pump is unknown, the model performs the design step and it operates in design mode, 
otherwise the design step isn’t necessary and it can be by-passed. The model will accept, in this case, the actual 
geometrical parameters (geometry known mode). In order to have a greater flexibility, the design step can be 
performed also for a limited number of unknown geometrical parameters and so the model will operate in mixed 
mode.  
When the geometry of the machine is defined by applying the sizing procedure or by inputting the known data, the 
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geometrical parameters become input data for the next calculation section of the model, which allow to calculate the 
average velocity in each flow section of the PAT and the corresponding losses. These are split in friction losses and 
dynamic losses, as delineated in Tab. 2, and they are calculated by applying the following formulas [19]: 











h

2

f D
l

2g
cλh  (10) 

2g
ch

2

d   (11)
 

The details related to the coefficients ,  and to the geometrical passage areas are better reported in [6]. 

Tab. 2  Hydraulic losses typology  

SECTION LOSSES TYPOLOGY  
Sect. 5 - diffuser Friction losses   Dynamic losses (Idel’cick [20])  
Sect. 4 - volute Friction losses calculated by dividing the volute in sectors 

Sect. 3 - vaneless Friction losses Dynamic losses (Idel’cick [20]) Diffusion losses 

Sect. 2 - impeller Friction losses Shock losses 
Drag losses Sudden restriction losses 

Sect. 1 - discharge Discharge losses 

Once the losses have been calculated, the real head (Hm) can be expressed as sum of the Eulerian work (Hth) and 
of the losses themselves: 

lossesHH thT   (12) 

Then the hydraulic efficiency can be calculated as: 

T

th
H H

H
  (13) 

Taking into account the volumetric efficiency (v) and the disc efficiency (D), the power output of the PAT is 
expressed as: 
 

QH ρgηηηP DvH  (14) 
while the total efficiency of the PAT is: 

DvHtot ηηηη   (15) 

4. Case study 

A case study of a water pipeline to which install a PAT is illustrated. The pipeline brings water with a difference 
in level about 23 m, while the design flow rate is 10 l/s (36 m3/h). In the next table (Tab. 3), the parameters of the 
above-illustrated procedure are reported (see Fig. 3). 

Tab. 3   Calculation of the pump parameters 

Qsite [m3/h] Hsite [m] rpm nst CQ CH QP [m3/h] HP [m] 
36 23 1450 13.80 1.61 2.18 22.3 10.6 

 
By entering in the composite performance chart of the manufacturer, the suitable pump for the proposed 

application can be selected.  
As illustrated in Fig. 5, the pump selected is KSB 65-40-200. The input parameters necessary for running the 

numerical model are: HP = 12.2 m, QP = 20.5 m3/h, Pmax = 1.25 kW, Hmo = 14 m, D2 = 0.202 m, yP = 0.225.  
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Fig. 6 illustrates the two curves of the selected PAT KSB 65-40-200 provided by the numerical model (head and 
efficiency of the PAT versus flow rate), together with the site characteristic curve (head of the site versus flow rate).  

From Fig. 6, flow rate, head and efficiency at operating point of the plant can be deduced, which are respectively: 
QT = 37 m3/h, HT = 29 m,  T = 56% 

The efficiency is a little lower than BEP, but the loss is very slight. The power supplied by the PAT, by assuming 
an electrical efficiency (el) of 0.96, will be equal to: 

Pe = el T  g HT QT = 1.6 kW (16) 
 

 

Fig. 5  Selection of the pump on the manufacturer performance composite chart 

 

 

Fig. 6   Characteristic head curves: operating point 

5. Conclusions 

In the present work, a new methodology for selecting a PAT suitable for installation in a particular site is 
proposed. The method involves a statistical model and a one-dimensional code: the statistical model allows 
calculating the conversion factors CQ and CH, able to find capacity and flow rate of the suitable pump for the chosen 
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site. By inputting these data on the composite performance chart of the manufacturer, it is possible to select the 
PAT. The numerical model developed by authors will provide the performances curves head-capacity and 
efficiency-capacity. 

With the aim to give an exemplification of the proposed procedure, the case study of a pipeline whose 
characteristic curve is known is presented. The pump KSB 65-40-200 has been selected as turbine and calculation 
results show an output power of about 1.6 kW. 

 

6. Nomenclature 

c velocity [m/s] 
CH head conversion factor [-] 
CQ flow rate conversion factor [-] 
D2 impeller diameter [m] 
Dh hydraulic diameter [m] 
g gravity [m/sec2] 
hd dynamic losses [m] 
hf friction losses [m] 
H head [m] 
Hmo shut off head [m] 
HP head of the PAT as pump [m] 
Hsite head of the site [m] 
Hth theoretical head [m] 
HT head of the PAT as turbine [m] 

l duct length [m] 
n rotational speed [rpm] 
nsp specific speed of the PAT [rpmm3/4s-1/2] 
nst specific speed of the PAT [rpmm3/4s-1/2] 
Nsite specific speed of the site [rpmm3/4s-1/2] 
P power [kW] 
Pmax maximum power [kW] 
Pel electrical power [kW] 
Q flow rate [l/s] 
QP flow rate of the PAT as pump [l/s] 
Qsite flow rate of the site [l/s] 
QT flow rate of the PAT as turbine [l/s] 
yp pump height from axis to diffuser [m] 

Greek letters 
 
 dynamic loss coefficient [-]  
D disc efficiency [-] 
el electrical efficiency of the PAT [-] 
H hydraulic efficiency of the PAT [-] 
T efficiency of the PAT at BEP [-] 
tot total efficiency [-] 
v volumetric efficiency [-]  
 friction loss coefficient [-] 
 density [kg/m3] 
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