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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 hydropower sector is moving to the small-scale generation due to the exploitation of the majority water reservoirs with the 
aim of providing electrical energy in rural zones. Pump-as-Turbines (PaTs) is one of the most interesting technology due to their 
use for recovering energy in different industrial applications. Several studies aimed to study the performance of the tested PaTs 
and to describe their performance curves. The efficiency of these machines at their Best Efficiency Point (BEP) is comparable as 
much as the pump mode. In this work, a general analytical method for forecasting PaTs performance in turbine mode was 
investigated. 
© 2017 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICACER 2017. 
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1. Introduction 

The need to produce energy is one of the most important issues for human life. Through the years, the 
development of the new energy systems through the exploitation of different available natural sources has been 
carried on. The energy production technologies based on both carbon and oil overtook the natural sources becoming 
the primary energy sources worldwide; however, this phenomenon brought to an increase of harmful pollutants in 
the atmosphere [1] and to a steep increase of the carbon dioxide concentration. For this reason, renewable sources 
started to be investigated with particular regards to water resources. The use of water was one of the first methods 
for energy production, moving from the large-scale plants [2] to the small-scale ones due to the exploitation of all 
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the available geodetic altitudes and the maturity of the technology. One of the most used technology in the small-
scale hydropower sector, that is taking the field in these last years due to its versatility for being used for both 
energy production/recovery, its cost and availability, is the Pump-as-Turbine (PaT) technology. In order to take 
advantage of its pros, many improvements were performed: Zhu et al. [3] carried out a complete study for 
optimizing a medium-high head PaT taking into account the interaction between the blades, the water and the 
channel shape. Rezghi et al. [4] studied the effects of the transient flow inside the PaTs that occur in waterways due 
to the pressure fluctuations. In parallel with these studies, several researches were performed to forecast their 
performances in turbine mode. Theoretical formulas were provided by Williams [5], Stepanoff [6], Krivchenko [7], 
Sharma [8] and McClaskey [9] based on experimental data and assuming that the efficiency achieved by a PaT in 
turbine mode at the Best Efficiency Point (BEP) is the same as that achieved in pump mode operating at the same 
running conditions. These formulas allow to evaluate the flow rate and the head exploited by the PaTs running at 
their BEP in turbine mode. The following step is to define a trend line for evaluating their performance in turbine 
mode: Singh et al. [10], using data obtained by three tested pumps having different specific angular speeds and other 
data collected by Derakshan et al. [11], developed an optimization routine for forecasting the performance of the 
centrifugal pumps running in turbine mode. Yang et al. [12] described an analytical method and performed both 
CFD simulations and laboratory tests of a single stage centrifugal pump running in turbine mode in order to validate 
the analytical results previously obtained. Furthermore, Yang et al. [13] studied the effect of a PaT impeller 
trimming through laboratory tests and numerical simulations. Along the same line, Jain et al. [14] performed 
laboratory tests on a PaT varying its rotating speed and trimming the initial diameter until 80% of its initial size in 
order to improve its efficiency at part loads. Bozorgi et al. [15] compared the results obtained by CFD simulations, 
using NUMECA® software, with those obtained in the laboratory tests in order to validate the simulated ones. Tan 
et al. [16] presented a prediction of PaTs performance running in turbine mode referring to nine previous methods 
available in literature and taking into account the specific angular speed and the specific diameter as main evaluation 
parameters. Giosio et al. [17] studied both design and PaT performance suitable for both rural micro-hydro 
environments and energy recovery installations, although its off-design performance is not so high due to the fixed 
geometry and the absence of an inlet flow guidance. Finally, Barbarelli et al. [18] performed a one-dimensional 
numerical code able to predict both design characteristics and performance of a PaT used in a determined 
application. The aim of this paper is to collect the running data of 32 PaTs that were studied and analysed in the 
previous works [10-18] in order to define analytical equations for forecasting the main magnitudes involved on the 
PaTs performance evaluation. Non-dimensional analysis was performed taking into account all the physical data of 
the PaTs in order to study the behaviour of those machines that operate in fluid dynamic similarity conditions. 
However, the non-dimensional analysis is not sufficient to generalize the performance prediction of the PaTs 
because it is not able to distinguish the typology of the analysed machine, so each non-dimensional magnitude of 
PaTs was divided by the same magnitude achieved by the machine at BEP running in turbine mode. Using this 
method, an objective analysis that is independent not only of the physical dimensions and of rotating speeds but also 
of the design typology of the machine is performed in order to forecast the performance of a higher number of PaTs. 

2. Research and methods 

2.1. Data collecting and data analysis 

In this work, data related to laboratory tests performed on 32 PaTs [10-18] were analysed and the main 
characteristics of the machines were evaluated. The ranges of the different physical magnitudes involved in this 
study of PaTs are the following: the flow rate ranges from 0.008 m3/s to 0.222 m3/s, the head ranges from 1.99 m to 
99.52 m, the rotating speed ranges from 750 rpm to 2445 rpm, the impeller diameter ranges from 0.165 m to 0.300 m, 
the specific speed ranges from 0.17 to 2.39 and, finally, the efficiencies ranges from 0.43 to 0.87. 

2.2. Non-dimensional analysis 

Characteristic, power, efficiency and flow coefficient vs efficiency curves of the 32 tested PaTs were also 
developed. These curves were drawn taking into account the rated running conditions in turbine mode. A non-
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the available geodetic altitudes and the maturity of the technology. One of the most used technology in the small-
scale hydropower sector, that is taking the field in these last years due to its versatility for being used for both 
energy production/recovery, its cost and availability, is the Pump-as-Turbine (PaT) technology. In order to take 
advantage of its pros, many improvements were performed: Zhu et al. [3] carried out a complete study for 
optimizing a medium-high head PaT taking into account the interaction between the blades, the water and the 
channel shape. Rezghi et al. [4] studied the effects of the transient flow inside the PaTs that occur in waterways due 
to the pressure fluctuations. In parallel with these studies, several researches were performed to forecast their 
performances in turbine mode. Theoretical formulas were provided by Williams [5], Stepanoff [6], Krivchenko [7], 
Sharma [8] and McClaskey [9] based on experimental data and assuming that the efficiency achieved by a PaT in 
turbine mode at the Best Efficiency Point (BEP) is the same as that achieved in pump mode operating at the same 
running conditions. These formulas allow to evaluate the flow rate and the head exploited by the PaTs running at 
their BEP in turbine mode. The following step is to define a trend line for evaluating their performance in turbine 
mode: Singh et al. [10], using data obtained by three tested pumps having different specific angular speeds and other 
data collected by Derakshan et al. [11], developed an optimization routine for forecasting the performance of the 
centrifugal pumps running in turbine mode. Yang et al. [12] described an analytical method and performed both 
CFD simulations and laboratory tests of a single stage centrifugal pump running in turbine mode in order to validate 
the analytical results previously obtained. Furthermore, Yang et al. [13] studied the effect of a PaT impeller 
trimming through laboratory tests and numerical simulations. Along the same line, Jain et al. [14] performed 
laboratory tests on a PaT varying its rotating speed and trimming the initial diameter until 80% of its initial size in 
order to improve its efficiency at part loads. Bozorgi et al. [15] compared the results obtained by CFD simulations, 
using NUMECA® software, with those obtained in the laboratory tests in order to validate the simulated ones. Tan 
et al. [16] presented a prediction of PaTs performance running in turbine mode referring to nine previous methods 
available in literature and taking into account the specific angular speed and the specific diameter as main evaluation 
parameters. Giosio et al. [17] studied both design and PaT performance suitable for both rural micro-hydro 
environments and energy recovery installations, although its off-design performance is not so high due to the fixed 
geometry and the absence of an inlet flow guidance. Finally, Barbarelli et al. [18] performed a one-dimensional 
numerical code able to predict both design characteristics and performance of a PaT used in a determined 
application. The aim of this paper is to collect the running data of 32 PaTs that were studied and analysed in the 
previous works [10-18] in order to define analytical equations for forecasting the main magnitudes involved on the 
PaTs performance evaluation. Non-dimensional analysis was performed taking into account all the physical data of 
the PaTs in order to study the behaviour of those machines that operate in fluid dynamic similarity conditions. 
However, the non-dimensional analysis is not sufficient to generalize the performance prediction of the PaTs 
because it is not able to distinguish the typology of the analysed machine, so each non-dimensional magnitude of 
PaTs was divided by the same magnitude achieved by the machine at BEP running in turbine mode. Using this 
method, an objective analysis that is independent not only of the physical dimensions and of rotating speeds but also 
of the design typology of the machine is performed in order to forecast the performance of a higher number of PaTs. 

2. Research and methods 

2.1. Data collecting and data analysis 

In this work, data related to laboratory tests performed on 32 PaTs [10-18] were analysed and the main 
characteristics of the machines were evaluated. The ranges of the different physical magnitudes involved in this 
study of PaTs are the following: the flow rate ranges from 0.008 m3/s to 0.222 m3/s, the head ranges from 1.99 m to 
99.52 m, the rotating speed ranges from 750 rpm to 2445 rpm, the impeller diameter ranges from 0.165 m to 0.300 m, 
the specific speed ranges from 0.17 to 2.39 and, finally, the efficiencies ranges from 0.43 to 0.87. 

2.2. Non-dimensional analysis 

Characteristic, power, efficiency and flow coefficient vs efficiency curves of the 32 tested PaTs were also 
developed. These curves were drawn taking into account the rated running conditions in turbine mode. A non-
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dimensional analysis was performed in order to generalize the results and to compare different typologies of PaTs 
operating in fluid dynamic similarity. In the non-dimensional analysis, three coefficients are used: flow coefficient 
(ϕ), head coefficient (ψ) and power coefficient (Λ). These coefficients are evaluated taking into account the flow rate 
[m3/s], the head [m], the power output of the PaT [W], the impeller diameter [m] and the rotating speed [rad/s]. This 
method can be used for prototype testing and, subsequently, the results obtained with a single machine can be 
extended to other fluid machines that operate in fluid dynamic similarity conditions. 

2.3. Normalization of the non-dimensional parameters 

The following step of the analysis is to normalize each non-dimensional operating parameter by that achieved at 
BEP of each single PaT. This methodology allows to better evaluate the variation of both machine performance and 
characteristics running in off-design conditions. 

3. Results and comments 

3.1. Main PaTs performance curves 

The most important performance curves of PaTs running in turbine mode are depicted. Through these curves, the 
main characteristic of a PaT can be predicted maintaining an acceptable accordance with the real values. Figure 1 
shows the trend of the non-dimensional characteristic curve that was drawn using the data available from 32 PaTs. 
Both flow and head coefficients are normalized with respect to the corresponding BEP; the obtained R2-value is 
equal to 0.9171 and the general equation that describes the trend is the following: 
 

   20.2394 0.769BEP BEP BEP                                           (1) 

                Fig. 1. Trend of the non-dimensional characteristic curve. 
 

As it is shown in Figure 1, the red line describes accurately the trend of a characteristic curve generated by a general 
hydraulic turbine running in off-design conditions, showing that it is not affected by the different typologies of the 
tested turbines. Figure 2 shows the trend of the non-dimensional power curve, where both flow and power 
coefficients are normalized with respect to the BEP of each PaT; the obtained R2-value is equal to 0.9723 and the 
general equation that describes the trend line is the following:  

   21.5831 0.621BEP BEP BEP                                                      (2) 

     Fig. 2. Trend of the non-dimensional power curve.
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The red line in Figure 2 has the same trend recorded in Figure 1 due to the mathematical expression used for 
evaluating the power produced; it shows a power curve produced by a general hydraulic turbine running in off-
design conditions. It is worth to notice that, if the flow rate achieved at BEP is reduced by the 60% of its value, the 
power produced decreases immediately reaching a value close to zero; this result suggests to not operate in off-
design conditions that are too low than those achieved at BEP. Figure 3 shows the trend of the efficiency curve, 
where both power coefficients and efficiencies are normalized with respect to the BEP of each PaT; the obtained R2-
value is equal to 0.946 and the general equation that describes the trend line is the following: 
 

           6 5 4 3 20.5602 3.7398 9.9049 13.451 10.287 4.5495BEP BEP BEP BEP BEP BEP BEP                                      (3) 
 
In this case and in the following one, 6th order-polynomial expressions are used due to the higher R2-value obtained. 
In addition, the trend line fits the points better than a 2nd order-polynomial expression and its shape results to be 
closer to the realistic one. 

            

           Fig. 3. Trend of the efficiency curve.  
 
Figure 3 pinpoints that, taking into account the Λ/ΛBEP values between 0.6 and 1.4, the efficiency remains more or 
less the same and close to its maximum value; indeed, the efficiency loss is less than 10% with respect to the 
maximum one. This result is important because it shows that a PaT can achieve a power output that is -40% or +40% 
than that achieved at BEP conditions maintaining, anyway, a reasonable efficiency. Figure 4 shows the trend of the 
flow coefficient vs efficiency curve; the obtained R2-value is equal to 0.7856 and the general equation that describes 
the trend line is the following: 

       
           6 5 4 3 21.9788 9.0636 13.148 3.8527 4.5614 1.3769BEP BEP BEP BEP BEP BEP BEP                                         (4) 

 
The obtained R2-value is lower than the previous ones due to the presence of different running points located in the 
middle of Figure 4 that shift the trend line below in spite of being close to the zone where there is a higher 
concentration of the other running points. 

                 

      Fig. 4. Trend of the flow coefficient vs efficiency curve. 
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Figure 4 pinpoints that, taking into account the ϕ/ϕBEP values between 0.8 and 1.2, the efficiency remains almost the 
same and close to its maximum value with a loss lower than 10% with respect to the maximum one. This result is 
important because it shows that a PaT can process a flow rate that is -20% or +20% than that achieved at the BEP 
conditions without losing too much efficiency. The trend line can be improved considering only the ranges that go 
from 0.7 to the end scale of each variable involved, losing unfortunately important information provided by the 
literature that can leads to not reliable results. 

4. Conclusions 

In this paper, an analysis of the performance of a large number of PaTs was carried out. Studies related to 32 
different PaTs available in literature were taken into account and a general trend for depicting the performance of 
the PaTs was obtained. In order to achieve this goal, a non-dimensional analysis, coupled with the normalization 
process, was performed. Results show that the R2-values of the performance trend lines are higher than 0.9, except 
only one that is equal to 0.7856 (ϕ/ϕBEP vs η/ηBEP), meaning that the PaTs behaviour can be foreseen with good 
accuracy also in presence of machines that present significant geometrical and design differences. 
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