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 Decentralized electricity production from small hydropower plants used for 

domestic and ancillary services has been established among the most reliable 

renewable energy sources for isolated locations. However, many factors 

impact the energy efficiency and the production capacity of such 

hydropower plants, one of these factors being the order configuration of the 

connected turbines. Hence, this research presents a performance evaluation 

of a small hydropower plant consisting of three francis turbines, and it elicits 

the optimal order configuration of the connected operating turbines, that 

yields the highest power output under varying conditions. Three scenarios 

with different order configurations of turbines are presented and compared in 

a “run-of-the-river” setting, installed in the Lepenci River, in south-eastern 

Kosovo. Numerical analyses are used to evaluate the performance of each 

scenario. The results show that the order configuration of the operating 

turbines based on their connection order has a significant impact on the 

electricity production. 
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1. INTRODUCTION 

The electrification issue of off-grid locations has been an ongoing quest considering that electricity is a 

basic necessity in general, and in domestic and ancillary services specifically. Small hydropower plants are 

among the most cost-efficient, reliable, and clean renewable energy sources (RES) that are suitable for remote 

locations, as long as hydro energy is available and the terrain is suitable to foster the installation of such  

systems [1]. On the other hand, the use of hydropower plants enables to reach the objective targets on the 

utilization of RES in Kosovo, where according to the National Renewable Energy Action Plan (2011-2020) [2], 

by 2020 the achieved rate of RES is 25% mandatory and 29.47% voluntary. 

Therefore, the implementation of small hydropower plants has gained momentum in recent years 

due to the affordable costs of installation, sustainable operation, increasing awareness on the energy 

consumption mitigation and utilization of available energy, electricity grid independence, and incentives to 

promote the use of RES [3]. Some of the reported installations and performance evaluations of operating 

small-scale hydropower plants in Kosovo are presented in [4]-[7]. Other installed hydropower plants were 

listed in research [8], where the overall potential of renewable energies in Kosovo was discussed.  

The electrification of off-grid remote locations presents a challenging task where various solutions 

have been proposed based on the available energy in the specific location and different hybrid  

configurations [9], [10]. For example, in research [11] a hybrid power system using photovoltaic solar panels 

in combination with either diesel or liquified petroleum gas (LPG) generators was proposed. Their analysis 

https://creativecommons.org/licenses/by-sa/4.0/
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was to identify the optimal configuration of a decentralized hybrid power system that showed that the 

photovoltaic (PV) and LPG generator presents the best solution given the work conditions. Other 

combinations were also explored for decentralized power systems, such as in [12], where they combined 

wind, PV, and hybrid energy storage systems, or wind, solar and hydro [13], or only solar energy as in [14]. 

The most frequent optimization techniques applied in research to optimize the hybrid decentralized energy 

generation systems are artificial intelligence-based approaches that were discussed in [15]. Whereas a 

comprehensive review including, cost, reliability, and optimal configuration size of remote hybrid systems 

were presented in [16]. The same approach was utilized in decentralized hydropower plants specifically, such 

as in [17] where the optimal location of pumps as turbines was analyzed by optimizing the cost function of 

the used energy. The yielded results showed that the optimal placement of pumps as turbines in the 

streamline of water has a significant impact on mitigating the internal energy consumption of water-energy 

systems up to 30%. However, this study only focused on the position of the turbines in the streamline and not 

in regard to their orderly position with one another. A similar study was conducted in [18] as well, resulting 

in the same conclusion but the power generation constraints were also considered. Additionally, the hybrid 

configuration of turbines as generating units was explored in [19] where two turbines, namely one helical 

savonius and a delta bladed darrieus turbine, were analyzed depending on the attachment angle. Furthermore, 

in research [20] a techno-economic analysis was performed on the micro hydropower plant, where the impact 

of the array formation of the turbines on the total net present cost, cost of energy, and electricity production 

was discussed. The results showed that the triangular formation of the turbines decreased the total net present 

cost by 4.83%, the cost of energy by 9.12%, and increased the electricity production by 4.99% compared to 

the staggered formation. Despite outer configuration analyses, many research studies were focused on the 

challenges of implementation [21] and internal analysis of the turbines by identifying the optimal parameters 

inside the turbine [22]-[24]. For instance, in research [25] the impact of pressure fluctuation inside a francis 

turbine was pointed out, stating that unstable pressure has to be considered when designing a runner 

designated for variable-speed configurations. Additionally, the impact of variable operating conditions in the 

francis turbine has been elaborated in research [24], [26] as well.  

With all this said, the importance of optimal configuration whether in the turbine or the external 

setting of the turbines (e.g., position or order), is proven to be of high importance. On the other hand, the 

configuration of the generating units in hydropower plants has a significant impact on electricity production 

especially in settings such as in the Lepenci River where the flow rate of water fluctuates during the year [4]. 

Hence, this research presents a performance analysis to show the impact of the order configuration of three 

horizontal axis francis water turbines, with different flow rates, in a run-of-the-river setting, on the electricity 

production potential of the small hydropower plant. This hydropower plant is implemented in the Lepenci 

River, which is located in south-eastern Kosovo and has an installed capacity of 10 MW. By comparing three 

scenarios depending on the orderly positions of the connected turbines, the change in the performance of the 

hydropower plant production will be elicited. This research study is important, as it presents a manner of 

increasing electricity production by adjusting the orderly position of the turbines in a run-off-the-river 

setting, to increase the efficient use of limited and fluctuating water flow rates. Further details on the initial 

phases of design, selection, and implementation of this hydropower plant can be found in research [4], where 

the optimal flow rate and capacity for each of the three turbines were evaluated, depending on the work 

conditions on-site. 

 

 

2. METHOD 

The hydropower plant is implemented in a run-of-the-river setting, due to the high fluctuation of 

water flow rates, which makes rivers in Kosovo not suitable for other means of hydropower plants 

installments [4], [8], [27]. Three scenarios were compared where each of the scenarios represents a different 

order of the operating turbines based on their design flow rate. The installed configuration scheme is 

presented in Figure 1(a) and the on-site photograph is shown in Figure 1(b) [4]. The proposed scenarios by 

switching the positions of the generating units are scenario 1 (S-1) which uses three horizontal axis turbines 

in this order 1.2/3.9/3.9. These numbers present the design flow rate of the turbine e.g., 1.2 stands for the 

turbine with a flow rate of 1.2 m3/s. scenario 2 (S-2) with the turbine order 3.9/1.2/3.9, and scenario 3 (S-3) 

with the order 3.9/3.9/1.2 [also depicted for illustration in Figures 1(a) and 1(b)]. The characteristics of each 

turbine are presented in Table 1 according to [4]. 

This research is based on numerical performance analyses. The data needed to perform the numerical 

evaluations are retrieved from the Meteorological Institute of Kosovo and the Kosovo Environmental Protection 

Agency [28]. The technical criterion is that only 66% of the natural flow of the river is to be used for electricity 

generation or 0.70 𝑚3/𝑠, whereas the rest of the flow remains intact to avoid negative environmental impact on 

the biodiversity, according to [30] that addresses hydropower plants in Kosovo. 
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Table 1. Characteristics of the turbines of the small hydropower plant Lepenci 
Characteristics  

Number of units or turbines 2+1 

Water discharge per turbine 2 x 3.9 m3/s + 1 x 1.2 m3/s 

Total water discharge 9 m3/s 

Gross head and net head 138.6 m, 127.1 m 
Power per each turbine 2 x 4.36 MW + 1 x 1.3 MW 

Total installed capacity 10 MW 

 

 

  
(a) (b) 

 

Figure 1. The installation layout of the turbines in the Lepenci River (a), turbine order configuration 

according to S-3(3.9/3.9/1.2) [29] and (b) on-site photograph of the installation 

 

 

The amount of water used per each turbine 𝑄 (𝑚3/ 𝑠 ), was calculated using the data presented in 

Table 2, that were measured on-site [29]. The amount of water utilized was the fraction left after the 

environmental regulations were considered to mitigate the impact on biodiversity. 

 

𝑄 = 𝑄𝑚 ∙ 𝑛 (1) 

 

Where 𝑄𝑚-is the average measured water flow for one month and 𝑛 = 0.66 is the reduction percentage of the 

water flow from the river due to biodiversity preservation [4], [30]. 

 

 

Table 2. The measured water flow in the river 𝑄𝑚 , 𝑚3/𝑠 
Month Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. 

Average  10.8 11.4 12.9 14.7 17.8 13.3 8.30 5.30 6.00 7.10 9.70 11.0 

Min 1.10 1.00 2.60 1.30 4.80 1.50 1.10 0.70 0.80 1.10 0.90 0.80 

Max  34.4 24.8 28.0 31.4 34.3 27.0 23.90 20.2 21.0 28.0 39.6 41.4 

 

 

After applying the reduction coefficient for all average values from Table 2, and considering that each 

of the turbines only operates between 30% and 100% of their design flow [4], it was assumed that if 𝑄 <
0.7 𝑚3/𝑠 after the reduction, then the turbines will stop their operation. After these calculations, the monthly 

𝑄𝑚𝑜𝑛𝑡ℎ(𝑚3 / 𝑠 / 𝑚𝑜𝑛𝑡ℎ) and yearly amount of water 𝑄𝑦(𝑚3 / 𝑠 / 𝑦𝑒𝑎𝑟) was computed by summation. 

Where d is the number of days within a month. Additionally, the specific annual flow rate Δ𝑄𝑦 , (𝑚3 /𝑠 /𝑦𝑒𝑎𝑟) 

is calculated using (4), where ℎ is the number of hours: 

 

𝑄𝑚𝑜𝑛𝑡ℎ = ∑ 𝑄  𝑑
𝑖=1  (2) 

 

 𝑄𝑦 = ∑  𝑄𝑚𝑜𝑛𝑡ℎ
12
𝑖=1  (3) 

 

Δ𝑄𝑦 = 𝑄𝑦/ℎ (4) 

 

The generated power output 𝑃𝑜𝑢𝑡  (𝑀𝑊/𝑦𝑒𝑎𝑟) is calculated using: 

 

𝑃𝑜𝑢𝑡 = 𝜌 ∙ 𝑔 ∙ 𝐻𝑛 ∙ 𝑄 ∙ 𝜂𝑡 ∙ 𝜂𝑔 (5) 
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where the water density is estimated 𝜌 = 1000 𝑘𝑔/𝑚3, the gravitational force 𝑔 = 9.81 𝑚/𝑠2, the turbine 

efficiency  𝜂𝑡 = 0.93 and the generator efficiency 𝜂𝑔 = 0.97. The other needed values were calculated and 

measured on-site such as the net head 𝐻𝑛 = 118.6 𝑚, the water flow 𝑄 = 9 𝑚3/𝑠 [4]. 

The working hours of the turbines (𝑊𝑡𝑦) were calculated with the assumption that the turbines 

operate all day, except when there is a lack of water flow. Hence, the yearly working hours are calculated 

using expression (6) whereas the relative working time using (7): 

 

𝑊𝑡𝑦 = ∑ 𝑊𝑚𝑜𝑛𝑡ℎ
12
𝑖=1     (6) 

 

Δ𝑊𝑡𝑦 = 𝑊𝑡𝑦 /ℎ (7) 

 

Lastly, the total power output in (𝐺𝑊ℎ / 𝑦𝑒𝑎𝑟)  for one scenario is computed using the generated power 

output 𝑃𝑜𝑢𝑡  and the annual working hours of the turbines 𝑊𝑡𝑦 of the same scenario, respectively: 

 

𝐸𝑜𝑢𝑡 = 𝑃𝑜𝑢𝑡 × 𝑊𝑡𝑦 (8) 

 

 

3. RESULTS AND DISCUSSION  

The following section presents the results on how the order position of the connected turbines 

affects the work profile for each turbine, the water usage, the working hours, and the power output.  

 

3.1.  Monthly work profile of the operating turbines 

Each of the three francis turbines only operate when their flow rate reaches between 30% and 100% of 

their design flow [4], in this study the assumption was adopted that the turbines will work only for 𝑄 >
0.7 𝑚3/𝑠.  Hence, when the overall water flow rate is lower during particular months of the year, some of the 

turbines halt their operation. In the following figures, the change in turbine activity through the year is shown in 

three base scenarios, when the turbine positions are switched among one another. 

Figure 2 presents the work profile of the turbines when they are positioned as in scenario S-1 

(1.2/3.9/3.9). For instance, the graph named Scenario 1/1=1.2, shows the work profile and water flow of the 

1.2 𝑚3/𝑠 turbine. The figure shows that the turbine works steadily during all months, thus, enabling 

coverage for the whole year. On the other hand, the line for Scenario 1/1=3.9, shows the work profile of the 

3.9 m3/s turbine in the S-1 configuration, where it is seen that during the months from July to November this 

turbine is out of operation due to the lack of sufficient water in the river. Lastly, the third turbine with water 

flow of 3.9m3/s according to configuration S-1, presented in the figure as Scenario 1/1=3.9, shows that in 

these conditions the turbine only works in April and May.  

 

 

 
 

Figure 2. The operational profile of each turbine and the monthly water flow in scenario S-1 

 

 

Figure 3 shows the work profile of the turbines positioned according to configuration S-2 

(3.9/1.2/3.9) and their respective water flow rates per month. It is seen that in August and September there is 

a lack of water flow for the first turbine of 3.9 m3/s. Whereas the second turbine of 1.2 m3/s (Scenario 

1/2=1.2), is out of operation from July to November. The third turbine, the same as in S-1, only works in 

April and May. 

Figure 4 shows the work profile and monthly water flows of the turbines in scenario S-3 where the 

turbines are in this order (3.9/3.9/1.2). It is seen that the first turbine 3.9 m3/s stops operation in August and 
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September, due to lack of water flow. The second turbine in this configuration S-3 works only from March to 

June. Lastly, the third turbine 1.3 m3/s only operates in April and May. The results show that the combination of 

the order configuration of the turbine and the available water flow rate highly impacts the work profile of the 

turbines in each scenario, where only in S-1 there has more coverage all year long. 

 

 

 
 

Figure 3. The operational profile of each turbine and the monthly water flow in scenario S-2. 

 

 

 
 

Figure 4. The operational profile of each turbine and the monthly water flow in scenario S-3 

 

 

3.2.  Yearly water flow and specific water flow rates 

When considered from a yearly point of view, the overall water flow (𝑄𝑦) through the turbines in 

the three scenarios reached different values as depicted in Figure 5(a) and Figure 5(b) where the specific 

water flow (Δ𝑄𝑦) was presented where 𝑄𝑦  was divided by 8760 hrs to find the specific water flow per hour.  

The average value of each scenario is presented above the dashed line on the graphs.  

 

 

  
(a) (b) 

 

Figure 5. The water flow through the turbines for each scenario (a) yearly water flow and (b) specific yearly 

water flow per hour 

 

 

The results in Figure 5(a) show that scenario S-2 (1831 𝑚3/𝑠/𝑦𝑒𝑎𝑟) has a higher yearly water usage 

by 6% compared to the average (1728 𝑚3/𝑠/𝑦𝑒𝑎𝑟) and 13% higher than scenario S-1 (1620 𝑚3/𝑠/𝑦𝑒𝑎𝑟). 

The same applies to the specific yearly water flow shown in Figure 5(b), where the average value is (0.20 𝑚3/
𝑠/𝑦𝑒𝑎𝑟)  whereas the highest specific yearly fluid flow is shown in S-2 (0.21 𝑚3/𝑠/𝑦𝑒𝑎𝑟). This implies that 

the order of operational turbines with different capacities has a significant impact on the yearly water flow usage 
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of the turbines, and in this case, when the turbine with lower capacity is positioned between two higher capacity 

turbines in the same setting, higher yearly water flow usage is reached. 

 

3.3.  Working time of the turbines 

Depending on the months during the year, the working time of each of the turbines varies significantly 

due to the fluctuation of water flow, as shown in Table 1. The yearly working time of the turbines in different 

configurations in the hydropower plants was depicted in Figure 6(a), whereas the relative working time on an 

hourly basis was shown in Figure 6 (b). The working hours were computed assuming that the turbines work 24 

hours in the operational months, and the sum of working hours for each of the turbines in each scenario was 

presented. It is seen that scenario S-1(16032 ℎ/𝑦𝑒𝑎𝑟) has the highest number of working hours per year 

followed by scenario S-2(15288 ℎ/𝑦𝑒𝑎𝑟). The high difference with S-3 (12432 ℎ/𝑦𝑒𝑎𝑟) is attributed to the 

fact that two higher demanding turbines, namely 3.9 and 3.9 were positioned in a way where the requested flow 

rate was not reached most of the year for them to operate properly. The differences show that S-1 and S-2 have 

around 10% and 5% more working hours than the average (14584 ℎ/𝑦𝑒𝑎𝑟), respectively, whereas S-3 has 

15% fewer working hours than the average. The relative working hours present the hourly value per year of the 

working time of the turbines, and Figure 5(b), asserts that their values align, where scenario S-1 has the highest 

relative working time of the turbines compared to the average (0.55). 

 

 

  
(a) (b) 

 

Figure 6. The working time of the turbines (a) per year and (b) The relative working time per hour. 

 

 

3.4.  Power output of the hydropower plant 

On the other hand, and most importantly, the impact of the order configuration of the operating 

turbines also affects the power output of the small hydropower plant, as shown in Figures 7(a) and 7(b). The 

obtained results in Figure 7(a) show that the configuration of scenario S-3 has the highest turbine power per 

year with 5.08𝑀𝑊/𝑦𝑒𝑎𝑟, followed closely by the second configuration with the turbine power of 5.02 𝑀𝑊/
𝑦𝑒𝑎𝑟, the average value is (4.85 𝑀𝑊/𝑦𝑒𝑎𝑟). On the other side, Figure 7(b) shows that the highest power 

generation of the hydropower plant or the highest power output in GWh/year was reached with the order 

configuration of the operating turbines as in scenario S-2(3.9/1.2/3.9), where 77 𝐺𝑊ℎ/𝑦𝑒𝑎𝑟 were yielded as 

opposed to S-2 (71 𝐺𝑊ℎ/𝑦𝑒𝑎𝑟) and S-3 (63 𝐺𝑊ℎ/𝑦𝑒𝑎𝑟), respectively. Meaning that S-2 generates 9% more 

electricity than the total average (70 𝐺𝑊ℎ/𝑦𝑒𝑎𝑟), 8% more than S-1, and 21% more power output than 

scenario S-3. Concluding that there is a significant change in the power output depending on the order 

configuration of the operating turbines in a run-of-the-river setting, considering that the turbines operate only 

when their design flow rate potential is reached. 

Lastly, the summary of the change of relative yearly working hours, turbine power in MW, and total 

power in GWh are presented in Figure 8. Scenario S-1 resulted in higher yearly relative working hours (0.61 ℎ/
𝑦𝑒𝑎𝑟), lower turbine power, and moderate power output (0.47 𝑀𝑊/𝑦𝑒𝑎𝑟 and 0.29 𝐺𝑊ℎ/𝑦𝑒𝑎𝑟, respectively). 

Whereas scenario S-2 reached moderate yearly relative working hours (0.58 ℎ/𝑦𝑒𝑎𝑟), moderate turbine power, 

and higher power output (0.53 𝑀𝑊/𝑦𝑒𝑎𝑟 and 0.31 𝐺𝑊ℎ/𝑦𝑒𝑎𝑟, respectively). The outputs from scenario S-3 

were lower in terms of yearly relative working hours (0.47 ℎ/𝑦𝑒𝑎𝑟), the turbine power was similar to S-2 

(0.54 𝑀𝑊/𝑦𝑒𝑎𝑟), and lower power output (0.25 𝐺𝑊ℎ/𝑦𝑒𝑎𝑟). In other words, Figure 8 shows that the 

performance of the hydro powerplant consisting of three francis turbines with different flow rate capacities 

varies depending on the arranged connection of the operating turbines. The results show that the best 

performing configuration in terms of power output in GWh/year is Scenario S-2 with the turbine order 

3.9/1.2/3.9. This outcome shows that the proposed connection manner of the turbines in research [4], can be 

improved through the configuration of the generating units in the small hydro power plant in the Lepenci River. 
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(a) (b) 

 

Figure 7. The power output for the (a) turbine per year MW/year and (b) hydro powerplant in GWh/year 

 

 

 
 

Figure 8. The comparison between the performance of three scenarios in terms of yearly relative working 

hours in h/year, power output in MW/year and GWh/year 

 

 

4. CONCLUSION 

This research presents the impact of the order configuration of turbines in a small-hydro powerplant 

with three operating horizontal axis francis turbines as generating units. The small-hydro power plant has an 

installed capacity of 10 MW and is located along the Lepenci River in Kosovo. The francis turbines have 

different capacities and flow rates, where one turbine has a power capacity of 1.34𝑀𝑊, the flow rate is 

1.2𝑚3/𝑠, whereas for the other two with a capacity of 4.36𝑀𝑊 and flow rate of 3.9 𝑚3/𝑠, respectively. These 

three turbines were analyzed for different order combinations of the connected turbines in a “run-of-the-river” 

setting, enabling three different scenarios that were evaluated and compared to see the impact of the order on the 

overall performance of the hydro powerplant. The numerical results showed that the order of the turbines, i.e., 

which turbine is first, second and third, has a significant impact on the performance of the small hydro 

powerplant. Scenario S-2(3.9/1.2/3.9) outperformed the other two in terms of power output where the order 

position of the turbines 3.9/1.2/3.9 yielded 7% higher power output than the average, 8% more than scenario S-

1(1.2/3.9/3.9), and 21% more power output than scenario S-3(3.9/3.9/1.2). This shows that during the 

installment of hydro powerplants consisting of more than one turbine, it is important to consider the order 

position of the connected operating turbines.  
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