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Abstract: Run-of-River Hydropower plants are essential for the sustainable development of renewable energy resources. 
However, the increase in water demand for energy generation may conflict with the objectives of river conservation 
according to the Water Framework Directive (WFD). Therefore, the assessment of environmental flow requirements 
in river basins subjected to water abstractions is a crucial task for the integrity of aquatic ecosystems. The main 
objective of this study is to improve the assessment of interactions between energy generation and instream flow 
ecological indicators. In this study, we conducted an ecological and energy generation analysis for a run-of-river 
hydropower plant located in the Najerilla River, Ebro basin, Spain. The region under study is characterised by 
Mediterranean-Continental climate. The analysis was conducted considering 30 years’ records of mean daily flow 
data, net head of the hydropower plant, turbine efficiency, and environmental flow constraints. We quantitatively 
estimated the instream flow alteration based on certain hydrological indicators by utilising seven hydrological 
methods for environmental flow definition. Subsequently, we compared their implication on hydropower generation 
and hydrological alteration of the instream flow regime. The results show that there are significant variations between 
the seven hydrological, environmental flow methods. We found that flow regime obtained by applying the 10% Daily 
method shows similar pattern and magnitude to those of natural flow regime most of the time. We concluded that 
dynamic approaches (e.g., 10% Daily) concerning the environmental flow definition are more reliable and feasible 
regarding energy generation and hydrological alteration-reduction. 

Key words: run-of-river hydropower plants, flow regime alteration, environmental flow, hydrological alteration 

1. INTRODUCTION  

In this study, we analysed the implications of seven environmental flow methods (EFMs) on 
electricity generation and ecosystem integrity in a run-of-river (RoR) hydropower plant in the 
Iberian Peninsula. RoR is usually considered as an environmentally friendly electricity generation 
option because their alteration of natural flow is relatively low compared to the regulated 
hydropower plant (RHP) (Truffer et al., 2001). However, taking into account the increasing 
numbers of constructed and ongoing projects of RoR hydropower plants (Paish, 2002; Punys and 
Pelikan, 2007; Yüksel, 2007; Kelly-Richards et al., 2017), the cumulative impact on the ecosystem 
per unit generated electricity in some cases may be even higher than regulated hydropower plants 
(Fantin-Cruz et al., 2015). As stated by Gilron (2014) and Godinho et al. (2014), water and 
electricity should be considered together not separately. Thus, it is critical to define the trade-off 
between the fraction of flow allocated as environmental flow (e-flow), and the fraction of flow 
allocated for electricity generation, which is a desirable renewable energy resource.  

Numerous methods have been proposed to compute the e-flow that should be released at the 
diversion dam or weir. Tharme (2003) and Acreman and Dunbar (2004) classified EFMs into six 
categories: hydrological, hydraulic rating, habitat simulation, holistic, combined and other 
methodologies. Hydrological methods based only on flow data are the most used to determine the e-
flow because of their sparse data requirements and their cost-effectiveness. Many authors 
recommended and used different hydrological EFMs to preserve the integrity in a river reach. 
Karimi et al. (2012) proposed that the e-flow should be Q80% of the Flow Duration Curve (FDC). 
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Mielach et al. (2012) compared four hydrological EFMs, which are widely applied in their 
countries: Austria, Italy, Slovenia, and Romania. They found that Q95% of FDC is even higher than 
legal, environmental flows established by each respective state law.  

Penche (2004) recognised twenty-four EFMs based on an updated report prepared by the 
Thematic Network on Small Hydroelectric Plants (TNSHP) on behalf of the European Small 
Hydropower Association (ESHA). He classified the methods into four main groups based on 
hydrologic or statistic values, physiographic principles, velocity and depth of water and multi-
objective planning taking into consideration ecological parameters. Considering the 
recommendations from ESHA and other literature, we analysed the implication of the choice of 
environmental flow methods on electricity generation and ecosystem integrity by applying seven 
hydrological EFMs. The selected case study is presented in section 2, the methodology is presented 
in section 3, the results and discussion are presented in section 4, and the conclusions are presented 
in section 5.  

2. CASE STUDY  

The RoR hydropower plant of Anguiano was selected as a case study in this paper. The power 
plant diverts water from the Najerilla River in the Ebro basin, near the Anguiano Municipality. The 
hydropower plant uses the head created by a diverting watercourse and the flow generated in a sub-
basin with an area of approximately 541 km2 (Figure 1).  

 

Figure 1. Najerilla River at Ebro Basin, the location of the hydrometric station 500 m upstream of the intake weir and 
Anguiano hydropower plant near to the Anguiano Municipality. 

Topography. The basin topography is characterised by a significant diversity in altitude, varying 
from 610-2100 m a.s.l. 

Climate and flow regime. The basin is located in a region of Mediterranean-Continental climate. 
Mean annual precipitation ranges between 400-2000 mm, with substantial variation along the basin 
because of its topography. At the highest altitude, the headwaters are covered by snow during the 
winter period, which results in relatively high runoff in spring and early summer. Since the main 
contribution to the Najerilla River is coming from runoff water, there is a significant variability in 
river flow. Mansilla dam located about 16 km upstream of the hydrometric station where the flow 
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data used in this study were obtained also alters the flow regime. 
 Flow data. In this study, we first identified a hydrometric station with an adequate flow data 

records and accuracy. We obtained daily mean flow data from the hydrometric station in Najerilla 
River provided by Confederation Hidrográfica del Ebro (CHE), the government agency that 
manages the water resources over the entire Ebro River basin. We analysed records of flow data 
between 01/01/1931 and 30/09/2009, resulting in 78 years of daily mean flow data. However, in our 
study, we did not consider the whole series, but only the last thirty years because we considered this 
period to be more reliable and with relatively fewer data gaps. These gaps were filled through an 
interpolation procedure, using linear trend regression.  

3. METHODOLOGY 

3.1 Description of environmental flow methods (EFMs)  

The e-flow allocated to the ecosystem was defined based on seven EFMs selected after a review 
of international literature. Each EFM applied in this study represents a different category; the 
description of each method is given below.  

Percentiles Q75 and Q95 - These are defined as the daily discharge values that have a 
probability of exceedance equal to 75% (Q75) and 95% (Q95). Q75 is considered as an adequate 
percentage of flow allocated to the ecosystem (Verma et al., 2016; Ates et al., 2016). Q95 is a good 
indicator concerning low flows (Ates et al., 2016). Both methods are among the most common 
hydrological methods applied worldwide. The estimation of Q75 and Q95 was obtained from the 
FDC built with daily mean flow data. 

Minimum Mean Flow in August (NMQ_August) - This approach recommends that e-flow should 
be at least between 7-100% of the minimum mean flow in August (Penche, 2004). We considered 
the most conservative scenario for the ecosystem and adopted 100% of NMQ_August. In our case 
study, 100% of NMQ_August corresponds to 4.3 m3/s. 

Linearised Matthey (L.M) – Environmental flow allocated to the ecosystem is determined by 
using the following linear relationship: IF = 0.25×Q300 + 75 (l/s) (Penche, 2004) where Q300 is the 
flow exceeded 300 days per year on average. In our case, the water amount allocated to the 
ecosystem by utilising this approach corresponds to a value of IF = 1.2 m3/s, where Q300 =4.5 m3/s. 

10% of Mean Annual Flow (10%MAF) - This method is widely used in many countries including 
Spain (Tharme, 2003). According to this approach, at least 10% of mean annual flow should be 
allocated to the ecosystem. In our case, the value obtained is 0.9 m3/s. 

Minimum Annual Flow (NNQ) - Minimum e-flow should be at least equal to the minimum flow 
recorded in the period considered in the analysis (Tharme, 2003). In the present study, the minimum 
flow recorded within the period of 30 years of mean daily flow data is 0.6 m3/s. 

10% of Daily Flow (10% Daily) – In our case, e-flow is defined as 10% of the natural mean daily 
flow, so e-flow is variable in time (Penche, 2004). In our study, the maximum daily flow allocated 
to the ecosystem by utilising 10% Daily, is 20.8 m3/s, occurring during the spring season, whiles the 
minimum flow takes place during the winter season, and is 0.06 m3/s. 

3.2 Energy model 

The energy model was developed taking into account the environmental flow constraints 
imposed by the EFMs applied in this study. The essential parameters of run-of-river hydropower 
plants are the net head and the flow rate. The potential power was computed according to Equation 
1: 

𝑃 = 9.81 ρ 𝑄 𝐻  (1)  
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where 𝑃 is the power output, 9.81 the acceleration due to gravity (m/s2), ρ is the density of water 
(1000 kg/m3), 𝑄 is turbine flow in (m3/s), 𝐻 is net head in (m), and 𝜂 is overall efficiency of the 
system. The energy production is computed by multiplying the generated power by the time 
duration when the flow is available. The nominal efficiency of the Francis turbine installed in the 
hydropower plant is 93%. However, the overall efficiency applied in this analysis was estimated to 
be 85% due to hydraulic, mechanical, and electrical equipment losses. We considered a design flow 
of 6.3 m3/s, which corresponds to a time duration of 5260 h. The minimum operation flow of the 
Francis turbine is 1.9 m3/s, which corresponds to 30% of the design flow. Thus, the effective range 
of flow used for power generation is from 6.3 to 1.9 m3/s. 

3.3 Indicators of hydrological alteration (IHA) 

We calculated 33 Indicators of Hydrological Alteration (IHA) and 34 e-flow components 
(EFC’s) to assess the degree of alteration induced as result of flow diversion for electricity 
generation. However, in this paper, we are presenting only the most relevant ones (Table 1). IHA 
were computed for the natural flow and the altered flow regime resulting from the application of the 
environmental flow constraints deriving from the seven EFMs applied in this study. 

4. RESULTS AND DISCUSSION 

4.1 Reliability analysis  

As shown in Figure 2, particular environmental flow constraints (methods) imply different flow 
regimes related electricity generation and e-flow. Figure 2, left, shows that taking into account 
design flow and minimum technical flow, Q75% is the method which allocates the least flow for 
electricity generation, the opposite occurs applying the 10% Daily flow. While Figure 2 (right) 
shows that Q75% method allocates the highest fraction of the flow to the ecosystem.  

 

Figure 2. Flow duration curve allocated flow for hydropower production (left) and flow released as e-flow downstream 
(right) respecting applied EFMs 

In some cases, e-flows obtained from EFMs applied in this study are higher than natural flow 
(this usually happens during low flow period). Therefore, we conducted a reliability analysis of the 
e-flow defined by the seven EFMs. The reliability index is computed as the fraction of time when 
the flow obtained by EFMs exceeds the natural flow (Equation 2).  

𝑅𝐼 = 𝑇!"#!!$%𝑇!"!#$!! 100%  (2) 

where 𝑅𝐼 is reliability index, 𝑇!"#!!$% is the time when e-flow obtained by EFMs exceeds natural 
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flow regime and 𝑇!"#$% is the total time span of mean daily flow data records. 
We found that e-flow defined by Q75% has the least reliability; natural flow is below the e-flow 

specified by this method about 23.7% of the entire period of flow records used in this study. The 
second method, which is less reliable, is NMQ_August, which fails up to 17.3% of the time. Q95%, 
L.M, 10%MAF, NNQ and 10% Daily demonstrate relatively low failure rates: 4.6%, 0.6%, 0.3%, 
0% and 0%, respectively. Thus, we conclude that NNQ and 10% Daily are the only fully reliable 
methods among the EFMs applied in this study.  

4.2 Implications on energy generation and instream flow  

Results indicate that Q75% and NMQ_August allocate the highest fraction of flow to the 
ecosystem (Figure 3, left side), with a mean inter-annual flow about 7.2 and 6.5 m3/s respectively. 
Compared with other methods, these methods also provide higher thresholds of minimum e-flow. 
Nevertheless, as it was shown in the reliability analysis, Q75% and NMQ_August are the methods 
with the highest uncertainty compared with other methods applied in this study. On the one hand, 
flow allocated to the ecosystem by applying Q95% has a mean value of 5.2 m3/s with a little bit 
higher variability compared with the two first methods, as a result of the lower threshold of the 
minimum e-flow. On the other hand, flow provided to the ecosystem by applying the other four 
EFMs has approximately the same variability with slight changes between them. The mean flows 
obtained by applying L.M, 10%MAF, NNQ, and 10% Daily are 4.3, 4.2, 4, and 3.9 m3/s 
respectively. Concerning the mean inter-annual potential energy generation (Figure 3, right side), 
Q75% and NMQ_August allow the lowest mean potential energy production among the methods 
analysed. The mean inter-annual potential energy production that could be obtained is around 6 and 
7.5 GWh respectively. 
 

  
Figure 3. Mean values and dispersion of inter-annual altered flow regimes (left) and inter-annual potential energy 

generation (right) obtained by applying EFMs 

 
Q75% and NMQ_August are characterised by significantly high variability concerning energy 

production. The mean inter-annual potential energy that could be obtained by applying Q95% is 
around 12.5 GWh, relatively greater than first two methods. Also, Q95% is characterised by 
relatively higher variability. L.M and 10%MAF provide higher energy generation compared with the 
first three methods, with a mean of 16.7 and 17 GWh, respectively. They are characterised by lower 
variability compared to the first three methods. The potential energy productions that could be 
obtained by applying the last two methods, NNQ, and 10% Daily are relatively higher than the other 
methods, in particular, compared with the first three methods. Mean inter-annual potential energies 
are 17.8 and 18 GWh, respectively. While NNQ and 10%Daily are characterised by relatively lower 
variability. 
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We categorised the EFMs into three groups regarding flow allocated to the ecosystem and 
potential energy production. The first group contains the methods Q75% and NMQ_August, the 
second group consisting of Q95%, and the third group includes L.M, 10%MAF, NNQ and 10% 
Daily.  

4.3 Indicators of hydrological alteration (IHA) 

To allow for a comprehensive interpretation of flow alteration, 33 IHA and 34 EFC’s were 
computed for the altered flow regime obtained after application of seven EFMs. We chose the ten 
most relevant indicators among the 33 computing. These ten indicators are classified into three 
groups (Table 1). For each applied EFM, we computed the mean and coefficient of variation (CV) 
for both the natural and the altered flow regimes. 
 

Table 1. Summary of ten indicators of hydrological alteration (IHA) originally proposed by (Richter et al., 1996), for 
the natural and altered flow regimes considering the applied EFMs 

 
 

The results (Table 1), show that the inter-annual mean (e.g., mean flow in October or 7-day Min) 
of the altered flow regime does not reveal a significant difference with the mean natural flow for 
some indicators, regarding particular EFMs (i.e., Q75%, NMQ_August). For the other five EFMs 
(i.e., Q95 %, L.M, 10 % MAF, NNQ and 10 % Daily), results do reveal a relatively high difference 
between the mean natural and altered flow. In this context, we computed a dimensionless 
aggregated alteration index (AAI) to estimate the degree of alteration implied by each EFM based 
on the IHA presented in Table 1. AAI was calculated as follows: initially, we normalised the mean 
flow values by taking the difference (in absolute value) between the mean value of the indicator for 
the natural and the altered flow regime and dividing by the mean value for the natural flow regime. 
Afterwards, AAI was computed as the sum of all the normalised indicators. Thereby, Q75% and 
NMQ_August reveals the lowest AAI, 1.6 and 1.9 respectively. While Q95% demonstrate relatively 
higher AAI (3.4) than the first two methods. The other four EFMs (i.e., L.M, 10% MAF, NNQ and 
10% Daily) have slight differences between them, 4.5, 4.7, 5 and 4.9 respectively. So, NNQ has the 
highest AAI with 5 degrees of alteration. Nevertheless, the AAI takes into account only the flow 
quantity allocated to the ecosystem regarding applied EFMs.  
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Figure 4. Intra-annual rise and fall rate for natural and altered flow regime (first up), natural and altered mean daily 
flow regime (left) for one-year records and higher resolution of natural and altered low flow regime (right) for one-

year records considering applied EFMs 

To maintain ecosystem integrity not only a particular water quantity is essential but also flow 
variability. This underlines the importance of a flow pattern closer to natural flow regime 
(Arthington et al., 2006). Thus, considering another hydrologic indicator, the rise and fall rate 
(Figure 4), we conclude that NNQ and especially 10% Daily provide a flow pattern very similar to 
the natural flow regime. These flow regimes do not only consider inter-annual flows but also daily 
flows. Daily hydrographs are presented in Figure 4, down, left and right for one year of natural and 
altered flow regime regarding each applied EFMs. These daily hydrographs show that EFMs 
applied in this study do not affect high flows. Concerning low flows and high pulses, most of them 
cause a relatively higher alteration by completely modifying the natural flow regime.   

5. CONCLUSION 

We analysed the implications of seven hydrologic EFMs on energy production and ecosystem 
integrity. The analysis was performed considering a RoR hydropower plant as a case study. We 
conducted a reliability analysis to assess the degree of reliability/uncertainty of each applied EFMs. 
We found that five first EFMs are not entirely reliable. Concerning the energy generation and 
environmental protection, we found that Q75% provides more water to the ecosystem and less for 
energy generation, while 10% Daily allows for higher energy generation but less water to the 
ecosystem in a short period during the year. Therefore, based on their implications for energy 
generation and ecosystem preservation, we categorised the applied EFMs into three groups. The 
first group includes Q75% and NMQ_August, the second group includes Q95%, and the third group 
includes L.M, 10% MAF, NNQ, and 10% Daily methods. We computed a dimensionless Aggregated 
Alteration Index (AII), and we found that NNQ and 10% Daily have the highest AAI. However, 
analysing the rise and fall rate, we found that NNQ and especially 10% Daily produce flow regimes 

-7

-5

-3

-1

1

3

5

7

9

11

13

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Q
 (m

3/
s)

Time (years)

Natural Flow Regime Rise rate Natural Flow Regime Fall rate Q75% Rise rate
Q75% Fall rate NMQ August Rise rate NMQ August Fall rate
Q95% Rise rate Q95% Fall rate L.M Rise rate
L.M Fall rate  10% MAF Rise rate  10% MAF Fall rate
NNQ Rise rate NNQ Fall rate 10% Daily Rise rate
10% Daily Fall rate

0

10

20

30

40

50

60

70

1 13 25 37 49 61 73 85 97 10
9

12
1

13
3

14
5

15
7

16
9

18
1

19
3

20
5

21
7

22
9

24
1

25
3

26
5

27
7

28
9

30
1

31
3

32
5

33
7

34
9

36
1

Q
 (m

3/
s)

1 Year (days)

Natural Flow
Regime

Q75%

NMQ_Aug. Q95%

L.M 10%MAF

NNQ 10%Daily

0

1

2

3

4

5

6

7

8

9

10

1 13 25 37 49 61 73 85 97 10
9

12
1

13
3

14
5

15
7

16
9

18
1

19
3

20
5

21
7

22
9

24
1

25
3

26
5

27
7

28
9

30
1

31
3

32
5

33
7

34
9

36
1

Q
 (m

3/
s)

1 Year (days)



 A. Kuriqi et al.  130 

similar to the natural one and provide the highest energy generation. Thus, the flow regime obtained 
mainly by applying the 10% Daily method has a low magnitude in a few periods of the year, 
although most of the time it presents a pattern and magnitudes similar to those of the natural flow 
regime. Therefore, it is possible to fulfil energy demands while preserving adequate flows for the 
environment and maintaining a dynamic e-flow (e.g., 10% Daily) approaches which are more 
reliable and feasible concerning energy production and ecosystem integrity. 
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