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Abstract

Although run-of-river hydropower represents a key source of renewable energy, it cannot

prevent stresses on river ecosystems. This is especially true in mountain regions, where

the outflow of a plant is placed several kilometres downstream of the intake, inducing

the depletion of river reaches of considerable length. In this thesis, multi-objective

optimization is used in the design of the capacity of run-of-river plants to identify optimal

trade-offs between contrasting objectives: the maximization of the profitability and the

minimization of the impact induced by the plant. The latter is quantified either as

the upstream/downstream changes of a set of ecologically-relevant flow metrics, or as

the loss of hydrological connectivity in the impacted river reaches. Optimal plant sizes

are devised for several case studies belonging to catchments in Italy and UK. Results

show that the duration of economic optimal design capacity is strongly affected by the

nature of the flow regime at the plant intake. In particular, the analysis emphasizes

the important distinction between persistent (reduced variability) and erratic (enhanced

variability) streamflow regimes. Multi-criteria optimization indicates that in persistent

regimes a trade-off between profitability and hydrologic impact is achieved reducing the

plant capacity below the economic optimum, whereas distinct trade-offs are available

depending on the relative importance of the different flow statistics. This work also

confirms that water abstractions for human exploitation induce ecologically-meaningful

and quantifiable impacts on the hydrologic connectivity of altered river reaches, which

may limit significantly migratory movements of fish. The application of a probabilistic

eco-hydrological model to reproduce the observed immigration rates of Atlantic salmon

in a Scottish river shows that limitations of connectivity are more pronounced in years

where exceedance probability of relatively high flow is low. The analyses conducted

in this thesis show that residual flows represents a key decision variable to preserve

the connectivity of impacted river reaches, and thus should be carefully considered in
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planning environmental policy actions. The analytical tools developed in this thesis

could provide a clue for evaluating the environmental footprint of run-of-river plants

and improve sustainability of energetic exploitation of surface water.
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Chapter 1

Introduction

Motivation

Global policies on energy production hint at the reduction of carbon dioxide dispersed

in the atmosphere. Many government programs and research studies highlight the neg-

ative role of CO2 in the climatic changes occurred during last decades [Anderegg et al.,

2010; IPCC, 2014]. In this context, renewable energies represent an important source

for energy production. Recently, different techniques have been developed and/or more

intensively exploited. Hydropower is probably the most ancient form of renewable en-

ergy and provided 16.3 % of the world’s electricity (3874 TWh) in 2013, more than the

sum of all other renewable sources (5.7 %) and nuclear power (10.6 %), but much less

than fossil fuel plants (67.4 %) [IEA, 2015]. Notwithstanding the development of hydro-

electricity in the 20th century, most of the world hydroelectric residual potential remains

unexploited [Karki, 2008]. Top four hydropower producers are China, Canada, Brazil

and United States, that collectively supply more than 50 % of the world hydroelectricity.

Hydropower is a key energy source also in developing countries, whose hydro-potential is

seen as the backbone for future social and economic development [Bartle, 2002]. Brazil,

Venezuela, India and Nepal are actually promoting hydropower investments to support

their domestic electricity demand and thus foster and/or sustain their economies.

The intense exploitation of hydro-electricity has been typically associated with the con-

struction of conventional plants that rely on large dams. Dams induce dramatic changes

in the landscape (large areas are permanently inundated) and significant alterations of

the downstream flow regime. Conventional hydropower plants are close to their sat-
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uration in most western countries, and they are often unpopular because of the huge

environmental disturbance they induce on rivers and landscapes.

During last decades a new type of hydropower plants has become increasingly important:

run-of-river hydropower plants. River flows in these plants are continuously diverted,

processed and released back to the same river without any regulation. Their main ad-

vantage is thus that they do not need large dams to accumulate and regulate water in an

artificial reservoir, thereby avoiding dramatic changes in the landscape and significant

alterations of the flow regime in the entire river network downstream of the dam.

In 2013, global run-of-river hydropower installed capacity was 75 GW, about the 0.07

% of the overall hydropower, but worldwide the residual gross potential is 173 GW [Liu

et al., 2013]. Asia holds the largest fraction (about 65 %) of this unexploited potential

(about 110 GW).

In Italy, more than 3000 run-of-river hydropower plants (< 10 MW) were in operation in

2014, with an overall installed capacity of 3173 MW. Italy is the top European country

for installed capacity and electricity generation, considering hydropower plants with less

than 10 MW. The energy produced in 2014 was 12.3 TWh. Large hydropower plants (≥
10 MW) still represent the most important source of hydroelectricity of the country with

about 45 TWh in 2014 (76 % of the total hydroelectric generation) whereas run-of-river

plants contributed the remaining 24 % (14 TWh). The gross hydropower potential in

Italy is estimated to be about 200 TWh/year, of which 38 TWh/year associated with

run-of-river plants. The evaluation of net potential also requires an assessment of the

technical and economic feasibility of hydropower production. Technical and econom-

ical constraints are likely to reduce the hydropower potential production to about 50

TWh/year. Estimates of the technical run-of-river hydropower potential range between

12.5 TWh and 20 TWh. The potential installed capacity available is around 4 GW.

The energy produced by a hydropower plant mainly depends on the net hydraulic head

and processed flows. Conventional hydropower plants maximize both these variables

since dams are usually high and turbines can process significant quantities of water

thanks to regulation. This is not possible with run-of-river power plants that maximize

either hydraulic head or processed flow depending on their functioning scheme and are

thus usually characterized by lower energy productions than conventional plants, be-

cause of the lower head or mean flow.

The functioning scheme of run-of-river plants is different whether the plant is located in
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Figure 1.1: Aerial view of the Isola Serafini run-of-river power plant (Piacenza, Italy).

plane or mountain areas.

In plane regions, run-of-river plants can process significant flows (∼ 103 m3/s) with an

associated hydraulic head which is usually limited (< 15 m). A weir containing turbines

is usually placed in the river, and water is processed and then returned immediately

downstream of the weir. To increase the hydraulic head these plants are usually placed

in correspondence of localized drops along the river, e.g. cutting a meander of the pristine

river path. In Figure 1.1, it is shown the Isola Serafini plant (Piacenza, Italy) actually

managed by ENEL, the Italian national Authority for electricity, that is characterized

by a capacity of 1000 m3/s and a hydraulic head of 11 m, determining a maximum power

of 79 MW and an annual energy production of about 500 GWh. The plant is built in

correspondence of a meander along the plane course of the Po River, the largest Italian

river (∼ 70000 km2 of contributing area).

This work however is focused on run-of-river plants in mountain regions. Therein, as

shown in Figure 1.2, water is diverted from headwater channels, where contributing ar-

eas and, consequently, available streamflows are relatively small. In this case, the plant

outflow, where diverted water is processed and then returned to the original stream,
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Intake Turbines
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Figure 1.2: Functioning scheme of a run-of-river plant located in mountain area.

needs to be located several kilometres downstream of the intake to allow for a suitable

increase of the head. Energy production from mountain run-of-river plants is usually

limited compared to run-of-river plants in plane regions and even more if compared with

conventional hydropower plants. For this reason, this kind of plants is usually referred

as small hydropower (official Italian law requirement is maximum power < 10 MW).

Even though small hydro inflicts a smaller impact on aquatic ecosystems and local com-

munities compared to large dams, it cannot prevent stresses on plant, animal, and human

well-being [Kern et al., 2012]. Indeed, the entire river reach between the intake and the

outflow is depleted of a significant quantity of water. This is evident from Figure 1.3

which shows two photos simultaneously taken during a visit to a plant located in the

Alps, Italy (June 2014). Both pictures were taken from the plant intake, but Figure 1.3a

shows the upstream reach (natural flow conditions), whereas Figure 1.3b emphasizes

the significant depletion of water experienced by the stream downstream of the intake.

Natural flow regime is then restored downstream of the outflow, where processed water

returns to the original stream.

During recent years, this technology has been heavily subsidized through state incentives

aimed at increasing national shares of green energy production through the growth of

small hydropower plants [Liu et al., 2013]. Accordingly, an intensive exploitation of river

flows, with a series of plants built in cascade along the same river has been promoted.

Consequently, the disturbance on the flow regime, rather than being restricted to a single

individual reach, is usually replicated across many different reaches along the same river
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a) b)

Figure 1.3: These photos were simultaneously taken during a visit to a plant in the Alps, Italy

(June 2014) and show the different amount of water flowing upstream (a) and right downstream

of the plant intake (b). In this case, the outflow is located 2 km downstream of the intake.

leading to significant large-scale impacts.

Worldwide, the cumulated longitudinal impact of run-of-river plants is raising concerns

for the health of riverine ecosystems and creates social aversion toward this type of infras-

tructure. In the Piave river basin (Italy), for instance, several small hydropower plants

have been recently added to the existing network of reservoirs and pipelines, and many

others may be completed in the upcoming years. After the completion of the proposed

projects, in the upper part of the Piave River, the overall length of reaches impacted by

run-of-river plants would raise to 150 km (Figure 1.4). As a result, about one-third of

the streams of two major tributaries like the Cordevole and the Boite rivers would be

heavily depleted. The negative cumulative effect of run-of-river systems operating along

the same river threatens the ability of stream networks to supply ecological corridors

for plants, invertebrates, or fishes, and support biodiversity [Muneepeerakul et al., 2008;

Rodriguez-Iturbe et al., 2009; Ziv et al., 2012] and has originated harsh social conflicts

involving regional authorities, green organizations, energy companies, and local popula-

tion. Nowadays, the prediction of the long-term impacts associated with the expansion

of run-of-river projects remains highly uncertain. As the decommissioning of run-of-river

hydropower plants is not considered an economically feasible option, the only reliable

solution to the emerging conflicts among water users seems to be a wiser management

of the available resources.
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Objectives and outline of this thesis

The need of reconciling contrasting social interests (economic interests of energy produc-

ers and environmental issues) puts the focus on the need of developing methods enabling

an objective assessment of the economic and environmental outcomes of different design

solutions. With these premises, the objectives of this thesis can be identified as follows:

• define tools for the preliminary design of the plant capacity of run-of-river power

plants devoted to maximize the energy produced or the economic profitability;

• identify and quantifying the main disturbances induced on the natural flow regime

and the loss of hydrological connectivity between the intake and the outflow of a

plant, and their negative reach-scale drawbacks on riverine ecosystems;

• utilize multi-objective tools to identify sustainable plant capacities simultaneously

maximizing contrasting goals such as the maximization of the economic profitabil-

ity and the minimization of hydrologic disturbances.

Developed tools have been applied to run-of-river plants located in the north-eastern part

of the Alps (Italy) where the massive development of small hydropower is actually posing

some concerns on the sustainability of this new technology. Moreover, the multi-objective

design of a run-of-river plant has been carried out in a pristine catchment located in the

Highlands of Scotland (UK). Here, the impact induced by water abstraction on fluvial

ecosystems can be properly quantified through the simulated impact of altered flow

regimes on migratory movements of fish communities.

The remainder of this work is organized as follows:

• Chapter 2 describes how the energy production, the economic profitability and the

hydrologic disturbance of run-of-river plants at the reach-scale can be quantified; a

mathematical framework to simultaneously combine contrasting objectives such as

economic maximization and environmental protection is also formally introduced;

• Chapter 3 shows the application of methods for a preliminary design of run-of-river

plants maximizing the energy production or the economic profitability to three case

studies located in the Alps, Italy;

• Chapter 4 focuses on the hydrologic disturbance induced by plants on the river

reach between the intake and the outflow, and it presents results of a multi-

objective design approach trading between economic and environmental needs;

• Chapter 5 analyses the disturbance induced by water diversions on the mobility of

fish communities along the river network, thereby investigating potential losses of
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hydrological connectivity inside the catchment to define the plant capacity simul-

taneously allowing energy production and fish migrations.
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ITALY

Figure 1.4: River network of the Piave basin (blue lines) showing the extent of the

river reaches impacted by the run-of-river power plants recently proposed (red lines). The

map has been drawn exploiting data available on-line on the website of the Veneto region

(http://bur.regione.veneto.it/).
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Chapter 2

Methods

The amount of energy produced by hydropower plants mainly depends on the sequence

of streamflows workable by the plant during its lifetime. The choice of the maximum

flow that a plant can process (i.e. the plant capacity Q) is known to be strongly influ-

enced by the hydrologic regime of the river. Flow availability observed at a river cross

section strongly fluctuates in time at multiple time-scales, mirroring fluctuations of cli-

matic drivers such as rainfall and evapotranspiration (e.g. [Zanardo et al., 2012; Botter

et al., 2013; Botter, 2014]). Surface water resources are indeed the by-product of com-

plex processes with strong stochastic components. As a consequence, streamflows show

a strong intra-seasonal variability mainly related to rainfall stochasticity, inter-seasonal

variations due to seasonal features of climate, and inter-annual fluctuations driven by

long-term variations of climate and landscape.

Streamflow availability and variability are usually portrayed by hydrologists and engi-

neers by means of the probability density function (p(q)) of streamflows or, alternatively,

by the flow duration curve (D(q)). The shape of p(q) (or D(q)) places a substantial con-

straint on the optimal capacity (i.e., the maximum flow a plant can process) and other

design attributes of a run-of-river plant.

Estimating natural flow regime at the plant intake thus represents the first (and prob-

ably the most important) task engineers are forced to face in the design process, since

it directly influences most of the associated hydraulic and mechanical design problems.

The best way of assessing p(q) (or D(q)) would be the use of long-term flow measure-

ments in the river section where the plant intake will be built. Unfortunately, in remote

small mountain basins where plant intakes are commonly placed, there is a lack of flow
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measurements that is usually overtaken by means of alternative techniques. Empirical

approaches are usually applied which try to get information on the streamflow avail-

ability from rainfall-runoff models based on precipitation data series which need only

sporadic flow measurements for calibration. Flow estimates can also be made based on

previous studies on the same area which analysed the specific contribution of the catch-

ment where the plant is being built or based on similarity with other nearby gauged

basins.

In this work, a mechanistic-stochastic and parsimonious model for streamflow dynamics

(based on a water balance forced by Poisson rainfall) is used to assess the probability

distribution of streamflows and the related flow duration curve at the plant intake. The

model has been introduced by Botter et al. [2007] and following extensive applications

in different regions of the world have proved its ability to reproduce the probability dis-

tributions of the observed streamflows in watersheds characterized by different climatic

and geological settings [Botter et al., 2010; Ceola et al., 2010; Botter et al., 2013; Basso

et al., 2015].

The mathematical formulation of the model is briefly reported at the beginning of this

chapter (Section 2.1), since the relationship between analytical expressions of the stream-

flow pdf (p(q)) provided by the model and different technical problems that are typically

associated with the realization of run-of-river hydropower plants represents the core of

this thesis.

2.1 Availability of water resources at the plant intake

Water resources available at the intake of run-of-river power plants can be estimated ac-

cording to a mechanistic analytical model in which streamflow dynamics are driven by a

catchment-scale soil-water balance forced by stochastic daily rainfall. When infiltration

of rainfall brings enough water in the root zone to fill the soil-water deficit resulting from

evapotranspiration, soil moisture exceeds the field capacity and such excess of water is

eliminated through the catchment hydrologic response. Model details are provided be-

low based on the work introduced by Botter et al. [2007] and then developed by Botter

et al. [2013] and Basso et al. [2015].

Daily rainfall can be described as a Poisson process with frequency λp [T−1] and expo-

nentially distributed intensities with average α [L]. As a consequence, the sequence of

events producing streamflow can also be approximated by a Poisson process similar to
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the main rainfall, although characterized by a reduced frequency, λ < λp [T−1].

The ratio between λ and λp is a number which is always lower than one and represents the

rainfall-runoff coefficient (φ = λ/λp). Different values of φ are usually observed among

different catchments, mainly due to different underlying climates and soil types and cov-

ers. For example, humid catchments can be characterized by rainfall-runoff coefficients

close to 1 in seasons where the effect of evapotranspiration is negligible (e.g. winter),

implying that flow-producing rainfall events have a frequency which is similar to that of

rainfall due to the relatively high saturation of the catchment, and consequently the re-

duced filtering effects of soil moisture dynamic. Conversely, in dry seasons φ approaches

zero and flow-producing rainfall events are uncommon due to high evapotranspiration-

driven water losses from the catchment. Soil moisture is thus very low and runoff produc-

tion can only be seen in correspondence of intense rainfall events capable of saturating

the root zone or exceeding the rate of infiltration of soil. The rainfall-runoff coefficient

at a river cross section exhibits inter-seasonal fluctuations driven by seasonal patterns of

climatic variable (rainfall and evapotranspiration). In fact, dry seasons (e.g. summer)

are characterized (on average) by values of φ lower than those observed during humid

seasons (e.g. winter).

Once that flow-producing events occur, the release of water is usually modelled assuming

a linear storage-discharge relation:

dq(t)

dt
= −k q(t) + ξt , (2.1)

where q is the specific streamflow (per unit catchment area). In eq. (2.1), the first term

on the right-hand side expresses the exponential decay of the flow between the events,

which is a function of the mean residence time of water inside the catchment (τ = 1/k).

The second term (ξt [L/T 2]) formally embeds the series of stochastic jumps induced on q

by the sequence of flow pulses. Each pulse ξt determines a sudden increase of streamflow

followed by an exponential-like recession. Provided that the system is linear, the over-

all streamflow is the sum of the contribution of different effective pulses taking place.

Flow-producing events have instantaneous durations and produce a sequence of positive

jumps in the dynamics of q. Interarrival times between these jumps are exponentially

distributed with mean 1/λ. Given the exponential distribution of rainfall depths, the

extents of the jumps experienced by q are random and exponentially distributed with

mean αk (k times pulse depth).

Under these assumptions, the master equation associated with the probability density
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function (pdf) of flow q at time t, p(q, t), reads:

∂p(q, t)

∂t
=

∂ [k q p(q, t)]

∂q
− λ p(q, t)

+
λ

αk

∫ q

0
p (q − z, t) exp[−z/(αk)] dz. (2.2)

The steady-state pdf of specific river discharge is thus given by the solution of the master

equation for t→∞, which leads to eq. (2.3).

p(q) =
Γ(λ/k)−1

αk

( q

αk

)λ
k
−1

exp
(
− q

αk

)
, (2.3)

where Γ(x) is the complete Gamma-function of argument x.

The application of eq. (2.3) is based on the assumption that the flow regime reaches

steady state at the seasonal time scale. This assumption proved to be valid in a wide

range of case studies where the model was applied [Botter et al., 2010, 2013; Botter,

2014], even at time windows smaller than a season [Park et al., 2014]. Model per-

formances may deteriorate in catchments characterized by strongly different seasonal

climates, rapidly shifting from dry to humid conditions, where steady conditions could

be difficultly achieved within a season.

Water resources availability in practical applications is usually represented through flow

duration curves, which are the cumulative probability distributions of such flows. The

analytical expression of flow duration curve is shown by eq. (2.4).

D(q) =

∫ ∞
q

p(q) dq =
Γ(λ/k)−1

αk

∫ ∞
q

( q

αk

)λ
k
−1

exp
(
− q

αk

)
dq. (2.4)

Parameters required to define the natural flow regime are: mean daily rainfall depth, α;

mean frequency of flow-producing rainfall events, λ; and inverse of the mean residence

time of water inside the catchment, k.

The analytical mechanistic model allows the river flow pdf to be expressed as a gamma-

distribution with shape parameter λ
k and rate parameter αk (eq. (2.3)). The mean and

variance of the streamflow distribution are λα and λ k α2 (respectively), implying that

the coefficient of variation of daily flows (CVq) is
√
k/λ. This represents the basis for a

quantitative classification of flow regimes, as discussed below.

When flow-producing rainfall events are relatively frequent, such that their mean inter-

arrival is smaller than the duration of the flow pulses delivered from the contributing

catchment (λ > k), the range of streamflows observed at a station between two sub-

sequent events is reduced, and a persistent supply is guaranteed to the stream from
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catchment soils. Therefore, river flows are weakly variable around the mean (Figure

2.1, lower) and quite predictable. This type of regime (hereafter termed persistent) is

typically expected during humid, cold seasons in slow-responding catchments (high λ,

low k). When the mean interarrival between flow-producing rainfall events is larger than

the typical duration of the resulting flow pulses (λ < k), a wider range of streamflows is

observed between events because the reach is allowed to dry significantly before the ar-

rival of a new pulse. The temporal patterns of streamflows are thus more unpredictable

(Figure 2.1, upper), leading to erratic regimes with significant streamflow fluctuations.

Under these circumstances, the preferential state of the system is typically lower than

the mean. Erratic regimes are likely expected in fast-responding catchments during sea-

sons with sporadic rainfall events (low λ, high k). However, this type of regime can

frequently be observed during hot, humid seasons (where relatively high rainfall rates

are compensated by enhanced evapotranspiration). The characterization of river flow

Figure 2.1: Typical behaviour of river flow dynamics in erratic and persistent regimes.

regimes relies on the specification of three (α, λ and k) model parameters, which can be

estimated by combining rainfall and discharge data.

The mean rainfall depth, α, is estimated by using daily rainfall data recorded in several

stations located within or nearby the considered basin. When synchronous data from
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different stations are available for the same catchment, rainfall records are first inter-

polated to obtain spatially averaged rainfall series. The value of α is the average daily

rainfall depth during wet days.

The average frequency of streamflow-producing events, λ, can be estimated by equalling

the observed mean specific discharge, < q >, and the analytical mean of q (which is the

equal to the product αλ) according to the stochastic model (i.e., λ =< q > /α). This

can be done only when discharge data measured in the same river or in similar, nearby

catchments are available. However, alternative estimation methods exist to overcome

the lack of flow measurements. These alternative procedures are based solely on soil and

climatic features of basins (see Botter et al. [2013]; Doulatyari et al. [2015]).

The recession rate, k, is derived from observed streamflows through a regression analy-

sis. In particular, k is the slope of the linear regression between the estimated temporal

derivatives of q (dq/dt) and the corresponding observed discharges [Brutsaert and Nieber,

1977]. Details about the computation of k can be found in Basso et al. [2015]. Alter-

native procedures for the calculation of k exist, that consist in estimating the mean

residence time of water in the catchment.

Despite the fact that some of the related hydrological processes are somewhat simplified

(e.g., rainfall dynamics, hydrological response of the catchment) and other processes are

completely disregarded (e.g., geomorphological and hydrodynamic dispersion in the river

network), the above approach provides a robust linkage between the river flow regime and

a few (directly measurable) rainfall and landscape attributes of the contributing catch-

ment. Hence, it represents a simple, parsimonious and useful tool for the preliminary

estimate of water resources at the plant intake.

2.2 Flows worked by the plant

Once that the distribution of flows at the plant intake is known (p(q) or D(q), see eqs.

2.3 and 2.4), the operation rules of a run-of-river power plant have to be taken into

account to define the pdf of flows worked by the plant pw(qw) [Basso and Botter, 2012].

Figure 2.2 shows the functioning scheme of a run-of-river plant equipped with a single

turbine (nT = 1) coping with Minimum Flow Discharge (MFD) withdrawal. Due to

flow requirements downstream of the intake, the flow which can be diverted from a river

to the plant is the difference between the incoming streamflow q and the MFD (when

such difference is positive). Moreover, the actual range of streamflows processed by the
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Figure 2.2: Scheme of functioning of a run-of-river hydropower plant with the derivation to the

plant which respect the prescription of Minimum Flow Discharge in the river.

plant depends on the technical constraints of the turbine, namely its capacity Q, and the

minimum workable flow (i.e. cut-off flow), which is usually expressed as a fraction of Q

(i.e., α0Q, where α0 usually ranges between 0.1 and 0.2 mainly depending on the type

of turbines installed). In particular, when the flow which could be diverted (q −MFD)

is lower than the cut-off flow, water cannot be processed and qw = 0. This happens with

probability 1−D(α0Q+MFD), as shown by the following equations:∫ α0Q

0
pw(qw) dqw = 1−

∫ ∞
α0Q

p(qw +MFD) dqw =

= 1 −
∫ ∞
α0Q+MFD

p(q) dq =

= 1 − D(α0Q+MFD) (2.5)

On the other hand, when the diverted flows are in between the cut-off flow and the

capacity of the plant, they are entirely processed by the plant, and qw = q −MFD.

Finally, when the flow which could be diverted exceeds the capacity of the plant, only

the flowQ is actually taken from the river and processed. This happens with a probability

equal to D(Q+MFD), as the following expression demonstrates:∫ ∞
Q

pw(qw) dqw =

∫ ∞
Q

p(qw +MFD) dqw =

∫ ∞
Q+MFD

p(q) dq =

= D(Q+MFD) (2.6)
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In practical applications, sediment concentrations associated with very high flow con-

ditions may stop plant operation because of potential abrasion damages to turbines.

However, the relatively low frequency of those high flows suggests that a reasonable es-

timate of flows worked by a run-of-river plant can be achieved even if this situation is

not taken into account by the model. The pdf of the flows which are processed by the

plant hence corresponds to the incoming streamflow pdf, p(q), (dashed line in Figure 2.3)

simply translated leftward by a value equal to the MFD, with the two tails of the original

distribution becoming two atoms of probability associated to qw = 0 and qw = Q. The
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Figure 2.3: Probability distributions of streamflows (p(q), dashed line), of river flows which can

be diverted (dotted line) and pdf of flows workable by an hydropower plant (pw(qw), solid line and

stars) equipped with a single turbine and coping with Minimum Flow Discharge requirements.

probability distribution of the workable flows pw(qw) of a plant equipped with a single

turbine and coping with Minimum Flow Discharge requirements can thus be expressed

as:

pw(qw) = p(qw +MFD) if α0Q < qw < Q (2.7)

while probabilities of having qw = 0 or qw = Q are respectively equal to [1 −D(α0Q +

MFD)] (eq. 2.5) and [D(Q+MFD)] (eq. 2.6).

Considerations on the flow processed by a plant equipped with a single turbine can be

easily extended to the case of a plant with nT identical turbines, each having a capacity

Q/nT . The MFD withdrawal rule in this case can be mathematically described through

16



eq. (2.8).

qw =


0 if q < α0

n
T
Q+MFD

q −MFD if α0
n
T
Q+MFD ≤ q < Q+MFD

Q if q ≥ Q+MFD

(2.8)

In this case, Q is the total capacity of the plant and α0
n
T
Q defines the cut-off flow of a

single turbine. In eq. (2.8), the first condition represents the switching off of the plant

because the water supply is insufficient to maintain the MFD downstream of the intake

and activate one turbine. The last condition in eq. (2.8) expresses the fact that, for

large incoming flows (q ≥ Q + MFD), the plant capacity is completely exploited and

qw = Q.

The number of simultaneously operating turbines (no) is a function of the amount of

flow being processed. If streamflow available in the river is lower than the threshold
α0
n
T
Q + MFD, no = 0. When the available flows exceed the threshold ( α0

n
T
Q + MFD),

one turbine is activated. Streamflows diverted to the plant may also increase above Q
n
T

,

in this case a second turbine needs to be activated. If the second turbine processes a flow

larger than αMQ
n
T

and the flow processed by the first turbine, qw−αMQ
n
T

, is larger than αMQ
n
T

,

the efficiency of both the turbines will be maximum (η = ηM ). Note that the conditions

qw ≥ Q
n
T

and qw − αMQ
n
T
≤ αMQ

n
T

can be simultaneously fulfilled if αM ≤ 0.5, a condition

which is verified for all the turbine types commonly employed in run-of-river plants.

This operation is then re-iterated every time the activation of an additional turbine is

required by the increase of diverted flows. Hence, no depends on the magnitude of the

processed flow qw, scaled to the plant capacity Q, according to the following equation:

no =



1 if qw
Q < 1

n
T

2 if 1
n
T
≤ qw

Q < 2
n
T

...

nT − 1 if
n
T
−2

n
T
≤ qw

Q <
n
T
−1

n
T

nT if qw
Q ≥

n
T
−1

n
T

(2.9)

The probability distribution of the workable flows pw(qw) of a plant equipped with nT

turbines and coping with Minimum Flow Discharge requirements can thus be expressed

as:

pw(qw) = p(qw +MFD) if
α0

nT
Q < qw < Q (2.10)
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while probabilities of having qw = 0 or qw = Q are respectively equal to [1−D( α0
n
T
Q+

MFD)] and [D(Q+MFD)].

The comparison between eq. (2.7) and eq. (2.10) suggests that when nT turbines are

installed, the cut-off flow decreases from α0Q to α0
n
T
Q (being nT a positive integer) with

an higher range of discharges that can be efficiently processed by the plant.

2.3 Energy production

The energy produced by a run-of-river hydropower plant mainly depends on three vari-

ables.

• the net hydraulic head, calculated as the difference between the gross hydraulic

head and the energy losses within the plant;

• the workable flow (qw);

• the turbine efficiency, which mainly depends on the turbine type and on the ratio

between flow worked by the plant qw and the maximum workable flow Q (i.e. the

plant capacity).

In the following mathematical derivations, the plant capacity will be considered as the

only decision variable, thereby assuming the remaining design attributes of the plant to

be known or derivable on the basis of the capacity.

The energy produced by a hydropower plant during a time period ∆T is the time integral

of the time dependent power generated during ∆T :

E(Q) = ρg ηP

∫ ∆T

0
H(t) η

(
qw(t)

Q

)
qw(t) dt (2.11)

where Q is the plant capacity (i.e., design flow), ρ is the water density, g is the standard

gravity, ηP is the efficiency of the plant, η is the turbine efficiency and H is the net

hydraulic head.

Following Najmaii and Movaghar [1992], Voros et al. [2000], Montanari [2003], Anagnos-

topoulos and Papantonis [2007] and Santolin et al. [2011], in the forthcoming calculations

the head H will be considered constant. Hence both the head losses and possible reduc-

tions of the gross head for incoming flows larger than Q will be neglected.

For time periods ∆T much longer than the correlation scale of streamflows [Botter et al.,

2010] (e.g. few years, a decade, the lifetime of the plant), incoming streamflows can be

assumed to be ergodic, and the frequencies characterizing the different values of qw in

18



equation (2.11) are described by the probability density function of workable flows, pw,

previously defined in Section 2.2. Therefore, the time integral of equation (2.11) can be

replaced by a weighted integral over qw, the weighting factor being pw:

E(Q) = ∆T H ρg ηP

∫ ∞
0

η

(
qw
Q

)
pw(qw) qw dqw (2.12)

When the expression of the workable flow pdf given by equation (2.10) is used, equation

(2.12) becomes:

E(Q) = ∆T H ρg ηP

∫ Q

α0
n
T
Q
η

(
qw
Q

)
p(qw +MFD) qw dqw+

+ η(1)QD(Q+MFD)] (2.13)

The second term within the square brackets on the right hand side of equation (2.13)

is originated from the atom of probability in correspondence of qw = Q, while the first

term derives from the continuous part of the workable flow pdf.

The assessment of the produced energy E(Q) requires to specify the efficiency function

η(x), where x = qw
Q . The efficiency pertaining to each turbine type can be represented by

means of specific curves characterized by distinctive shapes and working ranges. Exam-

ples of efficiency curves for different types of turbines [ESHA, 1998] are displayed with

thick grey lines in Figure 2.4. The actual turbine efficiency curve will be approximated

by a piecewise linear function: for x lower than α0, the efficiency of the turbine is null;

between α0 and αM , efficiency grows linearly from η0 to ηM ; for x larger than αM , the

efficiency is maximum ηM . The approximation can be formulated in analytical terms

through the following expression:

η(x) =


0 if x < α0

x−α0
αM−α0

(ηM − η0) + η0 if α0 ≤ x < αM

ηM if x ≥ αM .
(2.14)

In general, when nT turbines are installed, the efficiency of the plant, η( qwQ ) can be

expressed as:

η(x) =


0 if x < α0

n
T

ηM−η0
αM
n
T
− α0
n
T

(x− α0
n
T

) + η0 if α0
n
T
≤ x < αM

n
T

ηM if x ≥ αM
n
T

(2.15)
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Figure 2.4: Efficiency curves for different turbine types (solid grey lines), taken from literature

[ESHA, 1998]. The approximation given by the piecewise linear (dashed lines, equation (2.14))

functions is displayed for the different cases, with the validity boundaries of the different parts

of these functions (α0 and αM ) and the corresponding efficiency values (η0 and ηM ).
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Note that eq. (2.15) is exactly equal to eq. (2.14) when nT is set to 1.

The energy produced by a run-of-river power plant can thus be computed by combining

equations (2.13) and (2.15).

2.4 Economic profitability

In real-world practical application, run-of-river power plants are designed based on eco-

nomic issues. Indeed, investors are mainly interested in the profits they can get from

hydropower plants and not in the energy produced by the plant. Due to the non-linear

increase of costs with the size of the plant, profits (calculated as revenues minus costs)

are not proportional to the energy produced. The revenues generated by a run-of-river

hydropower plant can be calculated by multiplying the produced energy by the selling

price of energy from renewable sources ep, which is assumed here to be constant. Indeed,

in most EU countries a feed-in tariff fixed by national laws exists to promote the pro-

duction of energy from renewable sources [Liu et al., 2013; Lucchetti et al., 2013; Scarlat

et al., 2013]. Feed-in tariffs depend on the maximum power of the plant which in turn

affects also the duration of state incentives. The aim of these laws is to promote run-

of-river energy generation providing incentives to support economic feasibility of these

zero-emissions power plants.

To make a proper economic assessment of hydropower projects, the ergodicity hypothesis

underlying equation (2.13) will be applied within each year of ∆T , so that the annual

revenue R1(Q) is the same every year. Hence, annual proceeds R1(Q) can be calculated

as:

R1(Q) = epE1(Q) (2.16)

where E1(Q) is E(Q) expressed by equation (2.21) with ∆T = 1 year.

The overall present value Rn(Q) of every cash inflow occurring during n years (e.g. the

duration of state incentives or the lifetime of the plant) can be computed by means of

the following expression:

Rn(Q) =

n∑
k=1

1

(1 + r)k
R1(Q) =

1

r

(
1− 1

(1 + r)n

)
R1(Q) = r̂R1(Q) (2.17)

where r is the (constant) annual discount rate and r̂ = 1
r

(
1− 1

(1+r)n

)
is an auxiliary

variable expressing the multiplier used to compute the present value of the overall cash
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inflows.

Typically hydropower plants are characterized by initial investment costs much higher

than the corresponding operation expenses (e.g. Aggidis et al. [2010]). Therefore, costs

incurring during the functioning of the plant could be neglected (e.g. Fahlbuch [1983])

to focus only on the construction expenses.

Several past studies have investigated the relationship between construction costs and

some key features of a hydropower plant, chiefly the nominal power and the hydraulic

head [Gordon and Penman, 1979; Gordon, 1981, 1983; Gordon and Noel, 1986; Ogayar

and Vidal, 2009; Aggidis et al., 2010]. Following those papers, the construction costs are

expressed as a function of the design flow (all the other terms being constants) as:

C(Q) = aQb (2.18)

where a and b are empirical coefficients. Typical values for a and b can be derived from

previous studies or via empirical estimates of the relationship between construction costs

and plant features (e.g. Ogayar and Vidal [2009]; Aggidis et al. [2010]). While a can be

highly variable from site to site, the parameter b has been found to be weakly variable

around 0.6 in most cases [Aggidis et al., 2010].

Following Anagnostopoulos and Papantonis [2007]; Basso and Botter [2012]; Lazzaro

et al. [2013]; Lazzaro and Botter [2015], the economic value of the plant can be expressed

through the Net Present Value (NPV), which is an economic index used to quantify the

reliability of an investment. The NPV of a sequence of cash inflows/outflows is defined

as the sum of every cash flow discounted back to its present value. In this case all

future cash flows are incoming flows (the proceeds obtained from the selling of the

produced energy). Conversely, the only outflow is assumed to occur at time zero, and

it is represented by the construction cost of the plant, evaluated here by assuming that

the plant could be completed during the first year and neglecting possible financings and

the related interests. Hence, the NPV can be computed as:

NPV (Q) = Rn(Q)− C(Q) = r̂ R1(Q)− aQb = r̂ epE1(Q)− aQb (2.19)

When designers can deal with observed streamflow data, the ergodicity of incoming

streamflow can be relaxed and the above expression becomes:

NPV (Q) = Rn(Q)− C(Q) =
n∑
k=1

1

(1 + r)k
epEk(Q) − aQb (2.20)
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In eq. (2.20), Ek(Q) represents the amount of energy produced during the k-th year

(k = 1, ..., n) and n represents the number of years for which the feed-in tariff ep is

guaranteed.

2.5 Plant capacity optimization

This section focuses on the derivation of mathematical expressions aimed at supporting

designers in the choice of the plant capacity of run-of-river power plants. Based on the

expressions derived in previous sections of this chapter, plant capacities can be identified

that maximizes the energy production (energetic optimal plant capacity, QEN ) or the

profitability of the investment (economic optimal plant capacity, QNPV ).

An energetic optimal plant capacity exists because of the presence of a minimum work-

able flow (i.e. the cut-off flow, α0Q), which is introduced in practical applications to

avoid processing low discharges inefficiently. Therefore, QEN is the capacity in correspon-

dence of which the marginal increment of energy production due to increased capacity

is balanced by the marginal loss of energy generated by the lowest flows, induced by the

corresponding increase of the cut-off flow.

For the sake of simplicity, mathematical expressions of QEN and QNPV will be presented

in the following only for the case of a plant equipped with a single turbine. Similar con-

siderations however could be generalized to the case of nT turbines, with an unavoidable

increased complexity of mathematical expressions.

Main assumptions made up to this point are summarized below:

• the plant capacity Q (i.e. the maximum flow that the plant can process) is the only

decision variable, thereby assuming the remaining design attributes of the plant to

be known or derivable on the basis of the capacity;

• the distribution of flows at the plant intake provided by eqs. 2.3 and 2.4 is assumed

to be ergodic (i.e. to be time invariant);

• a Minimum Flow Discharge withdrawal strategy governs water abstraction for

hydropower purposes, therefore the method implicitly considers the release of a

base flow (i.e. the MFD) downstream of the intake;

• feed-in tariffs for energy selling are considered to be constant during the lifetime

of run-of-river hydropower plants.
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The energy produced by a plant equipped with a single turbine is the combination of

equations (2.13) and (2.14).

E(Q) = ∆T H ρg ηP

{∫ Q

αMQ
ηM p(qw +MFD) qw dqw+

+ηM QD(Q+MFD) +

+

∫ αMQ

α0Q

[
qw − α0Q

αMQ− α0Q
(ηM − η0) + η0

]
p(qw +MFD)qwdqw

}
(2.21)

The value of Q which gives the best result in terms of produced energy can be obtained

computing the derivative dE/dQ and setting it equal to zero. The value of Q satisfying

the equation dE/dQ = 0 provides the optimal energetic plant capacity QEN .

dE

dQ
= ∆THρgηP

{
d

dQ

[∫ Q

αMQ

ηMp(qw +MFD)qwdqw

]
+

+
d

dQ
[ηMQD(Q+MFD)] +

+
d

dQ

[∫ αMQ

α0Q

(
qw − α0Q

αMQ− α0Q
(ηM − η0) + η0

)
p(qw +MFD)qwdqw

]}
(2.22)

Using the Leibniz integral rule to calculate the first and the last derivatives at the r.h.s.

of equation (2.22), the following equation is obtained:

dE

dQ
= ∆THρgηP

{
ηMQp(Q+MFD)− ηMα2

MQp(αMQ+MFD) +

+ ηMD(Q+MFD)− ηMQp(Q+MFD)+

+
ηM − η0
αM − α0

[
α3
MQp(αMQ+MFD)− α3

0Qp(α0Q+MFD)+

−
∫ αMQ

α0Q

1

Q2
q2p(q +MFD)dq

]
+

− ηM − η0
αM − α0

α0

[
α2
MQp(αMQ+MFD)− α2

0Qp(α0Q+MFD)
]

+

+ η0
[
α2
MQp(αMQ+MFD)− α2

0Qp(α0Q+MFD)
]}

(2.23)

Reducing the first and fourth terms inside the braces at the r.h.s. of the above equation,

after grouping and reordering the other terms, equation (2.23) gives:

dE

dQ
= ∆THρgηP

{
ηMD(Q+MFD)− ηM − η0

αM − α0

∫ αMQ

α0Q

q2

Q2
p(q +MFD)dq+

+p(αMQ+MFD)α2
MQ

(
−ηM + αM

ηM − η0
αM − α0

− α0
ηM − η0
αM − α0

+ η0

)
+

+p(α0Q+MFD)α2
0Q

(
−α0

ηM − η0
αM − α0

+ α0
ηM − η0
αM − α0

− η0Q
)}

(2.24)
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Finally, reducing the terms within the round brackets of the above equation and changing

the integration variable of the integral, equation (2.24) becomes:

dE

dQ
= ∆T H ρg ηP

[
ηM D(Q+MFD) + η0 α0QD

′(α0Q+MFD)+

+

∫ αM

α0

(
ηM − η0

αM − α0
x

)
QxD′(Qx+MFD) dx

]
(2.25)

The condition providing the capacity which maximizes the produced energy, QEN , can

be obtained by setting dE/dQ = 0 in equation (2.25). Therefore, QEN satisfies:

D(Q+MFD) = − η0

ηM
α0QD

′(α0Q+MFD) +

+

∫ αM

α0

(
1− η0/ηM
αM − α0

)
Qx2D′(Qx+MFD)dx (2.26)

The condition providing the capacity which maximizes the NPV , QNPV , can be obtained

by calculating dNPV (Q)/dQ through equations (2.16), (2.18) and (2.19), and setting it

equal to zero. QNPV hence should satisfy:[
ηM D(Q+MFD) + η0 α0QD

′(α0Q+MFD) +

+

∫ αM

α0

(
ηM − η0

αM − α0

)
Qx2D′(Qx+MFD) dx

]
r̂ epH ρg ηP = a bQb−1

(2.27)

The comparison of equations (2.26) and (2.27) shows that, as expected, QNPV < QEN

except when the costs of the plant are negligible.

2.6 Hydrologic disturbance between the intake and the

outflow

Among the objectives of this thesis is the definition of tools aimed at informing and

supporting a sustainable design of run-of-river power plants, accounting not only for

the produced energy or the economic profitability, but also the minimization of the

hydrologic disturbance.

In catchments belonging to mountain areas, the compliance of the MFD may not suffice

to mitigate the hydrologic alteration produced by water diversion in the reach between

the intake and the outflow of the plant. The hydrologic disturbance on the flow regime

induced by a hydropower plant can be quantified by comparing the probability density
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functions of the river flows upstream and downstream of the plant intake (Figure 2.5).

The latter strongly depends on the rule by which the withdrawal is conducted and the

plant operation.
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Figure 2.5: Probability distributions of streamflows (p(q), dashed line), and pdf of flows between

the intake and the outflow of the plant (pds(qds), solid line and stars) equipped with a multiple

turbines and coping with Minimum Flow Discharge requirements.

If a plant equipped with nT turbines is managed coping with a MFD withdrawal rule, the

downstream flow pdf (pDS(qDS)) is made up of four different parts. When the incoming

flows are smaller than α0
n
T
Q+MFD, the plant is not working and the incoming flows are

entirely left to the river (qDS = q, see eq. 2.10). In this range, the downstream flow pdf

thus resembles the incoming flow pdf. When the incoming flows are larger than Q+MFD,

only a flow equal to the maximum capacity Q can be processed and the exceedance is

released to the river (qDS = q − Q). The range of flows MFD < qDS < α0
n
T
Q + MFD

originates from both these different operational conditions, and hence the downstream

flow pdf is the sum of the two corresponding contributes. Finally, when the incoming

flows are comprised between α0
n
T
Q + MFD and Q + MFD, the plant is processing flows

smaller than the plant capacity, thereby originating an atom of probability in qDS =

MFD.
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In conclusion, when a MFD withdrawal strategy is used, the downstream flow pdf is:

pDS(qDS) =


p(qDS) if qDS < MFD

p(qDS) + p(qDS +Q) if MFD < qDS ≤ α0
n
T
Q+MFD

p(qDS +Q) if qDS >
α0
n
T
Q+MFD

(2.28)

plus a finite probability for qDS = MFD, which is equal to [D( α0
n
T
Q + MFD) −D(Q +

MFD)].

The strong hydrologic disturbance is evident when comparing the probability density

functions upstream (natural) and downstream (altered) of the plant intake. Flows main-

tained in the river downstream of the plant intake are clearly lower on average, due to the

removal of a significant fraction of incoming streamflows for energy production, but also

show an increased variability. In fact, the flow pdf observed in the altered river reach is

characterized by a finite probability concentrated in qDS = MFD and by the translated

tail of the original streamflow distribution, representing incoming flows large enough to

saturate the plant capacity. However, focusing only on the upstream/downstream mod-

ification of the streamflow pdf might not be sufficient to obtain a complete description

of the alteration of the flow regime. More specific information on ecologically-relevant

features of the flow regime like the temporal auto-correlation of river flows and their

inter-annual variability should be included in the analysis.

A standard choice to quantify the regime alteration that occurs between the intake and

the outflow of a run-of-river plant could be through the assessment of the upstream/-

downstream changes of the following seasonal flow statistics [Richter et al., 1996; Tealdi

et al., 2011; Destouni et al., 2013; Lazzaro et al., 2013]: i) the mean flow (µ); ii) the

coefficient of variation of daily flows (CV ); iii) the correlation scale of streamflows (I);

and iv) the Regime Instability (RI) as defined by Botter et al. [2013].

The selected flow statistics are meaningful indicators of the hydrologic alteration induced

by the plant, and summarize a variety of diverse physical and hydrologic features of the

river flow regime, as discussed below.

The mean flow mainly depends on long-term climate conditions like seasonal rainfall

amounts and potential evapotranspiration [Budyko, 1974].

The coefficient of variation of daily flows expresses the interaction between the stochas-

ticity of rainfall (suitably filtered by vegetation) and the timescale of the hydrologic

response [Botter et al., 2007].

The correlation of streamflows is the integral of the temporal autocorrelation function of
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river flows (I =
∫∞

0 ρ(τ)dτ , with τ expressing the time lag), and mainly depends on re-

cession attributes [Botter et al., 2010; Muneepeerakul et al., 2010], which in turn express

key morphologic and hydrogeologic properties of the contributing catchment [Biswal and

Marani, 2010; Harman et al., 2009].

The Regime Instability is half the mean of the integral of the difference (in modulus)

between the seasonal streamflow probability density functions (pdfs) pertaining to con-

secutive years [Botter et al., 2013]:

RI =
0.5

n− 1

n−1∑
i=1

∫ ∞
0
|pi(Q)− pi+1(Q)| dQ , (2.29)

where pi(Q) is the seasonal streamflow pdf during the year i and n represents the num-

ber of years for which incentives are available. If RI = 0, the seasonal streamflow pdfs

during different years are completely overlapping (high long-term predictability). Con-

versely, RI approaches unity when the streamflow pdfs in different years are completely

disjointed (enhanced long-term variability). The Regime Instability encapsulates the

inter-annual changes of rainfall and hydrologic features, which is mainly a byproduct of

the hydroclimatic fluctuations involved in the water cycle [Botter et al., 2013; Reynolds

et al., 2015].

Furthermore, each of these flow attributes controls different types of ecosystem services.

The mean flow quantifies the average water availability (magnitude) in the river, a fea-

ture that is typically related to the stream ecosystem size [Sabo et al., 2009; Postel

and Richter, 2003] and determines the touristic and anthropogenic exploitability of the

reaches downstream of the intake. The coefficient of variation of daily flows quantifies

the intra-seasonal flow variability and provides information about the frequency and du-

ration of high and low flows (i.e., floods and droughts). A wide range of ecological and

biological processes is known to be influenced by the flow variability, like macroinverte-

brate grazing rates [Ceola et al., 2013], food chain length [Sabo et al., 2010], riparian

vegetation dynamics [Doulatyari et al., 2014] and exchanges between the river and the

floodplain [Tockner et al., 2010]. The correlation of streamflows is a measure of the

short-term rate of change of streamflows, and hence is crucial for fish movement and

for triggering behavioral responses of stream biomes. High values of I determine an

increased probability to observe similar water stages for prolonged periods, and thus

facilitate the completion of critical life-cycle stages like reproduction [Poff and Ward,

1989; Lytle and Poff, 2004]. The Regime Instability quantifies the inter-annual flow vari-
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ability which is deemed to be a key determinant of river biodiversity, because critical

life-stages in fishes (spawning, egg hatching, migrations) are often triggered by specific

seasonal patterns of hydrologic conditions [Poff et al., 1997; Lytle and Poff, 2004]. The

inter-annual variability of flow regimes may also contribute to define the frequency of

flood events, that are able to revitalize or reset stream ecosystems [Ledger et al., 2013].

The seasonal values of the four hydrologic indexes described above are calculated up-

stream and downstream (DS) of the intake, averaged among the seasons and then com-

bined to obtain the following dimensionless indexes of hydrologic alteration:

∆µ(Q) =
|µ− µDS(Q)|

µ

∆CV (Q) =
|CV − CVDS(Q)|

CV

∆I(Q) =
|I − IDS(Q)|

I

∆RI(Q) =
|RI −RIDS(Q)|

RI
(2.30)

The four indexes in eq. (2.30) quantify the relative change in the flow statistics pro-

duced by the plant in the reach between the intake and the outflow. These indexes are

all downward bounded by zero (absence of disturbance) and they only depend on the

plant capacity, which is the only variable of the optimization. The use of the modulus

in eq. (2.30) is based on the assumption that the effect of a unit decrease of each index

is equivalent to that produced by a unit increase of the same index. The tenet is that

any anthropogenic change in the flow regime with respect to natural conditions brings

detrimental effects on aquatic ecosystems, regardless of the nature of the change (in-

crease/decrease) [Lytle and Poff, 2004].

Note that the four hydrologic indexes considered in this work respond in a quite het-

erogeneous manner to flow diversions of the type produced by run-of-river plants, which

implies that the degree of disturbance of different indicators shows independent patterns

with the plant capacity.

A single hydrologic disturbance index, DH(Q), was defined to represent the overall de-

gree of alteration of flow regimes. DH was defined as a function of the plant capacity

Q combining the four alteration indexes in eq. (2.30). First, it was assumed that all

the flow statistics in eq. (2.30) equally contribute to the overall hydrologic alteration,

which can be thus calculated as the average of the disturbances induced by the plant
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on the mean discharge, the coefficient of variation, the correlation scale and the regime

instability:

DH(Q) = [∆µ(Q) + ∆CV (Q) + ∆I(Q) + ∆RI(Q)] / 4 (2.31)

Eq. (2.31) assumes a linear link between hydrologic drivers and environmental draw-

backs, which is a standard procedure in analysis of hydrologic alteration, where different

classes of attributes are separately evaluated and then averaged [Richter et al., 1996].

However, one may wonder if the flow statistics considered in eq. (2.30) are actually

equally influential in terms of ecosystem services, and which is the most appropriate

combination of weights that properly accounts for the actual ecological and environ-

mental significance of the different flow metrics in a given case study. The issue could

be tackled by listing the various ecosystem services supplied by the stream (including

provisioning, supporting, regulating and cultural services), and then analysing the im-

pact of each flow metric on the ecosystem services involved. However, predicting the

response of a given ecosystem service to changes in hydraulic and hydrologic features

of the stream is a challenging task, because of the multi-dimensionality of the problem

and the number of information required to predict the hydro-chemical, morphological

and ecologic response of rivers to altered flow conditions [Bombino et al., 2009; Comiti

et al., 2011; Bombino et al., 2014]. The problem is further complicated by the inherent

difficulty in commensurating different types of ecosystem services, and by the presence of

compensating effects (e.g. an increase in the flow variability may enhance the exchange

of nutrients with riparian and hyporeic regions, thereby compensating detrimental ef-

fects on water quality induced by reduced streamflows). Thus, one may wonder if the

huge effort required to complete this type of analysis is worthwhile (or just feasible) for

practical applications.

Here, the problem is tackled from a different perspective, by suitably randomizing the

weights assigned to each statistic. The procedure is designed to circumvent a detailed

evaluation of the effects of the flow statistics on the relevant ecosystem services, and

enables a preliminary identification of cases where additional analysis are recommended

- because the choice of the weights might have a critical impact on the results. Ac-

cordingly, the hydrologic disturbance index, DH(Q), can be modified by weighting the

contributions of the different flow metrics through random weights γi = wi/
∑
wi, where
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wi (i ∈ [1, 4]) are independent random numbers uniformly distributed in the range [0,1]:

DH(Q) = γ1∆µ(Q) + γ2∆CV (Q) + γ3∆I(Q) + γ4∆RI(Q) (2.32)

In the proposed framework, the hydrologic disturbance in the river reach between the

intake and the outflow is thus assessed for any possible combination of weights.

Needless to say. other types of ecologically meaningful hydrologic metrics can be iden-

tified in contexts where the focus of the analysis is on a limited number of ecological

processes that are directly influenced by specific features of the flow regime.

2.7 Multi-objective optimization

In previous sections of this chapter, a set of tools for energetic and economic evaluations

of run-of-river power plants has been introduced together with a method enabling the as-

sessment of the hydrologic disturbance induce by these plants in the river reach between

the intake and the outflow. A further step can be made by coupling those methodologies

aiming at creating a new tool for the preliminary design of economically and ecologically

feasible run-of-river power plants.

Incommensurable goals such as the maximization of the economic profitability (or the

energy produced) and the minimization of the hydrologic disturbance can be simulta-

neously addressed through a multi-objective optimization. Optimization techniques for

multi-objective problems can exploit the concept of Paretian efficiency. The Paretian

efficiency is a tool that is used to identify optimal allocation strategies in presence of

multiple conflicting objectives [Loucks et al., 2005].

Given a set of ν conflicting goals andm alternative solutions of a problem, a ν-dimensional

vector (f) that represents the overall objective function is evaluated for each alternative.

Each element of f represents the degree of fulfillment of any objective guaranteed by the

considered solution. Frequently, a null value for the k-th component of the objective

function (fk = 0) implies that the k-th objective is fully achieved. The optimization

is typically performed through the minimization of the euclidean norm of the vector f

(Figure 2.6) [Lu et al., 2011; Rye et al., 2012; Pargett et al., 2014], even though alter-

native definitions of optimality (e.g. the maximization of the curvature) are available in

the literature [Castelletti et al., 2010].
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Figure 2.6: Example of Pareto front resulting from a multi-objective optimization problem.

The considered conflicting objectives are the economic value of the run-of-river hydropower plant

(x-axis) and the hydrologic alteration on the river reach between the intake and the outflow (y-

axis). The Pareto-optimal capacity is that minimizing the distance from the origin (where the

incommensurable objectives would be simultaneously fulfilled).

Paretian efficiency can be used not only to identify the best allocation of the avail-

able resources but also to produce a set of dominant solutions (Pareto front) to guide

and constrain the choice of decision makers. An allocation is considered to be Pareto-

dominant whenever it doesn’t exist any other allocation that simultaneously improves

all the conflicting goals, implying that the degree of satisfaction for a single objective

can be improved only at the expense of other goals. The definition of the Pareto front in

complex multi-objective optimization problems may require complex numeric techniques,

such as metaheuristic algorithms that incorporate elements of structured randomness for

search and follow empirical guidelines [Reed et al., 2013].

The unknown decision variable in this case is represented by the capacity Q of a run-of-

river power plant whose definition is made dependent on the simultaneous fulfilment of

the following contrasting objectives: i) the maximization of the economic profitability
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of the investment; and ii) the minimization of the disturbance of the flow regime in the

river reach between the intake and the outflow. These are contrasting goals because the

maximization of the earnings requires significant water abstractions from the river that

strongly impact the hydrologic regime.

The objective function that expresses the profitability of run-of-river plants and the as-

sociated degree of hydrologic alteration can be defined as a function of the plant capacity

Q as follows.

Provided that the economic value of the plant is measured by its NPV (Section 2.4), the

economic component of the objective function, f1(Q), is defined as:

f1(Q) =
NPVmax −NPV (Q)

NPVmax −NPVmin
(2.33)

where NPVmax and NPVmin are the maximum and minimum economic values of the

run-of-river plant. Owing to the normalization introduced in eq. (2.33) [Marler and

Arora, 2004; Wang et al., 2009; Stanimirovic et al., 2011], f1 ranges between 0, which

represents the maximum profitability (NPV = NPVmax), and 1 (NPV = NPVmin).

This procedure corresponds to using the maximum potential NPV as a reference value

to evaluate the marginal impact of suitable decrease (or increase) on the profitability of

the project.

Regardless of the choice of the hydrologic disturbance index (eq. (2.31) or eq. (2.32)),

the objective function expressing the hydrologic alteration (f2) can be then defined as:

f2(Q) =
DH(Q)−DH,min

DH,max −DH,min
(2.34)

where DH,min and DH,max are the minimum and maximum values of DH(Q). In analogy

with eq. (2.33), when the hydrologic alteration is minimum, f2 = 0, while f2 tends to

unity when the hydrologic alteration approaches its maximum possible value.

In the analysis, the plant capacity Q has been varied from 0 up to a maximum plant

capacity, Qmax, whose duration is 0.01. The values of NPV and DH are calculated for

each value of Q using eq. (2.20) and eq. (2.31) (or eq. (2.32)). Then, the minimum

and maximum values of NPV and DH are calculated for Q ∈ [0, Qmax], and f1, f2 are

computed via eqs. (2.33) and (2.34).

In the case at hand, the numerical analysis of f (Q) is particularly simple and does

not require the use of sophisticated stochastic algorithms due to the limited number of

objectives, which can be readily calculated as a function of the plant capacity (single
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decision variable). In particular, f1 and f2 are found to be continuous and smoothed

functions of Q, thereby allowing the capacity to be treated as a discrete variable with a

suitable spacing.
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Chapter 3

Energetic and economic

optimization

The analytical tools for the energetic and economic optimization of the plant capacity

introduced in Sections 2.3, 2.4 and 2.5 are here applied to three case studies located

in the Piave river basin (north-east of Italy, see Figure 1.4). Selected case studies be-

long to a set of existing, proposed or under-construction plants that underwent En-

vironmental Impact Assessment and for which design documents are available on-line

(http://bur.regione.veneto.it/). The assessment of the hydrologic regime at the plant

intake, and the consequent choice of the economic optimal plant capacity made by de-

signers in these real case studies are thus available. The methodology outlined in Section

2.5 has been applied to the considered case studies to obtain optimal plant capacities

maximizing the energy produced (QEN , eq. 2.26) and the Net Present Value (QNPV ,

eq. 2.27) aiming at comparing choices made by designers with the application of the

methodology outlined in Sections 2.3, 2.4 and 2.5.

3.1 Study area and data

Three run-of-river power plants located in the Piave river basin (north-east of Italy) are

considered in this application. Creeks from which processed water is withdrawn give the

name to the plants: namely, the Valfredda plant, the Piova plant and the Ru delle Rosse

plant.

The Valfredda plant is going to be built in the Valfredda Creek, a small tributary of the
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Biois Creek, belonging to the Cordevole River catchment (one of the major tributary

of the Piave River). Catchment area upstream of the plant is about 4 km2 and the hy-

draulic head between the intake (1753ma.s.l.) and the turbine (1549ma.s.l.) is about

204m.

The Piova plant withdraws water from the Piova Creek, a small tributary of the Piave

River flowing in the heart of the Dolomites. Catchment area is equal to 30 km2 and

the hydraulic head is about 52m, being the intake at 742ma.s.l. and the turbine at

690ma.s.l..

The Ru Delle Rosse plant exploits streamflows of a small tributary of the Cordevole

Creek named Ru Delle Rosse. Catchment area at the plant intake is about 3 km2 and

the hydraulic head between the intake (1450ma.s.l.) and the turbine (1160ma.s.l.) is

equal to 290m.

The main technical and economic characteristics of these plants are reported in Table

3.1, jointly with the major features of the corresponding contributing catchments. The

average length of the reaches impacted by plant in the selected case studies is about

1 km.

Flow regime at the intake of each plant is described through the flow duration curve

(D(q)) provided by the plant designers and available in the correspondent technical re-

port. Parameters λ/k and αk in eq. (2.4) have thus been defined to match the empirical

duration curve used by designers for choosing project plant capacities (QPROJECT ). Es-

timates of D(q) by plant designers have been performed exploiting empirical methods,

provided that streamflow measurements at the sites of interest are completely lacking, as

frequently happens in small headwater catchments. A critical analysis of the procedure

used by the designers to determine the hydrologic regime is avoided here, since the focus

of this work is not on the estimate of D(q) in ungauged sites.

Information about turbines and related efficiency curves needs to be provided to the

model to assess energetic and economic optimal plant capacities. Same turbine number

and type as in technical reports were considered. Every case study considerd in this

application is equipped with a single turbine but, as expected, turbine type is different

depending on the characteristics of each plant. Pelton turbines have been chosen in the

two cases characterized by hydraulic head larger than 100m (Valfredda and Ru Delle

Rosse power plants). In the Piova power plant, instead, a Francis turbine has been

installed because of the smaller hydraulic head (about 50m). Table 3.1 reports the pa-
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rameters of the piecewise linear functions approximating the efficiency curves of Pelton

and Francis turbines.

Run-of-river plants can benefit from government incentives on green energy production.

The energy selling price ep and the duration of incentives n which are the same for each

case study. In particular, ep = 0.22 e/kWh and n = 15 years, according with the Italian

law on small hydropower.

Last information required to compute the economic optimal capacity relates to the plant

costs. While the value of b in equation (2.18) has been assumed constant and equal to

0.6, the parameter a has been calculated for each case study based on the overall con-

struction costs of the plant (CPROJECT ) and the related proposed capacity (QPROJECT ) as

shown in the technical report of each plant.

a =
C(QPROJECT )

Q0.6
PROJECT

=
CPROJECT
Q0.6
PROJECT

(3.1)

Table 3.1 summarizes all input data for each case study considered in this application

of the proposed methodology for the energetic and economic optimization of the plant

capacity. All discharges are considered per unit area (specific discharges):

[cm/d] = [m3/s] · 60 · 60 · 24

A [km2]
(3.2)

Unit transformation introduced by eq. (3.2) makes easier the comparison between case

studies characterized by different contributing catchments.

3.2 Results and Discussion

Natural flow regimes at the plant intake, as defined on the basis of flow duration curve

estimated by plant designer, are persistent in the Valfredda and Piova creeks. Parameter

λ/k is larger than 1 in those streams, thereby implying that daily streamflow variability

is reduced (CV < 1, see Section 2.1). Conversely, λ/k = 0.3 characterizes the erratic

streamflow regime at the intake of the Ru delle Rosse plant whose daily discharges

are highly variable and continuously range between strong drought and flood conditions.

Specific mean flow is lower in the erratic (0.16 cm/d) than in persistent (0.23-0.26 cm/d)

case studies. The difference in terms of streamflow regime is evident in Figure 3.1: flow

duration curves have a different shape and, in particular, discharges characterized by

duration larger than 0.5 are very close to 0 in the erratic case study (Figure 3.1c, Ru
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Valfredda Piova Ru delle Rosse

Hydrological features

Catchment area [km2] 4 30 3

Minimum Flow Discharge [cm/d] 0.052 0.047 0.041

Mean discharge [cm/d] 0.23 0.26 0.16

αk [cm/d] 0.077 0.034 0.563

λ/k [-] 3.0 8.0 0.3

Hydropower plant

Intake height [m a.s.l.] 1753 742 1450

Outflow height [m a.s.l.] 1549 690 1160

Hydraulic head [m] 204 52 290

Impacted length [km] 1.3 1.1 0.8

Turbine type Pelton Francis Pelton

α0 0.10 0.10 0.10

αM 0.30 0.50 0.30

η0 0.75 0.46 0.75

ηM 0.89 0.86 0.89

Cost function

QPROJECT [cm/d] 0.31 0.33 1.02

C(QPROJECT ) [Me] 1.0 1.5 1.2

a [Me/( cmd )b] 2.00 2.90 1.19

Table 3.1: Technical and economic characteristics of the considered run-of-river power plants

and hydrological features of the contributing catchments. All discharges are considered per unit

area (specific discharges).
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delle Rosse). In persistent regimes instead durations close to 1 (base flow which is always

exceeded) are usually associated with finite discharges, around 0.05/0.1 cm/d in Figure

3.1a and Figure 3.1b.

Different shapes of the flow duration curve in the selected case studies determined differ-

ent optimizations of the plant capacity. Results are graphically presented in Figure 3.1

and detailed in Table 3.2. In particular, economic optimal capacities, QNPV , obtained

through the analytical method under the actual MFD prescription are relatively close

to the project design flows QPROJECT , except that for the Ru delle Rosse power plant

(Figure 3.1c), where the capacity suggested by the designers is much higher than the

analytical estimate. This choice is not motivated in the technical reports available, but

probably it can be explained by the need of increasing the plant capacity to deal with

the enhanced variability of flows. However, the size of the Ru delle Rosse plant was

exaggerated and closer to the maximization of the energy produced.

The duration of economic optimal capacity is strongly dependent on the incoming

streamflow regime. As shown in Figure 3.1, the duration of QNPV is 0.20 and 0.27

in the persistent case studies (respectively, in the Valfredda and Piova creeks), while a

larger plant capacity is suggested by the model when incoming daily streamflows are

highly variable, such as in the erratic case study analysed (Figure 3.1c). In the latter,

QNPV has a duration of 0.07 resulting in a economic optimal plant capacity that, in

terms of specific discharge, is almost double (QNPV = 0.62 cm/d) than in persistent

case studies (QNPV = 0.33 cm/d). The choice of a relatively higher capacity in erratic

than in persistent flow regimes, confirmed by technical reports of real-case applications,

implies that in the former cases it is more convenient to activate the plant less frequently

and thus process less probable but larger streamflows (those located in the tail of the

flow distribution). Model simulation of economic plant optimization determined a Net

Present Value for the investors which is, respectively, 1.67, 4.84 and 0.88 Me. The Pi-

ova power plant produces very high proceeds, mainly thanks to the higher catchment

contributing at the plant intake.

The energetic optimization individuates plant capacities which are higher than the

correspondent economic optima. Indeed, when energy production is maximized, plant

construction costs are not included in the model and thus E(Q) peaks in correspondence

of discharges which are higher than those determining peaks of NPV (Q). In Figure 3.1

and Table 3.2, there are no particular relationships between values suggested for QEN ,
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Valfredda Piova Ru Delle Rosse

MFD [cm/d] 0.052 0.047 0.041

QEN [cm/d] 0.50 0.37 1.24

E [GWh] 17.9 40.5 12.5

QNPV [cm/d] 0.33 0.33 0.62

NPV [Me] 1.67 4.84 0.88

QPROJECT [cm/d] 0.31 0.33 1.02

Table 3.2: Comparison between the plant capacities QPROJECT chosen by the designers and

those resulting from the maximization of the NPV (QNPV ) or the energy produced QEN . All

discharges are considered per unit area (specific discharges).

or for its relative duration, and incoming streamflow regimes. Mean annual energy pro-

duction ranges between 0.8 GWh (Ru delle Rosse) and 2.7 GWh (Piova). As expected,

the Piova power plant is again the one producing more energy.

The potential of the proposed method as a flexible and simple design tool for practical

application emerges in this chapter. In particular, the duration of economic optimal ca-

pacity is found to be strongly dependent on the incoming streamflow regime, evidencing

the role played by flow variability in the design of run-of-river power plants. Water re-

sources availability at the plant intake needs to be carefully investigated when planning

hydropower plants, especially in mountain remote areas where different flow regimes

might occur depending on climatic and landscape information.

Proposed tools aim at supporting the preliminary design of capacities of run-of-river

plants based solely on soft data (i.e. topographic and climatic data).
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Chapter 4

Multi-objective optimization of

the plant capacity:

profitability and hydrologic

disturbance

This chapter illustrates the application of a multi-objective optimization in the design of

the capacity of run-of-river plants to identify optimal trade-offs between two contrasting

objectives: the maximization of the profitability and the minimization of the hydrologic

disturbance between the intake and the outflow. The latter is evaluated considering

different flow metrics: mean discharge, temporal autocorrelation, and streamflow vari-

ability.

The Net Present Value and the dimensionless indexes of hydrologic alteration are calcu-

lated as a function of the plant capacity Q by means of eq. (2.20) and eq. (2.30), which

are based on the availability of long-term flow measurements. In contrast with what

has been done in the previous application, the assessment of water availability at plant

intakes by means of the identification of streamflow distributions (or, alternatively, flow

duration curves) has not been performed. Case studies for this application were indeed

chosen based on the availability of flow measurements in the same stream, or in similar

nearby catchments.

Results of the multi-criteria optimization of the plant capacity are presented for two case
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studies located in the Alps and featured by contrasting flow regimes and show that the

optimal design capacity is strongly affected by the flow regime at the plant intake.

Implications in terms of policy actions are also discussed at the end of this chapter.

4.1 Study area and data

The application presented in this chapter has been performed selecting two case studies

featured by contrasting flow regimes in correspondence of two run-of-river plants recently

proposed along the major tributaries of the Piave river: the Boite and the Cordevole

rivers. Given the key role of the Piave river and its ecosystem in supporting the tourism

of the Veneto region, the selected case studies can be considered noteworthy examples

of the need for reconciling hydropower exploitation and riverine ecosystem protection.

The Boite river is the second major tributary of the Piave river with a total length of

45 km and a catchment area exceeding 400 km2 (orange outlined area in Figure 4.1a).

The Boite flows across an area which heavily relies on tourism and includes outstanding

places like Cortina d’Ampezzo (the ’Pearl of Dolomites’). Although the critical role of

landscape and environment for attracting tourists and enhancing local and regional econ-

omy, the Boite is impacted by the presence of 8 run-of-river plants along its main course

(white points and dotted lines in Figure 4.1). Moreover, a reservoir with a capacity of

about one million of cubic meters was built in the 60s a few kilometers upstream of the

confluence with the Piave river (white diamond in Figure 4.1) . The case study consid-

ered in this analysis is an hydropower plant under construction along the course of the

Boite river, whose intake is located two kilometers downstream of Cortina d’Ampezzo

(drainage area = 220 km2, blue region in Figure 4.1a). In this case, diverted flows will

be returned back to the river 12 km downstream of the intake. The intake and the

outflow are indicated as red dots in Figure 4.1a. Technical information available indi-

cates a proposed plant capacity of 13.5 m3/s and an hydraulic head of 240 m leading

to 13 MW of mean annual electrical power produced by means of two Francis turbines.

Although having a nominal power larger than 1 MW, this plant can still be considered

a run-of-river plant since it processes water with a limited storage upstream of the weir.

Regulation capacity is thus prevented even in this case. The minimum flow discharge in

the Boite river is prescribed by the Water Authority as 0.6 m3/s in winter and summer

and 0.8 m3/s in spring and fall. All these data are freely accessible through the website

of the Water Resources division of the Regional Agency (http://www.regione.veneto.it).
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Figure 4.1: Location of the case studies considered in this chapter: (a) Boite river and (b) Ru

delle Rosse creek. The map highlights the altered reaches (red lines) between the intakes and the

outflows (red dots), and the contributing catchment of each plant (blue regions). White dots and

dashed lines in (a) individuate other plants already built in the Boite river basin. The figures

also show the location of the gauging stations (yellow stars) available nearby the plant intakes.

Panel c shows the location of the Piave river in Italy.
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Long-term daily streamflow data are required to quantify the Net Present Value and

the alteration induced by the plant between the intake and the outflow. Streamflow

measurements are available along the Boite river in two gauging stations: Podestagno

(82 km2, 1992-2008) and Cancia (313 km2, 1986-2008) (Figure 4.1a). Both these data

sets could be potentially used to estimate the flow regime at the plant intake, which

is located in between these gauging stations. However, only the daily records available

at Cancia were used because of the longer period of record and the reduced distance

from the intake. Discharge data observed at Cancia were multiplied by a scaling factor

represented by the ratio between the catchment area at the intake and the contributing

area in correspondence of the gauging station (0.70). The flow regime of the Boite river

is featured by a weak variability of daily flows around the mean and it can be classified

as persistent.

A second case study has been identified in the Ru Delle Rosse creek, a small stream

which belongs to the catchment of the Cordevole river. The plant, as introduced in

Section 3.1, is featured by a contributing area at the intake of about 3 km2, a capacity

of 0.35 m3/s and it should produce a mean annual power of about 120 kW exploiting an

hydraulic head of 290 m.

The absence of streamflow measurements in the considered catchment requires to assess

the Net Present Value of the plant and the hydrologic alteration by means of streamflow

records gathered in a nearby cross-section, properly scaled with the contributing area.

The streamflow series considered is the daily record available at La Vizza (1985-2007), a

gauging station located along the Cordevole river, about 10 km upstream of the conflu-

ence with Ru Delle Rosse creek, in a nearby valley featured by similar climatic conditions

and with analogous size (8 km2). The use of flows measured in a nearby station is a rea-

sonable assumption owing to the uniformity of climate, rainfall and soil use/type along

single tributaries of the Piave river (see Botter et al. [2010]).

All the streamflow data used in this application were gathered and provided by the Re-

gional Environmental Agency (ARPAV) using ultrasound hydrometers and by means of

a stage-discharge relation, which is continuously updated. Missing data were less than 1

% (Boite river) and 3 % (Ru delle Rosse creek), and were not considered in the analysis

because of the negligible impact on the results of the optimization.

The plants considered in this application will take advantage of the following incentives:

eP = 0.12 e/kWh for 30 years for the plant along the Boite river; and eP = 0.22 e/kWh
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for 15 years for the plant along the Ru delle Rosse creek. Feed-in energy tariff and dura-

tion of state incentives are different in the Boite river case study, because the plant has

a nominal power larger than 1 MW, therefore it benefits a reduced energy selling price

but guaranteed for a prolonged time periods, according with the actual legislation.

Provided that streamflow measurements at the gauging station of Cancia are available

only for 23 years, the available measurements have been artificially extended by adding

the first 7 years of streamflow data at the end of the measurement period. Alternative

procedures (like replacing the first 7 years with the last 7 of the record) provide analo-

gous results.

Information about the plant costs was gathered based on preliminary projects using

the same procedure outlined in Section 3.1. The corresponding parameters of the cost

function are summarized in Table 4.1, jointly with the major features of the plants.

4.2 Results and Discussion

Figure 4.2 shows the behaviour of all economic (NPV) and hydrologic (µ, CV , I, RI)

indexes for both the case studies as a function of the plant capacity Q. To facilitate the

comparison between the two plants, the horizontal axes have been normalized by the

corresponding plant capacities that maximize the NPV (QNPV ). The two plots on the

top illustrate how the NPV changes with the plant capacity Q. For small values of Q,

the NPV is very low (or even slightly negative) because the amount of flow processed

by the plant yields earnings comparable with the construction costs. The maximum

profitability is obtained for Q = 7.5 m3/s (NPV = 67 M e) in the Boite river and

Q = 0.23 m3/s (NPV = 1.1 Me) in the Ru Delle Rosse creek. The duration of QNPV

in the two cases is 0.25 and 0.07 respectively, reinforcing the critical role played by flow

regimes in the definition of the optimal duration of plant capacity as found in Section

3.2. In agreement with analyses performed in the previous chapter, the duration of the

economically optimal capacity is smaller when the flow variability is enhanced. Simu-

lated economic performances of the Ru delle Rosse plant is slightly higher compared to

the economic optimization performed in Section 3.2 because of the different approach

followed to determine water resources availability at the plant intake (fit of the designer

flow duration curve vs scaled discharges from a similar nearby catchment).

Figure 4.2c-l shows how the flow statistics mentioned in Section 2.6 change in between

the intake and the outflow as a function of the plant capacity. The assessment of hy-
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Boite Ru delle Rosse

Hydrological features

Catchment area [km2] 220 3

Minimum Flow Discharge [m3/s]

- winter and summer 0.6 0.014

- spring and fall 0.8 0.014

Mean discharge [m3/s] 6 0.1

Hydropower plant

Intake height [m a.s.l.] 1107 1450

Outflow height [m a.s.l.] 867 1160

Hydraulic head [m] 240 290

Impacted length [km] 12.1 0.8

Plant capacity [m3/s] 13.5 0.35

Number of turbines 2 1

Type of turbines Francis Pelton

α0 0.10 0.10

αM 0.50 0.30

η0 0.46 0.75

ηM 0.86 0.89

ηP 0.95 0.95

Mean annual power [kW] 13000 122

Maximum power [kW] 30000 995

Annual energy production [GWh] 113.8 1.1

Cost function

QPROJECT [m3/s] 13.5 0.35

CPROJECT (QPROJECT ) [Me] 122 1.2

a [Me/(m
3

s )b] 25.7 2.3

b [-] 0.6 0.6

Table 4.1: Technical and economic characteristics of the considered run-of-river power plants

and hydrological features of the contributing catchment.
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drologic disturbances is carried out in this application considering the following seasons:

summer (June to August), fall (September to November), winter (December to Febru-

ary) and spring (March to May). Flow statistics during winter, when river ecosystems

are almost inactive owing to the influence of snow dynamics [Schaefli et al., 2013], might

be neglected [Brown et al., 2011]. The lowest hydrologic alteration is observed when the

capacity is null and the natural flow regime remains unaltered. The plots show quite

heterogeneous patterns for the different flow metrics (µ, CV , I and RI) in the two case

studies.

A run-of-river plant always reduces the mean flow in the reach between the intake and

the outflow. The rate of change of µds, though, decreases with Q because of the reduced

percentage of time during which the plant is activated implied by large plants. Note

that µds in the Ru delle Rosse creek (Figure 4.2d) exhibits a non-monotonic dependence

on the capacity Q. Therein, the minimum value of µds is observed for Q ∼= 1.2QNPV ,

whereas the alteration of the mean flow decreases for larger capacities because of the

increased percentage of time during which the plant is switched off. Conversely, the coef-

ficient of variation of daily flows in the river reach downstream of the intake is generally

increased by the water flows diverted to the plant (Figure 4.2e-f). In fact, the flow pdf

observed in the impacted reach is characterized by a finite probability concentrated in

qds = MFD and by the translated tail of the original streamflow distribution, repre-

senting incoming flows large enough to saturate the plant capacity. The coefficient of

variation of daily flows downstream of the intake, CVds(Q), is a non monotonic function

of Q. For small plants CVds increases with Q, while the opposite behavior is observed

for large plants. In regimes featured by a significant flow variability, the capacity that

maximizes the impact on the CV is smaller than QNPV (Figure 4.2f). Large plants may

induce a reduced impact on flow variability than small plants because of the reduced

contribution of flood events to the flow variability downstream of the intake. Run-of-

river plants typically reduce the integral scale of correlation, I, and the regime instability

index, RI (Figure 4.2g-l). This implies that the plant induces less correlated streamflows

during each season/year, but more stable regimes across different years. In the Ru Delle

Rosse creek, for Q ∼= 3QNPV , RIds approaches the values observed in the absence of

the plant, thereby leaving unaltered the natural inter-annual variability of streamflows.

The fact that CVup > CVds and RIup < RIds implies that run-of-river plants induce an

increase of the intra-annual variability of daily flows, but a decrease of the inter-annual
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variability, with potential implications for adaptation strategies of aquatic biomes.

In order to quantitatively test the independence among the different flow metrics, the

cross-correlations (across different years) among µ, CV , I and RI and those among the

corresponding disturbance indexes in eq. (2.30) have been calculated for different ca-

pacities. The analyses provided empirical evidence of independence among the different

flow attributes (and/or their response to flow abstractions) in the examined case studies

(maximum correlation < 0.5).

4.2.1 Deterministic weighting factors

Objective functions dependent on the plant capacity Q, as defined by eqs. 2.33 and 2.34,

assume values ranging between fi = 0, when the i-th objective is completely fulfilled,

and fi = 1, in correspondence of the plant capacity implying worst performances of the

i-th objective.

Figure 4.3 illustrates the economic (x-axis) and hydrologic (y-axis) components of the

objective function for different values of the plant capacity Q when DH is computed using

deterministic weights (eq. 2.31). This curve is generated clockwise from the right-down

corner (minimum profitability and lowest hydrologic impact) for increasing values of Q.

Solid lines illustrate the Pareto front, while dominated capacities are indicated as dashed

lines. The latter represent undesirable design conditions, for which both economic value

of the plant and hydrologic impact could be simultaneously improved.

Plots on the top of Figure 4.3 shows the sensitivity of DH to the single factors that

contribute to the definition of the hydrologic disturbance, and they have been obtained

by considering the disturbance induced by the plant on each flow metric of eq. (2.30)

separately. In most cases, the range of efficient plant capacities is upwardly bounded

by QNPV . The lowest value of the set of efficient capacities, instead, is highly variable

from case to case. As a consequence, the set of Pareto-efficient capacities may be as

wide as the interval [0, QNPV ] - implying that all plant sizes smaller than the economic

optimum are efficient - or much narrower, implying that only specific ranges of Q should

be preferred in the design of the plant.

In some instances the function representing the profitability and the hydrologic alter-

ation of the plant in the plane (f1, f2) shows interesting features. For example, when

the RI is considered, the Pareto front may be composed by two or more disconnected

segments. Interestingly, in some cases the Pareto front includes also capacities which are
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significantly higher than QNPV (Figure 4.3g, 4.3i).

Figure 4.3e, 4.3l illustrate, for the two case studies investigated in the paper, the multi-

objective optimization of the plant capacity which is achieved trading between the eco-

nomic profitability and the overall hydrologic alteration when the latter is calculated

via eq. (2.31), i.e. by weighting homogeneously all the flow statistics introduced in eq.

(2.30). Solid lines represent the overall Pareto fronts, which include the plant capacities

that maximize the economic profitability (QNPV ) and those minimizing the hydrologic

impact (QHI). Interestingly, for the Ru delle Rosse creek the set of dominant solutions

is made up by three disconnected ranges of Q (0 m3/s < Q < 0.05 m3/s; 0.07 m3/s

< Q < 0.23 m3/s; 0.56 m3/s < Q < 0.66 m3/s). The Pareto-optimal plant capacity,

QOPT , minimizes the distance from the origin when the objective functions are dimen-

sionless linear transformations of the economic profitability and the hydrologic impact.

It represents the best choice to simultaneously fulfill the two contrasting objectives con-

sidered in the optimization. QOPT is equal to 2.9 m3/s for the Boite river and to 0.66

m3/s for the Ru delle Rosse creek. The size of the plant suggested by this methodology

is almost equal to the maximum streamflow observed in the Ru delle Rosse (duration

D(QOPT ) = 0.03) and hence an erratic flow regime requires Pareto-optimal capacities

which are proportionally larger than in persistent regimes (D(QOPT ) = 0.83). It is worth

to note that in the Ru delle Rosse creek the Pareto-optimal capacity is much larger than

the economic optimum (QOPTQNPV
= 2.87), while in the Boite river the opposite trend is

observed (QOPTQNPV
= 0.39). In both cases, the capacity chosen by the designers, QPROJECT ,

does not maximize the NPV, and implies larger costs than smaller plants with similar

profitability. These results suggest that the two plants have been quite oversized, and

that an equivalent profitability could have been achieved with smaller plants, with a

sensible reduction of the overall alteration of the flow regime.

Table 4.2 summarizes the results of the analysis, when the hydrologic indexes are con-

sidered individually or when they are combined in a single index of hydrologic alteration

by means of eq. (2.31).

4.2.2 Random weighting factors

When eq. (2.32) is used to compute DH , a different value of QOPT is obtained for each

combination of weights γ1, γ2, γ3, γ4. Figure 4.4 shows the probability density functions
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QHI [m3/s] QNPV [m3/s] QOPT [m3/s] QPROJECT [m3/s]

Boite

µ 0 7.5 2.9 13.5

CV 0 7.5 3.2 13.5

I 1.1 7.5 3.7 13.5

RI 2.1 7.5 3.2 13.5

µ, CV , I, RI 0 7.5 2.9 13.5

Ru delle Rosse

µ 0 0.23 0.05 0.35

CV 0.31 0.23 0.31 0.35

I 0 0.23 0.08 0.35

RI 0.66 0.23 0.61 0.35

µ, CV , I, RI 0 0.23 0.66 0.35

Table 4.2: Relevant plant capacities resulting from the application of the multi-objective op-

timization to a run-of-river hydropower plant in the Boite river and the Ru Delle Rosse creek:

QHI (lowest hydrologic impact), QNPV (highest profitability) and QOPT (Pareto-optimal).
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Figure 4.4: Probability density functions (pdfs) of the Pareto-optimal plant capacities for (a)

the Boite river and (b) the Ru delle Rosse creek. Insets show the bundles of fronts (black curves)

that originates by a 104 Monte Carlo sampling of the random weights γi in eq. (2.32).

(pdfs) of the Pareto-optimal plant capacity, pOPT (QOPT ), numerically obtained by 10000

Monte Carlo realizations of the vector (γ1, γ2, γ3, γ4). In analogy to Figure 4.2, in the

x-axis the plant capacity Q has been normalized by the capacity that maximizes the

profits, QNPV .

In the Boite river (persistent flow regime, Figure 4.4a) pOPT is narrow and peaks around

Q = 0.4QNPV , suggesting that a trade-off between profitability and hydrologic alteration

would be obtained by significantly reducing the plant capacity below QNPV , indepen-

dently on the weight that is assigned to each flow statistics. In particular, the mean

Pareto-optimal plant capacity is 3.1 m3/s (QOPTQNPV
= 0.41), a value which is quite close to

the optimal capacity derived using uniform values of γi in eq. (2.32). Conversely, in the

Ru delle Rosse creek (erratic flow regime, Figure 4.4b) things are quite different. For

high plant capacities, the coefficient of variation and the regime instability downstream

of the intake closely resemble those observed in the natural regime. Hence, when the

weights assigned to these flow statistics are large enough, the optimal plant capacity is

much larger than the economic optimum. Otherwise, if the mean and the correlation

of streamflows have a larger weight in eq. (2.32), the optimal capacity is smaller than

QNPV . This explains the bimodal shape of pOPT observed in Figure 4.4b. In the Ru

delle Rosse, a satisfactory trade-off between the economic value of the plant and the

hydrologic alteration downstream of the intake would be achieved either reducing the

plant capacity below QNPV or increasing the capacity up to 3QNPV , depending on the
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weights assigned to each flow statistic.

In Figure 4.4, the area enclosed under pOPT has been shaded with different colors to

identify the distribution of QOPT obtained when each of the four flow statistics has the

largest weight in the computation of DH . The plot suggests that in the application

to the Boite river (Figure 4.4a) the impact of the plant on the mean and the CV ad-

dresses the choice of the capacity toward slightly smaller values, while higher values are

preferred when the disturbances on I and RI are more important. However, different

combinations of weights for the flow statistics lead to similar results in terms of opti-

mal trade-off between profitability and hydrologic disturbance. This is not the case for

the Ru delle Rosse creek (Figure 4.4b), where red and green dominate the left peak of

pOPT , while yellow and blue prevail in the right peak. This suggests that the mean and

the correlation downstream of the intake would be less impacted with a plant capacity

smaller than QNPV . Conversely, a reduced impact on the flow variability and the regime

instability would require large plant capacities.

This result can be better understood if the flow regime downstream of the intake is

analysed for different plant capacities. Figure 4.5 shows (in a log-log plot) the natural

flow duration curve at the intake of the Ru delle Rosse creek (solid curve), jointly with

the flow duration curve between the intake and the outflow for two different values of

the plant capacity. Dotted curve corresponds to a capacity Q = QNPV , while dashed

curve refers to a capacity Q = 3QNPV . Flows have been normalized using the mean

flow downstream of the plant, so as to better represent the relative flow variability in the

chart. The plot shows that the increase of CV when the plant is designed to maximize

the profits (dotted curve in Figure 4.5) is produced by the interplay between the right

tail of the streamflow distribution and the mean. In this case, due to the erraticity of the

natural flow regime, flows exceeding the plant capacity can be even 30 times larger than

the mean flow in the impacted reach. When the capacity increases, instead, the tail is

lighter (dashed curve in Figure 4.5), with maximum flows downstream of the intake that

are closer to the mean flow. The role of extreme flows is thus crucial in determining the

variability of daily streamflows downstream of the intake, and the corresponding value

of DH .

Figure 4.6 shows the annual flow pdf’s observed downstream of the Ru delle Rosse plant

intake for two plant capacities, approximately Q = 1.5 ·QNPV (left) and Q = 2 ·QNPV
(right). Annual flow pdf’s are shown from the first year (blue curve) to the last year
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downstream of the intake of the Ru delle Rosse power plant for a capacity Q = QNPV (dotted

curve) andQ = 3QNPV (dashed curve). The flows have been scaled to the mean flow downstream

of the plant (which is obviously different in each of the three cases), so as to better represent the

relative flow variability.

(green curve) considered in the analysis of the economic value and the hydrologic impact

of the plant. Fluctuations between annual pdf’s are proportional to the Regime Instabil-

ity, according to eq. (2.29). Fluctuations are much more accentuated in the right plot,

even though the plant capacity increases from left to right plot. Crucial is the role of

the cut-off flow, i.e. the minimum flow that the plant can process, which increases with

the size of the plant, thus leaving natural fluctuations unaltered for a larger fraction of

flow.

4.2.3 Identifiability of Pareto-optimal solutions

While random weights can be used to identify a set of optimal ’alternative’ solutions

through Pareto techniques, it is equally interesting to investigate whether these alter-

natives should be interpreted as local optima or if they are best interpreted as optimal

ranges of capacity. Figure 4.7 shows, for different values of the plant capacity, the eu-

clidean norm of the objective function (| f |) calculated for the points belonging to the

mean fronts (red curves in the insets of Figure 4.4). The identifiability of the Pareto-

optimal plant capacities is assessed by identifying the range of capacities which are nearly
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equivalent to the Pareto optimal capacity (being the norm of the corresponding objec-

tive function at most 10% larger than the minimum possible value). When a narrow

range of capacities exists that fulfill the condition | f(Q) − f(QOPT ) | / f(QOPT ) < 0.1,

the corresponding optimal solution is well identified, and the choice of Q should be re-

stricted to a narrow range of Q around QOPT because weak departures from QOPT lead

to significant changes in the degree of compliance of the objectives. For the Boite river

(V-shaped red curve in Figure 4.7), the Pareto-optimal plant capacity is found to be

well identified around 3.1 m3/s. For the Ru delle Rosse (W-shaped blue curve in Figure

4.7), instead, two separated regions can be identified around the two modes of pOPT

which are almost equivalent to the global optimum. In this case, while the first optimal

capacity is well identified around 0.05 m3/s, the second optimal capacity is not, with a

broad range of capacities (0.55 m3/s < Q < 0.71 m3/s) that produce similar values of

the overall objective function.

Pareto techniques can be used to single out trade-offs and alternative solutions that in-

corporate both uncertainty in the knowledge of the most influential hydrologic attributes

and degree of sensitivity of the objective functions to design attributes. In some cases the

optimal trade-off between economic profitability and hydrologic disturbance is well iden-

tified, whereas in other cases wider ranges of optimal capacities may be devised. Even

though well identified optima may facilitate the choice of designers providing to water

managers an objective basis to identify efficient allocations of resources, less identifiabil-

ity would give more flexibility in case of design errors and/or unexpected conditions.

4.2.4 Implications for policy actions

The multi-objective analysis carried out in previous sections provides some insight on

how to identify policy actions that incorporate the actual evaluation of the hydrologic

disturbance induced by run-of-river plants. Currently, feed-in tariffs that promote energy

production from run-of-river hydropower plants are mainly based on the mean annual

power produced by the plant. In Italy, for instance, plants that produce more energy

get less incentives for selling it (but for longer periods). This type of prescriptions

is grounded in the idea that the environmental footprint of a plant grows with the

amount of energy produced. Even though the length of the impacted reach is roughly

proportional to the power through the average slope between the intake and the outflow,

and large plants may induce a more significant impact at the intake due to increased size
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Figure 4.8: Hydrologic alteration (f2(Q) of the mean front) plotted against the mean annual

power produced by the plant in the Ru delle Rosse creek. Dots indicate growing plant capacities

with a step of 0.05 m3/s.

of hydraulic works and infrastructures, other factors like the extent of the hydrologic

alteration between the intake and the outflow could be equally important to define the

overall impact of a run-of-river power plant.

Figure 4.8 shows the relationship between the mean annual power (computed through

eq. (2.13)) and the hydrologic alteration (assessed through the objective function f2 of

the mean Pareto front) for the plant proposed in the Ru delle Rosse creek. The plot

suggests that, especially in rivers featured by a pronounced variability of streamflows,

the relationship between mean power (E/∆T ) and hydrologic disturbance (f2) is non

monotonic and hysteretic. In particular, the plot emphasizes that a given mean power

(say, 140 kW) can be produced with different plant capacities, that in turn imply different

degrees of hydrologic alteration (f2 = 0.9 for Q = 0.15 m3/s and f2 = 0.55 for Q = 0.6

m3/s). Moreover, a plant that produces a relatively large amount of energy may be less

impacting than a smaller plant in terms of flow regime disturbance between the intake

and the outflow. Results suggest that feed-in tariffs for run-of-river plants should not

be set as proportional to the produced energy (or to the plant size), but should rather

account for the actual modifications of flow conditions downstream of the intake.
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Chapter 5

Multi-objective optimization of

the plant capacity:

profitability and hydrological

connectivity

In the application described in chapter 4, the problem of simultaneously combining eco-

nomic and environmental objectives was carried out considering an overall hydrologic

disturbance evaluated as the sum of the upstream/downstream changes of a set of flow

statistics which are known to affect a variety of ecological processes in riverine environ-

ments. Under the proposed formulation, not only the impact on the natural streamflow

pdf is considered, but information on ecologically-relevant features like discharge corre-

lation and inter-annual variability of flows is accounted for. Hence, proposed tools for

the definition of the optimal plant capacity aim at satisfying human needs (i.e. energy

production in this case) while preserving the overall spectrum of ecosystem services sup-

plied by the river, which are implicitly considered under the proposed approach.

In this chapter the same problem is addressed from a more specific point of view. Eco-

nomic objectives (i.e. maximization of the Net Present Value) are not traded with the

minimization of the overall hydrologic disturbance in the river reach between the in-

take and the outflow, but with the maintenance of the hydrological connectivity in the

impacted reach. Discharges are known to represent a key variable in shaping ecologi-
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cal processes within catchments, especially for fish communities. Their health indeed

is strongly based on the availability of required habitats (e.g. feeding, spawning, refu-

gia, etc.), but also on their reachability, provided that the physical connection between

habitats is essentially given by available river discharges. Therefore, temporal variability

of flows reflects in a variability of the hydrological connectivity, and thus might imply

periods of strongly reduced connectivity, which represent a physical barrier for the move-

ment of ecological species within the catchment, with associated environmental concerns.

This is particularly important for migratory movements of anadromous fish, who grow in

freshwater, spend large portions of their life cycle in salt water until they achieve sexual

maturity and then return to native environments for spawning. Migrations are biologi-

cally constrained in time, and physical connectivity between habitats during those time

windows is fundamental for the survival of fish communities. For example, when access

to spawning sites is prevented, the number of new fish might be insufficient to overcome

mature fish mortality thus implying a reduced health of the ecological community.

Since many regions of the world are experiencing a significant exploitation of riverine

water resources for hydropower production (see the Introduction of this thesis), preserv-

ing the hydrological connectivity within a river network and, consequently, preventing

environmental concerns on fish communities are becoming increasingly important tasks

for water managers, who are asked to balance anthropogenic and environmental needs

and thus require tools for a proper allocation of water resources among those contrasting

goals. This chapter describes a quantitative analysis of how the presence of a run-of-river

plant in a pristine Scottish catchment might induce losses of hydrological connectivity

within the river network and thus affect the life cycle of an important salmon community

homing in the same catchment.

To this aim, a novel probabilistic approach to quantitatively evaluate the strength of

flow influence on hydrological connectivity under natural flow conditions on riverine

ecosystem processes needs to be introduced. Proposed formulation is based on a simple

outflux-influx model linking the number of Atlantic salmon emigrating and returning to

the same stream, which explicitly accounts for the inter-annual variability of the hydro-

logic regime. Model parameters, in particular those defining fish passage dependence on

available discharge, are calibrated against a detailed long-term hydroecological dataset

for an Atlantic salmon spawning stream in Scotland which gives robustness and reliabil-

ity to the proposed methodology.
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Then, the presence of a run-of-river plant is simulated to quantify losses of connectivity

induced by different scenarios of water abstraction for hydropower production. This

chapter ends with a multi-criteria optimization analysis aimed at defining the plant

capacity trading between the maximization of the economic profitability and the min-

imization of the losses of hydrological connectivity. This application, though specific,

represents a noteworthy example of the need of balancing anthropogenic and environ-

mental uses of water resources.

5.1 Study area and data

This section focuses on the specific application carried out in this chapter and introduces

information and data required to meet the objective. In particular, this chapter aims at:

• developing a new, probabilistic tool for the quantitative evaluation of a synthetic

index expressing the average probability for fish to move across river networks

depending on seasonal availability and variability of flows;

• validating the proposed tool through an eco-hydrological model describing salmon

returns for spawning based on the number of juveniles emigrated during previous

years from the same catchment, explicitly including the influence of natural flow

regime on the hydrological connectivity during pre-spawning season;

• simulating the presence of a run-of-river plant in the same river reach to investigate

how water abstraction between the intake and the outflow limits local hydrological

connectivity for salmon migrations, and how eco-hydrological concerns might be

traded with economic goals to achieve sustainable design of hydropower plants

maintaining satisfactory levels of connectivity in the altered river reach.

Atlantic salmon

Atlantic salmon (Salmo salar) is an economically and ecologically important fish species

in North West Europe and the North East of the North American continent [MacCrim-

mon and Gots, 1979; Mills, 1991; Maitland and Campbell, 1992]. As an anadromous

fish, salmon return from the sea as adults for spawning to the rivers and streams where

they were juveniles. Adult fish typically return for spawning after 1-3 years at sea;

this follows a juvenile phase of 1-4 years spent in freshwater [Youngson and Hay, 1996;

Klemetsen et al., 2003; Bacon et al., 2005]. Spawning usually occurs during autumn in

63



headwater streams and it is a critical lifestage to the recruitment and the maintenance of

salmon populations. Access into spawning streams is often mediated by streamflow, and

discharge thresholds may need to be exceeded to facilitate entry [Tetzlaff et al., 2008;

Cunjak et al., 2013].

Streamflow dynamics generally have a strong control on spawning entry because salmon

usually remain in the main stem of the river network waiting for an increase in discharge

that triggers the final upstream movement to the actual spawning site [Jonsson et al.,

1990, 2007; Mitchell and Cunjak, 2007; Gibbins et al., 2008; Jonsson and Jonsson, 2009].

General relationships between fish entry into spawning tributaries and flow variability

have been shown by direct trapping of returning fish and tracking of radio-tagged adult

salmon [Webb and Hawkins, 1989; Tetzlaff et al., 2008]. In years when flows are in-

sufficiently high, the size of returning spawning population may be limited as access to

suitable habitat may be restricted or even prevented [Moir et al., 1998; Gibbins et al.,

2008]. Headwater areas can often be reached only under relatively high flows [Baxter,

1961; Vadas, 2000; Cunjak et al., 2013], and progressively higher discharges are needed

for increasing fish sizes and more upstream sites which are steep with high roughness

[Moir et al., 2004]. Large fish homing to small streams during periods of low flows may

find it physically impossible to reach their target when minimum depth requirement

is not fulfilled [Youngson and Hay, 1996; Tetzlaff et al., 2005b] or may be particularly

vulnerable to predation in shallow water [Jonsson et al., 2007]. The ascent of large

salmonids at low flows in small streams is therefore often delayed compared to that of

smaller ones [Jonsson et al., 1990; Jensen and Aass, 1995; Jonsson et al., 2007; Mitchell

and Cunjak, 2007].

Although flow-related connectivity may act as an important control on salmon entry

to spawning streams, its effects will be modulated by other factors. Density dependent

controls have been identified whereby the larger number of returning spawning fish will

increase competition for spawning sites and add dispersive pressures on habitat utiliza-

tion. Thus, simple flow effects can be confounded by the number of returning adults,

which in turn depends on the number of out-migrating juveniles in the preceding years

and their survival rates in the ocean. Marine mortality is often high (> 95 %) as a result

of predation, commercial fishing and variability of ocean food supplies. Moreover, the

timing of the flow variability in the spawning migration can also have an important effect

on discharge thresholds, with increasing the probability of fish trying to enter spawning
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tributaries on lower flows when ovulation becomes closer. Fish are more likely to cease

waiting for higher flows as spawning time approaches since they need to spawn promptly

after ovulation, which in itself is temperature dependent. However, it is also important

to note that some studies have shown that in larger rivers with more stable flow regimes,

discharge may have limited effects on the upstream migration of adult salmon [Thorstad

and Heggberget, 1998; Lilja and Romakkaniemi, 2003; Thorstad et al., 2003; Karppinen

et al., 2004].

Girnock Burn catchment

The Scottish Highlands (UK) contain some of the least disturbed rivers in Europe and

many form important spawning sites for Atlantic salmon [Gilvear et al., 2002]. Among

those is the River Dee, flowing in north-east Scotland from the Cairngorms to the North

Sea at Aberdeen (2300 km2).

The Dee is the largest river in the UK that is not subject to the influence of river

regulation by reservoirs and sustains an economically important salmon fishery. The

Dee is particularly well known for its spring salmon - these are adult fish which return

to freshwater habitat early in the year, allowing the fishing season to start early (in

February). Genetic studies have shown that these fish mostly spawn in the high altitude

headwater tributaries of the Dee [Youngson and Hay, 1996].

The Girnock Burn is one such relatively natural 9.5 km long tributary of the River Dee,

draining a catchment of 30.3 km2 with altitudes ranging between 230 m and 862 m

(panel A in Figure 5.1) [Tetzlaff et al., 2005a]. Various glacial and fluvio-glacial deposits

cover the bedrock, which is composed of granite in the upper part of the catchment and

dominated by schists and other metamorphic rocks in the lower parts [Moir et al., 1998;

Gibbins et al., 2002; Soulsby et al., 2005]. Land use is dominated by heather (Calluna

vulgaris) moorland used for deer stalking.

Streamflow data

The hydrology of the Girnock has been extensively studied. Daily discharge data were

measured from 1972 to 2011 at the gauging station of Littlemill (grey circle in Figure

5.1A), which is located about 1 km upstream of the confluence between the Girnock

and the Dee. Figure 5.1B shows the frequency distribution of streamflows recorded

at Littlemill. Mean annual discharge is 0.55 m3/s, but flows can be smaller than 0.1
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Figure 5.1: View of the Girnock Burn catchment with the location of the discharge gauging

station and the fish trap (top left, A); probability density function of streamflows observed at

the gauging station with mean flows and quantiles given (top right, B); annual number of smolt

and parr emigrating downstream of the juvenile fish trap in the Girnock Burn (upper panel, C)

and adult females returning for spawning (lower panel, C).
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m3/s in June and August or larger than 50 m3/s during floods (usually in late autumn

or early spring), implying a strong intra-annual variability of streamflows [Moir et al.,

1998; Malcolm et al., 2003]. Moreover, the pronounced inter-annual flow variability is

a distinctive feature of streamflow dynamics in the Girnock Burn [Moir et al., 1998;

Soulsby et al., 2005].

The discharge characterized by a duration of 0.95 is considered the default residual flow,

that must be preserved downstream of every kind of water abstraction for human needs,

even though the Scottish Environmental Protection Agency (SEPA) may require specific

prescriptions for every case study. In this case, at the cross section where the gauging

station is located, a duration of 0.95 corresponds to a streamflow of about 0.04 m3/s.

This value, properly scaled if necessary, is considered as the Minimum Flow Discharge

(MFD) in the present case study.

Salmon data

Salmon population dynamics in the Girnock Burn have been monitored for a long period.

Most relevant studies and data acquisition include geomorphic and hydrologic character-

ization of spawning habitats [Moir et al., 2002], spawning observations within the river

network [Moir et al., 2004] and hydraulic modelling of spawning sites Moir et al. [2005].

In the mid-1960s, two fish traps were built by Fisheries Research Services Freshwater

Laboratory (FRS-FL) staff a few hundred meters downstream of the discharge gauging

station at Littlemill. One trap is set to catch juvenile salmon emigrating out of the

Girnock during their journey to the sea (smolts in spring and parr in autumn). Trapped

juveniles are counted, measured and their scales are taken for age determination. Ju-

veniles are released in the stream downstream of the trap. Another trap is located just

downstream of the juvenile trap to monitor the number of adult salmon coming back

in autumn for spawning from the ocean to the Girnock. The trap is temporary and is

installed in the river only during the spawning season when adult salmon migrate from

the River Dee into the Girnock. Adult female spawners undergo the same analysis as

smolts and are released upstream of the traps.

The fish traps have continuously monitored emigration (smolt and parr) and immigra-

tion (adult female spawners) fluxes between the Girnock Burn and the River Dee since

1967 [Glover and Malcolm, 2015b,a]. The emigrants database is subdivided into smolts

and parr depending on the season when emigration takes place. However, for the aim of
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this work, smolt and parr are considered together, and the annual number of emigrants is

the sum of all juveniles exiting the Girnock during spring and autumn of the same year.

Comparative analyses were also carried out looking at adding the autumn migrants to

the previous and following cohort of smolts, with no significant influences on the out-

come. Unfortunately, the parr record exhibits some missing data during 80s (1982-1985

and 1988) and this is reflected in gaps in the total number of emigrants. This problem

was circumvented by increasing the number of emigrating fish proportionally in these

years (5 out of 40) to account for the missing parr data. Indeed, annually emigrating

smolt runs during recent decades were on average as twice as large as those for parr.

Figure 5.1C shows the number of juveniles exiting the Girnock (upper panel) and the

number of females coming back for spawning (lower panel) every year (1 Jan - 31 Dec)

through the fish trap since 1967. The mean number of emigrating salmon and immigrat-

ing females is 3500 and 50 (1967-2014), respectively. In common with a number of other

salmon rivers in the United Kingdom and elsewhere, the number of female spawners

returning to the Girnock has shown a substantial decline over the past 50 years, with

mean annual returning spawners falling from 70 (1967-1984) to 30 (1997-2014). Fish

population studies in the Girnock indicate that an average of 30 spawning females are

needed to maintain optimum habitat use and maximum levels of productivity [Youngson

and Hay, 1996].

Economic data

Estimating the economic profitability of a run-of-river hydropower plant requires the

introduction of an additional set of economic parameters.

In Scotland, feed-in tariffs exist that promote selling of the energy produced by small

hydropower plants. Though being continuously reviewed, this work refers to incentives

on small hydropower proposed in 2013, as reported by Liu et al. [2013]. For nominal

power between 100 kW and 500 kW, as in the case of a plant located in the Girnock,

the energy selling price (ep) is prescribed as 0.155 £/kWh and guaranteed for 20 years.

Finally, construction cost parameters need to be provided to the model to quantify the

NPV of the hydropower investment in the Girnock. This task was addressed by referring

to an existing database on hydropower plants available for the entire UK containing

information on plant characteristics and costs [Salford Civil Engineering Ltd, 1989]. This

database was collected by Salford Civil Engineering Ltd. in 1989, therefore it is usually
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referred as the Salford Study. Construction costs are reported in the Salford Study only

for those plants built in England and Wales, but they were assumed to be valid also

for Scotland. Construction costs (artificially corrected by inflation from 1989 to 2015)

were then compared against the correspondent plant capacities for those plants with

characteristics similar to small run-of-river plants in mountain regions, namely a capacity

smaller than 1.5 m3/s and an hydraulic head higher than 30 m. More than 70 plants

satisfied the imposed characteristics, and they were used to calibrate the parameter

a = 0.97 [M£/(m
3

s )b] of the power-law cost function (see eq. 2.18), in which b was again

considered to be 0.6 [-] as in all previous applications. Figure 5.2 shows construction costs

data reported in the available database as a function of correspondent plant capacity

(black dots), as well as the function expressed by eq. (2.18) in which parameter b is

0.6 and parameter a is calibrated fitting the ensemble of data (solid line). The fitted

power-law function accurately describes construction costs for smaller capacities, whereas

increasing size of the plant implies that variability of observed costs increases accordingly.
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5.2 Methods

In Section 5.2.1, a new formulation for the quantitative evaluation of the inter-annually

varying hydrologic connectivity is introduced and validated through a model that de-

scribes annual return fluxes of adult salmon for spawning. Model parameters are cali-

brated against the eco-hydrological dataset described in Section 5.1.

Section 5.2.2 describes how losses of hydrological connectivity induced by a run-of-river

power plant can be quantified for increasing plant capacities, and mathematically defines

the objectives functions for a multi-criteria optimization of the plant capacity trading be-

tween the maximization of the economic profitability and preservation of the hydrologic

connectivity between the intake and the outflow of the hydropower plant.

5.2.1 Modelling salmon returns for spawning

The first goal is to formulate a probabilistic tool to quantify the hydrologic connectivity

for adult salmon explicitly accounting for the hydrologic regime at the confluence between

the Girnock and the River Dee. Validation is then performed including the proposed

tool in a simple and parsimonious model for the estimate of female salmon returns

for spawning to the Girnock Burn. Female salmon returns are modelled based on the

number of juveniles emigrated in previous years. Females are more important than males

in determining subsequent juvenile recruitment because smolt and parr critically depend

on the number of eggs deposited by female salmon. This is because each spawning female

will produce ca 5000 eggs which can be fertilised by relatively few adult males or sexually

mature resident parr [Youngson and Hay, 1996].

The model incorporates a number of factors relevant to the salmon life cycle derived from

previous empirical and/or theoretical studies. The number of emigrants is approximately

two orders of magnitude higher than the number of immigrating females. Hence, the high

mortality rate characterizing the marine life stage needs to be accounted for. Spawner

age determination at the fish trap has demonstrated that most salmon return to the

Girnock two or three years after they left it. Observations have also shown that peaks

of emigrants are often reflected by peaks of immigrants with a delay of two or three

years (e.g. immigrants from 1986 to 1997 reflect emigrants from 1983 to 1994 implying

a delay of three years). In addition, the access to spawning sites in the Girnock Burn

strongly depends on the hydrological connectivity between the Girnock and the Dee
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during the pre-spawning season, when females select spawning habitats [Moir et al.,

1998]. Relatively dry spawning seasons reduce the probability of upstream migration

and force females to spawn in the lower reaches of the Girnock. In such situations,

uneven spawning distributions may result in sub-optimal use of potential habitats and

compromise juvenile production [Tetzlaff et al., 2005b].

Hence, the following factors are identified as the main drivers of the flux of females

returning to the Dee: marine survival rates (µ), the delay (number of years) between

emigration from and return to the native stream (τ) and the fish passage probability

between the Girnock and the Dee (f̄), which is driven by the underlying hydrologic

regime. Other types of environmental factors possibly involved in the selection of the

spawning site and migratory movements (chemical stresses, water temperature, etc.)

have been neglected in order to produce a parsimonious model that could be transferable

to other sites and is able to test whether hydrologic dynamics are a first order control

on fish migration, and quantify this relationship under natural flow conditions.

Marine survival rates, µ

The marine survival rate µ(t) during year t defines the fraction of adult salmon emigrated

during the t-th year that will survive to the year t+1, and thus, will get a chance to return

to the Girnock Burn for spawning. The survival rate µ(t) is therefore a dimensionless

number that ranges between 0 (death of all emigrated salmon) and 1 (all emigrated

salmon survive). The annual survival rate is known to have decreased with time. For

this reason, salmon survival is defined as a linear function of time.

µ(t) = µ0 +
µF − µ0

tF − t0
· (t− t0) (5.1)

According to eq. (5.1), two parameters are needed to evaluate µ(t) during the entire

model simulation: µ0, the survival rate for the first year of the simulation (t0); µF , the

survival rate for the last year of the simulation (tF ).

Delay between emigration and return, τ

The number of years between emigration and returns (hereafter termed delay, τ) is con-

sidered as a discrete random variable with a probability density function (pdf), pd,t (τ),

where the subscript t refers to a specific emigration year. The distribution pd,t is assumed

to hold positive values only for τ = 2 and τ = 3 (Figure 5.3), since almost all salmon
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Figure 5.3: Probability density function pd (τ) of the number of years between emigration

and returns (delay, τ). A single parameter λ is required to define pd (τ), which represents the

probability of having salmon returns two years after juvenile emigration.

return two or three years after emigration. Hence, the model neglects the possibility

that salmon can return after one year only, or after more than three years. Under these

assumptions, for any emigration year t, the definition of pd,t relies on one parameter,

λ ∈ [0, 1], representing the probability that τ = 2. Accordingly, the probability of having

τ = 3 must be (1− λ).

Finally, in order to reduce the number of parameters, the probability distribution of

delays between emigrations and returns has been considered to be the same for all years

of the simulation (i.e. pd,t(τ) = pd(τ)∀ t). In this framework, a single parameter (λ) is

needed to model delays between emigrations and immigrations throughout the simula-

tion.

Fish passage probability

A time-variable average passage probability f̄(t) is introduced to quantify the probability

for spawners to successfully migrate from the confluence of the Dee and the Girnock

Burn to upstream spawning sites of year t. This component of the model explicitly

accounts only for the observed hydrologic conditions immediately prior to spawning (i.e.

September to November - as indicated by long-term observations).

In the Girnock Burn, salmon spawning migrations have been found to be positively
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correlated with streamflow conditions [Moir et al., 1998; Tetzlaff et al., 2007]. In fact,

adult females utilise discharges greater than the long-term spawning season median flow

(0.26 m3/s) [Moir et al., 2004]. On the contrary, low discharges and associated reduced

stages limit fish mobility and increases fish predation during immigration. Hence, low

discharges can be seen as a physical barrier impeding upstream migratory movements.

These factors have been incorporated into the model through a fish passage function

f quantifying the probability of salmon to entering the Girnock Burn and accessing

upstream spawning sites, and which is made dependent on the river discharge (f(Q)).

An exponential fish passage function has been selected that relies upon two parameters

(Figure 5.4).

f(Q) =

0 if Q ≤ Q∗

1− exp
(
−Q−Q∗

σ

)
if Q > Q∗.

(5.2)

In eq. (5.2), Q∗ represents a flow threshold that allows adult salmon movements while

σ embeds the vulnerability of fish to flow conditions when Q > Q∗. Units of Q∗ and σ

are the same as the unit of the discharge.

According to eq. (5.2), the minimum threshold discharge, Q∗, separates two different

situations (Figure 5.4): when Q ≤ Q∗, salmon upstream movement is totally impeded

by the physical limitation represented by low water stages; whereas if Q > Q∗, salmon

are allowed to pass through and access the spawning stream.

However, for discharges higher than Q∗ the connectivity increases with Q, and such

increase depends on fish vulnerability σ. In particular, for σ = 0 (low vulnerability),

f(Q) becomes a step function always equal to 1 for Q > Q∗. In such circumstances,

the probability of reaching upstream spawning sites is one whenever discharge is greater

than the minimum threshold. Larger values of σ (higher vulnerability) imply an increased

range of discharges where sub-optimal connectivity (f < 1) is experienced by salmon.

An exponential increase of f(Q) above Q∗ was chosen because it implies that a given

discharge increment produces higher increases of f(Q) for low streamflows. In fact, the

relationship between river discharge and the relevant eco-hydraulic variables controlling

fish movement and predation (e.g. channel area, water level) is typically non-linear

[Leopold and Maddock, 1953; Ceola et al., 2013].

Note that in eq. (5.2) any detrimental effect of high flows on fish movement is neglected

because the exceedance probability of such high flows during an entire pre-spawning

season is very small (e.g. P [Q ≥ 5m3/s] ' 10−2).
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In this study, the annual number of females returning for spawning is assumed to depend

on the seasonal average of the fish passage probability (f̄) between the River Dee and the

spawning sites located within the Girnock Burn. This can be defined as the integral over

the entire range of experienced flows of the product between the fish passage function

(f(Q)) introduced above and the streamflow distribution (pQ(Q)) in the pre-spawning

season (September to November).

f̄(t) =

∫ ∞
0

f(Q) pQ,t(Q) dQ (5.3)

where t identifies the t-th year of the simulation. Note that in eq. (5.3), the fish pas-

sage function f(Q) is kept constant (i.e. parameters Q∗ and σ are not dependent on t).

Considering that
∫
pQ(Q)dQ = 1 and f(Q) ≤ 1, f̄(t) ∈ [0, 1].

A complete lack of hydrological connectivity (f̄(t) = 0) occurs if the observed autumn

streamflows are always lower than Q∗ during year t. During such low flow, the consid-

ered river section represents an hydrological discontinuity for upstream migratory fluxes

and thus salmon returning in year t have a null probability of entering the Girnock
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and reaching upstream spawning sites. Conversely, if the autumnal flow frequency dis-

tribution in year t only comprises discharges ensuring optimal fish passage conditions

(f(Q) = 1 ∀ Q), hydrological connectivity in that year is optimal (f̄(t) = 1) and fish

migration will not be limited by flow conditions. In general, most years, salmon experi-

ence hydrologic conditions that lie in between these two end members.

Inter-annual fluctuations of seasonal flows driven by climatic drivers such as rainfall and

evapotranspiration [Zanardo et al., 2012; Botter et al., 2013; Botter, 2014] usually span

a wide range of fish passage conditions f(Q) and this leads to significant inter-annual

variability in the average fish passage probability, f̄ .

Formulation of the mathematical model

Given the strong homing instinct of Atlantic salmon, with around 60-70 % of returning

fish being from the Girnock [Youngson and Hay, 1996], adult females returning to the

Girnock Burn in year t (Φ
us

) can be expressed as a function of the number of juvenile

females exiting the catchment during previous years (Φ
ds

). The latter is estimated from

the emigrants leaving the spawning site every year, assuming an even subdivision between

males and females exiting the catchment.

Φus(t) =
t−1∑
τ=t0

Φds(t− τ)

(
t−1∏

k=t−τ
µ(k)

)
pd(τ) f̄(t) , (5.4)

where t0 is the initial year of the simulation.

Eq. (5.4) explicitly accounts for (i) marine survival rates (µ), (ii) the distribution of the

delay between emigrations and immigrations (pd(τ)) and (iii) the annual fish passage

probability (f̄). In particular, the overall survival rate in eq. (5.4) is the product

between survival rates of each year k, µ(k), spent by salmon in the sea. Therefore, the

longer the duration of the period that a salmon spends at sea, the higher the mortality

rate.

Fish passage probability reductions caused by loss of connectivity between the River

Dee and spawning tributary of the Girnock, f̄(t), produce a similar effect, but only

when female spawners come back from the sea. Although salmon have been continuously

monitored since 1966, the hydrological connectivity between the River Dee and spawning

sites can be evaluated only from 1972, when discharge measurements began. Similarly,

simulations must end in 2011 because streamflow data are no longer available afterwards.

Note that in eq. (5.4), µ depends on the year when salmon leave the Girnock (t − τ),
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whereas f̄ is related to the year when salmon return for spawning (t). According to the

model formulation, the parameter vector (θ) is composed of five elements, namely marine

survival rates for the first (µ0) and last (µF ) year of the simulation, the probability of

having females returning after two years in the sea (λ), the minimum flow allowing

upstream movement (Q∗) and fish vulnerability to changes in flow (σ).

Model calibration

Parameters are estimated through a Markov Chain Monte Carlo (MCMC) calibration

procedure using DREAMZS [ter Braak and Vrugt, 2008; Vrugt et al., 2009] against

observed annual salmon returns. Minimum and maximum values for model parameters

during the MCMC calibration are reported in Table 5.1. Marine survival rates (µ0 and

µF ) and the probability of having returns after two years in the sea (λ) can vary in their

entire state space [0, 1]. Parameters of the average passage probability (Q∗ and σ) are

limited between 0 and 1 m3/s (almost twice the long-term mean flow recorded at the

gauging station of Littlemill). Model results are compared with the immigration dataset

(annual number of adult females returning to the Girnock across the fish trap).

Standard optimization techniques are based on the maximization of the Mean Squared

Error (MSE) or the Nash-Sutcliffe Error (NSE). However, Gupta et al. [2009]showed that

models calibrated maximising the MSE or the NSE usually underestimate the observed

variability of corresponding target outputs. They, thus, proposed an alternative criterion,

namely the Kling-Gupta Efficiency (KGE(θ)), which is adopted in this study as the

objective function in the MCMC. The modelled mean m and standard deviation s (scaled

with the same quantities observed in the dataset), as well as the cross-correlation r

between model results and observations are considered as three independent objectives

that need to be maximized. In particular, the following three components of the objective

function can be defined: β = m/mobs, α = s/sobs and r = Cov(mod, obs)/(smod sobs),

where Cov(mod, obs) represents the covariance between model results and observations.

The optimal simulation is characterized by β = 1, α = 1 and r = 1. The best simulation

can thus be defined as the one for which the Euclidean distance (ED) from the optimal

point (1,1,1) is the shortest. Accordingly, the Kling-Gupta Efficiency KGE(θ) is defined

as:

KGE(θ) = 1− ED(θ) = 1−
√

(r(θ)− 1)2 + (α(θ)− 1)2 + (β(θ)− 1)2 . (5.5)
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The KGE has been widely used in the hydrological literature to identify optimal pa-

rameter ranges [Formetta et al., 2014; Dick et al., 2015; Piccolroaz et al., 2015].

5.2.2 Multi-objective optimization

The presence of a run-of-river power plant is now simulated in the Girnock Burn so as

to alter the river reach between the confluence with the River Dee and upstream spawn-

ing sites in the Girnock, i.e. the same reach in which parameters of the fish passage

function can be calibrated against data on salmon returns, according to the model de-

scribed in the previous section. The objective in this case is to quantify the reduction of

the hydrological connectivity induced by the presence of the hydropower plant. A frac-

tion of natural streamflow is indeed diverted from the Girnock and processed for energy

production implying the loss of hydrological connectivity for salmon, whose probability

to successfully achieve upstream spawning sites might be endangered depending on the

amount of water subtracted. The reduction of hydrological connectivity can be quan-

titatively evaluated adopting the same framework introduced in Section 5.2.1, but the

natural flow regime during each fish migration season is replaced by the altered flow

regime observed downstream of the intake of the run-of-river plant.

Incommensurable goals such as the maximization of the economic profitability and the

maximization (better said, the minimization of the losses) of hydrological connectivity

are then jointly considered in the definition of the optimal plant capacity trading be-

tween those objectives. The latter is directly proportional to the number of adult female

salmon returning for spawning: e.g., f̄(t) = 0.35 in eq. (5.4) means that in year t only

the 35 % of salmon which are ready to complete the final run could achieve their target.

Plant characteristics

The definition of the plant location is made aiming at altering the same river reach where

hydrological connectivity for salmon return can be quantitatively evaluated (see Section

5.2.1).

The plant outflow, i.e. where processed water is returned to the original stream, is thus

considered to correspond with the fish trap. Whereas, the intake is chosen trying to

maximize the gross hydropower potential. Particular attention is made in the protection

of upstream spawning sites that represent the target of adult female’s final run and
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must not be altered by water abstraction otherwise any action aimed at preserving

hydrological connectivity would be meaningless. Therefore, positioning the plant intake

is constrained relatively downstream in the catchment, provided that available spawning

sites for salmon are mainly distributed in upstream tributaries of the Girnock.

The gross hydropower potential to be maximized is proportional to the product between

the contributing area at a certain cross section and the elevation difference with the

outflow (i.e. the fish trap whose elevation is 248.3 m a.s.l.). This is valid only assuming

that the catchment equally contributes to river streamflow and thus the contributing

area is proportional to the mean flow. Furthermore, in this analysis hydraulic energy

losses are considered null for simplicity.

Intake position maximizing the gross hydropower potential is 4 km upstream of the

outflow (i.e. the fish trap). Under this configuration, contributing catchment at the plant

intake is 20.15 km2, and the available hydraulic head is 48.8 m, the intake elevation being

297.1 m a.s.l.. A single Francis turbine is chosen for energy production, provided that

relatively low hydraulic heads and high contributing catchments usually lead designers

to the same choice (e.g. see the Piova hydropower plant described in Section 3.1 which

has similar characteristics).

Multi-criteria optimization

The economic profitability of the run-of-river plant in the Girnock Burn is estimated

considering government incentives guaranteed for 20 years. Provided that streamflow

measurements at the plant intake are available (properly scaled with the catchment

area), the Net Present Value of the investment is estimated according to eqs. (2.11)

and (2.20). Streamflow data are available from 1972 to 2011 (40 years), but only last

20 years are considered in this analysis. All possible time windows were analysed, and

results were quite similar.

Losses of connectivity with increasing plant capacity are evaluated with eq. (5.3), where

the natural flow regime during pre-spawning period (Sep to Nov) is now replaced by the

flow regime downstream of the plant intake in the same season. The latter is obtained

through by eq. (2.28), where the Minimum Flow Discharge is 0.03 m3/s (that at the fish

trap scaled with the different contributing area). Downstream flow regimes considered

for the quantification of the hydrological connectivity in the altered river reach are those

from 1992 to 2011 (same years as for NPV evaluation). A long-term (20 years) average
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connectivity (CONN) function of the plant capacity (Q) is defined as the mean average

fish passage probability.

CONN(Q) =
1

20

2011∑
t=1992

f̄(t, Q)

=
1

20

2011∑
t=1992

∫ ∞
0

f(qds) pds,Q,t(qds) dqds (5.6)

where:

• qds is discharge in the altered river reach downstream of the intake;

• Q is the proposed plant capacity;

• f(qds) is the fish passage function (see eq. 5.2 in Section 5.2.1) which is a function

of observed downstream streamflows. Parameters Q∗ and σ that define f(t, q) are

based on fish characteristics and derive from calibration of the model described in

Section 5.2.1 against the salmon returns dataset;

• pds,Q,t(qds) is the pre-spawning flow regime observed in year t in the altered river

reach between the intake and the outflow, and is thus function of the plant capacity

Q (subscripts Q and t);

• f̄(t, Q) is the average fish passage probability in the altered river reach during year

t. For simplicity the long-term (20 years) mean of f̄(t, Q) is considered in this

analysis as a function of the plant capacity Q.

Under the proposed formulation, one may expect that the altered flow regime observed

downstream of the plant intake provides values of the inter-annual hydrological con-

nectivity which are lower than those observed under natural flow conditions. The loss

of connectivity, directly proportional to reduced salmon returns for spawning, is thus

function of the amount of water withdrawn from the river, which in turn depends on

the plant capacity Q (the decision variable in this problem). Reduction of connectivity

needs to be evaluated against improvements of the economic value of the plant induced

by increasing plant capacities.

The optimal allocation of water resources between economic (maximization of NPV (Q))

and environmental needs (maximization of CONN(Q)) is based on the definition of

different objective functions corresponding to different goals as a function of the only

decision variable, i.e. the plant capacity.

In analogy with previous applications (chapter 4), the economic objective function is
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defined as:

f1(Q) =
NPVmax −NPV (Q)

NPVmax −NPVmin
(5.7)

where NPVmax and NPVmin are the maximum and minimum economic values of the

run-of-river plant. The economic optimization of the plant capacity (QNPV ) determines

f1 = 0.

The objective function for the maximization of the long-term mean hydrological connec-

tivity in the altered river reach is:

f2(Q) =
CONNmax − CONN(Q)

CONNmax − CONNmin
(5.8)

where CONNmax and CONNmin are the maximum and minimum mean connectivities

values observed with increasing plant capacity. When the reduction of connectivity

is minimum (CONN(Q) = CONNmax), f2 = 0 since this goal is completely fulfilled

and Q = QCONN (environmental optimal plant capacity). Conversely, the maximum

reduction of connectivity experienced in the altered river reach implies f2 = 1.

In agreement with the analyses performed in chapter 4, the plant capacity is varied up

to a discharge value which corresponds to a duration of 0.01. The multi-criteria optimal

plant capacity (QOPT ) is defined as that minimizing the distance from the origin of the

Pareto chart.

5.3 Results and Discussion

This section presents main results of the application of the methodology outlined in

Section 5.2. The remainder of this chapter is organized as follows: Section 5.3.1 shows

performances of the modelling exercise to describing salmon returns to the Girnock Burn,

which are based on a quantitative evaluation of the hydrological connectivity between the

Girnock and upstream spawning sites; Section 5.3.2 describes how losses of hydrological

connectivity can be compared against the increase of economic profitability of a run-

of-river power plant to define the multi-criteria optimal plant capacity; finally, Section

5.3.3 discusses main implications of the obtained results.

5.3.1 Eco-hydrological model

The upper panel in Figure 5.5 shows the comparison between observed and modelled

annual salmon returns for spawning. The red dots of the simulation indicate the model
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results corresponding to the best simulation (KGEmax = 0.65), while the shadowed

area represents the ensemble of simulations featured by acceptable performances (i.e.

KGE/KGEmax > 0.9). Model results are generally in good agreement with the obser-

vations. The observed dynamic is not well described at the beginning of the simulation

(1972-1977) and only occasionally in the following years (1981-1982, 1985). Panel B

72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11

 I
m

m
ig

ra
n
ts

 [
-]

0

20

40

60

80

100

120

140

160

180

200

 Observed data
 Model

 Year
72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11
0

0.2

0.4

0.6

0.8

1

0 0.5 1
0

5

10

0 0.5 1
0

5

10

q [m3/s]

p
q
,1

9
8
3
 (q

) 
[s

/m
3
]

p
q
,1

9
9
5
 (q

) 
[s

/m
3
]

+ p
q,t 

(Q)

f(q) . p
q,t 

(q)

 f(q)

C D

0

1

0

1

 F
is

h
 p

a
ss

a
g
e 

f(
q
)

 F
is

h
 p

a
ss

a
g
e 

f(
q
)

A

f̄
[-

]

q [m3/s]

B

1983 1995

Figure 5.5: The upper panel shows observed annual salmon returns (blue dots), model re-

sults corresponding to the best simulation (red dots) and the ensemble of simulation featured

by acceptable performances (shadowed red area); the annual average passage probability charac-

terizing the best model run is shown in panel B. Panels C and D show that the annual average

passage probability has been calculated by the model as the area of the product (light blue)

between a fish passage function (red curve) and the flow regime annually observed in fall (dark

blue). These plots refer to years characterized by relatively dry (1983, panel C) or wet (1995,

panel D) hydrologic regimes, which gave f̄(1983) = 0.24 and f̄(1995) = 0.96.

of Figure 5.5 shows the annual average passage probability (f̄) for the best model run

in terms of the KGE. Important findings emerge from the comparison between the

observed data and the corresponding seasonal average of the passage probability. In

particular, positive peaks in the observed salmon returns (e.g. 1988, 1995 and 2004)
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Table 5.1: Minimum and maximum values for the Markov Chain Monte Carlo (MCMC) cal-

ibration of each parameter of the model. The parameter set giving the highest performance of

the model is also reported in the table (last column).

Parameter Symbol Units Min Max Best

Minimum threshold discharge Q∗ [m3/s] 0 1 0.17

Fish vulnerability σ [m3/s] 0 1 0.01

Marine survival rate (first year) µ0 [-] 0 1 0.37

Marine survival rate (last year) µF [-] 0 1 0.23

Probability of 2-years delay λ [-] 0 1 0.24

are well captured by the model mainly because the average passage probability in those

years approaches one (i.e. an optimal hydrological connectivity). Likewise, low values of

the average passage probability induced by seasonal droughts allow the model to capture

negative peaks of the observed dataset (e.g. 1978, 1983 and 1997).

Panels C and D of Figure 5.5 highlight the temporal variability of the annual average

passage probability f̄(t). These examples refer to the flows observed between Septem-

ber and November of 1983 (panel C) and 1995 (panel D), that were the driest and

wettest falls of the last 50 years, respectively. Red curves represent the shape of the

fish passage function f(q) determined by parameters Q∗ and σ giving best performances

of the model (Table 5.1). The product between pq,t(q) (dark and light blue bars) and

f(q) determines the light blue histogram which carries information about the occurrence

probability of those flows that allow salmon to reach upstream spawning sites. The area

underlying this histogram is the average passage probability f̄(t) during year t. The

inter-annual variability of the flow regime produces different values for f̄(t), as shown by

Figure 5.5B. In particular, arid years imply average passage probabilities approaching

zero (f̄(1983) = 0.24) whereas higher flows ensure much higher fish passage probabili-

ties (f̄(1995) = 0.96). In the best simulation, salmon vulnerability σ is very low (0.01

m3/s). Therefore the optimal fish passage function shown by Figure 5.5C-D is basically

a step function rapidly increasing from 0 to 1 for Q∗ = 0.17m3/s. Therefore, a simpli-

fied version of the model in which fish vulnerability is assumed to be zero (σ = 0) and

f(q) is a step function was also tested. Performances are quite satisfactory also in this
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case (KGEmax = 0.64), especially in view of the low number of parameters (see Section

5.3.3).

Figure 5.6 shows the stationary posterior pdf of each parameter provided by the MCMC

calibration. The vertical dashed line in each plot marks the parameter value giving the

best model output (i.e. shown in the upper panel of Figure 5.5). The posterior pdf of the

minimum threshold discharge (Q∗) ranges between 0 and 0.3 m3/s, with a mean of 0.07

m3/s. The posterior pdf of the fish vulnerability (σ) varies across the full range of values

explored. However, higher probabilities characterize low vulnerabilities (σ < 0.5 m3/s).

Marine survival rates in the first (µ0) and last (µF ) year of the simulation are both

described by hump-shaped posterior distributions with µ0 ranging between 0.2 and 0.6,

and µF ranging between 0.1 and 0.4. It is worth noting that the optimal survival rates

decrease from 0.37 (first year) to 0.23 (last year). This confirms that mortality during

the marine period has increased during the last fifty years [Chaput, 2012; Lacroix, 2014;

Moore et al., 2014]. The posterior distribution of parameter λ is characterized by an

enhanced variability. However, observed salmon returns seem to be better represented

by low values of λ, which correspond to a preferential delay of three years. The value of

λ giving best model results is 0.24. The corresponding average delay between emigration

and immigration is larger than 2 years.

To better assess the relationship between the inter-annual variability of the hydrologic

regime observed in the Girnock Burn and salmon migratory dynamics, results obtained

through eq. (5.4) (hereafter termed Variable Hydrological Connectivity model, V HC)

were compared against those from a modified version of the model where the annual fish

passage probability is constant and independent on the observed streamflow regime (i.e.

f̄(t) = 1 , ∀ t) (hereafter termed Constant Hydrological Connectivity model, CHC).

Under the latter assumption, the CHC model parameter vector (θ) is composed of three

elements θ = (µ0, µF , λ).

Figures 5.7A-B compare the observed number of female spawners returning to the

Girnock with the optimal simulations performed using both the V HC and CHC models.

Green dots in Figure 5.7A indicate the best simulation obtained assuming a constant

hydrological connectivity. Conversely, red dots in Figure 5.7B represent the optimal

simulation when the annual average fish passage probability is seen as a function of the

observed pre-spawning flow regime (V HC model).

Overall, model performances decline if the influence of the observed streamflow regime is
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Figure 5.6: Stationary posterior frequency distribution of each parameter provided by the

Markov Chain Monte Carlo calibration. Vertical dashed lines mark the value giving the best

model output: Q∗ =0.17 m3/s, σ =0.01 m3/s, µ0 =0.37, µF =0.23 and λ =0.24.

no longer taken into account (KGEV HC = 0.65 vs. KGECHC = 0.61). In particular, the

V HC model outperforms the CHC model in reproducing the mean and the standard
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Figure 5.7: Comparison between the observed number of female spawners returning to the

Girnock Burn and the optimal simulation performed using the Variable Hydrologic Connectivity

model (VHC, panel A) and the Constant Hydrologic Connectivity model (CHC, panel B). Shad-

owed grey areas highlight years where the V HC model better reproduces positive and negative

peaks in the observed dataset. Panels C and D emphasize the reduced performances of the CHC

model in 1974-1984 and 1993-1997 by showing V HC (red dots) and CHC (green dots) together

against the observed dataset (blue dots).

deviation of the observed number of returning salmon (mobs = 51.0 and sobs = 31.7;

mV HC = 52.8 and sV HC = 30.9 vs. mCHC = 53.1 and sV HC = 30.0). In addition, the

cross-correlation between observed and modelled salmon returns is higher when adopting

a variable hydrological connectivity (rV HV = 0.65 vs. rCHV = 0.62).

In those years highlighted by the shadowed grey areas, a time-variant connectivity al-

lows the V HC model to better reproduce positive and negative peaks in the observed

85



dataset. This is not the case for the CHC model. For instance, the relative absolute

error between observed and modelled salmon returns in 1978 is almost 2.5 times larger

when the CHC is used. Similarly, in 1997 the error decreases from 160 % to 20 % if the

influence of the observed flow regime on salmon migration is taken into account.

The importance of the inter-annual variability of the hydrological connectivity on salmon

migratory dynamics is further emphasized in Figure 5.7C-D. The CHC best simulation

(green dots) shows a poor agreement with the observed data in 1974-1984 and 1993-

1997. When the hydrologic control is removed, the KGE of the model falls from 0.49

to 0.20 in 1974-1984 and from 0.83 to 0.36 in 1993-1997. The CHC model is strongly

penalised by the different variability of the observed and modelled number of salmon

returns (sobs < smod) but also because the observed and CHC-modelled time series are

poorly correlated (e.g., r = 0.37 in 1974-1984).

5.3.2 Trade-offs between NPV and connectivity

The hydrological connectivity in the river reach between the intake and the outflow

of the run-of-river plant proposed in the Girnock is quantified according to eq. (5.6)

considering the altered flow regime function of the plant capacity Q (pds,Q(qds)) and pa-

rameters of the fish passage function (f(qds)) which resulted from the calibration shown

in the previous section. Parameters Q∗ = 0.17 m3/s and σ = 0.01 m3/s define the fish

passage function that give highest performances in modelling female salmon returns for

spawning. These values of Q∗ and σ are considered here to model losses of hydrological

connectivity induced by different plant capacities.

Solid lines in the left charts of Figure 5.8 show how the Net Present Value of the plant

(NPV, upper chart) and the hydrological connectivity in the altered river reach (CONN,

lower chart) vary with increasing plant capacity. The NPV shows the typical hump shape

that was found in previous applications analysed in this work (see e.g. Figure 4.2). In

particular, it reaches a maximum for QNPV = 0.67 m3/s, which provides an economic

profitability of about 860 k£ in 20 years. However, if the plant is designed to maximize

the economic value, the mean hydrological connectivity in the altered river reach during

the functioning period of the plant is 0.11. In this case, the river reach between the intake

and the outflow would represent a barrier for salmon upstream migration with only the

11 % of adult females arrived at the confluence between the Dee and the Girnock that

successfully reaches their final target (i.e. upstream spawning sites). Under natural flow
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Figure 5.8: Left charts describe economic (NPV, upper) and environmental (CONN , lower)

performances of the run-of-river plant in the Girnock Burn with increasing plant capacity (Q)

and correspondent objectives function f1(Q) and f2(Q). The right chart shows efficient (solid

line, i.e. the Pareto frontier) and non-efficient (dashed line) plant capacities obtained in this

application, with remarkable capacities highlighted by markers.

conditions, this fraction would grow up to more than 50 % (CONN(Q = 0) = 0.53),

implying that about 80 % of the natural hydrological connectivity is lost by the presence

of the run-of-river plant when economy is maximized.

In the left plots of Figure 5.8, dashed lines are the objective functions corresponding

to each goal, as defined by eqs. (5.7) and (5.8). Objective functions f1(Q) and f2(Q)

assume values equal to zero (one) when the correspondent goal is completely fulfilled

(unfulfilled) in the range of plant capacities investigated. In this case, f1(QNPV ) = 0

and f1(Q = 0) = 1, the latter implying that the economic worst situation is when the

plant is absent and no incomes are generated. Avoiding the construction of the plant

simultaneously corresponds to the best condition for salmon upstream migration (i.e.,

f2(QCONN = 0) = 1), which progressively becomes more difficult when capacity in-

creases (i.e., f2(Q) increases with Q).

Objective functions f1(Q) and f2(Q) clearly represent contrasting goals dependent only

on the plant capacity. They can thus be simultaneously optimized identifying the Pareto
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frontier in a f1-f2 chart, as shown in the right plot of Figure 5.8. Accordingly, each point

in the plot represents a tentative plant capacity for which economic and connectivity

performances are evaluated. Solid line represents the Pareto frontier, i.e. the set of ca-

pacities for which improvements in one objective need to be made at the detriment of the

other objective. Every plant capacity in the Pareto frontier represents an efficient design

choice among these two contrasting goals. The Pareto frontier contains QNPV = 0.67

m3/s and QCONN = 0 m3/s, respectively red and green dots in the right plot of Figure

5.8, which are the capacities maximizing the economic value of the plant or minimizing

the loss of connectivity in the altered river reach. Non-efficient capacities are those lo-

cated along the dashed line in the same plot. They are capacities larger than QNPV for

which both profitability and alteration of hydrological connectivity could be improved

with a different design choice (i.e. selecting a plant capacity on the Pareto frontier).

The plant capacity which is the nearest to the origin of axis is the multi-objective optimal

plant capacity, and in this case is QOPT = 0.20 m3/s. Correspondent performances are

NPV (QOPT ) = 566 k£ and CONN(QOPT ) = 0.28. Therefore, multi-criteria optimal

allocation of water resources among the two contrasting goals considered in this analysis

suggests that limiting the profitability at the 65 % of the maximum economic value of

the plant could benefit the hydrological connectivity in the altered river reach, which

almost triples from 0.11 (if Q = QNPV ) to 0.28 (if Q = QOPT ).
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Figure 5.9: Inter-annual variability of the average passage probability (f̄(t)) under different

design scenarios: natural flow conditions Q = 0 m3/s in the top, Q = QOPT = 0.20 m3/s in the

middle, and Q = QNPV = 0.67 m3/s in the bottom.
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Figure 5.9 shows the inter-annual variability of the average passage probability (f̄(t)) un-

der different design scenarios. The long-term mean of the average passage probability is

the mean hydrological connectivity (CONN(Q)) whose maximization is here considered

as the environmental goal. Top panel in Figure 5.9 represents the inter-annual passage

probability under natural flow conditions (Q = QCONN = 0 m3/s, the green dot in in

the right plot of Figure 5.8), for which CONN(QCONN ) = 0.53.

Interesting findings emerge analysing how the system responds to different withdrawal

scenarios. In Figure 5.9, middle and bottom panels show f̄(t) when, respectively, multi-

criteria optimal or economic optimal plant capacities are accounted for. In the latter,

reduction of connectivity is maximum, with CONN(QNPV ) = 0.11. When a larger

fraction of water is left to the Girnock, and the trade-off between economic and environ-

mental goals is achieved, CONN(QOPT ) = 0.28.

These findings are the result of non-linear processes affecting the reduction of the con-

nectivity with increasing removal of discharge available for fish movements. Main drivers

of this non-linearity are the tails of the annual distribution of streamflows during pre-

spawning season. In particular, in pre-spawning seasons frequently characterized by

moderately high flows, it is highly probable to observe discharges bypassing the plant

(i.e. exceeding the maximum flow that the plant can process, which is the plant ca-

pacity). In such cases, increasing the capacity induces limited reductions of f̄ because

bypass flows still maintain a satisfactory connectivity in the altered river reach. The

same does not occur if the exceedance probability of moderately high flows is low. In

such circumstances, the hydrological connectivity in the altered river reach is mainly

given by flows which can be processed by a run-of-river plant. Hence, increments of

the plant capacity progressively remove fractions of water which are fundamental for

maintaining good connectivity between the intake and the outflow. Reductions of f̄

with Q are thus more (less) pronounced in years where exceedance probability of such

relatively high flows is low (high). In Figure 5.9, e.g. 2009 and 2010 clearly show that,

even if f̄(2009) < f̄(2010) in absence of the plant, increases of Q progressively make the

relationship changing: for Q = QOPT , 2009 and 2010 are characterized by similar values

of f̄ ; whereas for Q = QNPV , connectivity is higher in 2009 (which was less connective

than 2010 under natural flow conditions).

Particularly important is also the role of the Minimum Flow Discharge in supporting

the hydrological conditions downstream of the plant intake, which deserves specific ad-
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ditional analyses. The definition of the fish passage function in eq. (5.2) that provides

(once calibrated) satisfactory reproductions of adult salmon returns, eliminates any con-

tribution to connectivity of discharges lower than Q∗. For this reason, an alternative

management policy at the plant intake is tested here, which prescribes that during pre-

spawning seasons the default value of residual flow (i.e. Q95) is increased above Q∗. In

particular, in this case MFD is set to 0.18 m3/s, a value ensuring optimal connectivity

(i.e. f(0.18m3/s) ≈ 1 if σ = 0.01 m3/s). This management scenario is based on the con-

cept that in seasons when hydrological connectivity is fundamental for salmon upstream

migration, Water Managers might reduce incomes from energy selling to guarantee in

the Girnock flow conditions completely allowing fish movements. Certainly, this man-

agement rule could not be performed when flows are insufficient independently on the

presence of the run-of-river plant (i.e. climatic-driven drought in pre-spawning seasons).

Figure 5.10 compares economic (NPV, left) and environmental (CONN , right) perfor-
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Figure 5.10: Comparison between economic (NPV, left) and environmental (CONN , right)

performances of the run-of-river plant in the Girnock Burn with increasing plant capacity (Q)

under different pre-spawning Minimum Flow Discharge scenarios. Dashed lines represent NPV

and CONN when the MFD prescribed by law (Q95) is maintained downstream, whereas solid

lines represent same quantities when MFD is increased and equalled to Q∗ only in the pre-

spawning season (Sep to Nov).

mances of the run-of-river plant in the Girnock Burn with increasing plant capacity (Q)

under different Minimum Flow Discharge scenarios. When the MFD prescribed by law

(Q95) is maintained downstream, performances are the same showed by left charts in

Figure 5.8. Interestingly, if MFD is increased above Q∗, reductions of the hydrologi-

cal connectivity in the altered river reach are strongly limited, regardless of the choice

of the plant capacity. Therefore, one may speculate that the best choice for the plant
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capacity is that maximizing the economic profitability (QNPV = 0.65 m3/s) which guar-

antees about 700 k£ in 20 years, with almost any alteration of the natural hydrologic

connectivity.

5.3.3 Discussion

Although the general influence of the hydrological connectivity on fish migratory dy-

namics has been already documented in the literature [Freeman et al., 2007; Jonsson

et al., 2007; Mitchell and Cunjak, 2007; Gibbins et al., 2008; Tetzlaff et al., 2008; Cunjak

et al., 2013], the quantitative assessment of ecologically-relevant flow thresholds remains

problematic. From this perspective, this work represents a proof of concept about how

availability and variability of flows during the migration season could affect salmon re-

turns for spawning. The modelling exercise also illustrates how the effect of seasonal

flow regimes can be summarised by a synthetic index (f̄) that expresses the average

probability for fish to move across river networks during a given year/season.

The novelty of this work stems from the development of a simple and parsimonious

model based on a probabilistic assessment of the hydrological connectivity to reproduce

seasonal fish migratory dynamics. The framework is quite general in the mathematical

formulation and could be extended to include the effect of other environmental factors

(e.g. temperature, density-dependent competition) and identify the hydrologic controls

on spawning migrations in rivers where sufficient data are available. Many other coun-

tries with rivers hosting Atlantic salmon populations have similar long term monitoring

sites like the Girnock (e.g. Kennedy and Crozier [2010]; Cunjak et al. [2013]).

Results confirm that the inter-annual variability of hydrological connectivity contributes

to explain the observed temporal pattern of salmon returns. Lack of hydrological con-

nectivity can reduce the number of immigrating salmon by up to 80 % of the potential

value under optimal hydrologic condition (Figure 5.5B).

Interestingly, the value of minimum discharge required to guarantee the hydrological con-

nectivity between the Girnock and the Dee (Q < 0.30 m3/s) suggested by this modelling

exercise corresponds well with those found, in a more qualitative analysis, by Tetzlaff

et al. [2008], who stated that only 30 % of fish enter the Girnock on flows lower than

the long term median discharge during the spawning season (0.25 - 0.30 m3/s). Based

on the stage-discharge relationship at the Girnock gauging station, this implies that the

persistence of water stages lower than 0.28 m may threaten adult salmon migrations to
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the Girnock Burn.

When fish vulnerability (σ) is set to zero, model performances are still satisfactory in

the case study examined in this paper. In this case, the minimum flow threshold (Q∗)

becomes the only parameter required to define fish passage function (f(q)). Whereas

the physical underpinning of stepwise fish passage functions may be questioned, this

simplified version of the model can be useful for management applications, where the

impact of different minimum flow requirements on hydrological connectivity could be

easily assessed.

These findings, however, are case-specific as they depend on local characteristics of the

considered river (e.g. bed morphology and flow regime) and calibration of parameters

is unavoidable. Hence, the model has limited predictive potential in the absence of

hydro-ecological datasets. Stage and discharge thresholds identified in this work can be

different from those of other rivers. However, this work sets a general and transferable

quantitative framework that establishes causal relationship between salmon influx and

outflux, and helps in disentangling hydrological and ecological controls on fish migratory

dynamics.

The eco-hydrological framework adopted for modelling salmon migratory dynamics may

provide useful information in the analysis of the impact induced by anthropogenic uses

of water resources on fish communities. Many regions of the world are experiencing a

significant exploitation of riverine water resources for anthropogenic uses [Jackson et al.,

2001; Postel and Richter, 2003; Nilsson et al., 2005; Carlisle et al., 2011; Destouni et al.,

2013; Birkel et al., 2014]. While the human exploitation of freshwater is introducing

strong alterations of hydrologic conditions at multiple spatial and temporal scales, the

ecological and morphological consequences of water abstractions are still poorly under-

stood [Nilsson and Berggren, 2000; Rosenberg et al., 2000]. Hence, the proposed tool

may help including the hydrological connectivity in the planning of restoration and con-

servation initiatives aimed at preserving and revitalising ecological services provided by

streams and rivers. For instance, simple influx/outflux models explicitly quantifying the

influence of streamflow on riverine ecosystems as the one proposed in this chapter (if

properly supported by extensive hydro-ecological datasets from other long-term monitor-

ing sites) could be used to identify hotspots of connectivity [Fullerton et al., 2010; Nunn

et al., 2010] and to define flow requirements and policy rules that are deemed necessary

to achieve target levels of connectivity in relation to critical ecological processes. Nu-
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merical investigations carried out in this chapter evidenced the key role of environmental

flow prescriptions, which is fundamental in supporting hydrological connectivity in river

reaches altered by water abstractions. As the Scottish Environmental Protection Agency

(SEPA) prescribed, Q95 is the minimum residual flow to be maintained downstream of

water withdrawals, but particular attention should be made when regulating water ab-

stractions in catchments hosting well structured and developed fish communities whose

survival is based on the availability and physical connection between different habitats

(feeding, spawning, refugia, etc.).

River network fragmentation at catchment-scale possibly induced by local drops of con-

nectivity is still poorly understood. Local drops of connectivity induced by run-of-river

plants not only have direct negative impact on the reaches between intake and outflow,

but may contribute to the fragmentation of the overall river network [Widder et al., 2014],

disconnecting different type of habitats supplied by the river system. For instance, plants

built in remote upstream tributaries could have very limited impact on riverine ecosys-

tems if they are not limiting access to fundamental habitats hosted therein. However,

considerable portions of the catchment may become unavailable to fishes and biomes

due to local loss of connectivity in critical nodes of the river network. The application

carried out in this chapter evidenced the simplicity and potential utility for designers

and water managers of the proposed tools. However, the multi-objective optimization

should be performed based on the optimization of catchment-scale measures of network

connectivity, therefore accounting for the actual position of the plants within the catch-

ment. Further investigations should thus investigate the resilience of river networks to

local reductions of connectivity induced by human exploitation of water resources.
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Chapter 6

Conclusions and future

developments

Given the recent expansion of run-of-river plants in mountain regions and the implied dis-

turbance on riverine ecosystems addressed in this thesis, alterations between the intake

and the outflow should be carefully considered in the design of new plants. Moreover,

policy actions aimed at supporting small hydropower should explicitly account for the

environmental impact induced by water abstractions, and not only be based on the

nominal/maximum power of plants. The relationship between energy production and

impacts was found to be typically non-linear and strongly dependent on the flow regime

at the plant intake. This thesis aims at providing objective tools to address the pre-

liminary choice of the capacity of a run-of-river hydropower plant when the economic

value of the plant is maximized against environmental goals, such as the minimization

of the hydrologic disturbance in the altered river reach, or the maximization of the

hydrological connectivity allowing fish migrations. This is done using the concept of

Pareto-optimality, which is a powerful tool suited to face multi-objective optimization

in presence of conflicting goals.

Main findings of this work can be summarized as follows:

• The analytical model developed and applied in chapter 3 consists of a set of an-

alytical expressions for the design capacity which maximizes the produced energy

and the profitability of the plant. Such expressions can be easily applied to dif-

ferent hydrologic/economic contexts, or further simplified to provide immediate

estimates of the duration of the optimal capacity of a plant. The ease of appli-
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cation of the method makes it a valuable tool for scenario analysis and decision

making. The robustness of the method, as well as its flexibility and generality,

makes it a useful tool for selecting the optimal design flow in practical applica-

tion, as demonstrated by the applications presented in chapter 3. In particular,

the duration of economic optimal capacity was found to strongly depend on the

incoming streamflow regime. Flow regimes in mountain regions are usually charac-

terized as persistent, when the variability of daily flows is limited (CV (q) < 1), or

erratic, when CV (q) > 1, depending on climatic and landscape attributes. Run-

of-river plants built in persistent rivers are economically optimized by capacities

corresponding to relatively large durations if compared with those in erratic case

studies. The choice of higher capacities in erratic flow regimes suggests that it is

more convenient to activate the plant less frequently and thus process less probable

but larger streamflows in regimes where the variability of flows is pronounced.

• The thesis provides a set of objective tools to address the choice of the capacity

when the economic value of the plant and the hydrologic alteration of the flow

regime are simultaneously accounted for. Results show that optimal design fea-

tures are strongly affected by the flow regime at the plant intake. In the persistent

case study, the emerging Pareto front is upwardly bounded by the capacity that

maximizes the profits, and a trade-off between profitability and hydrologic alter-

ation is achieved reducing the plant capacity below the economic optimum. This

choice is well identified regardless of the specific hydroloigc index considered in the

optimization. Conversely, in the erratic case study, the Pareto front is made up

by disconnected ranges of capacities, and distinct optimal trade-offs are available

depending on which statistic is predominant. The latter optimal capacities may

be less identified because a broad range of capacities exists that would produce

analogous earnings and a similar hydrologic disturbance.

• A detailed, long-term dataset on Atlantic salmon migration in the River Dee catch-

ment (Scottish Highlands, UK) is adopted to test an eco-hydrological model ad-

dressing the influence of the inter-annual variability of natural flow regime on mi-

gratory dynamics of salmon. The model is grounded on a probabilistic approach

for the quantitative evaluation of the hydrological connectivity for adult salmon

under natural or disturbed flow conditions. This modelling exercise confirms that

water abstractions for human needs induce ecologically-meaningful and quantifi-
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able impacts on the connectivity of altered river reaches, in turn limiting salmon

migratory dynamics.

• Reductions of connectivity can be analytically included in a multi-objective op-

timization of the capacity of run-of-river hydropower plants, to get a trade off

between connectivity and economic profitability.

Non-linear processes affecting the reduction of connectivity with increasing removal

of discharge for fish movements are observed, when the impact of run-of-river plants

on the flow regime is considered. Main drivers of this non-linearity are the tails of

the annual distribution of streamflows during pre-spawning season. Reductions of

the annual hydrological connectivity are indeed more pronounced in years where

exceedance probability of relatively high flows is low.

A relevant feature of management scenarios when hydrological connectivity is con-

cerned is the Minimum Flow Discharge (i.e. the constant residual flow maintained

downstream of water abstractions). Analyses show that if MFD is suitably in-

creased, reductions of the hydrological connectivity in the altered river reach are

limited, regardless of the choice of the plant capacity. In this case, the most im-

portant decision variable for Water Managers facing the need of maintaining good

levels of connectivity in the catchment is an accurate definition of the Minimum

Flow Discharge, which must be carefully determined and quantified. If minimum

flows are mis-quantified, the chance of maintaining the natural connectivity be-

tween the intake and the outflow through the plant capacity is strongly reduced.

The multi-objective approach developed in this thesis offers an objective basis to iden-

tify optimal design solutions and policy actions that explicitly account for the actual

disturbance of small power plants on river flow regimes and hydrological connectivity.

Nevertheless, further validations of the proposed methodology shall be recommended,

especially in those regions hosting ecologically and economically important biological

communities where long-term eco-hydrological data are available. Design tools as those

identified in this work may be helpful in practical applications either for engineering

companies or public authorities.

Similar analyses could be extended from reach- to network-scale through the assessment

of the overall catchment-scale impact of multiple plants installed along the same river

expressed in terms of reduction of the global connectivity within the river network.

Small hydro technology is likely to gain a higher social value in the next decades if
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the environmental and hydrologic footprint associated to the energetic exploitation of

surface water will take a higher priority in civil infrastructures planning.
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